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ABSTRACT

Proteins of the transforming growth factor beta (TGF-B) family regulate numerous cellular processes that are
essential in the pathogenesis of acute respiratory distress syndrome (ARDS), contributing to increased alveolar
epithelial permeability, activation of fibroblasts, and extracellular matrix remodeling. TGF-f is involved in the
pathogenesis of inflammatory respiratory diseases during the development of COVID-19. SARS-CoV-2 leads to
complex immune responses that include the release of inflammatory cytokines, increased activity of mast cells, and
the release of mast cell secretome, in particular profibrotic enzymes and cytokines, including TGF-p.

Tryptase- and chymase-positive mast cells play a major role in pulmonary fibrosis and embolism in COVID-19.
Mast cell chymase is angiotensin-converting enzyme 2-independent due to extracellular formation of angiotensin
II in the interstitium; it also activates TGF-f and other molecules, thereby playing a role in tissue remodeling. Mast
cell B-tryptase increases the secretion of TGF-B1 by airway smooth muscle tissue and the expression of a-smooth
muscle actin (a-SMA). TGF-f also induces the generation of mitochondrial reactive oxygen species (ROS), which
enhances the production of ROS in lung fibroblasts. TGF-f is crucial for induing the synthesis of extracellular
matrix components by fibroblasts.

The review is devoted to the structure of TGF-p, the sources of its secretion and functions, the mechanism of its
involvement in the pathogenesis of COVID-19, and the possibility of its use as a prognostic marker of COVID-19
severity.
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PE3IOME

Benku cemeticTBa Tpanchopmupyroiiero gpakropa pocta 6eta (TGF)B peryaupyroT MHOTOYHCICHHBIC KICTOUHBIC
MPOLECCHI, KOTOPBIE UTPAIOT BAXKHYIO POJIb B MIATOT€HE3E OCTPOro pecnupatopHoro aucrpecc-curapoma (OPC),
CIOCOOCTBYIOT MOBBIIIEHHIO IPOHUIIAEMOCTH aJIbBEOJIIPHOTO SIHUTEIHS, aKTUBALMH (HHOPOOIACTOB M PEMOICIIH-
POBaHHUIO BHEKJIETOYHOTO MaTpukca. Tpanchopmupyronmii pakTop pocta 6era y4acTByeT B IaTOTeHE3e BOCIAIH-
TEJIBHBIX 3a00NIeBaHMi JbpIXxaTenbHoi cuctemsl mpu pa3sutud COVID-19. SARS-CoV-2 nmpuBOANT K CIOXHBIM
UMMYHHBIM PEaKLUsIM, KOTOPbIE BKJIIOYAIOT BHICBOOOIKICHHE BOCTIAIUTEIIBHBIX [[UTOKHHOB, TIOBBIIICHUE aKTHUB-
HOCTH TYYHBIX KJIETOK M BEICBOOOXKICHHE MPOIYKTOB UX CEKPETOMA, B YACTHOCTH NPOPHUOPOTHIECKHX (ePMEHTOB
Y IIUTOKUHOB, B ToM unciie TGF-f.

TpunTasa- 1 XHMMa3a-TOJIOKHUTEIbHBIE TYUHbIE KJIETKH HIPAlOT OOJBIIYIO POJIb B JISTOYHOM (HOpo3e 1 IMO0INH
npu COVID-19. Xnumas3a TyqHBIX KJIETOK SIBIISICTCS] HE3aBUCHMBIM OT aHTHOTSH3WHITPEBpAIaonero GhepmMenTa 2-ro
THUITa TyTeM 00pa30BaHUs aHTHOTEeH3UHA |] BHEKIIeTOYHO B MHTEpCTHINH, a Takxke akTuBupyer TGF-f u npyrue
MOJIEKYJIbI, TEM CAMBIM UIpasi poJib B pEMOJAEINPOBAHNUY TKaHEH. bera-TpunTasa Ty4HBIX KICTOK yBEIUYUBACT CE-
kperro TGF-B1 rimaskoii MBIIICUHOM TKAHBIO BIXATEIBHBIX My TeH U 3KCIPECCHIO 0-TJIaIKOMBIIICYHOTO AKTHHA —
a-SMA. TGF-f Taxke HHAYyOUpYeT IeHepanuio MUTOXOHIPUAIBHBIX aKTHBHBIX (hopM kuciopona (ADK), uro
ycunuBaeT BEIpaboTky ADK B pubpobdiacrax nerkux. TGF-f urpaer kirodeByro poiib B HHAYKIIMH CHHTE3a KOM-
MIOHEHTOB BHEKJIETOYHOTO MaTpHKca (puoOpodIacTaMu.

Hacrosimmii 0030p MOCBAIIEH paccMOTpeHuto cTpyKTypbl TGF-B, 0coOGeHHOCTSIM ero cekpenun U (QyHKIHU.
[Ipencrasnen mexanusM ero yuactusi TGF- B matorenese COVID-19, a Tax:ke BO3MOKHOCTH €T0 UCIIOIB30BAHUS
B Ka4eCTBE MPOTHOCTUYECKOT0 MapKkepa creneHu Tshkect TedueHus COVID-19.

KonaroueBsble cioBa: Tpancopmupyronmii gpakrop pocra 6era, COVID-19, Tydnble KIeTKH, OCTPBIA pecrupaTop-
HBII TUCTPECC-CUHIIPOM, BOCHIAJICHUE

KOHq)JIP[KT HHTEPECOB. ABTOpBI JCKIApUPYIOT OTCYTCTBUE SIBHBIX U MOTCHIUAJIBHBIX KOH(bJ'II/IKTOB HUHTEPECOB,
CBA3aHHBIX C ny6nnkaunei/’l HaCTOﬂH.[eﬁ CTaTbHU.

HUctounuk (l)PIHaHCHpOBaHPIfI. ABTOpBI 3asIBJISIIOT 00 OTCYTCTBUU q)HHaHCPIpOBaHI/ISI 1Ipy MMPOBCJACHUN UCCIIEN0-
BaHUA.

