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ABSTRACT  Subglottic stenosis (SGS) is a narrowing of the airway just below the vocal cords. This
narrowing typically consists of fibrotic scar tissue, which may be due to a variety of diseases. This review
focuses on post-intubation (PI) SGS. SGS can result in partial or complete narrowing of the airway. This
narrowing is caused by fibrosis and can cause serious breathing difficulties. It can occur in both adults and
children. The pathogenesis of post-intubation SGS is not well understood; however, it is considered to be
the product of an abnormal healing process. This review discusses how intubation can change the local
micro-environment, leading to dysregulated tissue repair. We discuss how mucosal inflammation, local
hypoxia and biomechanical stress associated with intubation can promote excess tissue deposition that
occurs during the pathological process of SGS.

Introduction

The subglottic space is the lowest part of the larynx, the area from the inferior margin of the vocal cords
to the lower border of the cricoid cartilage. The cricoid cartilage is the only complete cartilaginous ring of
the laryngeal skeleton [1]. The cricoid ring is composed of hyaline cartilage and covered by a fibrous
perichondral membrane. The subglottic mucosa consists of pseudostratified ciliated columnar epithelial
cells with a rich population of goblet cells, the basement membrane and lamina propria which is rich in
fibroblasts and leukocytes [2]. Translaryngeal intubation may result in damage to the subglottis. Injury to
the larynx is not uncommon and most injuries occur during initial placement. One prospective cohort
study of 100 consecutive patients reported that 57% of patients had signs of acute laryngeal injury as
evidenced by the presence of ulceration or granulation tissue [3]. The majority of laryngeal injuries will
not cause clinically significant outcomes [4]. However, stenosis can occur as a late complication of
intubation and can take weeks to months to develop after the initial intubation. PI-SGS is an important
long-term outcome of intubation, the incidence of which ranges from 0.3% to >11% [5, 6].

Risk factors
Pathogenesis of PI-SGS remains unclear; however, several risk factors have been identified. Traumatic
intubation, either due to mucosal injury or cuff pressure necrosis, is a well-established cause of PI-SGS |3, 7].
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Multiple intubations and unplanned extubations are also risk factors [8, 9]. In addition, multiple studies have
demonstrated that the risk of PI-SGS increases with the duration of intubation. Length of intubation is
frequently considered to be the most relevant risk factor for the development of PI-SGS in both adults and
children [10-12]. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the associated
COVID-19 pandemic has led to an unprecedented increase in critically ill patients requiring prolonged
mechanical ventilation [13].

Pre-COVID-19, tracheostomy would be common practice in patients who require extended time on
mechanical ventilation. However, SARS-CoV-2 is highly infective with a high rate of transmission. The
procedure of tracheostomy is aerosol-generating, thus healthcare workers are at risk of SARS-CoV-2
infection both during the insertion procedure and subsequent care even when appropriate personal
protective equipment (PPE) is used [14]. Recent guidelines for the conduct and management of
tracheostomy during the COVID-19 pandemic urge caution, and recommend at least day 10 of mechanical
ventilation prior to tracheostomy, and even then, it should only be considered when patients are showing
signs of clinical improvement [14]. Hence, a surge in the incidence of PI-SGS is predicted in the
post-COVID-19 patient population.

Infection, particularly respiratory infection within 14 days of intubation, is a risk factor for PI-SGS [15,
16]. Patient specific factors may also contribute to risk of developing PI-SGS. In adults, obesity and
diabetes mellitus are associated with an increased risk of PI-SGS [17, 18]. Diabetes is also a risk factor for
gastroesophageal reflux disease (GERD). GERD has been associated with SGS in both adults and children
[19, 20]. In children, SGS is most commonly associated with pre-term infants and/or low birth rate [21, 22].

