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Abstract

Autoimmune diseases are characterized by dysregulation of immune responses and damage to healthy body
tissues. Their complete cure remains elusive, and existing therapies are often accompanied by side effects. Recent
studies have shown a significant role of disturbances in the composition of the microbiome in the development
of autoimmune reactions. Moreover, modulation of the microbiome through various therapeutic interventions
represents a promising direction in the framework of complex therapy of the underlying disease. Extracellular
vesicles, in particular exosomes, transport biologically active substances between cells, and a number of studies
have shown their therapeutic effect in autoimmune diseases. However, the role of extracellular vesicles in modulating
the microbiome remains poorly understood, and further research is needed to better understand their impact on the
pathogenesis of autoimmune diseases and associated microbiome changes, as well as to develop new treatment
strategies. The presented literature review, based on a study of English-language sources, examines the importance
of the microbiota of different loci of the human body (intestines, skin, oral cavity) in the development of autoimmune
diseases such as multiple sclerosis, psoriasis and Sjogren's disease. The role of extracellular vesicles in modulating
the microbiome during autoimmune diseases therapy is discussed.
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MepcnekTuBbl MOAYNALMKM MUKPO6UMOMaA NPU aYyTOMMMYHHbIX
3aboneBaHusAX: 0630p NUTEpaTypbI
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AHHOTauus

AyToUMMYHHble 3a6oneBaHns (AN3) xapakTepuayroTcs AUCperynsaumein UMMYyHHbIX peakLnid 1 MopaxeHneM 3[40po-
BbIX TKaHeit opraHuama. V/Ix nosHoe usneveHne ocTaeTcs TPYAHOAOCTMXKMMDBIM, @ CYLLECTBYHOLME METOAbI Tepanuu
4aCTO COMPOBOXAAKOTCS NOBOYHbIMK 3 dekTamu. [locneaHve nccneaoBaHNa NOKasanu 3HauMMyHo POb HapyLLUEHUIA
COCTaBa MUKPOBKOMa B Pa3BUTII ayTOUMMYHHbIX peakLuid; 6onee Toro, MOAyNALMS MAKPO6MOMa NOCPeCTBOM pas-
NINYHBIX TEPANEBTNYECKNX BMELLIATENbCTB NPeACTaBAseT Cob0i NepenekTUBHOE HanpaBieHWe B pamMKax KOMMIEKC-
HOW Tepanuu OCHOBHOMO 3a60/1eBaHNS. BHEKNETOUHbIE BE3UKY/IbI, B YACTHOCTM 3K30COMbI, MEPEHOCAT BUONOrMYECKN
aKTWBHbIE BELLECTBA MeXAY KIeTKaMi, U B pAae paboT Bbin NokasaH 1x nevebHblid abdekT npu A3, OaHako ponb
BHEK/IETOYHbIX BE3UKY/ B MOAYNALMM MUKPOBMOMa OCTAETCA HeOCTATOYHO M3YYEHHON, N03TOMY Ans bonee rny6o-
KOro MOHMMaHKS X BAMAHWA Ha natoreHes A3 1 CBSA3aHHbIX C HUM M3MEHEHW MUKPOOMOMA, a Takxe ANs paspa-
BOTKM HOBbIX CTPATErnid NieYeHnst HE06XoaNMbI faNbHeLLIne uccneaoBaHns. B npeactaBneHHoOM 0630pe nnTepaTypbl
Ha OCHOBaHUM N3yYEeHNS aHTN0SA3bIYHBIX UCTOYHMKOB PACCMATPUBAETCH 3HAYEHNE MUKPOBMOTbI Pa3HbIX IOKYCOB Op-
raH13Ma YyenoBeka (KULeYHuKa, Koxu, poToBOIA MOMOCTM) B pa3BUTMM Takux Al3, Kak paccesiHHbIi Cknepos, ncopuas,
6onesHb LLIErpeHa. 06CyxaaeTcs PoNib BHEKIETOYHbIX BE3VKYA B MOAYAALMU MUKPOBUOMa Npu Tepanun AU3.

KnioueBble cnoBa: 3K30COMbI; MUKPOOMOTA KULIEYHWKE; MUKPOBMOTA KOXM; MUKPOOGMOTA POTOBOI MONOCTY; pac-
CesHHbI CKNepo3; ncopuas; 6onesHb LLIErpeHa

Py6puku MeSH:

AYTOUMMYHHBIE BOTE3HN = MUKPOBKO10T A

AYTOUMMYHHBIE BONTE3HN - MATOOW3MOSIONNA

BHEKJTETOYHbIE BE3VIKYITbl = UMMYHOJ10T 4

MWKPOBMOTA - UMMYHOOI A
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Abbreviations:

AD - autoimmune diseases
CNS - central nervous system
EVs - blood-brain barrier

IL - interleukin

MS - multiple sclerosis

MSCs - multipotent mesenchymal stromal cells
SD - Sjogren’s disease

HIGHLIGHTS KJNIOYEBBIE MOJIOXXEHUA

Metabolites of the gut microbiota - short-chain fatty acids, urolithin
A and indoles - are able to restore the permeability of the intestinal
barrier in multiple sclerosis by preventing the entry of immune cell-
activating compounds into the blood.

