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Abstract. Mesenchymal stem cells and products based on it are an effective means of treating
diseases due to their proven effect on the tissue reparation. In recent years, large amount of data
has accumulated showing that the therapeutic effect of mesenchymal stem cells is realized not
by the cells themselves, but by it secretome. Preclinical studies using in vitro and in vivo disease
models have demonstrated promising results with small extracellular vesicles derived from stem cells,
including mesenchymal stem cells: reduction of oxidative stress, increased proliferation, survival
and differentiation of cells, suppression of inflammation, which promotes regeneration at the site of
damage. Isolation of the vesicular fraction of mesenchymal stem cells is the starting point for the
production of products based on it. However, the path from the idea to the registration of such products
is associated with many difficulties. A therapeutic strategy that allows achieving the effects of cell
therapy without mesenchymal stem cells transplantation offers a number of advantages. The aim
of this review is to highlight the multiple factors that contribute to the high variability of the vesicular
fraction obtained from mesenchymal stem cells, the challenges of developing cell-free products,
and the need for standardized protocols for the production and evaluation of extracellular vesicles.

Keywords: mesenchymal stem cells, mesenchymal stem cell secretome, extracellular vesicles,
exosomes, extracellular vesicle-based products

© 2026 by the authors

2026;11(1):54-66

Funding. This study was not supported by any external sources of funding.

POCCUMNCKUE BUOMEANLMHCKUE UCCNIELOBAHUA

RUSSIAN BIOMEDICAL RESEARCH




MHHOBALMOHHAA ®APMAKOJIOINA

INNOVATIVE PHARMACOLOGY

0630p
https://doi.org/10.56871/RBR.2026.14.44.006

Cosp,al-me NMPOAYKTOB Ha OCHOBE BHEK/IETOYHbIX BE€3UKY/N
N3 ME3eHXUMAa/JZIbHbIX CTBOJZIOBbIX K/Z1ETOK

PoavoH Bnagumuposuy Kopabnes', Anapeit me6osud Bacunbes!, CapHr Cananosuy Miopsees’ 5,
TaTbsHa BuktoposHa bpyc', Anekcaapa FOpbesHa Mbipx', AHHa EBreHbeBHa KypTykosa', KOnuan PammoBud Pbixos?,
tOnus AnekcaHapoeHa TamuHkuHa®, 3ayp Kenbsanuesny dmupraes*

' CaHkT-MeTepByprekuii rocynapcTBEHHbIA NeanaTpuieckinii MeauLnHCkuiA yuuepenTeT, 194100, r. CankT-MeTepGypr, yn. JluToBckas, 4. 2,
Poccuinckas ®egepauus

2 Hay4Ho-uccrneaoBaTenbCKuil IHCTUTYT akyLepcTaa, ruHekomnorin u penpoayktonoriv um. [.0. Otta, 199034, 1. CankT-MeTepbypr,
MeHaeneesckas nuHng, a. 3, Poccuiickas Genepauus

3 O6LLECTBO C OrpaHNYeHHO OTBETCTBEHHOCTLIO «TpaHc-TexHonoruuy, 192148, 1. CaHkT-MeTepbypr, XeneaHogopoxHbii np., 4. 40, nutepa A,
Poccuinckas ®egepauyus

4 Topopckas GorbHuLa CaaTol npenogoGHoi MydeHnLsl Ennsasetsl, 195257, r. CankT-MeTepbypr, yn. Basunosbix, 4. 14, Poccuitckas ®enepauns
5 HCTUTYT aKkcnepumeHTanbHoit Meanumkbl, 197376, r. CankT-MeTepGypr, yn. Akagemuka Masnosa, 4. 12, Poccuiickas degepaums

[Ansa yumupoeanus: Kopabnes P.B., Bacunses AT, Mopeees C.C., bpyc T.B., Mbipx A.FO., KypTykosa A.E., Pbixos t0.P., TamuHkuHa K0.A.,
Owmupraes 3.K. Co3paHue NpoAyKTOB Ha OCHOBE BHEKMETOUHbIX BE3UKYM U3 ME3EHXMMalbHbIX CTBONOBbLIX KNEToK. Pocculickue
6uomeduyuHckue uccnedosarus. 2026;11(1):54-66. https://doi.org/10.56871/RBR.2026.14.44.006.