[ uurupoBanus: bynnesckuii A.B., OBcannukos E.C., Hlumxkuna B.B., Anexceea H.I'., [lepseea 11.M., Ku-
tosiH A.I'., AntakoBa JI.H. K Bonpocy o narorenese COVID-19: pons Tpanchopmupytoiero gakropa pocra Gera.
broanemens cubupckoii meduyunv. 2024;23(3):145-154. https://doi.org/10.20538/1682-0363-2024-3-145-154.

INTRODUCTION

The COVID-19 pandemic, which ended in May
2023, has lasted for more than three years. During
this time, research and discoveries in the field of
immunology made a breakthrough. COVID-19
affected more than 700 million people around the
world causing more than 6.9 million confirmed
deaths [1]. One of the long-term manifestations of
COVID-19 that follows an acute phase of infection
is post-COVID-19 syndrome.

Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), which causes COVID-19,
can trigger complex immune responses, such as
activation of proinflammatory cytokines, an increase
in mast cell (MC) degranulation, and release of MC
compounds. 2, 3].

The receptor for SARS-CoV2 is angiotensin-
converting enzyme 2 (ACE2), which binds to
spike protein on the surface of SARS-CoV2.
MCs synthesize ACE2 and tryptase contributing
to the development of cytokine storm with

146 Bulletin of Siberian Medicine. 2024; 23 (3): 145-154



O630pbl 1 1eKLUM

high levels of proinflammatory cytokines,
including tumor necrosis factor alpha (TNFa),
interleukin-6  (IL-6), IL-1B, thymic stromal
lymphopoietin (TSLP), and others. [1, 4]. MCs
are activated by SARS-CoV-2 ribonucleic acid
(RNA) through the retinoic acid induced 1 (RAI-
1) protein, toll-like receptor (TLR)-3, TLR-7, and
TLR-8 (TLR). High concentrations of TNFa have
been reported both in plasma and tissues of patients
with COVID-19 [1, 4].

The baseline expression of ACE2 mRNA in lungs
is quite low compared to other organs, but it increases
in alveolar cells after SARS-CoV-2 infection. [5].
ACE2 is cleaved by transmembrane serine protease
2 (TMPRSS?2) and a disintegrin and metalloprotease
17 (ADAM17), facilitating COVID-19 penetration
into cells of the patient. [S]. SARS-CoV-2 increases
the level of ACE2 mRNA, transforming growth
factor beta (TGF-f3), connective tissue growth factor
(CTGF), and fibronectin (FN) [5]. Consequently,
binding of SARS-CoV-2 to ACE2 leads to an
increase in transcription of genes associated with
lung fibrosis [5].

A rise in the number of MCs influences rather
high frequency of COVID-19-associated pulmonary
embolism, since MCs were reported to induce
thrombosis through activation of coagulation factors
and thrombocytes. Tryptase- and chymase-positive
MCs play a significant role in pulmonary fibrosis
and embolism in COVID-19 [3]. Chymase is ACE2-
independent due to formation of angiotensin II
(Angll); it also activates TGF-P and other molecules
and induces tissue remodeling. Chymase-associated
formation of Angll occurs extracellularly in the
interstitium [6].

FEATURES OF THE STRUCTURE
AND SYNTHESIS OF TGF-$

Proteins of the TGF-B family are present in
all multicellular organisms and play an essential
role in development of organs, wound healing,
immune responses, and oncogenesis [7—11]. Each of
TGF-B-1, -2, and -3 (hereinafter collectively referred
to as TGF-f, unless indicated otherwise) are secreted
either as the small latent complex (SLC) which
consists of a bioactive homodimer non-covalently
associated with its pro-peptide (latency-associated
protein; LAP) or as a large latent complex (LLC) in
which the SLC is covalently bound to LTBP-1, -3,

or -4. Whereas LTBP-1 and - can associate with all
TGF-B isotypes, LTBP-4 binds only to TGFpB-1 and
at a lower affinity than the other LTBPs [10, 12—14].

The LTBPs form latent complexes with
TGF-B by covalent bonds to the TGF-B pro-
peptide (LAP) through disulfide bonds in the
endoplasmic reticulum [9]. LAP in turn is
cleaved from the mature TGF-B precursor in
the trans-Golgi network, but LAP and TGF-
remain strongly bound through non-covalent
interactions [9, 15]. It is important to note that each
monomer of LAP consists of a number of relatively
rigid a-helices and B-sheets, but the active cytokine
is held in place by multiple contacts with a single
flexible loop, which has been termed the latency
lasso and effectively holds the active TGF-p [8].
As long as this lasso maintains close interactions
with the active cytokine, TGF-B can be stored in
the extracellular space with almost no evidence of
active TGF-f signaling or cellular responses [8].

LTBP were originally considered to play a role
in maintaining TGF-B latency and directing the
latent growth factor to the extracellular matrix.
However, LTBP-1 also participates in TGF-B
activation by integrins and may also regulate its
activation by proteases and other factors [9]. LTBP-
3 is involved in skeleton formation, including tooth
formation. LTBP-2 and LTBP-4 are identified as
TGF-B-independent activators that have important
functions in the regulation of TGF-P and stabilize
bundles of microfibrils and regulate the assembly
of elastic fibers [9]. Genetic ablation of both short
and long isoforms of LTBP-4 leads to an increase
in TGF-f activity in lungs, which is consistent with
the previous observation that LTBP-4L interacts
with TGF-B in a more effective way [12]. However,
significant amounts of LTBP-1 and LTBP-4 are
secreted without SLS, just like LTBP-2, which
cannot interact with SLC [12]. TGF-p together with
LAP can form complexes with LTBP-1, which are
generated by fibroblasts [16].

