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ABSTRACT

Keywords:

INTRODUCTION. During the COVID-19 pandemic, acute respiratory distress syndrome (ARDS)
was diagnosed in 15-33% of patients hospitalised for pulmonary diseases. Hospital morta-
lity rates increased. The existing medicinal products lacked effectiveness. Thus unconventional
treatment methods were needed, such as mesenchymal stromal cell (MSC) therapy. The risk
of blood clotting in the lung vessels after MSC injection made exosomes from MSC secretome
a therapy of choice. Exosomes cross the blood-brain barrier and have regenerative effect similar
to that of MSC. The promising results of preclinical trials for exosome-based therapeutics have
stimulated their clinical use. Analysing MSC safety and effectiveness will allow us to develop
protocols for their production, storage, and transportation, as well as optimal dose regimens for
cell-free therapy of ARDS and other pulmonary diseases.

AIM. This study aimed to analyse performed preclinical and clinical studies on safety and effec-
tiveness of MSC-derived exosome therapeutics intended for cell-free ARDS therapy and other
pulmonary diseases as an alternative to drug therapy.

DISCUSSION. Exosomes, the most important secretome compound in various cells, carry out
horizontal transfer of genetic information and bioactive molecules. Animal models show that
exosomes obtained from MSC secretome have regenerative abilities similar to MSC and offer
various advantages: small size that prevents blood clotting in the pulmonary capillaries; abil-
ity to penetrate blood-brain barrier, non-teratogenicity, and exchange of epigenomic informa-
tion in cell-cell interactions. Preclinical in vivo studies show that exosomes affect regeneration
of damaged lung tissue in ARDS and other lung diseases. Clinical trials have confirmed safety
and effectiveness of inhalation, intravenous or combined administration. Drug effectiveness
can be increased by combining exosomes with MSC or enriching them with CD24 (key molecule
of innate immunity). Due to regenerative, immunomodulatory properties of exosomes, their
ability to reduce the level of cytokine storm and apoptosis, they are used to treat ARDS and
other lung diseases. Exosomes reverse ARDS and other diseases due to their regenerative and
immunomodulatory effect, and ability to reduce cytokine storm and apoptosis. Thus, exosomes
are recognised as a new effective cell-free therapy.

CONCLUSIONS. Therapeutic effect of exosome-based preparations was analysed in experi-
mental, preclinical, and clinical trials; however, further trials are warranted to determine ARDS
safety and optimal treatment regimens.

ARDS; acute respiratory distress syndrome; MSCs; mesenchymal stem cells; exosomes; exosomal
therapy; vesicles; preclinical trials; clinical trials; regeneration; innate immunity; COVID-19;
secretome
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PE3IOME BBEOEHUE. B nepuoa nannemun COVID-19 amarHo3 ocTpbiit pecnmMpaTtopHbIi AUCTPeCc-CUHAPOM
(OPLAC) koHcTaTupoBanu y 15-33% nauneHToB, roCNMTanM3MPOBaHHbIX C 3aboneBaHUAMMU
nerkux. Bcnepncreme Bo3pocwmx nokasatenei 60NbHUYHOM NeTaNnbHOCTU U HELOCTaTOYHOM
3QdEKTUBHOCTM CYLECTBOBABLWMX HA TOT MOMEHT NIEKAPCTBEHHbIX CPEACTB, BO3HMKNA
HeobX0aMMOCTb NPUMEHEHNUS Tepanuu Me3eHXMManbHbIMKU CTpOManbHbiMKU kneTkamu (MCK).
Copepxawumecs B cekpetome MCK 3k30combl 061aAal0T pereHepaTMBHOM akTUBHOCTbIO, Kak
n MCK, npuuem BBeaeHWe NoCiefHUX MOXET ObiTb COMpPSXKEHO C PUCKOM TpoMBoo6pa3oBaHus.
Ob6HapexuBatlowme pesynbTaTbl AOKIMHUYECKMX UCMbITAHMI NpenapaToB HAa OCHOBE 3K30COM
00yCNnOBAMBAIOT UX KIMHUYECKOE NPUMEHEHMe. AHanu3 akTyanbHbIX AAHHbIX NO He3onacHocTH
M 3PDEKTUBHOCTU MHHOBALMOHHBIX MpenapaToB Ha OCHOBE 3K30COM MO3BOMUT BbipaboTaTb
NPOTOKO/bI NOMYYEHNS, XPAHEHWS, TDAHCMOPTUPOBKM, @ TaKXKE ONTUMaANbHbIE CXEMbI MPUMEHEHUS
npenapatoB Ansa 6ecknetoyHor Tepanum OPOC n apyrux 3aboneBaHunii nerkux.

LLEJIb. AHanu3 pe3ynbTaTtoB AOKAMHMYECKMX U KIMHUYECKMX MCCNefoBaHMIM 6e30NacHOCTH
1 3hEKTMBHOCTU NpenapaToB Ha OCHOBE 3K30COM, npoayuupyembix MCK 1 npegHasHayeHHbIX
nns 6ecknetoyHont tepanum OPOC u apyrux 3aboneBaHUi Nerkux B KayecTBe anbTepHaTUBbI
MefMKaMEHTO3HOMY NIeYEHMIO.