Changes in the skin microbiome can serve as an indicator of the
phototherapy and biologic therapy effectiveness for psoriasis.

Antibiotic therapy aimed at modulating the oral microbiota
normalizes the level of dyshiosis-associated metabolites and can
alleviate the symptoms of Sjogren’s disease.

One of the promising therapeutic agents for the treatment of
autoimmune diseases are extracellular vesicles - synthesized
by cells membrane nanoparticles that are involved in many
physiological and pathological processes.

In the context of therapeutic effects and direct influence on the
immune system, there has been a notable emphasis on human cell-
derived extracellular vesicles, contrasting with the predominant
focus on bacterial vesicles regarding their impact on the
microbiome.

Autoimmune diseases (ADs) encompass a diverse
array of pathological conditions stemming from
immune dysregulation, wherein cytotoxic cells or
autoantibodies damage the body’s tissues. These
conditions significantly diminish patients’ quality
of life, potentially leading to disability or even
death. Despite some notable advancements, treating
autoimmune diseases remains a challenge, spurring
increased interest in developing novel therapies [1, 2].

In recent years, there has been a growing focus
on exploring the human microbiome’s role in
maintaining the homeostasis of organisms. Numerous
researchers have underscored the complex and dynamic
ecosystem’s influence on immune response modulation
and the onset and progression of autoimmune reactions
[3] and specific studies have linked gut microbiota with
systemic lupus erythematosus [4, 5], type [ diabetes [6],
multiple sclerosis [7], and rheumatoid arthritis [8, 9].
Moreover, emerging evidence implicates skin and oral
microbiota in AD development [10-12]. Therapeutic
interventions targeted at microbiota modulation at
various sites, including antibiotic therapy, probiotics,

MeTabonuTbl MVIKpO6MOTbI KUWevyHnka — KopoTkoueno4yeyHblie
XXUPHblI€ KUCNOTbI, YPONTUTUH A ¥ MH[0MbI = CNOCO6HbI BOCCTaHaB-
JIMBaTtb MPOHULAEMOCTb KWLIEYHOro 6apbepa npun pacceaHHOM
CKnepose, nNpenaTcTBya NPOHUKHOBEHUIO B KPOBb COEAMNHEHNIA,
AKTUBUPYHOLWNX UMMYHHbIE KNETKK.

N3MeHeHUss B MUKPOGMOME KOXWM MOFYT CNYXWTb MHAWKATO-
poM addeKkTUBHOCTH (oToTepanuu W GMONOrMYECKOH Tepanuu
npu ncopuase.

AHTUOMOTMKOTEPAnNMs, HampaBieHHas Ha MOAYNALMIO MUKPO-
6MOTbl MONOCTH PTa, HOPMaNU3yeT YpoBeHb ANCOMO3-accoLMMpo-
BaHHbIX MeTabo/NIUTOB U MOXET obneryatb CUMNTOMbI 60S1€3HM
LiérpeHa.

OfHUM K3 MHOFOO6eLL|,aIOLI.I,VIX TepaneBTNYeCKUX CpeacTB Anga ne-
YEHNA ayTOMMMYHHbIX 3a60s1eBaHU ABNAKOTCA BHEKJIETOYHbIE Be-
3UKYJbl — CUHTE3NPYEMbIE KNeTKkaMmun MEMﬁpaHHble HaHO4acTuubl,
BOBJIeYEHHbleé BO MHOXeCTBO d)I/ISVIOJ'IOFVI‘-IeCKVIX U naronoru4e-
CKUX npoLeccos.

B KoHTekcTe TepaneBTMYECKOro 3¢¢EKT3 U NpAMOro BIUAHUA
Ha UMMYHHYIO CUCTEMY B 6onbLuen mepe OﬁcY)K,D,aPOTCﬂ BHEK/e-
TOYHble BE3UKYNbl K/IETOK YesloBeKa, B TO BPEMA KaK BiUAHUE
Ha MVIKp06VIOM NOKa3aHOo raBHbIM 06pa30M ansa 6aKTepMaJ1beIX
BE3UKyn.

and microbiota transplantation from healthy donors,
have demonstrated clinical efficacy in AD treatment
[13-25] (Figure).

Among the promising therapeutic modalities are
extracellular vesicles (EVs), membrane nanoparticles
synthesized by cells, capable of regulating various
pathophysiological processes in the body. Based on
their biogenesis, EVs are classified into apoptotic
bodies, exosomes, and microvesicles, distinguished
by their formation mechanism, size, and specific
markers [26].

The most extensively researched type of EVs
are exosomes, which are formed through the double
invagination of the parent cell membrane and typically
measure 30-150 nm in diameter. Exosomes have
shown efficacy in experimental multiple sclerosis (MS)
models, also known as autoimmune encephalomyelitis,
and using exosomes from human bone marrow-derived
multipotent mesenchymal stromal cells (MSCs) led
to a significant increase in newly formed and mature
oligodendrocytes, along with a higher proportion of
anti-inflammatory M2 macrophages [27]. Similarly,
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FIG. The role of the microbiome in the pathogenesis of several autoimmune pathologies.