MocTtynuna: 08.12.2025 Opobpexa: 28.01.2026 MpuHsTa Kk neyatu: 27.03.2026
ABTop Ans Pe3tome. Me3eHxuMarnbHble CTBOSIOBbIE KNETKY, @ TakKe NPOAYKTbl HA UX OCHOBE ABNSIOTCA
koppecnoHaeHuuun: 3hPeKTUBHBIM UHCTPYMEHTOM B feveHny psaga 3abonesannit 6narogaps BIUSHUIO Ha npoLecc
Poavor Bnapumuposny  penapauun Tkanelt. B nocnegmue rogbl Hakannusaetcs Bce 60mblue AaHHbIX O TOM, YTO Tepanes-
KOPa?”eB- TUYECKNA 3DEKT ME3EHXMMATbHBIX CTBOIOBbLIX KITETOK peanu3yeTcs He CamuMu KneTkamu, a ux
E-mail: cekpeToMmom. CekpeTom npeacTasnsiet coboi KOMOUHALMI0 BE3UKYNSIPHO 1 HEBE3NKYNSIPHO

rodion korablev@gmail.com  qynaiyuu, KOTOPYHO CEKPETUPYIOT KIIETKH, B TOM YMCTIE ME3EHXUMATbHbIE CTBOMOBbIE KNETKM.

JoknnHnyeckne nccneaoBaHns ¢ UCNoONb30BaHNEM MOAenen 3abonesanwii in vitro u in vivo npo-
AEMOHCTPUPOBan MHOroobeLLaloLme peaynbTaTbl NPUMEHEHNS MaNbIX BHEKNIETOYHbIX BE3UKYT,
BbIJEMNEHHbIX U3 CTBOMOBbIX KNETOK, BKIOYAsh Me3eHXNMasbHbIE CTBOOBbLIE KNETKM: CHKEHNE
OKMCIMTENbHOrO CTpecca, ycunenme nponundepawmm, BbXnBaeMocTh 1 AnddepeHLNpPOBKN Kie-
TOK, YTHETEHWE BOCMANeHNs, YTO CNocoBCTBYET pereHepaLum B oyare nospexaeHus. onaumus
BE3UKYNAPHOMN (PPaKLMKN Me3eHXMMasbHbIX CTBOMOBbLIX KNETOK CIYXWT OTNPaBHON TOUKOM Ans
NpoN3BOACTBA NPOAYKTOB Ha ee 0cHoBe. OfHako NyTb OT MAew [0 perncTpauum nofgobHbIX Npo-
AYKTOB COMPSXEH C MAcCO CNIOXHOCTEN. [1pyn 3TOM TepaneBTUYEeCcKas CTpaTerus, no3gonstoLas
A06uTbCA 3(PHEKTOB KNETOYHON Tepanuu, He npuberas K TpaHCNNAHTALMN ME3EHXMMaNbHbIX
CTBOIOBbIX KNeToK, obecneynBaeT psg npeumyilects. Lienb gaHHoro 063opa — noavyepkHyThb
MHOXeCTBO (pakTopoB, 00YCMNOBNMBAIOLLMX BbICOKYH BapuabensHOCTL BE3UKYNAPHON dhpakLimm,
NoJTy4aeMyHo U3 Me3eHXMMaslbHbIX CTBOMOBBIX KMETOK, CIIOKHOCTM pa3paboTkn 6eCKNEeTOUHbIX
NPOAYKTOB, a Takxe HEOOXOAMMOCTb CO3AAHNS CTaHLAPTU30BAHHBIX MPOTOKOMOB MOTyYEHUS
OLEHKM MasblX BHEKNIETOYHbIX BE3UKYI.