Activation of TGF-f1 and LAP cleavage
are induced by an acidic environment or are
implemented by extracellular proteases, including
thrombospondin-1, plasmin, cathepsin D, matrix
metalloproteinase (MMP)-2 and -9, furin convertase,
and integrins [10]. The LAP domain of TGF-f has
the RGD sequence (arginine — glycine — aspartic
acid), which mediates binding to integrins [13].
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Alpha V beta 6 (avp6) integrin was demonstrated
toactivate TGF-B1, and alpha V beta § (avp8) integrin
was shown to activate TGF-B1 via membrane-bound
MMPs [10]. The molecules of the integrin family,
which interact with RGD, can activate latent TGF-B1
and TGF-B3 [17]. The avp1 heterodimer has recently
been shown to be a regulator of latent TGF-f in
fibrosis, and the integrins av5 and a51 participate
in the activation of myofibroblasts [18]. Alpha V
beta 8 integrin is a cell surface receptor for the LAP
of the multifunctional cytokine TGF-p [19]. Altered
expression of the integrin subunit B8 (ITGBS) is
found in human chronic obstructive pulmonary
disease, cancers, and cerebrovascular malformations
[19]. The inflammatory process can change the level
of TGF-P through specific mediators that influence
gene transcription [19]. Thus, IL-1p increases the
accessibility of transcription factors to the ITGBS8
promoter in lung fibroblasts through chromatin
remodeling [19].

Signaling of the TGF-B superfamily can be
mediated through the Smad- and non-Smad
pathways, in particular through the activation of
mitogen activated protein kinase (MAPK), including
extracellular signal-regulated kinase (ERK), p38,
and c-Jun N-terminal kinase (JNK); as well as
through the phosphoinositide 3-kinase (PI(3)K)/Akt
pathway, and the NF-xB pathway [10].

In addition to the non-proteolytic latent TGF-$3
activation mechanism, proteolytic —mechanisms
also take part in that process. They include two
types of proteases: glycoside-containing proteases
(N-glycanase and neuraminidase) and serine proteases
(plasmin, cathepsin D, and MMPs) [20, 21].

LTBPs are structurally related to the fibrillin
family of proteins, which includes fibrillin-1 and
fibrillin-2. Fibrillin-1 is an inhibitor of TGF-$
signaling and an integral component of microfibrils
[22]. Microfibrils cover the core of elastic fibers and
contribute to the temporal and spatial regulation
of TGF-B activation [16]. Microfibrils consist of
fibrillins, which are associated with glycoproteins
and protein microfibrils. These microfibrils bind
TGF-B, and fibrillins are the key components that
provide scaffolds for elastic fiber formation [23].

Fibrillin-1 expression persists throughout life,
while the expression of fibrillin-2 is limited to the
development of fetal tissues [13]. Furthermore,
fibrillin-1 together with the bound molecules, masks

fibrillin-2 epitopes, blocking its bioactivity [16].
Fibrillins function as scaffolds for the elastic fiber
formation, that contribute to the maintenance of tissue
homeostasis and regulate growth factor signaling in
the extracellular space [14]. Fibrillin-1 is a modular
glycoprotein that consists of 7 latent TGF-B-binding
domains and mediates cell adhesion through integrin
binding to the RGD motif in its 4" domain [14].
The activation of integrin-mediated TGF- is quite
important for immune system, oncogenesis, and
functioning of fibroblasts [11]. Both avf36 and avf8
integrins regulate TGF-p signaling by binding to
a linear tripeptide depending on the tensile force
created by the actin cytoskeleton [11].

L. Zilberberg et al. in their research in 2012
analyzed both in vitro and in vivo the role of fibrillin
microfibrils in the synthesis of LTBP-1, -3 and -4
[22]. The authors showed that fibrillin-1 is important
for integration of LTBP-3 and LTBP-4 into the
extracellular matrix (ECM), but not for LTBP-1,
because the presence of fibronectin is important for
the association of LTBP-1 with ECM [22].

TGF-p AS A REGULATOR OF NUMEROUS
CELL FUNCTIONS

TGF- B is produced by fibroblasts, epithelial,
endothelial and smooth muscle cells in the airways
[24]. In addition, TGF-B induces the synthesis
of various ECM proteins by fibroblasts, such as
collagens, elastin, proteoglycans, and fibronectin
[24]. TGF-B is expressed by infiltrated eosinophils,
lymphocytes, and MCs [24]. Lymphocytes and
thrombocytes also contain TGF-f3 [24].

Latent TGF-f s highly expressed in airway and
alveolar epithelia, alveolar macrophages, and ECM
of the lungs, where the inhaled microorganisms
face host body defense mechanisms during their
pulmonary phase [26]. Its maximum concentration
in the respiratory system is observed in the bronchial
epithelium [24]. Enhanced TGF-B1 signaling during
inflammation initially leads to local suppression
of the host immune system via direct inhibition of
effector immune cells like T cells and dendritic cells
[26].

TGF-B plays a key role in inducing the production
of ECM components by fibroblasts [23]. TGF-f itself
plays a significant and complex role in the immune
response of the respiratory tract, mediating various
proinflammatory or immunosuppressive effects [27].
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TGF-B1 stimulates the attraction of inflammatory
cells in the airways and stimulates the secretion
of additional growth factors and proinflammatory
cytokines [27]. And vice versa, TGF-B1 can suppress
both proliferation of lymphocytes and production
of particular cytokines [27]. Thus, IL-13 interacts
with IL-4, inducing alternative activation of M2
macrophages. That interaction promotes the release
of TGF-B1 platelet-derived factor [28]. This phase
is characterized by short-term expansion of resident
fibroblasts, formation of a temporary matrix, and
proliferation of airway progenitor cells and type 2
pneumocytes [28].

TGF-B plays an essential role in regulating
ECM components in the airways: it increases
synthesis of proteins, such as fibronectin, enhances
antiprotease activity, stimulates expression of
desmosomal proteins by bronchial epithelial cells,
which promotes activation of proteins involved
in intercellular junctions and contributes to the
formation of the basement membrane in alveolar
epithelial cells [29]. Finally, TGF-B contributes to
the mechanisms involved in the control of epithelial
cell growth and differentiation. For example, TGF-3
induces differentiation of normal bronchial epithelial
cells, regulates growth of cells via inhibition of cell
proliferation, and induces apoptosis of epithelial
cells in the lungs [29].

TGF-B regulates the expression of proteins
involved in the fibrous cascade, including the
regulation of expression and activity of extracellular
remodeling proteases, including MMPs, tissue
inhibitors of metalloproteinases, and endothelin-1
expression [10]. Endothelin-1 contributes to
persistent fibrosis by inducing fibroblasts to produce
and secrete TGF- by ECM and also regulating the
activity of the Rho family of GTPases, which take
part in TGF-B-induced fibrosis [10]. In general,
TGF-p is a key regulator of ECM production and,
therefore, enhanced TGF-B signaling is a crucial
factor in progression of fibrosis [10].