In multiple sclerosis, an increase in the number of Akkermansia municiphila bacteria in the intestine may lead to increased mucus
and intestinal barrier permeability, which promotes the entry of compounds that activate immune cells into the blood. On the other
hand, stimulating the growth of microbiota synthesizing short-chain fatty acids, such as bacteria of the genus Butyricimonas, may
contribute to the restoration of both intestinal and blood-brain barrier permeability and alleviate disease symptoms. M-protein
secreted by Streptococcus pyogenes bacteria in psoriasis and von Willebrand factor A secreted by Capnocytophaga ochracea
bacteria in Sjogren’s disease contribute to the activation of T cells producing proinflammatory cytokines.

PUC. Posnb mukpo6momMa B raToreHese psiga ayTOMMMYHHBIX 3a60/I€BaHMIA.

[Ipu paccessHHOM CKJIepo3e yBeanueHne uncia 6akrepuint Akkermansia municiphila B KUIIIEUHMKE MOKET ITPUBOAUTD K TIOBBIIIIE-
HUIO Jerpajaliui Causy U MPOHULIAEMOCTY KUIIIEYHOTO H6apbepa, YTO CIIOCOOCTBYET MOCTYIUIEHNIO B KPOBb COEVHEHWIA, aKTUBU-
PYIOIIMX UMMYHHbIE KJIeTKu. C IPYyroii CTOPOHbI, CTUMY/IMPOBAHKE POCTA MUKPOOMOTBI, CUHTE3UPYIOIIEN KOPOTKOLIEIIOYEUHbIE
SKUPHbIE KUCJIOTHI, Hanipumep 6akTepuit pona Butyricimonas, MOXeT CIOCOGCTBOBATh BOCCTAHOBJIEHMIO TPOHMUI[AEMOCTH KaK Ku-
LIEYHOTO, TaK ¥ reMaTo3HIedannyeckoro 6appepoB 1 06seryaTb CUMIITOMBI 3a601eBanust. M-6es10K, BbiAessseMblil 6aKTepysiMmu
Streptococcus pyogenes Tipu nicopuase, u daxkrop ¢bon Bunnebpanga A, Beimensiembit 6akrepusimu Capnocytophaga ochracea
ripu 6osesuu Lllérpena, cmoco6CTBYIOT akTHBalyu T-KIETOK, TPOAYIMPYIOIIMX TPOBOCIAINTEIbHbIE IIUTOKUHBI.

Note: CNS - central nervous system; BBB - blood-brain barrier; EVs — extracellular vesicles; CD - cluster of differentiation; SCFA - short-chain

fatty acid.

MpumeyaHrwe: LIHC - ueHTpanbHas HepeHas cucTema; 96 — remaTosHuedanmnyecknii 6apbep; BB — BHekneTouHble Be3nkynbl; CD - cluster
of differentiation, knactep anddepeHumposky; KLKK - KopoTKouenoyeyHble XMUpHbIE KUCNOTbI.

in another study, exosomes from human bone marrow
MSCs, stimulated with interferon-gamma, reduced
inflammation, and demyelination in the central nervous
system (CNS) while elevating regulatory T-cell
levels in the spinal cord [28]. Regulatory T cells, a
distinct subset of T-helper cells, play a pivotal role in
maintaining balanced immune responses by curbing
excessive inflammation in ADs [29].

Research into imiquimod-induced psoriasis murine
models revealed that exosomes from human embryonic
MSCs reduced interleukin-17 (IL-17) expression and
C5b-9 complement system protein levels in the skin
[30] while exosomes from human umbilical cord
MSCs inhibited keratinocyte hyperproliferation and
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decreased Psoriasis Area and Severity Index (PASI)
scores [31]. The administering of human umbilical
cord blood mononuclear EVs reduced acanthosis and
boosted regulatory T-cell content in psoriatic skin in
mice [32].

In a murine model of Non-Obese Diabetes (NOD)
with autoimmune salivary gland damage, akin to
Sjogren’s disease (SD), human labial gland MSCs-
derived exosomes decreased inflammatory infiltration
and enhanced salivary secretion [33]. Additionally,
vesicles derived from human induced pluripotent stem
cells skewed macrophages in the spleen toward an anti-
inflammatory M2 phenotype and decreased T-helper 17
cell numbers [34].
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Researchers highlight diverse molecular
mechanisms underlying the therapeutic effects of EVs,
involving vesicular proteins, lipids, or EV-transferred
microRNAs. However, their potential impact on the
microbiome in ADs has been scarcely discussed. It is
noteworthy that discussions regarding their therapeutic
effects and direct influence on the immune system
primarily focus on human cell-derived EVs whereas
microbiome modulation is mainly demonstrated for
bacterial vesicles [27, 28, 30-41].

