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Cicatricial tracheal stenosis is a fairly common complication that occurs after tracheal intubation or tracheostomy. However, critical tracheal
stenosis is a rare case, sometimes not associated with trauma, and is probably due to the peculiarities of the patient’s immune response during the
development of stenosis. In this regard, the study of the immune mechanisms of the development of inflammation in the upper respiratory tract is a
very relevant and promising direction. This review is devoted to the analysis of the immunological mechanisms of tracheal stricture formation, and
presents modern data on the immunopathogenesis of the disease.

Clarification of some pathogenetic mechanisms of the immune response during the formation of tracheal strictures of various origins can help in
identifying laboratory markers as risk factors for tracheal stricture and timely prevention of such complications.
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bFGF - basic fibroblast growth factor SMAD proteins — intracellular signaling proteins
CTS - cicatricial tracheal stenosis TGF-B1 - transforming growth factor f1

IL - interleukin TNF - tumor necrosis factor

iSGS - idiopathic subglottic stenosis VEGF - vascular endothelial growth factor

INTRODUCTION

Cicatricial tracheal stenosis (CTS) is a pathological narrowing of the trachea, in most cases it is a post-
intubation, post-tracheostomy complication. Some degree of tracheal stenosis is present in all patients after
tracheostomy, but clinically significant stenosis is observed only in 3-12% of cases [1, 2]. The duration of
exposure to an endotracheal or tracheostomy tube, the pressure exerted by the cuff or tip of the tracheostomy
tube in the respiratory tract, can lead to ischemia and necrosis of the mucous membrane, infection with the
development of inflammation and outcome in tubular stenosis [3-5].




The most common causes of CTS manifestations, in addition to tracheal intubation and tracheostomy, are
inhalation trauma, complications of pulmonary tuberculosis, idiopathic stenosis, and a number of other reasons.
In recent years, there has been an upward trend in the number of patients with CTS [6-10].

Thus, the mechanism of development of tracheal stricture most often includes: traumatic damage to the
mucosa, ischemia and infection with the subsequent development of chronic inflammation. Based on these
processes, granulation tissue is formed, leading to stricture formation. However, it remains unclear what
additional factors influence the progressive development of CTS.

The aim of this review is to highlight some of the immunological mechanisms underlying the formation of
tracheal stricture.

Cartilage is a strong but flexible type of connective tissue, consisting of cells and intercellular fibers located in
an amorphous jelly-like substance. Cartilage tissue grows rapidly and consists predominantly of extracellular
matrix proteins and a small amount (~ 5% of the total mass) of highly specific cells - chondrocytes [12]. Cartilage
has a smooth and elastic surface and can withstand a lot of weight, second only to bone tissue in strength.
Tracheal cartilage plays an important role in maintaining the mechanical stability of the trachea, as it performs a
frame function and prevents the walls from drooping under negative pressure during the respiratory cycle.
Cartilage provides rigidity, maintains the anatomical shape and function of the trachea, and is a site of muscle
attachment. In case of CTS, destruction of the cartilaginous component of the tracheal wall with the loss of its
frame function almost always occurs [6-8].

There are 3 types of cartilage: elastic, fibrous and hyaline, which provide the formation of the ears and nose,
the framework of the trachea and the epiphyses of long bones during development and growth.

Elastic cartilage contains some elastin in the intercellular space. It forms the pinna which requires a certain
degree of flexibility. Fibrous cartilage has an intermediate position between dense connective tissue and hyaline
cartilage - it is found in the intervertebral discs, in the areas where tendons attach to bone (pubic bone). Hyaline
cartilage is located on the articular surfaces, forms most of the cartilage of the respiratory tract, costal cartilages,
attaching the ribs to the sternum and vertebrae [11]. The saturation of hyaline cartilage with water (2/3 of the
total mass) allows it to be reversibly deformed and withstand large mechanical loads. Hyaline cartilage is made up
of several types of collagen molecules. The heteropolymeric structure of type IX collagen molecules, covalently
bound to the surface of collagen II and collagen XI, forms the internal thread-like pattern of the fibril [10, 13].
Other collagens found in articular cartilage include type III, type X, type XI, type XII and type XIV. When cartilage
is damaged, both collagen II structures and a molecule like aggrecan (proteoglycan) are destroyed. Cartilage
damage is the main cause of tracheal stricture. The ability of cartilage to regenerate is very limited, which leads to
expansion of the damage zone and further degradation of the hyaline layer [11, 14, 16].

Cartilage cells - chondrocytes and fibroblasts - are located in the lacunae. The lacunae are surrounded by a
jelly-like intercellular substance made of collagen fibers and ground substance. Cartilage tissue is devoid of blood
vessels and nerves. About 65-80% of cartilage tissue is a gel-like fluid. This fluid ensures the diffusion of gases
into the cartilage tissue, nutrition and removal of metabolic waste. When the intercellular space is saturated with
calcium salts, the diffusion of gases stops and the cartilage dies.