KntoueBble cnoBa: Me3eHxMarnbHble CTBOMOBLIE KNETKH, CEKPETOM Me3eHXMMallbHbIX CTBOJIOBbIX
KNeToK, BHEKITETOYHbIE BE3UKYIIbl, 3K30COMbI, NPOAYKTbl HA OCHOBE BHEKITETOYHbIX BE3NKYN

WUcTouHuK chmHaHcupoBaHusa. ABTOPbLI 3asBRAOT 06 OTCYTCTBUM BHELHEro MHaHCUPOBaHMS
© KonnekTus asTopos, 2026 MPY MPOBELEHUM UCCIE[oBaHNS.
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INTRODUCTION lular communication underlying numerous biological
Multipotent stem cells (MSCs) and MSC-derived processes, both physiological and pathological. The
products are opening new opportunities in biotechno- composition of the secretome reflects the state of the
logy and regenerative medicine. MSCs are capable of secreting cell, and this property is already being utilized
differentiating into osteogenic, adipogenic, and chon- for disease diagnosis, prognostic assessment, and de-
drogenic lineages, express a set of surface markers tailed studies of pathogenesis. In addition, strategies for
(CD105, CD73, and CD90), and adhere to specialized targeted drug delivery using the vesicular fraction of the
plastic under standard culture conditions (Fig. 1) [1]. secretome are being actively developed, offering high

The therapeutic application of MSCs has been ex- specificity and efficiency..
tensively investigated: as of August 2025, according to
the U.S. National Institutes of Health database (https:// COMPOSITION OF THE MESENCHYMAL
clinicaltrials.gov), more than 1,300 clinical studies have STEM CELL SECRETOME
been registered. Nevertheless, many unresolved issues The cellular secretome has been described as a
remain. As a result, only 12 MSC-containing cell pro- complex mixture of products released by virtually all
ducts have been registered to date, and only one has cells of the body in the form of vesicular and non-
been approved by the U.S. Food and Drug Administra-  vesicular fractions (Fig. 2) [5].
tion (FDA). The vesicular fraction consists of vesicles that

From the discovery of MSCs by Friedenstein in are classified according to their size. According to
the 1970s [2] until the early 2000s, it was believed the recommendations of the International Society
that the effects of MSCs were mediated by contact- for Extracellular Vesicles (ISEV) issued on Feb-
dependent signaling to other cells, as well as by their ruary 7, 2024, the term extracellular vesicles (EVs)
accumulation at sites of injury, based on their capa- refers to particles released from cells and enclosed
city for multipotent differentiation [3]. This concept by a lipid bilayer that are incapable of self-replication
began to be reconsidered following the publication by (i.e., do not contain a functional nucleus) [6]. ISEV
Gnecchi, who demonstrated that MSCs exert their ef- recommends avoiding the use of the biogenesis-
fects through the secretion and release of trophic mo- based terms exosomes and ectosomes, although
lecules [4]. Furthermore, studies tracking MSCs after these terms remain convenient for practical use.
systemic administration showed that MSCs (and stem Instead, ISEV permits the use of the terms small
cells in general) do not become incorporated into the  extracellular vesicles (SEVs) (<200 nm) and large
damaged tissue. extracellular vesicles (LEVs) (>200 nm), with the

In recent years, increasing evidence has indicated size definition depending on the specific analytical
that the primary mechanism of MSC action is their pa- method employed. In numerous scientific publica-
racrine effect mediated by the release of biologically tions, extracellular vesicles are classified according
active molecules collectively known as the secretome. to their biogenesis and release mechanisms as fol-
Over the past two decades, scientific interest in the cel- lows: exomeres (<50 nm), exosomes (30-150 nm),
lular secretome, particularly its vesicular fraction, has microvesicles (100-1000 nm), apoptotic bodies
increased dramatically. Investigation of the secretome (1000-5000 nm), migrasomes (500-3000 nm), and
composition has provided new insights into intercel- oncosomes (1000-10000 nm) [7].

Non-vesicular extracellular particles (NVEPSs)
comprise all cell-derived particles belonging to one
or more molecular classes that lack a delimiting li-
pid bilayer membrane [6]. NVEPs may be substan-
tially smaller than extracellular vesicles, making
their detection challenging, while MSC secretome
isolation methods may result in the co-isolation of
both vesicular and non-vesicular fractions [8]. The
most common components of the non-vesicular
fraction of the MSC secretome are presented in

” ¢ Table 1.
Fig.1.  Mesenchymal stem cells (the figure is prepared by the authors) The most common components of the vesicular
Puc.1. Meserxumanshble creonoesie knetku (pucyrok nogrotos-  fraction of the MSC secretome are summarized in
feH aBTOpaMm) Table 2.
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Table 1