This review aims to examine the role of microbiota
at various sites in the human body in AD development
and the potential for its modulation. We investigated
the roles of gut microbiota, exemplified by MS; skin
microbiota, illustrated by psoriasis; and oral microbiota,
showcased by SD. Additionally, we delve into the role
of EVs and their prospective use in modulating the
microbiome in AD therapy.

This review used English-language sources from
PubMed and Scopus from 1995 to 2023, with two-
thirds of the sources being articles published within
the last five years. The search employed keywords and
phrases such as “exosomes”, “extracellular vesicles”,
“autoimmune  diseases”,  “psoriasis”,  “multiple
sclerosis”, “autoimmune encephalomyelitis”, “Sjogren’s
syndrome”, “Sjogren’s disease”, “microbiome”, “skin
microbiota”, “gut microbiota”, and “oral microbiota”.

This review is intended for physician-researchers
interested in developing innovative therapies for
autoimmune diseases.

THE ROLE OF GUT MICROBIOTA

IN THE DEVELOPMENT OF MULTIPLE

SCLEROSIS

MS is a chronic autoimmune neurodegenerative
disease characterized by damage to the myelin sheaths
of the CNS nerve fibres, leading to motor, sensory, and
cognitive impairments, ultimately resulting in disability
and sometimes death [42, 43]. Recent estimates suggest
that globally, 2.3 to 2.8 million people suffer from MS
[44, 45], with the disease predominantly affecting
young working-age individuals, which carries not only
social but also economic consequences [46]. Despite
the development of disease-modifying therapies for MS
[47], the disease is still considered incurable.

In MS, effector T cells are activated and penetrate
through the blood-brain barrier (BBB) into the CNS,
where they reactivate [48]. CD8" cytotoxic T cells,
sensitized to myelin antigens, exert direct cytotoxic
effects, while CD4" T helper cells, particularly Th1l and
Th17 populations, contribute to further inflammation
progression by  synthesizing  pro-inflammatory
cytokines. Specifically, Thl cells produce interferon-
gamma [49], while Th17 cells produce IL-17 promote
microglial cell activation [50, 51] and contribute to
BBB destabilization [52], leading to an increased influx

of inflammatory cells into the CNS [53]. B cells also
play a role in the pathogenesis of MS, through the
formation of autoantibodies [54, 55] and cytokines
(predominantly in the primary progressive MS type), as
well as through antigen presentation to T cells (in the
relapsing-remitting course of the disease) [48].

Dysbiosis of the gut microbiota has been repeatedly
described in the literature both in patients with MS
(see table) and in animal models of autoimmune
encephalomyelitis [7, 56-61]. However, there is
still no definitive answer to whether dysbiosis is a
consequence or one of the triggers of the disease
[56, 58]. Notwithstanding, the significance of the gut
microbiota in the development of MS is recognized by
the scientific community, and the possible mechanisms
of complex interactions between the gut microbiota,
immune and nervous systems along the gut-brain axis
are widely studied.

Increased BBB permeability, and increased
intestinal barrier permeability are observed in MS,
possibly contributing to the penetration of immune-
activating compounds into the blood and influencing
the development of inflammation in the CNS [62, 63].
In mouse models of the disease, signs of increased
gut permeability were observed as early as day 7
of the experiment, before neurological symptoms
appeared [62].

It is assumed that in MS, it is the gut microbiota
that contributes to the disruption of gut permeability,
both through the loss of some bacteria and through
the overgrowth of others due to dysbiosis [64]. For
example, bacteria such as Akkermansia muciniphila
degrade mucins - glycoproteins of mucus covering
the intestine. Under normal conditions, this process
promotes intestinal barrier renewal and strengthening
[65], but in MS excessive proliferation of these bacteria
disrupts the balance between mucus formation and
degradation, leading to increased gut permeability
[66]. On the other hand, the number of Butyricimonas
bacteria, which produce butyrate (a short-chain fatty
acid capable of restoring gut barrier permeability), is
decreased in MS patients [67].

It has been shown that metabolites of many
colonic commensal bacteria can directly influence the
pathogenesis of MS, for instance, the aforementioned
short-chain fatty acids, products of dietary fibre
fermentation, can restore not only intestinal barrier
permeability but also BBB permeability [68]. The
ability to restore gut barrier permeability has also
been demonstrated for urolithin A and indoles [69-
71]. Indoles, bacterial metabolites of tryptophan, can
also influence astrocytes through aryl hydrocarbon
receptors, reducing inflammation in the CNS [72]
whereas in polysaccharide A, a product of Bacteroides
fragilis, induction of CD4" T helper cells into IL-
10-producing regulatory FOXP3* T cells has been
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Table. Changes in the composition of microbiota in multiple sclerosis, psoriasis, and Sjogren’s disease
Tabnnya. U3meHeHus B cocTaBe MUKPOGHOTbI NPU paccesiHHOM CKiepo3e, ncopnase u 6onesHu LLérpeHa