TGF-B has been shown to suppress the
proliferation of CD4+ T cells via inhibition of the
autocrine production of IL-2 [15]. In CD8+ cytotoxic
T cells (TC cells), TGF-B-activated Smad proteins
cooperate with activating transcription factor 1
(ATF1), suppressing the expression of interferon-y
and cytolytic factors, such as perforin, granzyme, and
Fas-ligand, thus inhibiting the anti-tumor activity of

these cells. TGF-B also modulates proliferation and
other functions of B cells, natural killer cells (NK-
cells), monocytes, macrophages, and granulocytes.
TGF-B plays a pleiotropic role in lymphocyte
regulation, and this is especially apparent in T cells
[15].

TGF-B1 induces alpha-smooth muscle actin
(a-SMA) and collagen synthesis in fibroblasts both
in vivo and in vitro and also plays a significant role
in tissue repair and the development of fibrosis [30].
During these processes, fibroblasts differentiate into
fibromyoblasts characterized by increased expression
of a-SMA [30].

TGF-B1 suppresses plasmin and plasmin-
mediated MMP activity in flexor tendon cells
cultured in vitro via activation of PAI-1[21]. It is
possible that TGF-B1 also suppresses MMP and
plasmin activity in other ways, such as through the
suppression of tissue-type plasminogen activators
(tPA), wurokinase-type plasminogen activators
(uPA), and / or membrane-bound MMP expression
in tenocytes [21]. TGF-B is aberrantly activated
during the degradation of ECM because of high
activity of MMP [12].

TGF-p1 and IL-6 have opposite effects on
regulation of cathepsin B and L activity in A-549
human lung epithelial cells [29]. The proinflamma-
tory cytokine IL-6 induced an upregulation of
cathepsin L, whereas TGF-f1 suppressed cathepsin
B and L expression. Cathepsins B and L are expressed
cysteine proteinases that play an important role
in lysosomal bulk proteolysis, protein processing,
matrix degradation, and tissue remodeling [29].

M. Jain et al. in 2013 demonstrated that TGF-f3
triggers the production of mitochondrial reactive
oxygen species (ROS), which in turn activates the
transcription of nicotinamide adenine dinucleotide
phosphate oxidase 4 (NOX4). That enhances the
production of ROS in lung fibroblasts in patients
with idiopathic and scleroderma-induced lung
fibrosis [31].

FEATURES OF MOLECULAR INTERACTION
OF TGF-p AND IMMUNOCOMPETENT
CELLS IN COVID-19

The anatomy of the lungs is vulnerable to
external stimuli and pathogens, and, as a result,
inflammation, allergic reactions, and carcinogenesis
take place. Increased regulation of TGF-f ligands is
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observed in the majority of lung diseases, including
pulmonary fibrosis, emphysema, bronchial asthma,
and lung cancer [32]. Based on the published data,
patients with COVID-19 or post-COVID syndrome
may develop pulmonary fibrosis. The prognosis for
this serious complication also deserves attention of
medical professionals and the scientific community.
The morphological characteristics of pulmonary
fibrosis include thickening of the alveolar septa,
collagen deposition, and fibroblast proliferation, as
well as, diffuse inflammation.

After infection with COVID-19, the TGF-B
pathway inhibits cell apoptosis and induces fibroblast
proliferation and myofibroblast differentiation,
developing pulmonary fibrosis [33]. In the early
stage of SARS-CoV-2 infection, a number of
inflammatory responses and dysregulation of the
fibrinolytic and coagulation pathways can promote
activation of the latent form of TGF-f in the blood
and lungs [33].

TGF-B causes fibrosis, which is a common
complication in patients with severe forms of
COVID-19. Acute respiratory distress syndrome
(ARDS) in COVID-19 patients can lead to terminal
pulmonary fibrosis [34]. TGF-B activation promotes
the differentiation of fibroblasts into myofibroblasts
and also regulates remodeling of the fibrous
component in ECM [34].

With the development of COVID-19, SARS-
CoV-2 penetrates into the upper respiratory tract
through ACE2 receptors, which are located on the
surface of the pulmonary epithelium [35]. The virus
infects type Il pulmonary alveolar cells during their
migration into the lower respiratory tract [35]. In
patients with COVID-19, interstitial pulmonary
edema occurs in the acute phase of ARDS, and
the formation of hyaline membranes results from
diffuse damage to the alveoli, while fibrosis of
the interalveolar septa and fibroblast proliferation
develop in the phase of chronic remodeling [28].
SARS-CoV-2 is supposed to increase the TGF-f
concentration by reducing the regulation of the
ACE?2 receptor through its interaction with the spike
protein. Consequently, as the regulation of ACE2 is
decreased, the level of angiotensin II increases, and
that enhances the activity of the TGF-f intracellular
signaling pathway [36-39].

TGF-B has been shown to suppress the number of
circulating NK-cells in patients with COVID-19 [26].

The activation of TGF-f increases the permeability
of the endothelial and epithelial cells, which leads
to an influx of fluids and proteins into the alveoli.
This process worsens gas exchange in the lungs
and results in arterial hypoxemia and respiratory
failure [40]. Superficial proteins of epithelial and
endothelial cells are surrounded by a dense mesh of
glycans, called the epithelial / endothelial glycocalyx
layer. Disruption of this layer is mediated by SARS-
CoV2 [41].

Our research team showed the increase in MC
activity and changes in their phenotype in lung
tissues of patients who died from COVID-19 [42].
MC, located in close proximity to fibroblasts, are
sensitive to mechanical stress in fibrotic lungs and,
therefore, can be stimulated by breathing process
in rigid and fibrous lungs [43, 44]. MC granules
may contain large amounts of profibrotic enzymes
and cytokines, such as TGF-B, IL-4, IL-10, IL-13,
chymase, tryptase, and growth factors [43], which
promote fibroblast activation [45].