Fibroblasts are connective tissue cells that synthesize and secrete fiber proteins and organic components of
the ground substance. The cells take part in the formation of the intercellular substance of granulation tissue and
connective tissue capsule. Fibroblasts produce collagen types I and II, proteoglycan, fibronectin, and basic
fibroblast growth factor (bFGF) which stimulates the production of extracellular matrix components and new
collagen fibers, elastin and fibronectin. Fibroblasts also produce components of the extracellular matrix: nidogen,
laminin, tinascin, chondroitin-4-sulfate, proteoglycan. Under physiological conditions, this process occurs
continuously and, thanks to it, the intercellular substance is constantly renewed. Activation, proliferation and
survival of fibroblasts are carried out under the influence of fibroblast growth factors, cytokines, kinins and other
immunocompetent cells. Fibrosis develops when tissue remodeling is inappropriate, and in the absence of
proteolytic degradation of the extracellular matrix [17].



The process of inflammation represents a complex system of interaction between immunocompetent cells,
the cytokines and growth factors they produce, as well as the activation of the receptor apparatus of each group of
cells involved in the inflammatory process. At the site of primary damage, the inflammatory reaction is caused by
phagocytes - neutrophils, macrophages, which are the main sources of cytokines - mediators of inflammation
[18]. Experimental study on rabbits with traumatic injury to the trachea revealed that immunocompetent cells
producing cytokines participate in the formation of stenosis at different stages of healing [19].

Cytokines are hormone-like proteins produced by various cells (lymphocytes, neutrophils, monocytes,
macrophages, endotheliocytes, mastocytes, fibroblasts, etc.) and possessing a wide range of biological activities
that carry out intercellular interactions during hematopoiesis, immune response, intersystem interactions [18,
20]. Cytokines are involved in the regulation of immune and inflammatory processes at the local level and provide
paracrine and/or autocrine effects between cells of the immune system. They are synthesized by many organs and
tissues, including the central nervous system, and form a single signaling network in the body [21, 22].

Enhanced synthesis of cytokines is formed in response to the penetration of microorganisms into the body or
when tissue is damaged. These bioregulatory molecules determine the type and duration of the immune response.
According to the figurative definition of a number of authors, “without cytokines, the immune system is dead”
[23-25]. The main source of cytokines are cells of the monocyte-macrophage unit.

Cytokines are traditionally divided into interleukins (IL-1f, IL-6, IL-12, IL-18, IL-3, etc.), tumor necrosis
factor (TNF a, B), migration inhibitory factor, interferons, chemotactic factors, growth factors (fibroblast growth
factor, transforming growth factor, etc.) [20, 29].

Activation of the cytokine system, mainly the production of TNF «a, is associated with high activity of the
sympathetic-adrenal system. The synthesis of cytokines is influenced by the neurohumoral system. The process
of inflammation is regulated by maintaining a balance between pro- and anti-inflammatory cytokines and
apoptosis of phagocytes. For example, when apoptosis of neutrophils and macrophages is inhibited, the synthesis
of pro-inflammatory cytokines increases, resulting in a greater risk of the development and proliferation of
inflammation [26-29].

Traumatic injury to the trachea leads to the development of acute and chronic inflammatory reactions,
promoting the production of a variety of pro-inflammatory cytokines, such as IL-1, IL-6, IL-8, TNF-a and pro-
fibrotic cytokines, such as transforming growth factor 1 ( TGF-B1), and vascular endothelial growth factor
(VEGF) [33, 39]. These cytokines are involved in regenerative processes, activation of fibroblasts, proliferation of
immunocompetent cells, inhibition of apoptosis, extracellular matrix deposition and imbalance of collagen
synthesis. Excessive proliferation of granulation tissue can lead to tracheal stenosis [30-33, 40].

Transforming growth factor. One of the key cytokines is transforming growth factor (TGF-f). This is a
multifunctional cytokine necessary for maintaining homeostasis, regulating cell proliferation and differentiation,
cell apoptosis and migration to the site of infection [38]. TGF-f influences chondrogenesis, playing a major role in
the proliferation of cartilage tissue. By interacting with ligands on the surface of the cell membrane, it triggers a
cascade of molecular mechanisms with the participation of a Sox transcription factor [11]. TGF-B1, an isoform of
TGF-B, is a potent inducer of the extracellular matrix, a chemotactic mediator of fibroblasts and
polymorphonuclear cells, and a fibroblast mitogen that plays an important role in the regeneration of epithelial
cells, the proliferation of fibroblasts, and the healing of tracheal wounds after mechanical damage. TGF-§1
enhances tissue repair and reconstruction by causing the release of VEGF (vascular endothelial growth factor).
The expression of TGF-1, VEGF and the number of fibroblasts are increased in tracheal granulation tissues
obtained using interventional bronchoscopy after tracheostomy. Granulation tissue in tracheal stenosis is
characterized by increased angiogenesis and extracellular matrix deposition. In addition, it was demonstrated
that in the submucosal layer of granulation tissues there is a further increase in the expression of TGF-$1 and
VEGF; and the number of fibroblasts, compared with the epithelial layer and small blood vessels in the
submucosa of granulation tissues, increases markedly, which leads to fibrosis [19, 33-35, 55-58].