Phylum / Tun Class / Knacc  Order / Mopsagok Family / CemeiicTBo Genus / Pop, I;'::::::
1[59] Coriobacteriia Eggerthellales  Eggerthellaceae 1 [60] Eggerthella 1[60] MS / PC
Adlercreutzia L[61]
. Propioni- Propioni- : : _
Actino- 1 [86] Actinomycetes bacteriales bacteriaceae Cutibacterium | [86-89]
mycetota Micrococcales Micrococcaceae Kocuria 1 [88] P/N
(Actino- . Coryne- ]
bacteria) Mycobacteriales bacteriaceae Corynebacterium 1 [86]
Tﬂg]g ’ Actinomycetes  Actinomycetales Actinomycetaceae Actinomyces L111] SD /Bl
Micrococcales Micrococcaceae Rothia L[111]
1 [59] Clostridia Lachnospirales ~ Lachnospiraceae Blautia 1160, 61]
Anaerostipes 1 [59]
Dorea 1[61] MS/PC
Eubacteriales Clostridiaceae Hungatella 1[60]
Oscillospiraceae | [60] Faecalibacterium | [59]
T[f?églgl' Bacilli Lactobacillales  Streptococcaceae Streptococcus 1[86]
P/N
Bacillota Bacillales S Staphylococcus | 187,90],
(Firmicutes) coccaceae 1186, 88]
11109, 1112,
110, Bacilli Lactobacillales  Streptococcaceae Streptococcus L [109,
112-114] 110]
Bacillales Gemellaceae Gemella 1[109] SD /Bl
Negativicutes Veillonellales Veillonellaceae Veillonella l 51102?_
Clostridia Peptostrepto- Peptostrepto- Peptostrepto- L[11]
coccales coccaceae coccus
1 [59] Bacteroidia Bacteroidales Tannerellaceae Parabacteroides L[61]
Prevotellaceae Prevotella 1 [59-61]
) Odoribacteraceae Odoribacter 1 [60] MS /PC
Bacteroidota "
(Bacteroide- Butyricimonas L7
tes) Barnesiellaceae | [60] Barnesiella 1 [60]
1[86] Chitinophagia Chitinophagales  Chitinophagaceae Flavisolibacter L[91] P/N
11113, . . Porphyro-
14] Bacteroidia Bacteroidales monadaceae Porphyromonas J[111]  SD/BlW
Gammaproteo-  poo jomonadales ORI Pseudomonas 1161]
bacteria monadaceae
Pasteurellales Pasteurellaceae Haemophilus 1[61] MS/PC
Alphaproteo- Sy .
bacteria Hyphomicrobiales ~ Rhizobiaceae Mycoplana 1[61]
1 [86],1 Alphaproteo- C Methylo- .
peeud [87, 89] bacteria Hyphomicrobiales bacteriaceae Methylobacterium | [91]
seudo-
monadota thap rot.eo- Burkholderiales  Burkholderiaceae Lautropia 1[89]
(Proteo- acteria o P/N
bacteria) Cupriavidus L[91]
. Caldimonas
Sphaerotilaceae (Schlegelella) 1[91]
11109, i -
110, Gambrance;/; ;;)ateo Pasteurellales Pasteurellaceae Haemophilus l wﬁ
113,114 SD / bU
Betaproteo- N N L
bacteria Neisseriales Neisseriaceae Neisseria L111]
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popomkenne TabanLbi

Phylum / Tun Class / Knacc  Order / Mopsgok Family / CemeiicTBoO Genus / Pop I;I:::::b/

,\7/52%270 2 1171 Verrucomicrobiae m‘i/cergz;:aol;s Akkermansiaceae Akkermansia ~ 11[7, 60]
MS/PC
Euryarchaeota ~ 1[7]  Methanobacteria BN BT LG 1171
bacteriales bacteriaceae brevibacter

Fusobacterio-
ta (Fuso- 1[89]
bacteria)
Cyanobacte- Pyl
riota (Cyano- 1189]
bacteria)

Note: T - increase in numbers; | — decrease in numbers.

In the study of multiple clerosis (MS), changes in gut microbiota were evaluated, Sjogren's disease (SD) - oral cavity, psoriasis (P) - skin.
MpumeyaHue: T ~ NOBbILWEHNE YUCTEHHOCTY; | = CHIKEHWUE YNCNEHHOCTY.
Mpu n3ydyeHun paccesiHHoro ckneposa (PC) oLeHUBaNCh M3MEHEHNS MUKPOGUOTbI KileyHIKa, 6onesHu LLIErpeHa (BLLU) - poToBoii nonocTy,

ncopuasa (M) = Koxu.

demonstrated [73]. Moreover, according to some
data, the gut microbiota may influence myelination
regulation in the CNS [74].

In experiments on transgenic mice and mice with
autoimmune encephalomyelitis induced by myelin
oligodendrocyte glycoprotein, transplantation of
microbiota from MS patients increased the frequency
of disease development and worsened its symptoms
compared to transplantation of gut microbiota from
healthy donors [75, 76]. In MS patients, the microbiota
from healthy donors alleviated disease symptoms by
reducing microglial activation and restoring BBB
permeability [13] as well as normalising the level
of brain-derived neurotrophic factor in serum and
improving gait parameters [14].