Mast cell B-tryptase increases the production of
TGF-B1 by airway smooth muscle and stimulates
o-SMA secretion, leading to functional changes in
muscle tissues [46]. TGF-B1 mediates the expression
of genes involved into fibrotic process, including
collagen, proteases, and fibronectin, through a Smad-
dependent mechanism [27]. Airway smooth muscle
cells (ASMCs) contain a lot of TGF-f1-3 [28].
Plasmin and serine protease regulate the production
of a biologically active form of TGF-§ by ASMCs
as well as the release of extracellular TGF-$ [24].
The release of TGF- activated by plasmin induces
autocrine synthesis of type I collagen by ASMC
[24]. Macrophages are also important agents that
contribute to lung fibrosis. The activation of TGF-j3
/ Smad and IL-6 / STAT3 signaling pathways can be
involved in the M1— M2 polarization transition of
macrophages in cases of COVID-19 [47].

SERUM TGF-p LEVELS IN COVID-19

The most severe complication of SARS, caused
by coronavirus infection, is pulmonary fibrosis,
which develops in 45% of patients within 3 to 6
months after infection [48]. Increased expression
of TGF-B in COVID-19 patients may be the cause
of pulmonary fibrosis [49]. It was found that
patients with ARDS with lower levels of TGF-3
in the bronchoalveolar lavage fluid had fewer days
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spent in intensive care units and mechanically
ventilated [50].

Patients with COVID-19 have an increased
level of TGF-B1 in their serum and plasma, and
this correlates with the severity of their condition
[26]. The level of immunosuppressive cytokines,
such as TGF-B and IL-10, increased after SARS-
CoV-2 infection and there was no correlation with
gender [33]. Increased serum levels of TGF-f in
the early days of COVID-19 infection may indicate
the potential development of severe bleeding
complications, including the need for intensive care
and a risk of death.

S. Frischbutter et al. (2023) noted a significant
increase in serum levels of TGF-f within the first two
weeks after the onset of symptoms in COVID-19
patients [51]. This early increase of serum TGF-f3
impairs the ability of NK-cells to eliminate the
cells infected with the virus [51]. Thus, patients
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with mild COVID-19 (n = 27) had concentrations
of 165.4 pg / ml £ SD 105.4, patients with moderate
COVID-19 (n = 11) had slightly higher levels of
240.6 pg/ ml = SD 150.2, and patients with severe
COVID-19 (n=25) had greater serum TGF- levels
of416.3 pg/ ml£SD 161.7 (»p <0.0001) compared
to patients with mild or moderate COVID-19 [51].
The authors suggest that patients with serum TGF-3
levels of above 254.75 pg / ml are at high risk (92%)
of progression of a severe form of COVID-19
infection [50]. TGF-B can be considered and
recommended as a predictive marker of COVID-19
severity [51, 52].

A MODEL OF TGF-$ INVOLVEMENT
IN THE PATHOGENESIS OF COVID-19

A model of TGF-f activation in the development
of COVID-19 is presented in the authors’ scheme
(Figure).

Myofibroblast

Latent TGF-B1 t )
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Figure. A model of TGF-f activation in the development of COVID-19 (authors’ scheme modified according to [8])

Explanation: the receptor for SARS-CoV2 is ACE2, which binds to Spike protein on the surface of coronavirus. This interaction

causes the release of cytokines by various cellular agents. With the development of COVID-19, the activity of MC and synthesis of

their products increase, including profibrotic mediators, such as tryptase, chymase, and TGF-B. TGF-f induces the differentiation

of fibroblasts into myofibroblasts. TGF-3 also induces the production of mitochondrial ROS, which enhances their production in
pulmonary fibroblasts.

MC chymase is the ACE2-independent pathway
of Ang II formation in ECM. It also activates TGF-f
and other molecules, thus contributing to tissue
remodeling. Beta-tryptase of MC increases the

production of TGF-B1 by fibroblastic differon and
rises the expression of a-SMA.

TGF-B is produced in airway fibroblasts,
endothelial and smooth muscle cells, then it is
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accumulated in ECM as latent TGF-B (LTBP).
LTBPs form latent complexes with TGF-B by
covalently binding to the pro-peptide TGF-§3, LAP,
via disulfide bonds in the endoplasmic reticulum.
Latent TGF-B1 activation from ECM is initiated
by integrins through binding to the RGD sequence
(arginine — glycine — aspartic acid) in the LAP —
TGF-B domain. This activation is also induced by
acidic pH or is carried out by extracellular proteases,
such as thrombospondin-1, plasmin, cathepsin D,
MMP-2, MMP-9, and furin convertase.

CONCLUSION

There is no doubt that TGF-B is involved in
the pathogenesis of inflammatory diseases of the
respiratory system in COVID-19. TGF-B regulates
numerous cell processes, which play an importantrole
in ARDS development, increases the permeability
of the alveolar epithelium, activates fibroblasts, and
promotes ECM remodeling. SARS-CoV-2 causes
prolonged activation of immune cells, development
of complex immune responses, and production of
a large number of cytokines, including profibrotic
enzymes, in particular, TGF-p.

Tryptase- and chymase-positive MCs play a
significant role in the development of pulmonary
fibrosis and pulmonary embolism in COVID-19,
including through activation of the TGF-f pathway.
MC chymase is the ACE2-independent pathway of
Ang II formation in ECM. It also activates TGF-f3
and other molecules, thus contributing to tissue
remodeling. Beta-tryptase of MC increases the
production of TGF-B1 by airway smooth muscle
cells and rises the expression of a-SMA. TGF-f
also induces the production of mitochondrial ROS,
which enhances their production in pulmonary
fibroblasts.

TGF-B plays a crucial role in the regulation
of airway ECM components: it increases the
synthesis of proteins, such as fibronectin, enhances
antiprotease activity, and stimulates the expression
of desmosomal proteins by bronchial epithelial
cells, which promotes the activation of proteins
involved in intercellular junctions and the formation
of the basement membrane of alveolar epithelial
cells. Thus, the blood TGF-B level, considered
by many scientists as a predicting marker of
COVID-19 severity, has the potential to be used as
a marker of fibrotic processes in other respiratory
diseases.

REFERENCES

1. Sumantri S., Rengganis I. Immunological dysfunction and mast
cell activation syndrome in long COVID. A4sia Pac. Allergy.
2023;13(1):50-53. DOI: 10.5415/apallergy.0000000000000022.