OBCYXAEHUE. Sk30coMbl, BaXXHENLW NI KOMNOHEHT CEKPETOMOB Pa3/IMYHbIX KNETOK,
OCYLLECTBNSIOT TOPU30OHTaNbHbIA NEPEHOC reHeTuyeckon nHbopmaumum u 6uonornyecku
AKTMBHbIX MOnekyn. B [OKNAMHMYECKMX UCMBITAHUAX YCTAHOB/EHO, YTO MOMYYEHHbIE U3 CEKPETOMA
MCK 3k30coMbl 06n1afaloT BbIpaXeHHbIMW pereHepaTMBHbIMU CBOWCTBAMMU, CXOXKUMMU
¢ MCK, 1 umeloT paa npenMyLecTB: Manble pasMepbl, MCKAoYatowme TpomboobpasoBaHue
B JIETOYHbIX Kanunnsapax; NpOHMKHOBEHME Yepe3 remaToaHuedannyeckuit 6apbep; oTCcyTCTBUE
TepaToreHHocTn; obecnevyeHne ob6MeHa 3aNUreHOMHOW MHPOPMaLMEN NPU MEXKIETOUYHbIX
B3auMopencTeusax. BeeneHne npenapatoB Ha OCHOBE 3K30COM CMOCOOCTBYeT pereHepaumm
noBpexaeHHoW neroyHoi TkaHu npu OPAC v apyrux 3aboneBaHusax nerkux. KnuHuyeckue
nccnenoBaHus noaTeepAnan 6e3onacHocTb M 3hdEKTMBHOCTb NPenapaToB NPU UHrANSLUMOHHOM,
BHYTPUBEHHOM M/IM COYETAHHOM BBeAeHUWU. SDDEKTUBHOCTb NPENapaToB MOXET ObiTb MNOBbILEHA
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npu COBMECTHOM MpUMeHeHumn 3k3ocoM ¢ MCK nnamn npu Mcnonb30BaHMKM 3K30COM, 0B0ralleHHbIX
rnukonpoterHoMm CD24 (kntoueBas Monekyna BpOXAEHHOro MMMyHuTeTa). [Tpenapatbl Ha ocHoBe
3k3ocom kynupytoT OPOC u apyrmue 3aboneBaHus nerkux bnarogaps cBoen pereHepaTUBHOM
M MMMYHOMOZYNMPYIOLLENA aKTUBHOCTH, @ TAKXKE CMOCOBHOCTU CHMXATb YPOBEHb «LIUTOKMHOBOIO
WTOpMa» M anonTo3a M paccMaTpuBalOTCa Kak nepcrnekTuBHas 6ecknetouyHas (cells free)
TepaneBTMyeckas ctparterus B nedyennn OPOC.

3AKJIKOYEHME. MpoBeaeHHbIM aHaNM3 AaHHbIX AOKJMHUYECKMX U KIMHUYECKMX UCCNefoBaHUM
CBUAETENbCTBYET O BbICOKOWM 3PPEKTUBHOCTM TEPANEBTUYECKOro AENCTBUS NpenapaToB Ha OCHOBE
3K30COM, OflHaKO LenecoobpasHbl AanbHellne nccnesoBaHns 6e30nacHOCTU npenapaTos
1 onpeneneHus onTuManbHbix cxem neveHns OPOC.

Knwuesbie cnoa:  OPLC; ocTpbii pecnupatopHbid guctpecc-cuHapoM; MCK; mMe3eHxuManbHble CTPOMaJibHble
KNETKM; 3K30COMbI; 3K30COMasibHas Tepanus; Be3WKyNbl; [OKIMHUYECKME WCCNef0BaHUS;

KNMHWYECKME UCCNea0BaHUS; pereHepaLms; BPOXAEHHbIN MMMyHUTeT; COVID-19; cekpeTom
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NoTeHuMaNbHbI KOHPANKT UHTEpPeCcOB. ABTOpPbI 3a8BNAI0T 06 OTCYTCTBUM KOHDNMKTA UHTEPECOB.

INTRODUCTION

Currently, research of acute respiratory distress
syndrome (ARDS) treatment strategies is gaining
relevance; the condition develops due to various
causes (bacterial or viral pneumonia, sepsis, chest
injuries, gas poisoning, etc.) [1]. ARDS is an alveolar
inflammatory pulmonary disease associated with
a damaging factor and showing increased alveolar-
capillary membrane permeability. This causes non-
cardiogenic pulmonary oedema and decreases the
number of ventilated alveoli due to lack of surfac-
tant [2, 3]. Progressing inflammation is followed
by an immune response resembling cytokine storm,
with the release of pro-inflammatory cytokines and
biologically active substances that affect vascular
walls and effector cells. This results in alveolar and
endothelial cell damage, the emergence of auto-
reactive plasma cell clones that destroy epithelial
cells, and exudative inflammation, thus increas-
ing mortality [4]. During a cytokine storm, ARDS
rapidly peaks, causing disruption of cell-mediated
cytotoxicity. ARDS responds poorly to non-specific
treatment. Clinical settings often focus on prevent-
ing non-cardiogenic oedema, various ventilation
methods, oxygenation to reduce hypoxia, and other
methods targeting multifunctional insufficiency.

Xu et al. highlighted that variability of thera-
peutic outcomes in clinical settings is due to the
existence of two ARDS types: primary (pulmonary)
and secondary (extrapulmonary), with the latter
further divided into two subtypes. ARDS classifica-

tion into groups and subgroups is based on clinical,
biological, radiological, and genetic criteria and
is essential for phenotyping ARDS and selecting
an effective patient treatment strategy [5]. To date,
specific pharmacological agents (hormones, anti-
biotics, surfactants) lack effectiveness and do not
provide full lung recovery.

According to Rosstat', Russia experienced in-
creased primary incidence of bronchial asthma
and chronic obstructive pulmonary disease (COPD)
in 2010-2019. Since late 2019, ARDS has been
diagnosed in 15-33% of patients hospitalised for
COVID-19, thus increasing the social and economic
burden on intensive care units. ARDS destructive
impact on the body is comparable to that of ma-
lignant tumours, AIDS, or extensive myocardial
infarction [6, 7]. Attempts were made to use con-
valescent plasma and specific antibodies for thera-
peutic purposes [8]. COVID-globulin was a certain
success. Research results indicate that “COVID-
globulin at a dose of 1 mL/kg alongside conven-
tional therapy is more effective than placebo with
conventional therapy in patients with moderate
COVID-19” [9]; “administration of COVID-globulin
is recommended at a dose of 1 mL/kg, ‘the earlier,
the better’, but not later than on Day 7 of illness,
and is contraindicated in patients with cytokine
storm manifesting itself before Day 77 [9].