The normal wound-healing process

PI-SGS is considered to be the result of a poorly controlled and excessive wound-healing response that
leads to fibrotic scarring. The normal functional process of wound healing occurs through four distinct
programmed phases: haemostasis, inflammation, proliferation and remodelling. These phases are
synchronised, temporally controlled, overlap and involve a complex interplay between different cell types,
cytokines, mediators and the vasculature [23]. Phases 1-3 typical last up to 3 weeks, with the remodelling
phase lasting from weeks to years [24]. Deviation from the typical wound-healing sequence can lead to
dysfunctional wound repair; with pathologic fibrotic response and chronic nonhealing wounds
representing either end of the dysregulation spectrum.

Haemostasis

Haemostasis is the earliest phase of wound healing occurring immediately upon wounding. This phase is
aimed at arresting bleeding from an injured blood vessel, typically via a platelet plug. Haemostasis is
triggered by damage to the vascular endothelium, which reveals the sub-endothelial extracellular matrix
(ECM) [25]. Exposure of matrix components facilitates platelet adhesion to ECM resulting in platelet
activation and initiation of the haemostatic cascade [26]. Activated platelets contain abundant chemokines
and cytokines at concentrations far greater than the plasma concentration [27]. This includes those
involved in immune cell recruitment, including members of the tumour necrosis factor (TNF) superfamily,
and growth factors such as transforming growth factor (TGF)-B and fibroblast growth factor (FGF) [28,
29]. This upregulation of adhesion molecules, chemokines, cytokines, and growth factors at the wound site
leads to phase 2 of wound healing: inflammation.

Inflammation

Inflammation is promoted at the wound site when tissue damage is sensed by tissue-resident macrophages
via damage associated molecular patterns (DAMPs). Neutrophils kill and degrade potential pathogens and
secrete cytokines and growth factors that recruit and activate more neutrophils, promote angiogenesis and
stimulate proliferation of cells such as fibroblasts and epithelial cells [30, 31]. Monocyte-derived
macrophages arrive at the wound site between 24-72hours post-injury, with peak macrophage
accumulation 4 to 7 days post-injury [24, 32].

Macrophages are phagocytic scavenger cells with a role in phagocytosing pathogens, cellular debris,
neutrophils and other apoptotic cells [33]. Macrophages are an important source of chemokines, matrix
metalloproteinases (MMPs), and other inflammatory mediators that drive the initial inflammatory response
[34]. Macrophages can activate and recruit innate and adaptive immune cells, including T-cells [35].

As the initial danger from injury is contained, pro-inflammatory signalling molecules decrease. There is an
increase in regulatory T-cells (Tregs), and increases in IL-10 and TGF-B, creating an anti-inflammatory
micro-environment conducive for the predominant macrophage population to adopt a wound-healing
phenotype that contributes to phase 3 of wound healing, the proliferation phase [36].
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Proliferation

Typically, 4 days post-injury, as inflammation is in the resolution phase, the proliferation phase of wound
healing starts [28]. The aim of this phase is to promote formation of a new epithelial barrier via
granulation and re-epithelialisation [37]. Macrophages produce a variety of factors that stimulate the
proliferation, differentiation and activation of fibroblasts, epithelial cells, endothelial cells, and stem and
progenitor cells in the wound bed [38-40].

Fibroblasts are key cells during this phase, depositing ECM composed of fibronectin, proteoglycans,
collagens and hyaluronic acid [41]. In the wound bed, migratory fibroblasts are differentiated into
activated myofibroblasts. Myofibroblasts can extend pseudopodia and attach to the ECM components
including fibronectin and collagen [42]. These myofibroblasts promote wound edge approximation by
retracting the pseudopodia. This process of slow retractile contraction leads to wound closure [43].

Re-epithelialisation is required to provide an epithelial barrier for wound coverage. Granulation tissue
forms a new scaffold for basal cell migration at later stages of the repair process [24]. An abnormal
response of the other cells interacting with the epithelium such as fibroblasts and macrophages, can
severely affect the dynamic progression of repair and regeneration [44].