2. Theoharides T.C., Kempuraj D. Role of SARS-CoV-2
spike-protein-induced activation of microglia and mast cells
in the pathogenesis of neuro-COVID. Cells. 2023;12(5):688.
DOI: 10.3390/cells12050688.

3. Wismans L.V., Lopuhaéd B., de Koning W., Moeniralam H.,
van Oosterhout M., Ambarus C. et al. Increase of mast cells
in COVID-19 pneumonia may contribute to pulmonary fibrosis
and thrombosis. Histopathology. 2023;82(3):407—419. DOI:
10.1111/his.14838.

4. Kim H.Y., Kang H.G., Kim H.M., Jeong H.J. Expression of
SARS-CoV-2 receptor angiotensin-converting enzyme 2

by activating protein-1 in human mast cells. Cell Immunol.
2023;386:104705. DOT: 10.1016/j.cellimm.2023.104705.

5. Xu J., Xu X, Jiang L., Dua K., Hansbro P.M., Liu G.
SARS-CoV-2 induces transcriptional signatures in human
lung epithelial cells that promote lung fibrosis. Respir. Res.
2020;21(1):182. DOI: 10.1186/s12931-020-01445-6.

6. Wasse H., Naqvi N., Husain A. Impact of mast cell chymase on
renal disease progression. Curr. Hypertens Rev. 2012;8(1):15—
23. DOI: 10.2174/157340212800505007.

7. Ritkin D., Sachan N., Singh K., Sauber E., Tellides G.,
Ramirez F. The role of LTBPs in TGF beta signaling. Dev.
Dyn. 2022;251(1):95-104. DOI: 10.1002/dvdy.331.

8. Travis M.A., Sheppard D. TGF-beta activation and function in
immunity. Annu. Rev. Immunol. 2014;32:51-82. DOI: 10.1146/
annurev-immunol-032713-120257.

9. Robertson 1.B., Horiguchi M., Zilberberg L., Dabovic B., Had-
jiolova K., Rifkin D.B. Latent TGF-B-binding proteins. Matrix
Biol. 2015;47:44-53. DOI: 10.1016/j.matbio.2015.05.005.

10. Gordon K.J., Blobe G.C. Role of transforming growth fac-
tor-beta superfamily signaling pathways in human disease.
Biochim.  Biophys. Acta. 2008;1782(4):197-228. DOI:
10.1016/j.bbadis.2008.01.006.

11. Dong X., Zhao B., lacob R.E., Zhu J., Koksal A.C., Lu C.
et al. Force interacts with macromolecular structure in acti-
vation of TGF-beta. Nature. 2017;542(7639):55-59. DOI:
10.1038/nature21035.

12. Zigrino P., Sengle G. Fibrillin microfibrils and proteases,
key integrators of fibrotic pathways. Adv. Drug Deliv. Rev.
2019;146:3-16. DOI: 10.1016/j.addr.2018.04.019.

13. Ramirez F., Sakai L.Y. Biogenesis and function of fibrillin as-
semblies. Cell Tissue Res. 2010;339(1):71-82. DOI: 10.1007/
s00441-009-0822-x.

14. Del Cid J.S., Reed N.I., Molnar K., Liu S., Dang B., Jensen
S.A. etal. A disease-associated mutation in fibrillin-1 differen-
tially regulates integrin-mediated cell adhesion. J. Biol. Chem.
2019;294(48):18232-18243.DOI: 10.1074/jbc.RA119.011109.

15. David C.J., Massague J. Contextual determinants of TGF beta
action in development, immunity and cancer. Nat. Rev. Mol.
Cell Biol. 2018;19(7):419-435. DOI: 10.1038/s41580-018-
0007-0.

16. Todorovic V., Rifkin D.B. LTBPs, more than just an es-
cort service. J. Cell Biochem. 2012;113(2):410-418. DOI:
10.1002/jcb.23385.

152 Bulletin of Siberian Medicine. 2024; 23 (3): 145-154



O630pbl 1 1eKLUM

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fan W., Liu T., Chen W., Hammad S., Longerich T., Hauss-
er I. et al. ECMI prevents activation of transforming growth
factor B, hepatic stellate cells, and fibrogenesis in mice. Gas-
troenterology. 2019;157(5):1352-1367.e13. DOI: 10.1053/j.
gastro.2019.07.036.

Franco-Barraza J., Francescone R., Luong T., Shah N., Mad-
hani R., Cukierman G. et al. Matrix-regulated integrin avf5
maintains a5p1-dependent desmoplastic traits prognostic of
neoplastic recurrence. Elife. 2017;6:¢20600. DOIL: 10.7554/
eLife.20600.

Markovics J.A., Araya J., Cambier S., Somanath S., Gline S.,
Jablons D. et al. Interleukin-lbeta induces increased tran-
scriptional activation of the transforming growth factor-be-
ta-activating integrin subunit beta8 through altering chromatin
architecture. J. Biol. Chem. 2011;286(42):36864-36874. DOLI:
10.1074/jbc.M111.276790.

Hinz B. The extracellular matrix and transforming growth
factor-p1: Tale of a strained relationship. Matrix Biol.
2015;47:54—65. DOI: 10.1016/j.matbio.2015.05.006.

Farhat Y.M., Al-Maliki A.A., Easa A., O’Keefe R.J.,
Schwarz E.M., Awad H.A. TGF-betal suppresses plasmin
and MMP activity in flexor tendon cells via PAI-1: impli-
cations for scarless flexor tendon repair. J. Cell Physiol.
2015;230(2):318-326. DOI: 10.1002/jcp.24707.

Zilberberg L., Todorovic V., Dabovic B., Horiguchi M., Cou-
roussé T., Sakai L.Y. et al. Specificity of latent TGF-f binding
protein (LTBP) incorporation into matrix: role of fibrillins and
fibronectin. J. Cell Physiol. 2012;227(12):3828-3836. DOI:
10.1002/jcp.24094.

Ito J.T., Lourengo J.D., Righetti R.F., Tibério I.F.L.C., Pra-
do C.M., Lopes F.D.T.Q. S. Extracellular matrix component
remodeling in respiratory diseases: what has been found in
clinical and experimental studies? Cells. 2019;8 (4):342. DOI:
10.3390/cells8040342.