The most frequently encountered components of the non-vesicular fraction of the mesenchymal stem cells secretome

Tabnuua 1

Haub6onee yacto BCTpevyaeMble KOMMOHEHTbI HEBGSMKynﬂpHOVI CbpaKLWIVI CeKpeTomMa Me3eHXMMalbHbIX CTBOJIOBbIX KI1€TOK

KomMnoHeHTbI HeBe3UKynsipHOM

¢hpakuum cekpeToma Me3eHXUManbHbIX L
CTBOMNOBBIX KIETOK I-Elgzn'\:eﬂzl ‘D‘al;';::'x
Components of the non-vesicular fraction P i)
of the mesenchymal stem cells secretome
LinTokuHbl IL-1a, IL-1B, IL-6, IL-8, IL-10, IL-13 [8, 9]
Cytokines
XEMOKVHbI + ®akTop CTBONOBbLIX KNeTok (SDF-1) [8]
Chemokines Stem cell factor (SDF-1);

+ 6enok-xemoaTTpakTaHT MoHouutoB (MCP1)
Monocyte chemoattractant protein (MCP1);

* XeMOKWHOBBI nuraHg motuea 12 (CXCL12)
Chemokine ligand 12 motif (CXCL12);

* cybbeauHmua 8 nonunentuaa 1, copepxaldero wanepoHuH (CCT8)
Subunit 8 of polypeptide 1 containing chaperonin (CCT8);

* MakpodaranbHbIi BocnanutensHblil 6enok 1-6eta (MIP-1B)
Macrophage inflammatory protein 1-beta (MIP-1B)
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Ending of the Table 1/ OkoH4yaHue mabn. 1

KomnoHeHTbI HeBe3nKynApHoOi
¢hpakumm cekpeToma Me3eHXMManbHbIX Wctoummk
CTBOJIOBbIX KIETOK ggzmeﬁ;‘ Aa;;:'x
Components of the non-vesicular fraction P source
of the mesenchymal stem cells secretome
dakTopbl pocTa « ®akTop pocta hubpobnactos 2 (FGF-2) [8]
Growth factors Fibroblast growth factor 2 (FGF-2);
* rpaHynouuTapHo-MakpodaranbHbIii KonoHrecTumynmupytoLLyi chaktop (GM-CSF)
Granulocyte-macrophage colony-stimulating factor (GM-CSF);
* thaktop pocra renatouutos (HGF)
Hepatocyte growth factor (HGF);
* cy6peanHuua A TpombouutapHoro daktopa pocta (PDGF-1)
Platelet-derived growth factor subunit A (PDGF-1);
* TpaHcdopmupytoLwmii thaktop pocta 6eta (TGF-B)
Transforming growth factor beta (TGF-B)
Benkn uyutockeneta * AkTuH a2 (ACTA2), aktuH B (ACTB), a-aktun cepaeyHon Mbiwusl (ACTC1) | [10]
Cytoskeletal proteins Actin a2 (ACTA2), actin § (ACTB), cardiac a-actin (ACTC1)
Benkn BHEKNETO4HOro MaTpukca * ®nbpunnue (FBN1), 6eta-uyens dubpuHoreHa (FGB) [10]
Extracellular matrix proteins Fibrillin (FBN1), fibrinogen beta chain (FGB)
depmeHTbI * [nuuepanbperua-3-pocdataernaporeHasa usgonamut 2 (GAPDH); [8]
Enzymes cynepokeuaamcmyTasa (SOD)
Glyceraldehyde-3-phosphate dehydrogenase indoleamine 2 (GAPDH); superoxide
dismutase (SOD)
['opmoHonogo6HbIe BeljecTsa * WHcynuHonogobHbIi daktop pocta-1 (IGF-1) [8]
Hormone-like substances Insulin-like growth factor-1 (IGF-1)

The table is prepared by the authors
Tabnuya cocmasneHa asmopamu

SEVs derived from MSCs express the same sur-
face markers as MSCs themselves, including CD29,
CD44, CD73, CD90, and CD105 [14]. These markers
can be detected using various techniques, including
flow cytometry and Western blotting.