Cell-based therapy became a new successful treat-
ment of diseases resistant to conventional pharma-
cotherapy. Mesenchymal stromal stem cells (MSCs)

' https://rosstat.gov.ru/statistic
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found in bone marrow [10], adipose tissue, and other
tissues [11], methods developed for obtaining diploid
strains of these pluripotent cells [12], and the study
of their differentiation potential [13] made it possible
to recover damaged tissues using MSCs [14]. Due to
positive preclinical results, cell therapy was trans-
lated into clinical practice. MSC-based methods were
developed for treating musculoskeletal disorders (os-
teoporosis) [15], allergies [16], neurological conditions
(Parkinson’s disease) [17], cancers (invasive bladder
cancer) [18], and other diseases [19]. NestCell® was
developed for patients with severe pneumonia caused
by COVID-19” [20].

Previous animal experiments [21, 22] and clini-
cal studies [23-25] demonstrated that MSCs and
MSC-conditioned medium’® significantly reduced
inflammation and associated pathological changes
caused by COVID-19 and other infectious lung
diseases. Following MSC administration, lung tis-
sue recovers through stem cell transdifferentiation
and paracrine/hormonal effects stimulating anti-
inflammatory cytokine production, the latter being
the dominant mechanism [20, 26].

MSC-based therapy has some significant limita-
tions: low product stability, risk of pulmonary em-
bolism, and tumorigenicity, among others [27, 28].
Exosomes derived from MSCs were found to have the
same anti-inflammatory and regenerative properties
as the cells [29]. Exosomes stand out due to their his-
tocompatibility, low immunogenicity and oncogenicity,
convenient storage, and high stability. Exosomes pro-
vide targeted delivery of drugs to the recipient cells.
The discovery of exosomes derived from MSC-con-
ditioned secretome medium represents a promising
therapeutic approach for numerous severe diseases,
including ARDS, allowing the use of exosomes instead
of MSCs [30, 31]. Exosomes are 50-100 nm nanopar-
ticles found in all cells, tissues, and body fluids, cov-
ered with a lipid bilayer membrane with associated
cell adhesion molecules. Exosomes offer several ad-
vantages over MSCs that enhance therapeutic safety
and effectiveness: small size; low immunogenicity;
pronounced regenerative properties; absence of tu-
morigenicity; ability to cross the blood-brain barrier;
and low thrombotic risk for pulmonary capillaries.
Exosomes mediate epigenetic information exchange
during intercellular interactions. Their therapeutic ac-
tion is mediated by transfer of mRNA, proteins, and
exosomal receptors to damaged tissues [32]. Another
advantage includes more affordable production and
storage compared with MSCs via lyophilisation or
deep freezing, ensuring transportation without loss of
therapeutic properties [33, 34].

MSC-derived exosomes have shown superior
therapeutic effects in preclinical ARDS models.
Exosome injection suppressed macrophage ag-
gregation in lung tissue, reduced IL-27 secre-
tion and pro-inflammatory factors, and improved
survival in animals. Human umbilical cord MSC-
derived exosomes decreased inflammatory factor
levels and oxidative stress via autophagy induction
in LPS-induced acute lung injury in vivo [35]. Bone
marrow MSC-derived exosomes (BM-MSC) modu-
lated macrophage metabolic state by inhibiting
glycolysis, suppressed M1 polarisation, promoted
M2 polarisation in lung tissue, and improved ARDS
outcomes [36, 37].

Thus, a substantial body of data has been accu-
mulated on MSC-derived exosome-based therapies
for ARDS, and systematising these data allows
more precise evaluation of unresolved issues and
prospects. The study is aimed at analysing preclini-
cal and clinical research results regarding safety
and efficacy of MSC-derived exosome-based thera-
peutics for cell-free therapy of ARDS and other
lung diseases as alternatives to pharmacotherapy.

MAIN PART
Preclinical studies of the exosome therapeutic
effect

Analysis of animal experiments has indicated the
potential therapeutic effects of exosomes in inflam-
matory processes of various aetiologies. Deng et al.
[36] demonstrated that BM-MSCs, with their potent
immunomodulatory and immunosuppressive proper-
ties via exosome secretion, improved the condition of
sepsis-damaged lungs. Exosomes reduced the expres-
sion of genes involved in glycolysis by inhibiting HIF-
la transcription factor. Intratracheal administration of
exosomes may be an effective approach for treating
LPS-mediated ARDS [36].

Morrison et al. [37] established in a mouse
model of LPS-mediated ARDS that extracellu-
lar vesicles from human BM-MSCs induced anti-
inflammatory and highly phagocytic macrophage
phenotype through mitochondrial transfer. Modu-
lated macrophage function was associated with
enhanced oxidative phosphorylation. After inter-
acting with human BM-MSC-derived extracellular
vesicles, alveolar macrophages reduced TNF-a and
IL-8 production by 58+8% and 30£15%, respective-
ly, thereby decreasing lung injury in vivo [37].

Xu et al. [38] demonstrated that exosomes
derived from endothelial progenitor cells (EPCs)
exerted protective effects on lung capillary en-
dothelium and restored its integrity. This reduced

https://clinicaltrials.gov/study/NCT04315987
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interstitial oedema and lung tissue damage in rats
with ARDS (histological data). EPC cultures were
obtained as follows: mononuclear cells isolated
from bone marrow were centrifuged in a density
gradient. On Day 8 of cultivation, the cells exhib-
ited an endothelial phenotype, evidenced by up-
take of acetylated low-density lipoprotein, binding
of endothelial-specific lectin, and high expression
of CD31 glycoprotein. The parameters confirmed
their endothelial nature [38].

Monsel et al. [39] reported the effects of BM-
MSC-derived vesicles on Escherichia coli LPS-
induced pneumonia in mice. Intravenous admin-
istration of MSC-derived microvesicles (90 uL) 4
hours after LPS treatment increased 72-hour sur-
vival rate by 88% due to keratinocyte growth factor
(KGF) secretion; reduced leukocyte influx by 40%
and neutrophils by 53%; decreased total protein
concentration in bronchoalveolar lavage by 22%
24 hours later compared to PBS-treated mice; and
reduced inflammatory cells, cytokines, proteins, and
bacteria due to increased phagocytosis [39].