Similarly, the use of probiotics influenced the course
of the disease, for example, in an animal model of
autoimmune encephalomyelitis, the administration of
the Escherichia coli strain Nissle 1917 led to reduced
migration of autoreactive CD4" T cells into the CNS and
restoration of intestinal permeability [18]. Lactobacillus
paracasei DSM 13434, Lactobacillus plantarum DSM
15312, and Lactobacillus plantarum DSM 15313
strains promoted the induction of regulatory T cells.
Interestingly, when administered individually, they
only exhibited a prophylactic effect, while combined
administration had a pronounced therapeutic effect
[19]. A similar synergistic effect was observed with
the combined use of Lactobacillus plantarum A7 and
Bifidobacterium animalis [20].

Thus, complex interactions between microorganisms
can sometimes lead to new therapeutic effects,
both favourable and unfavourable, and we should
consider this when selecting probiotic therapy. In
two independent studies, the therapeutic application
of Lactobacillus reuteri bacteria was shown to be
associated with alleviation and exacerbation of
symptoms of autoimmune encephalomyelitis [21, 77].

This variability may be explained by the peculiarities of
interaction with other commensals of the gut microbiota,
as well as by the expression of peptides by L. reuteri that
potentially mimic myelin oligodendrocyte glycoprotein
[78].

THE ROLE OF SKIN MICROBIOTA

IN THE DEVELOPMENT OF PSORIASIS

Psoriasisisachronicimmune-mediated multifactorial
disease affecting the skin. Epidemiological data
indicate that 2-3% of the global population suffers
from psoriasis, making it a socially significant illness
that drastically impairs the patients’ quality of life
and, in some cases, leads to their social isolation and
stigmatisation [79, 80].

The immune system plays a pivotal role in psoriasis
development: in healthy skin, T cells and dendritic cells
present in low numbers and contribute to the protection
against pathogens. In psoriasis, however, there is an
escalation in activated T cells and dendritic cells in
the skin. They release pro-inflammatory cytokines,
initiating a cascade of reactions underlying psoriasis
symptoms, such as keratinocyte hyperproliferation,
aberrant differentiation, and angiogenesis [81].

For example, IL-6 inhibits T regulatory cell function,
exacerbating inflammation [82, 83]. On the other hand,
the activation of T helper 17 cells stimulates IL.-17 and
IL-22 synthesis, fostering keratinocyte proliferation
[84, 85]. These interleukins also facilitate the
recruitment of monocytes from the bloodstream, which
under the influence of pro-inflammatory cytokines
differentiate into macrophages and dendritic cells and
start producing pro-inflammatory cytokines, including
tumour necrosis factor-alpha [81].

Despite the array of treatment approaches available
for psoriasis and the potential for achieving sustained
remissioninmany cases, the conditionremainsincurable.
Mild psoriasis can currently be treated topically via
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glucocorticoids, vitamin D, or phototherapy, while
severe cases may necessitate systemic therapies like
retinoids, methotrexate, cyclosporine, and monoclonal
antibody drugs. Nonetheless, patient responses to the
chosen treatments can be variable, and prolonged
systemic therapy is often associated with adverse
effects, prompting exploration into novel psoriasis
treatment strategies [30].

In recent years, increasing evidence has emerged
regarding the involvement of the microbiome in
the pathogenesis of psoriasis [10, 11]. The systemic
nature of the disease is associated with changes in the
microbiota of various body sites, including the skin
[86-91] (see table).

Notably, for some taxa in psoriasis, particularly
the genus Staphylococcus, different studies have
shown both increases [86, 88] and decreases [87, 90]
in abundance. This phenomenon can be attributed to
variations in methodological approaches in research.
It is known that the microbiota of unaffected skin
in psoriasis patients differs from that of affected
areas, but it also differs from the skin microbiota of
healthy volunteers [92, 93]. For instance, studies by
Z. Gao et al. [86] and A. Boix-Amords et al. [88]
analysed the characteristics of microbiota in affected
and unaffected skin in psoriasis, as well as the skin
microbiota of healthy volunteers while in the study
by A. Fahlen et al. [87] samples of unaffected skin in
psoriasis patients were not analysed, and in the study
by M. Assarsson et al. [90], there was no healthy
volunteer group. The choice of anatomical area for
sampling also influences the research outcome, which
may be attributed to the physiological differences in
the skin across body regions [94, 95]. Finally, the
method of sample collection (biopsy or skin swabs)
can also impact the research outcome, which needs to
be considered when interpreting and discussing the
obtained results [86-88, 90, 92].

In experiments on the imiquimod-induced psoriasis
model in mice, as well as in clinical trials, reduction of
psoriasis-like inflammation in animals and symptoms of
psoriasis in patients receiving antibiotics and probiotics
have been repeatedly demonstrated [15, 16, 23-25,
96]. However, while the effect of probiotics on the gut
microbiota in psoriasis has been extensively discussed
in the literature, there is little data on the modulation of
skin microbiota in psoriasis through local application
of agents [97, 98].