Coutts A., Chen G., Stephens N., Hirst S., Douglas D., Eich-
holtz T. et al. Release of biologically active TGF-beta from air-
way smooth muscle cells induces autocrine synthesis of colla-
gen. Am.J. Physiol. Lung Cell Mol. Physiol. 2001;280(5):L999—
L1008. DOI: 10.1152/ajplung.2001.280.5.1.999.

Ong C.H., Tham C.L., Harith H.H., Firdaus N., Israf D.A.
TGF-B-induced fibrosis: A review on the underlying mecha-
nism and potential therapeutic strategies. Eur. J. Pharmacol.
2021;911:174510. DOI: 10.1016/j.ejphar.2021.174510
Arguinchona L.M., Zagona-Prizio C., Joyce M.E., Chan E.D.,
Maloney J.P. Microvascular significance of TGF-f axis activa-
tion in COVID-19. Front. Cardiovasc. Med. 2023;9:1054690.
DOI: 10.3389/fcvm.2022.1054690.

Ojiaku C.A., Yoo E.J., Panettieri R.A. Jr. Transforming
growth factor B1 function in airway remodeling and hyperres-
ponsiveness. The missing link? Am. J. Respir. Cell Mol. Biol.
2017;56(4):432—442. DOI: 10.1165/rcmb.2016-0307TR.

Vaz de Paula C.B., de Azevedo M.L.V., Nagashima S., Mar-
tins A.P.C., Malaquias M.A.S., Miggiolaro A.F.R.D.S. et al.
IL-4/IL-13 remodeling pathway of COVID-19 lung injury. Sci.
Rep. 2020;10(1):18689. DOI: 10.1038/s41598-020-75659-5.
Gerber A., Wille A., Welte T., Ansorge S., Biihling F. In-
terleukin-6 and transforming growth factor-beta 1 control
expression of cathepsins B and L in human lung epithelial

BionneteHb cMbUpcKo meanumHbl. 2024; 23 (3): 145-154

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

cells. J. Interferon Cytokine Res. 2001;21(1):11-19. DOI:
10.1089/107999001459114.

Malmstrém J., Lindberg H., Lindberg C., Bratt C., Wieslan-
der E., Delander E.L. et al. Transforming growth factor-beta 1
specifically induce proteins involved in the myofibroblast con-
tractile apparatus. Mol. Cell Proteomics. 2004;3(5):466—477.
DOI: 10.1074/mcp.M300108-MCP200.

Jain M., Rivera S., Monclus E.A., Synenki L., Zirk A., Eisen-
bart J. et al. Mitochondrial reactive oxygen species regu-
late transforming growth factor-p signaling. J. Biol. Chem.
2013;288(2):770-777. DOI: 10.1074/jbc.M112.431973.

Saito A., Horie M., Nagase T. TGF-§ Signaling in Lung
Health and Disease. Int. J. Mol. Sci. 2018;19(8):2460. DOI:
10.3390/ijms19082460.

Abbasifard M., Fakhrabadi A. H., Bahremand F., Khor-
ramdelazad H. Evaluation of the interaction between tumor
growth factor-f§ and interferon type I pathways in patients with
COVID-19: focusing on ages 1 to 90 years. BMC Infect Dis.
2023;23(1):248. DOI: 10.1186/s12879-023-08225-9.

Vaz de Paula C.B., Nagashima S., Liberalesso V., Collete M.,
da Silva F.P.G., Oricil A.G.G. et al. COVID-19. Immunohis-
tochemical analysis of TGF-f signaling pathways in pulmo-
nary fibrosis. Int. J. Mol. Sci. 2021;23(1):168. DOI: 10.3390/
ijms23010168.

Weinheimer V.K., Becher A., Ténnies M., Holland G., Knep-
perJ., Bauer T.T. et al. Influenza A viruses target type Il pneu-
mocytes in the human lung. J. Infect Dis. 2012;206(11):1685—
1694. DOI: 10.1093/infdis/jis455.

Hanff T.C., Harhay M.O., Brown T.S., Cohen J.B., Moha-
reb A.M. Is There an association between COVID-19 mortali-
ty and the renin-angiotensin system? A call for epidemiologic
investigations. Clin. Infect. Dis. 2020;71(15):870-874. DOLI:
10.1093/cid/ciaa329.

Li G., He X., Zhang L., Ran Q., Wang J., Xiong A. et al. As-
sessing ACE2 expression patterns in lung tissues in the patho-
genesis of COVID-19. J. Autoimmun. 2020;112:102463. DOI:
10.1016/j.jaut.2020.102463.

Kai H., Kai M. Interactions of coronaviruses with ACE2,
angiotensin II, and RAS inhibitors-lessons from available
evidence and insights into COVID-19. Hypertens. Res.
2020;43(7):648-654. DOI: 10.1038/541440-020-0455-8.
Sriram K., Insel P.A. A hypothesis for pathobiology and
treatment of COVID-19: The centrality of ACE1/ACE2 im-
balance. Br. J. Pharmacol. 2020;177(21):4825-4844. DOI:
10.1111/bph.15082.

Gheblawi M., Wang K., Viveiros A., Nguyen Q., Zhong J.C.,
Turner AJ. et al. Angiotensin-Converting Enzyme 2: SARS-
CoV-2 receptor and regulator of the renin-angiotensin system:
celebrating the 20th Anniversary of the discovery of ACE2.
Circ. Res. 2020;126(10):1456-1474. DOI: 10.1161/CIRCRE-
SAHA.120.317015.

Biering S.B., Gomes de Sousa F.T., Tjang L.V., Pahmeier F.,
Zhu C., Ruan R. et al. SARS-CoV-2 Spike triggers barrier
dysfunction and vascular leak via integrins and TGF-f signal-
ing. Nat. Commun. 2022;13(1):7630. DOI: 10.1038/s41467-
022-34910-5.