In a preclinical study, Kaspi et al. [40] used Exo
MSC-NTF (NurOwn®, Israel). To obtain Exo MSC-NTF,
BM-MSCs were incubated in the medium containing
1 mM db-cAMP, 20 ng/mL human FGF2, 5 ng/mL hu-
man PDGF, and 50 ng/mL heregulin 1. In an LPS-
induced lung inflammation mouse model, intratra-
cheal Exo MSC-NTF administration demonstrated
superior therapeutic effects compared to Exo MSC
in reducing ARDS manifestations. Lung oxygen-
ation increased by 10%, alveolar wall thickened by
43%; |L-6 levels decreased 7-fold, TNF - 2.3-fold;
lung tissue damage was prevented. Neutrophil
infiltration decreased by 26%; fibrin accumulation
returned to reference values [38].

BrainStorm Cell Therapeutics has obtained
a patent® for the method to produce cell-type spe-
cific exosomes from adult human BM-MSCs.

Tkachuk et al. [41] reported that in bleomycin-
induced pulmonary fibrosis mouse models, intra-
tracheal administration of extracellular vesicle-
enriched conditioned MSC medium (CM-MS()
resolved fibrosis. Treated mice showed improved
outcomes compared to controls. The clinical sta-
tus was evaluated using a scoring system. The
median maximum cumulative score in control
animals reached 7, whereas in experimental mice
(CM-MSC administration), it was 1, indicating better
outcomes for mice receiving extracellular vesicle-
enriched CM-MSC. In the fibrosis prevention group,
median maximum cumulative scores were 9 for
controls and 5 for experimental mice. These data
suggest the efficacy of MSC secretome compo-

nents not only for treatment but also for preven-
tion of pulmonary fibrosis, including interstitial
pneumonias of viral aetiology, such as coronavirus
infections [41].

Shapira et al. [42] evaluated the efficacy and
safety of EXO-mCD24 (murine homologue of hu-
man EXO-CD24) in moderate-to-severe ARDS. Effi-
cacy was studied in mouse models of inflammatory
diseases. EXO-mCD24 contains exosomes enriched
with mCD24 glycoprotein (cluster of differentia-
tion 24), a key molecule of innate immunity. Pro-
duction of EXO-mCD24 by transfection of HEK cells
with ExpiFectamine/plasmid DNA involved the
following steps: 1) collection, centrifugation, and
filtration of culture supernatant (0.22 um); 2) pre-
cipitation with 30% polyethylene glycol (PEG) and
1.5 M NaCl for 15-16 hours, then centrifugation at
4,000 rpm; 3) resuspension of the pellet in saline,
dialysis in PBS, and concentration using a filter
MWCO 100 kDa [42].

Shapira et al. [43] assessed the toxicity, safety,
and therapeutic effect of inhaled EXO-mCD24
in an LPS-induced confluent murine pneumonia
model. Animals received 1x10° or 1x10° exosomes
in saline once daily for 5 days. No adverse effects
or behavioural differences were observed between
the control and experimental groups. Administra-
tion of 1x10° exosomes did not influence moder-
ate-to-severe lung damage, whereas 1x10° exo-
somes significantly improved lung condition and
reduced serum levels of IL-6 (from 149 to 58 pg/
mL), IL-12 (from 17 to 13 pg/mL), TNF-a (from
14 to 7 pg/mL), and IFN-y (from 42 to 11 pg/mL).
Bronchoalveolar lavage markers of inflammation
were also reduced. EXO-mCD24 demonstrated ef-
ficacy and improved survival compared to controls:
for 1x10™ and 1x10" exosome groups, odds ratio
(OR) was 0.069 (95% Cl 0.016-0.292) and 0.155
(95% Cl 0.043-0.555), respectively [43].

Key preclinical exosome data are summarised
in Table 1.

Clinical trials of exosome-based preparations
According to Green et al. [44], EXO-CD24 is
a promising therapeutic agent not only for ARDS
but also for diseases resistant to standard treat-
ments. Several animal models, including abdominal
and pulmonary sepsis, pulmonary fibrosis, asthma,
chronic obstructive pulmonary disease, and influ-
enza, showed its therapeutic effectiveness [44, 45].
Based on preclinical EXO-CD24 results, Shapira
et al. [42, 43] and Green et al. [44] suggested ex-
trapolating the use of CD24-hyperexpressing exo-
somes for human disease treatment. This prompted

*  https://patents.google.com/patent/AU2019252987B2
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Table 1. Preclinical trials of exosome preparations in vivo