It was demonstrated that the skin microbiota in
psoriasis changes in response to biological therapy: for
example, treatment with ustekinumab, an inhibitor of
IL-12 and IL-23, led to an increase in the abundance
of Acinetobacter family and a decrease in the class
Bacilli and order Gemellales bacteria on the trunk
skin, as well as an increase in the abundance of
bacteria from the Bradyrhizobiaceae family and a
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decrease in Staphylococcus bacteria on the scalp [94].
Following ultraviolet therapy in psoriatic plaque areas
and unaffected skin of patients, the abundance of
Pseudomonas bacteria significantly decreased, while
the abundance of Clostridium bacteria increased [90].
Additionally, phototherapy markedly reduced the
abundance of bacteria from the class Bacteroidia,
order Enterobacteriales, families Bacteroidaceae,
Odoribacteraceae, Prevotellaceae, Enterobacteriaceae,
as well as genera Bacteroides, Odoribacter, Prevotella
on the affected skin [92].

The mechanisms by which skin microbiota
influences the development of psoriasis are diverse.
For instance, the increased abundance of Streptococcus
pyogenes in psoriasis leads to the increased production
of M-protein, capable of activating autoreactive
T-cells due to molecular mimicry with 50-kDa type I
keratin [99, 100]. Furthermore, interaction with certain
commensal microorganisms enables keratinocytes to
produce antimicrobial peptides cathelicidins (LL-37),
which bind to nucleic acids of apoptotic epithelial cells.
Complexes of LL-37 with DNA stimulate the synthesis
of type I interferons by plasmacytoid dendritic cells,
while complexes with RNA promote the production of
tumour necrosis factor-alpha and inducible nitric oxide
synthase (iNOS) by myeloid dendritic cells. These
cytokines promote the differentiation of T-cells into
IL-17 and IL-22-producing Th17 cells, thus playing
a key role in the development of psoriasis [11]. The
skin microbiota can trigger aberrant immune responses
[101] and influence keratinocyte proliferation [102],
contributing to psoriasis development.

THE ROLE OF ORAL MICROBIOTA

IN THE DEVELOPMENT OF SJOGREN'S

DISEASE

Sjogren’s disease (SD) is a systemic autoimmune
disorder primarily affecting the exocrine glands,
particularly the salivary and lacrimal glands. When
symptoms develop alongside other autoimmune
pathologies like systemic lupus erythematosus or
rheumatoid arthritis [103], the condition is known as
Sjogren’s syndrome. SD is one of the most common
ADs, with a global prevalence of 0.5-1% [12, 104].

In SD, the infiltration of CD4" T cells that
produce pro-inflammatory cytokines and the
production of antinuclear autoantibodies by B cells
results in damage to the exocrine glands, leading to
symptoms such as xerostomia, dry conjunctivitis, and
dysphagia, along with extraglandular manifestations
[105]. Besides significantly impairing the quality of
life, this condition is associated with the development
of lymphoproliferative disorders in patients,
particularly non-Hodgkin’s lymphoma [103],
and like other ADs, the treatment of BS primarily
involves immunosuppressive therapy, although new

CEYEHOBCKWM BECTHUK T. 15, Ne 1, 2024 / SECHENOV MEDICAL JOURNAL VOL. 15, No. 1, 2024 11



CELL BIOLOGY, CITOLOGY, HISTOLOGY

targeted pathogenetic approaches are currently being
developed [105].

It is speculated that immune response dysregulation
to commensal microorganism metabolites may
predispose individuals to autoimmune reactions in SD
[12]. For instance, it has been shown that a peptide
from the von Willebrand factor type A domain protein
produced by the oral commensal Capnocytophaga
ochracea may activate T-cells targeting the Sjogren’s
syndrome A antigen (SS-A), also known as Ro60, due
to cross-reactivity [106]. Conversely, disruption of oral
cavity homeostasis due to xerostomia may exacerbate
dysbiosis further [107]. Studies have demonstrated that
the oral microbiota may serve as a therapeutic target in
SD [108]. Specifically, low-dose doxycycline treatment
normalised the levels of several metabolites associated
with oral microbiota dysbiosis in SD patients [17]. More
detailed information on changes in oral microbiota in
SD [109-114] is provided in the table.