SEVs are widely present in biological fluids such
as saliva, urine, breast milk, cerebrospinal fluid,
plasma, and serum [15]. Although their concentra-
tion varies among different biological fluids, the
concentration of SEVs in 1 mL of blood plasma may
reach 10" particles [16]. Identified SEV components
include approximately 10,000 proteins, 3,500 RNAs,
3,000 microRNAs, and 1,000 lipids [17].

Since SEVs retain the signature of their parent
cells, determining their composition in blood plasma is
of considerable diagnostic and prognostic value. At the
same time, the overall composition of plasma SEVs
is highly heterogeneous because they originate from
cells of most tissues. Investigation of SEV composi-
tion may substantially expand our understanding of
disease pathogenesis and serve as a starting point for
the development of novel SEV-based therapeutics and
vaccines [18].

The specific protein and RNA cargo of MSC-de-
rived SEVs varies depending on the MSC source and

2026;11(1):54-66

culture conditions [19, 20]. Culture conditions such as
hypoxia and cytokine stimulation can alter SEV com-
position and biological effects. Hypoxia enhances the
secretion of pro-angiogenic factors by MSCs and their
released SEVs, thereby improving neovascularization
and bone tissue regeneration [21]. Cultivation with ra-
pamycin and growth factor restriction increases SEV
release [22]. Factors such as donor age, health status,
and the method used for MSC isolation also influence
SEV composition [23]. For example, SEVs derived
from adipose tissue MSCs obtained by surgical exci-
sion and liposuction exhibit different characteristics,
and differences in microRNA profiles have been ob-
served even when the same isolation method is used
for samples collected from different anatomical sites
[24]. Age-related changes in donor cells affect the
quality of released SEVs, limiting their anti-inflamma-
tory and regenerative potential [25].

Increasing attention is being paid to the nucleic
acid fraction of SEVs. Several studies have shown that
DNA transported within SEVs participates in horizon-
tal gene transfer between cells, including transformed
cells, contributing to genetic diversity and potentially
facilitating the spread of oncogenes during cancer pro-
gression [26].

POCCUNCKUE BUOMEANLUNHCKUE MCCNELOBAHNA
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Table 2

The most common components of the vesicular fraction of the mesenchymal stem cells secretome according
to different sources

Tabnuua 2

Haunbonee yacto BCTPpevyaeMble KOMMOHEHTbI Be3VIKyI1ﬂpHOl7I ¢pakumm cekpeToma Me3eHXUManbHbIX CTBOMOBbLIX KNETOK
COrnacHo pa3HbIiM UCTOYHUKAM

KoMnoHeHTbI Be3UKynsipHON dhpakuum
ceKpeToMa Me3eHXUManbHbIX
CTBONOBbLIX KNETOK
Components of the vesicular fraction
of the mesenchymal stem cells secretome

UcTouHuk
OaHHbIX
Data source

Mpumepsi
Examples

o AKTWH
Actin;

* B-Ty6YynuH
B-tubulin;

Benku
Proteins

* TeTpacnanuHbl (CD9, CD63, CD81, CD82)
tetraspanins (CD9, CD63, CD81, CD82);

+ 6enku Tennosoro wwoka (HSP770, HSP90)
heat shock proteins (HSP770, HSP90);

+ 6enok onyxonesoi npegpacnonoxerHoctn 101 (Tsg101)
tumor predisposition protein 101 (Tsg101);

+ 6enoK, B3arMOZIENCTBYIOLLMIA C 3anporpamMMUpOBaHHON KNeTo4HoI rnbenbo (Alix)
programmed cell death-interacting protein (Alix);

+ 6enku rnasHoro komnnekca ructocosmectumoctu | u Il knaccos (MHC I, MHC-I1)
proteins of the major histocompatibility complex classes | and Il (MHC I, MHC-II)

(1]

Jivnuabl
Lipids

* Liepamugpl
Ceramides;

* CUHTOMUENMH
sphingomyelin;

* docdatnanncepuH
phosphatidylserine;

* (hochaTUANINHO3NTON
phosphatidylinositol;

* XONecTepuH
cholesterol

(12]

HyknenHoBble KUCMOTbI
Nucleic acids

+ MatpuyHas PHK
messenger RNA;

* MukpoPHK
microRNA

* pubocomansHas PHK
ribosomal RNA

o OHK
DNA

(13]

The table is prepared by the authors
Tabnuya cocmaeneHa asmopamu

Because the DNA of SEVs derived from certain tu-
mors contains characteristic genetic alterations, such
as mutations and gene amplifications, SEVs represent
promising targets for noninvasive diagnostic applica-
tions, including liquid biopsy. Furthermore, mitochon-
drial DNA contained in SEVs is associated with cellular
stress responses and may play a role in immune sys-
tem intercellular signaling [27].