Budnevsky A.V., Avdeev S.N., Kosanovic D., Shishkina V.V,
Filin A.A., Esaulenko D.I. et al. Role of mast cells in the patho-

153



Budnevsky A.V., Ovsyannikov E.S., Shishkina V.V. et al On the pathogenesis of COVID-19: the role of transforming growth factor

genesis of severe lung damage in COVID-19 patients. Respir. 48. Sun P., Qie S., Liu Z., Ren J., Li K., Xi J. Clinical character-
Res. 2022;23(1):371. DOI: 10.1186/s12931-022-02284-3. istics of hospitalized patients with SARS-CoV-2 infection: A

43. Savage A., Risquez C., Gomi K., Schreiner R., Borczuk A.C., single arm meta-analysis. J. Med. Virol. 2020;92(6):612—-617.
Worgall S. et al. The mast cell exosome-fibroblast connec- DOI: 10.1002/jmv.25735.
tion: A novel pro-fibrotic pathway. Front. Med. (Lausanne). 49. Xiong Y., Liu Y., Cao L., Wang D., Guo M., Jiang A. et al.
2023;10:1139397. DOI: 10.3389/fmed.2023.1139397. Transcriptomic characteristics of bronchoalveolar lavage

44. Shimbori C., Upagupta C., Bellaye P.S., Ayaub E.A., Sato S., fluid and peripheral blood mononuclear cells in COVID-19
Yanagihara T. et al. Mechanical stress-induced mast cell de- patients. Emerg. Microbes Infect. 2020;9(1):761-770. DOI:
granulation activates TGF-B1 signalling pathway in pulmo- 10.1080/22221751.2020.1747363.
nary fibrosis. Thorax. 2019;74(5):455-465. DOI: 10.1136/ 50. Yang X., Yu Y., Xu J.,, Shu H., Xia J., Liu H. et al. Clinical
thoraxjnl-2018-211516. course and outcomes of critically ill patients with SARS-CoV-2

45. Sayer C., Rapley L., Mustelin T., Clarke D.L. Are mast pneumonia in Wuhan, China: a single-centered, retrospective,
cells instrumental for fibrotic diseases? Front. Pharmacol. observational study. Lancet Respir. Med. 2020;8(5):475-48]1.
2014;4:174. DOI: 10.3389/fphar.2013.00174. DOI: 10.1016/S2213-2600(20)30079-5.

46. Woodman L., Siddiqui S., Cruse G., Sutcliffe A., Saunders R., 51. Frischbutter S., Durek P., Witkowski M., Angermair S.,
Kaur D. et al. Mast cells promote airway smooth muscle cell Treskatsch S., Maurer M. et al. Serum TGF-f3 as a predic-
differentiation via autocrine up-regulation of TGF-beta 1. J. tive biomarker for severe disease and fatality of COVID-19.
Immunol. 2008; 81(7):5001-5007. DOI: 10.4049/jimmu- Eur. J. Immunol. 2023;53(10):¢2350433. DOI: 10.1002/
nol.181.7.5001. €ji.202350433.

47. Wang Y., Zhang L., Wu G.R.et al. MBD?2 serves as a viable 52. Susak F., Vrsaljko N., Vince A., Papic N. TGF Beta as a
target against pulmonary fibrosis by inhibiting macrophage Prognostic Biomarker of COVID-19 Severity in Patients with
M2 program. Sci. Adv. 2021;7(1):eabb6075. DOI: 10.1126/ NAFLD-A Prospective Case-Control Study. Microorganisms.
sciadv.abb6075. 2023;11(6):1571. DOI: 10.3390/microorganisms11061571.

Authors’ contribution

Budnevsky A.V.—research supervision, final approval of the manuscript for publication, critical revision of the manuscript for important
intellectual content. Ovsyannikov E.S. — critical revision of the manuscript for important intellectual content, analysis of the data, editing
of the article. Shishkina V.V. — drafting of the article, critical revision of the manuscript for important intellectual content, analysis of the
data. Alekseeva N.G. — collection and processing of the material, drafting of the article, editing of the article for publication. Perveeva I.M.,
Kitoyan A.G., Antakova L.N. — collection and processing of the material, drafting of the article.

Authors’ information

Budnevsky Andrey V.—Dr. Sci. (Med.), Professor, Head of the Department of Intermediate-Level Therapy, N.N. Burdenko Voronezh
State Medical University, Voronezh, budnev@list.ru, https://orcid.org/0000-0002-1171-2746

Ovsyannikov Evgeniy S. — Dr. Sci. (Med.), Associate Professor, Professor of the Department of Intermediate-Level Therapy, N.N.
Burdenko Voronezh State Medical University, Voronezh, ovses@yandex.ru, https://orcid.org/0000-0002-8545-6255

Shishkina Viktoria V. — Cand. Sci. (Med.), Director of the Research Institute of Experimental Biology and Medicine; Associate
Professor, Department of Histology, N.N. Burdenko Voronezh State Medical University, Voronezh, 4128069@gmail.ru, https://orcid.
org/0000-0001-9185-4578

Alekseeva Nadezhda G. — Clinical Resident, Department of Intermediate-Level Therapy, N.N. Burdenko Voronezh State Medical
University, Voronezh, nadya.alekseva@mail.ru, https://orcid.org/0000-0002-3357-9384

Perveeva Inna M. — Cand. Sci. (Med.), Pulmonologist, Voronezh Regional Clinical Hospital No.1; Senior Researcher, Research
Institute of Experimental Biology and Medicine, N.N. Burdenko Voronezh State Medical University, Voronezh, perveeva.inna@yandex.
ru, https://orcid.org/0000-0002-5712-9302

Kitoyan Avag G. — Clinical Resident, Department of Intermediate-Level Therapy, N.N. Burdenko Voronezh State Medical University,
Voronezh, kitoyan9812@gmail.com, https://orcid.org/0009-0003-7869-5519

Antakova Lyubov N. — Cand. Sci. (Biology), Senior Researcher, Research Institute of Experimental Biology and Medicine, N.N.
Burdenko Voronezh State Medical University, Voronezh, tsvn@bk.ru, https://orcid.org/0000-0001-5212-1005

(P<) Alekseeva Nadezhda G., nadya.alekseva@mail.ru
Received 26.12.2023;
approved after peer review 22.03.2024;
accepted 25.04.2024

154 Bulletin of Siberian Medicine. 2024; 23 (3): 145-154