Tabnuua 1. JoKNMHUYECKME UCTbITaHUS npenapaTtoB 3K30COM Ha XXUBOTHbIX

Inductors
Reference TR
Experimental model pathology Drug description Therapeutic effect
UcmoyHuk -
JkcnepumenmansHas modeno . MHAykmopel | OnucaHue npenapama Tepaneemuyeckuii 3¢ppekm
J1e204Holi
namosozuu
Improving lung function
Bone marrow MSC by modulating macrophage polarization
C57Black/6, exosomes and inhibiting glycolysis
. LPS
[36] mice, males Jirc Sk30combl MCK YnydweHue cocmosHus e2Kux
Meiwu, camysi KOCMH020 M032a nocpedcmeom Modynayuu
noagpu3ayuu Makpogazoe
U nodagnieHus 8 HUX 2/IUKOU3A
Reduction of lung damage by anti-
Bone marrow MSC inflammatory and highly phagocytic
C57Black/é, LPS extracellular vesicles macrophage phenotype
[37] mice, males Jnc BHexnemouHsle YmeHbuwieHue nospexdeHus neekux nymem
Meiwu, camysi se3ukysbl MCK hopMuposaHuUs NpomuBo8oCNAnUMenbHO20
KOCMH020 M032a U 8bICOKOGazoyumapHozo eHomuna
Makpogazose
Enii;iiliésceu Recovery of the endothelium
Sprague Dawley rats LPS of the lung capillaries
[38] IK30COMbI
Kpebicol Cnpea-Loynu JINC BoccmaHoeneHue sHdomenusa Kanuinspos
3HOOMeENUATbHBIX
neeKux
K/1emok
C57Black/6, Bone marrow MSC . o .
. LPS microvesicles An increase in animal survival
[39] mice, males
JIMNC Mukpose3sukynsl MCK YeenudeHue 8bIxu8aeMocmu HUugomHsix
Mbiwu, camybi
KOCMH020 M032a
Brainstorm company An increase in lung oxygenation, with
. ExoMSC-NTF product reduced inflammatory cytokine levels
Mice LPS
[40] lpenapam komnaHuu [TogblwieHue yposHS OKCU2eHAUUU N1E2KUX,
Moiwu JIMNC .
Brainstorm ExoMSC- CHUXeHUe Koau4yecmea 80ocnaaumersnbHbix
NTF UUMOKUHO8
MSC secretome . . L .
. . Fibrosis resolving, improvement of animal
enriched with
. health status compared to the control
Mice Bleomycin extracellular vesicles group
[41] Cexkpemom MCK,
Meoiwu bneomuyuH . PaspeweHue ¢ubpo3sa, ynyyweHue
o0bozaujeHHsll
COCMOSHUS HUBOMHbIX N0 CPABHEHUIO C
BHEK/IEMOYHbIMU
KoHmMposem
8e3uKy1amu
A significant improvement
in lung status and an increase
EXO-mCD24 based  in animal survival at a high dose (1x10")
[42] Mice LPS on mouse cells of exosomes
Meiwu JIMNC EXO-mCD24 Ha ocHose lpu seicokoli doze

MbIWUHbIX K/1eMOK

1x10" 3k30c0M — BbIp@HEHHOE YyYLIeHUe
COCMOSIHUS Se2KUX U ysenuyeHue
8bIXUBAEMOCMU HUBOMHbIX

The table is prepared by the authors using literature data / Tabnuua coctaBneHa aBTopamu Mo AaHHbIM UTepaTypbl

Note. LPS, lipopolysaccharide; MSC, mesenchymal stromal cells.

Mpumeyarue. NMNC — nunononucaxapui; MCK — MeseHxMManbHble CTPOMAsbHble KNETKU.
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clinical trials (CTs) assessing the safety and efficacy
of exosome-based preparations for ARDS and other
diseases. Randomised clinical trials used alloge-
neic exosome preparations derived from MSCs of
various human tissues, administered to patients
with moderate or severe ARDS by inhalation or in-
travenously. The placebo was typically saline.
Shapira et al. [42] developed the anti-inflamma-
tory EXO-CD24 product using mCD24 murine ho-
mologue based on exosomes enriched with CD24
glycoprotein, molecules that form innate immunity.
EXO-CD24 targets hyperactive immune cells in
COVID-19-associated ARDS. CD24 is found to inter-
act with DAMPs, including HMGB1, heat shock pro-
teins, and nucleolin, selectively suppressing tissue
damage responses via Siglec G (mouse) or Siglec10
(human) (sialic acid binding Ig like lectin) [46, 47].

Exosome-based therapeutics for inhalation
EXO-CD24

Shapira et al. [42] conducted a phase Ib/lla CT in
35 patients with moderate-to-severe COVID-19. In-
creasing doses of Exo-CD24 (1x108-1x10° exosomes)
were inhaled over 5 days. No treatment-related ad-
verse effects were observed 443-575 days later. The
product effectively reduced pro-inflammatory markers
and cytokines. The levels of MIF3A, IL-17A, IL-1B, IL-
6, TGF-a, TNF-a, and IL-1a decreased on Days 4, 7,and
35 of observation compared to the baseline levels
(Day 0); the average C-reactive protein in the blood
was 127.1+14.7 mg/L (* SEM?) on Day 0, with a further
decrease to 66.6%10.4 and 19.3%7.7 mg/L on days
3 and 7, respectively [42].

Grigoropoulos et al. (Greece) conducted
a phase IIb CT to determine dosing for patients
with moderate-to-severe COVID-19-induced ARDS
(n=91), administering 1x10°-1x10'° EX0-CD24
exosomes for 5 days; efficacy and safety were as-
sessed on Day 7, with a 28-day follow-up® [48].
Nimrod et al. (Israel) studied EXO-CD24 in 60 pa-
tients with mild-to-moderate ARDS. The exosomes
(1x10") were diluted in 1.5 mL saline for inhala-
tion via a standard jet nebuliser twice daily for 5
days’. The conducted CTs (phases | and Il) found
no adverse effects in patients. Despite the unique
combination of the exosome (carrier) and CD24

(immunomodulator) in the inhalation medicinal
product, further studies are warranted on a larger
cohort of patients.

haMSC-Exos (Mexcovid)

Exosomes were obtained from human adipose
tissue MSCs [49]. Passage 4 cells were transferred
to a new culture tube (cell factory) at a density
of (1-1.5)x10* cells/cm’ to obtain sufficient cell
mass. Upon 90% confluence, the full growth me-
dium (a-MEM with human platelet lysate) was
replaced with exosome-free medium. The medium
was centrifuged at 120,000 g for 6 hours; the su-
pernatant was used as an exosome-free medium
for further cell culture and exosome isolation. Af-
ter 48 hours of incubation, the supernatant was
cleared of debris via differential centrifugation,
incubated with 12% PEG for 24 hours, centrifuged
at 3,000 g for 60 min, resuspended in PBS, and
centrifuged at 120,000 g for 70 min [49].

Efficacy and safety of inhaled haMSC-Exos
was evaluated in a pilot, single-group, placebo-
controlled phase lla CT at Ruijin Hospital (China),
in severe COVID-19 patients. Seven patients re-
ceived 2x10° exosomes daily for 5 days via a nebu-
liser without adverse effects, maintaining clinical
stability. Varying degrees of lung lesion improve-
ment were observed® [50].

hMSC-Exos

hMSC-Exos, derived from human BM-MSCs [49],
were tested in a randomised, placebo-controlled
phase I/l CT at Ruijin Hospital (China) for inhaled
ARDS therapy (n=18). Phase |: dose groups were
low (2x10% exosomes/day for 7 days), medium
(8x108/day), and high (16x10%/day). Phase II: dose
1 - baseline + 1/4 MTD/day®, dose 2 - baseline +
MTD/day, control group - baseline + saline?®.