Various forms of RNA have also been identified
within SEVs, including messenger RNA (mRNA), mi-
croRNA, ribosomal RNA, circular RNA, long non-coding
RNA and DNA. SEV-associated RNAs undergo hori-
zontal transfer between cells, resulting in phenotypic
changes in recipient cells due to their important role in

POCCUMCKUE BUOMEANLIMHCKUE UCCNIELOBAHUA

gene regulation and participation in diverse physiologi-
cal processes [28]. For example, SEVs derived from
embryonic stem cells can reprogram hematopoietic
progenitor cells through the delivery of mRNA [29].
During the immune response, unidirectional transfer of
mRNA occurs from T lymphocytes to antigen-presen-
ting cells, a process that may be antigen-dependent.
Viral microRNAs contained in SEVs released by in-
fected cells can be taken up by uninfected cells [30].

MicroRNAs are the most abundant RNA species
found in human plasma SEVs, accounting for approxi-
mately 40% of the total RNA content, which makes
them particularly advantageous for diagnostic applica-
tions.

2026;11(1):54-66
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FORMATION AND BIOLOGICAL EFFECTS regulated by the ESCRT protein complex (Endosomal
OF EXTRACELLULAR VESICLES Sorting Complexes Required for Transport) or medi-
The secretion of small extracellular vesicles by ated through ceramide-/tetraspanin-dependent path-
cells is a fundamental process required for intercel- ways [34].
lular communication under both physiological and Some of the formed MVBs fuse with lysosomes,
pathological conditions [31] and has likely existed resulting in degradation of their contents. Another
throughout evolution [32]. Under in vitro conditions, fraction of MVBs is “tagged” by ceramides; the outer
SEVs are released by cultured cells into the culture membrane of the MVB fuses with the plasma mem-

medium. brane, and SEVs are released into the extracellular
The process of vesicle formation begins with the space [35].
invagination of the plasma membrane into the cell, lea- The biogenesis and secretion of SEVs are con-

ding to the formation of early endosomes, followed by trolled by specific GTPase proteins. Small GTPases
the development of late endosomes or multivesicular of the Rab family regulate intracellular vesicular
bodies (MVBs) (Fig. 3) [33]. transport. For example, Rab5 participates in endo-

At this stage, MVBs contain proteins that were pre- some formation, whereas Rab7 promotes degra-
sent on the plasma membrane, as well as RNA and dation of MVB contents within lysosomes. Several
proteins derived from the cytoplasm. Subsequently, Rab proteins (Rab35, Rab11, Rab27a, and Rab27b)
proteins from the endoplasmic reticulum and Golgi regulate the secretion of SEVs into the extracellu-
apparatus are incorporated into MVBs. The de novo lar space [31]. The formation and secretion of SEVs
incorporation of various components into MVBs is may be altered by intracellular processes or external
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stimuli. For example, transformed tumor cells se-
crete significantly greater numbers of SEVs than
non-transformed healthy cells [36]. Cellular stress
is considered a possible factor that increases SEV
release [37].

Following their release, SEVs adhere to the sur-
face of target cells through the action of integrins
and tetraspanins. For example, integrins av (CD51),
a3 (CD49c), p1 (CD29), as well as lactadherin and
vitronectin, are involved in the adhesion of SEVs to
leukocytes [33]. Tetraspanins present on the plas-
ma membrane are also highly expressed on SEVs
(CD9, CD81, CD63, and CD82), allowing their use
as specific SEV markers. Tetraspanins play a key
role in the adhesion, fusion, and selective uptake
of SEVs by recipient cells [38]. Changes in the ex-
pression of specific tetraspanins may modulate the
selective targeting and uptake of SEVs, thereby
influencing the cellular response. The specificity
of SEVs for target cells may be determined by the
combination of antigens with MHC class | and Il
molecules [39].