In total, more than 30 proteins are known, similar in structure and included in the so-called TGF-$
superfamily [28, 29]. TGF-f limits the activation of immune cells, prevents the development of a hyperergic
reaction and stimulates rapid healing. Proteins of the TGF-f superfamily have the most noticeable effect on cell
differentiation in general and the synthesis of the extracellular matrix in particular [44, 43, 53]. TGF-, being a



powerful inhibitory cytokine, suppresses the proliferation of endothelial cells and is involved as a “master switch”
of cells towards fibrosis in many organs, including the lungs [49, 60]. In this case, there occurs breakdown of
epithelial intercellular contacts, a violation of polarity, activation of the expression of mesenchymal genes,
reorganization of the actin structure, migration of cells affecting the intercellular substance [50-52]. Epithelial
cells change shape, approaching fibroblast-like one, proliferative activity decreases, and mesenchymal-epithelial
transformation is observed [48]. Activation of the TGF-B receptor leads to an increase in the production of
aggrecan, another important extracellular matrix protein [36, 37, 40, 41, 42, 48].

Besides, TGF-f is increased in lungs with idiopathic pulmonary fibrosis. In animal models, TGF-f3 expression
induces a dramatic fibrotic response. Activation of TGF-f occurs through an initial step in which the inactive
form of TGF-B is catalyzed to its active form [33, 39, 54, 55]. Activated TGF-B binds to the transmembrane
receptor, which leads to the activation of intracellular signaling proteins known as SMAD proteins. SMAD
proteins model the transcription of procollagen 1 and 3 [56]. In preclinical models of fibrosis, inhibition of TGF-8
signaling has been shown to reduce collagen deposition and attenuate fibrosis [57].

Interleukin 17A. The main multitarget proinflammatory cytokine is interleukin 17A (IL-17A). The cytokine is
synthesized during the immune response in case of chronic inflammation and is involved in the induction of
fibroblast TGF-B with subsequent autocrine activation of ECM COL 1A2 genes [44]. IL-17A is synthesized by
immune cells located outside the lymphoid tissue, where they are ready to immediately respond to injury or
pathogenic influence [59]. For example, infection with Mycobacterium tuberculosis leads to proliferation and
activation of y§ T lymphocytes, which in turn lead to increased production of IL-17A and recruitment of
neutrophils to the site of inflammation [7, 9, 45-47, 60]. Morrison R.]. showed that IL-17A directly “controls” the
proliferation of fibroblasts isolated from scar tissue of patients with idiopathic subglottic stenosis (iSGS) [58, 60].
In addition, IL-17A, being a TGF-B synergist, can stimulate increased collagen production in fibroblasts
associated with scar tissue. The effects of TGF-f and IL-17A may be mediated by increased expression of the TGF-
B receptor on fibroblasts [58, 60].

At the same time, scar fibroblasts in patients with iSGS form and enhance the local inflammatory response
due to their own production of inflammatory chemokines and cytokines. According to Morrison R.]., resident
fibroblasts play a dominant role in the pathogenesis of iSGS. This is also confirmed by data on alternative fibrotic
diseases of the respiratory tract, when resident fibroblasts are responsible for the structural and functional
remodeling of the epithelium of the respiratory tract. There is likely a common molecular program that drives the
“reprogrammed” fibroblast phenotype in response to various external inflammatory signals in airway scar tissue
[59, 60].

The data studied are consistent with pre-clinical setting demonstrating a cooperative and enhancing role of
TGF-B1 and IL-17A in the development of airway fibrosis. Similar indicators were obtained when analyzing
laboratory data from patients with bronchiolitis obliterans, which confirms the critical role of IL-17A in the
pathogenesis of this disease [31, 60, 61].

CONCLUSION

Thus, the regulation of protective reactions and the preservation of homeostasis at the site of damage and/or
infection is realized by attracting various immunocompetent cells that synthesize both pro- and anti-
inflammatory cytokines. The process of inflammation is multifactorial in nature and represents a complex system
of interaction between cells involved in the process of cytokines produced by them, as well as activation of the
receptor response of each group of cells involved in the inflammatory process. The synthesis of cytokines is a
response to the penetration of microorganisms into the body or tissue damage. Cytokines are involved in the
regulation of immune and inflammatory processes not only at the local level, but also in intersystem interactions.
An imbalance in the system of pro- and anti-inflammatory cytokines determines the degree of fibrosis and the
transition of reversible destruction to irreversible one. Perhaps the chronicization of the process occurs as a result
of an imbalance of cytokines, caused by a genetically determined response of the immune system of the
macroorganism to damage.

Due to the high incidence of cicatricial tracheal stenosis and fibrosis as an outcome of diseases of traumatic
and infectious origin, the study of the immune mechanisms of the development of inflammation in the upper
respiratory tract is a very relevant and promising direction.
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