Samara Regional Medical Center Dinastiya
(Russia) conducted a randomised double-blind CT
to study the safety and efficacy of aerosol inhaled
twice over 10 days at a dose of 0.5-2x10% exo-
somes!l. Exosomes derived from BM-MSCs were
used in patients with severe COVID-19-induced
pneumonia'?, Exosome inhalation aimed to ac-

> SEM, standard error of the mean.

¢ https://clinicaltrials.gov/study/NCT04902183
7 https:/clinicaltrials.gov/study/NCT05947747
¥ https:/clinicaltrials.gov/study/NCT04276987
9 MTD/day - maximum tolerated dose/day.

1  https://clinicaltrials.gov/study/NCT04602104
" https:/clinicaltrials.gov/study/NCT04491240
https://clinicaltrials.gov/study/NCT04602442
https://clinicaltrials.gov/study/NCT04491240
https://clinicaltrials.gov/study/NCT04602442
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celerate recovery, reduce lung lesion volume, and
decrease the hospital stay.

Intravenous Exosome Preparations
Zofin™

Zofin™ (DrugBank ID 16519) is an acellular,
minimally processed human amniotic fluid product
containing extracellular vesicles/nanoparticles
from amniotic stem and epithelial cells, with
over 300 growth factors, cytokines, and chemo-
kines. Exosomes are enriched with molecules
such as CD63, CD81, CD9, in addition to the high
expression of the CD133 glycoprotein. The CT ob-
jective (phases | and Il) was to evaluate the safety
and potential efficacy of intravenous product used
to treat moderate to severe COVID-19 compared
to placebo. Patients in the experimental group re-
ceived 1 mL intravenously on Days 0, 4, and 8. The
average concentration of vesicles with an average
size of 125.2 nm was 5.24x10"" exosomes/mL. The
product acts as a cytokine activation suppressor
reducing COVID-19 severity".

In 2021, Organicell Regenerative Medicine (USA)
reported positive results from the first use of the
medication in India: 10 patients with COVID-19 re-
ceiving Zofin™ achieved remission (the study was
conducted in 4 clinics). Subsequently, 65 patients
with moderate to severe COVID-19 were included
in the CT (treatment was completed by the end
of June 2021). All patients who received the prod-
uct achieved complete recovery™. An application
was submitted to the Indian Council of Medical
Research (ICMR) for emergency approval of Zofin™
in COVID-19.

ExoFlo™

ExoFlo™, a product containing BM-MSC-derived
exosomes, demonstrated high tolerability in pa-
tients with COVID-19-associated-ARDS. The CT
involved 102 patients receiving 100 mL infusions
(15 mL drug and 85 mL saline) for 60 min on
Days 1 and 4 of treatment. Patients with severe or
critical COVID-19 received conventional treatment
at the same time. ExoFlo™ dose was found to be
safe for patients™ [51].

Direct Biologics (USA) reported positive results
obtained in CTs using ExoFlo™. Sengupta et al. [52]
studied the safety and efficacy of exosomes (ExoFlo™)

derived from allogeneic BM-MSCs in a non-ran-
domised CT in patients with severe COVID-19, as well
as severe and moderate ARDS. Patients received a
single dose of ExoFlo™ (15 mL) intravenously, with
a follow-up monitoring for 2 weeks after treatment.
No side effects were reported within 72 hours after
administration. The survival rate of patients was
83%. The average ratio of arterial oxygen partial
pressure to fractional inspired oxygen (PaO,/FiO,)
increased by 192% (p<0.001). The average decrease
in blood neutrophils was 32% (p<0.001), while
the number of CD3", CD4", and CD8" lymphocytes
increased by 46% (p<0.05), 45% (p<0.05), and 46%
(p<0.001), respectively. The average levels of C-
reactive protein, ferritin, and D-dimer decreased
by 77% (p<0.001), 43% (p<0.001), and 42% (p<0.05),
respectively [52]. Thus, due to its safety profile,
ability to restore oxygenation, suppress cytokine
storm, and strengthen immunity, the study product
is a promising medication in severe COVID-19.

The Food and Drug Administration (FDA, USA)
has granted ExoFlo™ the status of a promising
drug for regenerative medicine and has also ap-
proved CT phase Il in 2023. Given the limited
number of approved drugs with proven efficacy
in reducing mortality, timely results from phase Il
CTs will be important for the treatment of ARDS
patients and eradicating morbidity and mortality
caused by SARS-CoV-2'°.

Zofin™ and ExoFlo™ are recommended by the
FDA for CT (Table 2).

ARDOXSO

A CT was conducted in the United States
to evaluate the safety and efficacy of an intra-
venous exosome-based therapeutics obtained
from BM MSCs for the treatment of severe ARDS.
The trial design included 4 groups of 5 patients:
Group 1 - administration of increasing drug doses
(2x10°, 4x10°, 8x10° exosomes) every other day for
5 days; Group 2 - administration of 8x10°, 4x10°,
8x10° exosomes according to the same schedule;
Group 3 - administration of a therapeutic dose
of 8x10°, 8x10°, 8x10° exosomes; Group 4 - admi-
nistration of placebo”. The data obtained from this
pilot CT demonstrate the potential clinical applica-
bility of the drug.

B https:/clinicaltrials.gov/study/NCT04384445

https://www.europeanpharmaceuticalreview.com/news/152560/100-percent-recovery-rate-for-covid-19-patients-treated-with-

zofin/
Y https:/clinicaltrials.gov/study/NCT04493242
https://bioinformant.com/direct-biologics-publication-in-chest/
Y https:/clinicaltrials.gov/study/NCT04798716
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Combination Therapy
EV-Pure™ and WJ-Pure™

Vitti Labs has developed a product based on
VL-P22 (EVPure) umbilical MSCs and VL-PX10 (WIJ-
Pure) placental exosomes. Phase | CT evaluated the
safety and benefits of IV EVPure + WJPure in mod-
erate-to-severe COVID-19 and ARDS". Another
CT phase Il assessed the advantages of combina-
tion therapy in COVID-19 patients with pulmonary
fibrosis™: the treatment group (n=10) received EV-
Pure + WJPure besides standard care; the placebo
group (n=10) received cryopreservation medium/
saline with standard care. Treatment duration:
5 days, with a 12-week follow-up®.