The interaction of SEVs with recipient cells may
lead to several outcomes: (1) signal transmission
through intracellular signaling pathways (juxtacrine
effect); (2) fusion with the cell membrane and re-
lease of vesicular contents into the cytoplasm of the
recipient cell; and (3) uptake of SEVs through phago-
cytosis, macropinocytosis, or receptor-mediated en-
docytosis. Within the recipient cell, the contents of
SEVs are either degraded or induce a cellular re-
sponse. Although SEVs possess a wide range of
biological activities, their principal significance lies
in their ability to serve as carriers of information, fa-
cilitating long-distance intercellular communication.
Compared with the diffusion of soluble signaling mo-
lecules, SEV-mediated intercellular communication
is more effective both in terms of biological impact
and specificity.

ADVANTAGES OF USING CELL-FREE
PRODUCTS BASED ON COMPONENTS
OF THE MESENCHYMAL STEM CELL
SECRETOME

Despite numerous clinical studies, only 12
mesenchymal stem cell (MSC)-containing pro-
ducts have been approved to date, and only one
of them has received FDA approval — Prochy-
mal (Remestemcel-L) (Osiris Therapeutics Inc.,
Mesoblast Ltd.), which is used for the treatment of
graft-versus-host disease. In this regard, the po-
tential use of cell-free products based on the MSC
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secretome or its vesicular fraction offers several

key advantages over MSC-containing cellular pro-

ducts, namely:

1) improved patient safety and avoidance of the low
but potentially existing risks of tumorigenesis and
transmission of infectious agents associated with
the transplantation of living stem cell populations;

2) reduction in the number of invasive material collec-
tion procedures or their complete avoidance (de-
pending on the MSC source);

3) assessment of safety and efficacy using approa-
ches similar to those applied to pharmaceutical
agents;

4) substantially prolonged storage life through cryo-
preservation or lyophilization without loss of bio-
logical activity; products containing viable cells are
generally short-lived (from several hours to one
day), requiring complex logistics for rapid delivery
to patients;

9) large-scale manufacturing of cell-free products
using specially established cell lines under con-
trolled laboratory conditions (e.g., in bioreactors) to
obtain MSC secretome components at desired con-
centrations and to tailor the secretome composition
according to specific therapeutic goals;

6) reduced production time and cost, with immedi-
ate availability of ready-to-use products, which is
particularly important for the treatment of acute
conditions such as cerebral ischemia, myocar-
dial infarction, and combat-related injuries.

CHALLENGES IN THE DEVELOPMENT
OF CELL-FREE PRODUCTS BASED ON
COMPONENTS OF THE MESENCHYMAL
STEM CELL SECRETOME

Although cell-free products based on MSC se-
cretome components offer potential advantages over
MSC-containing cellular products, their production
and regulatory approval are associated with numerous
challenges.

1. Heterogeneity of SEVs derived from MSCs. The
biological variability of SEV cargo, discussed above,
poses a challenge for the standardization and predic-
tability of therapeutic outcomes based on SEVs. Strict
quality control measures, including the use of reference
samples, development of calibration standards, and
consensus guidelines for SEV research, may improve
the reproducibility of SEV-related studies [40].