EXTRACELLULAR VESICLES AS A
POTENTIAL TOOL FOR MICROBIOME
MODULATION IN AUTOIMMUNE DISEASES
EVs are involved in numerous physiological and
pathological processes and participate in intercellular
communication. This = communication network
encompasses not only vesicles produced by human
cells but also vesicles from prokaryotic cells of the
microbiome, with the latter discussed as a potential
modulating tool, and it has been demonstrated that
exosomes can influence the composition of the gut
microbiota; however, the precise mechanisms of these
interactions are not yet fully understood [115]. Despite
the intestines being the most extensively studied locus
in the context of the relationship between the human
microbiome and ADs, modulation of its microbiota
through EVs in ADs is currently underrepresented in
the literature. Furthermore, most studies investigating
the interaction between EVs and the gut microbiota
in autoimmune and inflammatory diseases primarily
focus on colitis models. In this review, we deliberately
examined the less extensively covered relationship
between the gut microbiota and MS, aiming to
underscore that disruption of microbiota homeostasis
extends beyond the affected organ in ADs. However,
some findings obtained in colitis models may be
extrapolated to gut microbiota modulation in MS and
suggest potential directions for further research.
Promising candidates for modulating the gut
microbiota are EVs from lactobacilli, which plays
a crucial role in maintaining intestinal microbiota
homeostasis and possess specific immunomodulatory
potential [116-118]. It has been shown that EVs from
Lactobacillus plantarum Q7 contribute to reducing the
abundance of pro-inflammatory Proteobacteria and
increasing the abundance of anti-inflammatory bacteria

such as Bifidobacteria and Muribaculaceae in the
intestine [39].

In recent years, EVs derived from milk have been
widely studied. This approach allows for the obtaining
of a mixture of vesicles from various beneficial bacteria,
including lactobacilli. It has been reported that EVs
from milk contribute to an increase in the abundance of
bacteria from the genera Dubosiella, Bifidobacterium,
Lachnoclostridium, and Lachnospiraceae in the gut
[40]. Moreover, in vitro studies have demonstrated
the selective effect of milk exosomes on bacteria; they
exhibited no bactericidal activity against gram-positive
bacteria such as Staphylococcus aureus, Micrococcus
luteus, and Enterococcus faecalis, but demonstrated
bacteriostatic effects against gram-negative strains like
Escherichia coli, Pseudomonas aeruginosa, and Proteus
mirabilis, as well as fungistatic effects against Candida
albicans [41]. Additionally, milk EVs have been shown
to promote the restoration of intestinal barrier integrity
in a murine model of dextran sodium sulphate-induced
colitis [35]. This phenomenon may be associated with
the stimulation of short-chain fatty acid synthesis in
the intestine and their esters, particularly butyrate and
acetate [40]. Human placental mesenchymal stem cell
exosomes were also shown to influence the synthesis
of short-chain fatty acids in the gut. In an experiment
conducted by L. Yang et al., unlike milk exosomes, they
did not significantly affect the synthesis of acetic acid
but promoted the synthesis of caprylic, valeric, and
isocaproic acids [36].

Regarding the potential modulation of the skin
microbiota through EVs, it is important to note that
the terms “prebiotics” (non-digestible fermentable
compounds that stimulate the growth and activity of
beneficial bacteria), “probiotics” (live microorganisms
that exert a positive effect on the host organism’s health),
and “postbiotics” (metabolites of microorganisms that
positively affect on the host organism’s health) have
traditionally been applied in the context of the gut
microbiota. However, in recent years, they have also
been actively used in the context of the skin microbiota
and local application [98, 119-121].

EVs are rich in polyunsaturated fatty acids, thus
capable of acting as prebiotics, promoting the growth
of lipophilic bacteria, particularly Cutibacterium
(formerly  Propionibacterium), whose abundance
decreases in psoriasis [122-125]. Such changes in
the microbiome are significant in the pathogenesis
of psoriasis because these bacteria contribute to the
development of an immune response mediated by
T-helper 2 cells, and a decrease in their quantity shifts
the balance towards a T-helper 1-mediated response
associated with autoimmune activity [121].

On the other hand, EVs derived from bacteria, as
products of their metabolism, can act as postbiotics,
and according to some data, the effectiveness of
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bacterial exosomes is comparable to that of live
bacteria [37, 38]. Moreover, using EVs for therapy
instead of live bacteria may overcome limitations
associated with the fact that live bacteria can be
weakened or damaged during cultivation or storage.
Several studies have demonstrated the beneficial
effects of EVs from healthy microbiota (Lactobacillus
plantarum, Cutibacterium acnes, Staphylococcus
epidermidis) on the skin, including regulation of
sebum secretion [126], reduction of pigmentation and
wrinkle formation [127], and alleviation of symptoms
of atopic dermatitis [128, 129].

Modulation of the oral microbiota remains
a challenging task and is often considered in
combination with modulation of the gut microbiota.
However, certain probiotics have been shown to
influence pathogen adhesion, biofilm formation, and
maintenance of optimal pH in the oral cavity [130].
The Lactobacillus acidophilus LAS5 strain was shown
to reduce the adhesion of pathogenic microorganisms
Porphyromonas  gingivalis and  Fusobacterium
nucleatum, while Lactobacillus fermentum bacteria
reduced the adhesion of Streptococcus mutans [131,
132]. In turn, Lactobacillus salivarius bacteria
contribute to increased saliva buffering capacity
(the ability of saliva to neutralize acids and alkalis,
maintaining optimal pH) [133]. Thus, lactobacilli
represent a promising source of EVs for combating both
gut dysbiosis and for modulating the oral microbiota,
including autoimmune conditions.

Analysis of literature data revealed a certain
imbalance in studies of the effects of EVs of
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