Exosome and MSC combination

New regimens combining exosomes and MSCs
were explored in order to improve ARDS therapy.
Zarrabi et al. [53] reported a phase |l randomised
multicenter trial in 43 COVID-19 / ARDS patients:
11 patients received two consecutive doses of allo-
geneic MSCs (100x10° each); in 8 patients, 100x10°
MSCs + exosomes from 200x10°:10% MSCs were
administered via inhalation; control group includ-
ed 24 patients. The products were administered
every 48 hours. Systemic administration of MSCs
and inhalation of exosomes using a nebuliser were
shown to be safe and significantly reduced inflam-
matory markers (IL-6, TNF-a, IFN-y, and CRP) in
patients’ blood serum. No deaths were reported
among patients who received exosome and MSC
preparations [53, 54].

The key data on the clinical trials of exosome-
based therapeutics are presented in Table 2.

In 2022, Lotfy et al. presented data on the use of
exosomes obtained from various cells (bone marrow,
adipose tissue, endometrium, etc.) for the treatment
of neurological (epilepsy, Parkinson’s disease, stroke),
autoimmune (multiple sclerosis, rheumatoid arthritis,
type 1 diabetes), heart, and kidney diseases [55]. The
below examples of exosome-based therapeutics con-
firm that their functional effect is determined by MSC
source [56]. A total of 304 proteins, 150 microRNAs,
and other bioactive molecules [55] were detected
in exosomes, which together probably provide the
therapeutic effect —repair of various tissue types
in cardiovascular conditions, diseases of the liver, kid-
neys, lungs, and neurological disorders [57, 58].

Type 1 diabetes was treated using umbilical
cord blood MSC-derived exosomes (1.22-1.51x10°
particles/kg, twice, 1-week interval)".

A study conducted at Isfahan University (Iran)
investigated the possibilities of functional recovery
after a stroke. Animal experiments showed that ad-
ministered exosomes increased the number of neu-
roblasts and endothelial cells. Exosomes from BM
MSCs were administered stereotaxically intrapa-
renchymally to patients with ischemic stroke®.

At Ruijin Hospital (China), MSCs-Exos isolated
from allogeneic adipose tissue MSCs were used
in a non-randomised CT for the treatment of
mild to moderate Alzheimer’s disease. Three pa-
tient groups received MSCs-Exos nasally at doses
of 5 yg, 10 ug, and 20 pg (1 mL) twice a week for
12 weeks®” [59].

In Egypt, research has been initiated for exo-
some-based therapeutics obtained from adipose
tissue MSCs autogenously isolated from patients;
the exosomes are intended for administration into
periodontal pockets to assess their regenerative
effect in periodontitis**.

Challenges and prospectives

Exosome-based therapies are promising acellu-
lar treatments with demonstrated efficacy in ARDS
and other diseases [60]. However, heterogeneity
and rapid elimination are still a challenge [34]. Un-
resolved technical aspects include developing re-
producible isolation and purification protocols [61],
optimising storage, and defining therapeutic doses.

The discovery of stromal stem cells by Frieden-
stein and Chailakhyan’s culture methods enabled
large-scale MSC production without diploidy
changes and enabled the therapeutic use of cells
and their secretome. Chailakhyan et al. [12] report-
ed the heterogeneity of primary in vitro BM-derived
clones, later confirmed by Kuznetsov et al. [62] and
Bianco et al. [63].

The secretome of BM-MSCs cultures contains
exosomes that inherit the properties of their par-
ent cells. Consequently, the pool of isolated exo-
somes is as heterogeneous as the MSC culture
itself. Authors of numerous studies often use the
term “exosomes” derived from MSCs of various
tissues without providing detailed characteristics
of the employed MSCs. Most studies utilising stem

¥ https://clinicaltrials.gov/study/NCT05387278
¥ https://clinicaltrials.gov/study/NCT05387239
2 https://clinicaltrials.gov/study/NCT05387278

https://clinicaltrials.gov/stady/NCT05387239
2 https://clinicaltrials.gov/study/NCT02138331
2 https://clinicaltrials.gov/study/NCT03384433
2 https:;//clinicaltrials.gov/study/NCT04388982
* https://clinicaltrials.gov/study/NCT04270006
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Table 2. Application of exosome-based preparations in clinical trials®
Ta6nuua 2. MpenapaTbl Ha OCHOBE 3K30COM, UCMOJb30BaHHbIE B KIMHUYECKUX UCCNELOBAHUSX