2. Use of different methods for SEV isolation and
characterization.

To date, no standardized methods for SEV isola-
tion, purification, and characterization have been
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established [41]. This creates uncertainty regarding regarding the required in vivo dose of SEVs, taking
their expected biological effects and potential clinical into account their pharmacokinetics and pharmaco-
outcomes, significantly complicating the assessment dynamics [47].
of efficacy and safety in both clinical and experimental Strategies to increase SEV release from cul-
studies. Commonly used methods for SEV isolation in-  tured cells include three-dimensional (3D) culture
clude ultrafiltration, ultracentrifugation, size-exclusion systems using bioreactors and spheroids, physical
chromatography, and immunoaffinity-based approa- stimulation (mechanical, electrical, or magnetic
ches [42]. field-based), chemical stimulation, physiological
The small size of SEVs (30-150 nm), their he- modification, and genetic manipulation of the pa-
terogeneity within source samples, the presence of rent cell population producing SEVs [48]. In addi-
protein contaminants, and high economic costs hin- tion to difficulties associated with obtaining high
der the selection of an optimal method for obtaining SEV yields from cell cultures, it should also be
SEVs with predefined characteristics. Ultrafiltration, considered that interactions between SEVs and
based on size separation, does not require expensive target cells are accompanied by partial lysosomal
equipment but is time-consuming and associated with  degradation, ultimately reducing their therapeutic
a high risk of membrane fouling by larger particles potential.
[43]. Ultracentrifugation, which relies on differences 4. Variable stability of SEVs. Currently, there are no
in density and size, is labor-intensive, costly, techni- standardized requirements or conditions for SEV sto-
cally demanding, and may result in high levels of con-  rage, despite their importance for planning the manu-
taminants (RNA, proteins) as well as damage to SEV  facture of SEV-containing products. Three principal
integrity [44]. Size-exclusion chromatography is used methods are commonly used for SEV preservation:
to obtain highly purified SEVs but requires expensive cryopreservation, spray drying, and freeze-drying (lyo-
equipment and complex procedures. Immunoaffinity-  philization).
based methods, which identify SEVs according to Cryopreservation is typically performed at -80 °C
unique surface protein profiles using biotinylated or -196 °C. This process involves freezing, thawing,
antibodies, enable the isolation of tissue-specific and potentially refreezing SEVs following partial use.
SEVs with high purity; however, these methods are To preserve SEV integrity during freeze-thaw cycles,
costly, low-throughput, and require extensive prepa- various cryoprotective agents are employed; these

ration [42]. should ideally possess low toxicity, water solubility,
Following isolation, SEVs must be characterized. and low cost.
Since SEVs contain nucleic acids, proteins, lipids, Factors such as the number of freeze—thaw cycles,

and a range of characteristic surface markers, each pH, storage medium composition, and osmotic pres-
of these components may be measured as a surro- sure influence the stability of SEV cargo, particularly
gate indicator of SEV abundance. However, none of proteins and microRNAs that mediate therapeutic ef-
these parameters perfectly correlate with the actual fects, in MSC-derived SEVs [49]. For example, storage
number of SEVs. SEV purity and yield may be as- of SEVs in phosphate-buffered saline results in a rapid
sessed using transmission or scanning electron mi- decline in SEV recovery within several days, whereas
croscopy, flow cytometry, Western blotting, and liquid dilution of the buffer may reduce recovery within mi-
chromatography—-mass spectrometry [44]. A detailed nutes [50]. The addition of human serum albumin and
description of these methods is beyond the scope of trehalose to the storage medium at -80 °C appears to
this review. be the most promising approach for long-term storage
3. Low SEV yield. Although SEVs represent pro- and preservation of stability through multiple freeze—
mising therapeutic agents, they are typically not se- thaw cycles.
creted in quantities sufficient for clinical application, Spray drying converts a liquid suspension contai-
which limits the full realization of their therapeutic ning SEVs into a dry powder through rapid exposure
potential. Insufficient SEV production remains one of to hot gas. However, this process may denature many
the major obstacles to their effective use [45]. For surface proteins and is therefore less suitable for
example, 1 mL of conditioned culture medium can SEVs containing thermosensitive components. During
produce approximately 10° SEVs, whereas an effec- freeze-drying (lyophilization), a two-step preservation
tive therapeutic dose is generally considered to be process involving freezing followed by water removal
around 10" SEV particles per milliliter [46]. Further- under reduced pressure, water is removed from SEVs
more, no recommendations have yet been developed in a manner that stabilizes them [51]. After lyophili-
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zation, SEVs may be stored at room temperature for
extended periods. Nevertheless, the choice of cryo-
protectants remains crucial for preventing aggregation
and maintaining functional integrity following reconsti-
tution [52].

Despite the evident advantages of cell-free pro-
ducts, numerous challenges must be addressed be-
fore the first regulatory approval can be granted for a
product containing the MSC secretome or its compo-
nents. The most pressing issues in the development
and registration of such products are the standardi-
zation and improvement of methods for the isolation,
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