Drug administration

ClinicalTrials.gov Preparation Drug composition Country
ID lMpenapam Cocmae npenapama i Cmpana
penap penap eeedeHus P
Exosomes of allogenic MSCs Inh Greece
NCT04902183 Exo-CD24 Jk30coMbl annozeHHbix MCK NHe/s Ipeyus
Exosomes of allogenic MSCs Inh Israel
NCT05947747 Exo-CD24 IK30CoMbl annoeeHHbix MCK WHe/8 U3pauns
Exosomes of allogenic MSCs Inh Israel
NCT04747574 Exo-CD24 Jk30coMbl annoeeHHbix MCK WHe/8 U3pauns
Exosomes of allogenic MSCs Inh Israel
NCT04969172 Exo-CD24 Jk30coMbl anno2eHHbix MCK WHe/8 U3pauns
NCT05787288 Exosomes Exosomes of umbilical blooq cells Inh Chlnav
IK30COMbI IK30COMbI KIEMOK NYNnoBUHHOU Kposu NHe/8 Kumati
NCT04276987 Mexcovid Exosomes MSCs from hurunan adipose tissue Inh Chmav
Ik30combl MCK 3xuposoli mKaHu Yenoseka WHe/e Kumadi
NCT04602104 hMSC-Exos Human bone marrow MSC exosomes Inh Chlnav
Sk30combl MCK KocmH020 M032a Yenoseka WHe/8 Kumati
NCT04491240 Exosomes Human bone marrow MSC exosomes Inh Russia
IK30COMbI Sk30combl MCK KocmH020 M032a Yenoseeka NHe/8 Poccus
NCT04602442 Exosomes Human bone marrow MSC exosomes Inh Russia
IK30COMbI Jk30combl MCK KocmHo20 M032a Yenoseka WHe/s Poccus
Human amniotic fluid exosomes . .
NCT04384445 Zofinb IK30COMbI AMHUOMUYECKOU i USA, India
8/8 CLUA, MHOous
HUOKOCMU Yenoseka
Human amniotic fluid exosomes in USA
NCT05228899 Zofinb IK30COMbI aMHUOMUYeCcKol #udkocmu
8/8 CLUA
yenogeka
Human amniotic fluid exosomes in USA
NCT05643729 Zofinb IK30COMbI aMHUOMUYecKol #udkocmu
8/8 CLUA
yenoseka
Human bone marrow MSC exosomes iv USA
NCT04495242 ExoFloc Jk30combl MCK KocmH020 M032a Ye108eKka 8/8 CLUA
Human bone marrow MSC exosomes iv USA
NCT05127122 ExoFloc Jk30combl MCK KocmHo20 Mo32a Yenogeka 8/8 CLUA
Human bone marrow MSC exosomes iV USA
NCT05116761 ExoFloc Sk30combl MCK kocmHo20 Mo32a yenoseka 8/8 CLUA
Human bone marrow MSC exosomes iV USA
NCT04798716 ARDOXS0 Jk3o0combl MCK KocmH020 M032a Yenoseka 8/8 CLUA
MSCs from umbilical cord and exosomes
EVPure from placental MSC Comb/adm USA
NCT05387278 WIJPure MCK nynosuHel u 3k30comsbl u3 MCK Komb6/8 CLIA
naayeHmsl
MSCs from umbilical cord and exosomes
EVPure from placental MSC Comb/adm USA
NCT05387259 WIJPure MCK nynosuHel u 3k30comsl u3z MCK Komb/8 CLUA

naauyeHmel

The table is prepared by the authors using literature data / Tabnuua coctaBneHa aBTopamu Mo AaHHbIM IMTEpaTypbI

Note. MSC, mesenchymal stromal cells; Inh/adm, inhalation; i/v, intravenous administration; comb/adm, combined administration.
* According to clinical trials, all the drugs considered meet the criteria for safety and effectiveness.

® Pakistani regulatory authorities have approved the use of Zofin to treat a patient with severe COVID-19 (2021); FDA has approved
the use of Zofinin patients with chronic obstructive pulmonary disease.

¢ FDA approved ExoFlo in patients with life-threatening COVID-19 complications (2020).
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ﬂpUMeanue. MCK — Me3eHxuManbHble CTpOMalbHbIE KNETKHU; MHr/B — MHransiuMoHHoe BBEAEHME; B/B — BHYTpMBEHHOE BBEAEHUE;

KOM6/B — KOMOMHMPOBAHHOE BBEAEHME.

*Mo pe3ynbraTtaM KIUHNYECKUX MCCNenoBaHuii Bce pacCMOTpeHHbIe NpenapaTbl COOTBETCTBYHOT KPUTEPUAM 6e30MacHOCTM U

3¢ HEeKTUBHOCTH.

® PerynsaTopHble opraHbi [akucTaHa paspelmnnm ucnonb3osath Zofin AN nedenns naumenTa ¢ Taxenoi gpopmoii COVID-19 (2021 r);
FDA opo6pvno npumeHenune Zofin ans nevyeHns NaLMeHToB C XPOHUYECKOM 06CTPYKTUBHOM BONE3HbIO NETKMUX.
° FDA ono6puno npumeHeHue ExoFlo ans nedeHuns naumeHToB C YrpoXatoWwmMm Xu3Hu ocnoxHeHuamm ot COVID-19 (2020 r.).

cell-derived MSCs for the treatment of ARDS and
complications following COVID-19 share the fol-
lowing limitations: a) the current methods do not
always allow for isolation of a sufficient number of
exosomes to conduct serial investigations; b) there
are no standardised protocols for obtaining homo-
geneous material (every subsequent batch of exo-
somes derived from MSCs may present somewhat
different characteristics).

Thus, it is necessary to scale up cell cultivation
for exosome production intended for therapeutic
use and to standardise treatment protocols, includ-
ing dosage, administration routes, and treatment
regimens.

The primary goal of future CTs should be
to evaluate the long-term safety, immunogenicity,

and efficacy of exosome-based products for cell-
free therapy.

CONCLUSIONS

The authors have analysed data on exosome-
based therapeutics derived from MSC cultures of
bone marrow, adipose tissue, umbilical cord, cord
blood, and placenta, which exert therapeutic ef-
fects on lung tissue regeneration in ARDS. In pre-
clinical and clinical studies, exosome-based thera-
peutics were administered both as part of combi-
nation therapy and as monotherapy. Inhalational,
intravenous, and combined routes of administra-
tion demonstrated efficacy.

There is a pressing need to standardise the cri-
teria for exosome-based therapeutic production,
optimise the efficacy of therapeutic regimens, and
define conditions for long-term storage.
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Bknap, aBTOpOB. Bce aBTOpbI NOATBEPXAAIOT COOTBETCTBUE
cBoero aBTtopcTBa kputepuam ICMIE. Bce aBTopbl pazpa-
6aTbiBaNM KOHLEMNUMK PYKOMMUCH, yH4aCTBOBANM B Hanuca-
HWUM TekcTa U GOPMYIMPOBKE BbIBOJOB.

BnarogapHocTu. BoipaxkaeM Npu3HaTeNbHOCTb KOeram,
BbICKA3aBLUMM KPUTUUYECKME 3aMeyaHus B agpec Halwen
CTaTbu.
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