Remodelling

The remodelling phase of wound healing can last from months to years. The goal of this phase is to
remodel the ECM to that of normal tissue. The highly cellular granulation tissue has its network of blood
vessels pruned, and most fibroblasts, immune cells and endothelial cells undergo apoptosis [45, 46].
Metalloproteinases (MMPs) are necessary to organise and align the temporary granulation ECM into the
mature permanent ECM structure. The wound undergoes physical contraction throughout the entire
process. The relative balance of metalloproteinases, including MMPs and ADAMs (A disintegrin and
metalloproteases), and their inhibitors is critical at this stage [47].

TGEF-P signalling and mechanical stress are both key regulators of this phase [48, 49]. The current model
suggests that biomechanical and chemical cross talk is necessary for fine tuning remodelling and
appropriate scar maturation [50]. Biomechanical stretch alone can only promote a limited contractile
response, whereas the addition of TGF-B1 promotes the formation of fibrotic tissue [51].

Increasing evidence suggests that the remodelling phase of wound healing may be insufficient in SGS [52].
The resulting imbalance between the synthesis and degradation of the ECM can result in excess
accumulation of matrix components within the wound and reduced degradation. Thus, an altered and
inappropriate matrix, rather than simply too much ECM, is likely to underpin SGS.

Molecular mechanisms and key mediators of abnormal wound healing in PI-SGS
Fibrosis

Fibrosis is an excessive deposition of the ECM that can affect virtually every organ system, including the
airway. The excess ECM often disrupts the physiological architecture of the organ and can lead to organ
malfunction. When this disruption leads to abnormal narrowing of a passageway, it is called fibrotic
stenosis. This aids in distinguishing the underlying pathology between PI-SGS and inflammatory SGS,
such as that observed in some forms of granulomatosis [53]. In fibrosis, tissue remodelling does not
terminate in a controlled manner, rather it persists as a chronic uncontrolled process. During this process,
myofibroblast apoptosis is dysregulated and fibroblast activation persists [54]. The progressive deposition
of ECM increases tissue stiffness. This can lead to hypoxia and self-amplifying feedback loops of fibroblast
activation and tissue remodelling [55]. The pathology of fibrosis is not well understood, but genetic
susceptibility, epigenetic modification, aberrant activation of the inflammatory response, perturbations in
the cellular immune response, altered metabolism and aberrant activation of latent TGF-B have all been
associated with the development of fibrosis [56-62]. PI-SGS can be described as a fibrotic stenosis that
recapitulates the components of scarring and fibrosis [63]. By examining the associated risk factors of
PI-SGS and their potential contributions to the development of fibrosis, we may gain further insight into
the underlying pathobiology of PI-SGS.

TGF-p

The TGF-B superfamily have critical roles in a diverse range of cellular responses, including development,
homeostatic and physiological responses. TGF-p is the master regulator driving fibrosis in multiple organ
and tissue types. TGF-B is ubiquitously expressed and plays an active role in the immune and
wound-healing responses and is critical for tissue homeostasis. However, if TGF-B signalling is
dysregulated and amplified it can result in upregulation of profibrotic TGF-B-regulated genes including
growth factors, ECM proteins, adhesion proteins and members of the TGF-B signalling family.
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TGF can signal through multiple pathways. Signalling downstream of TGF and bone morphogenetic
protein (BMPs) (figure 1) are frequently described as distinct downstream pathways, although cross talk of
pathways does occur [64]. The response to any given dose of TGF-B occurs in a cell-specific manner,
determined by the levels of signalling proteins produced by that cell. The SMAD family proteins are the
major mediators of TGF-B-induced transcriptional responses. However, pathway activation can occur via
non-SMAD kinase cascades (noncanonical signalling). Noncanonical signalling can result in diverse
downstream effects including gene expression, actin cytoskeleton and the microtubule network
reorganisation, regulation of tight junctions and protein synthesis [65]. Thus, it is not just the dose of TGF
ligand that determines the tissue response to TGF, but the levels of signalling proteins and interaction of
signalling pathways that determines the sensitivity and response of individual cells to TGF-B. The
complexity of TGF-P signalling is such that the mechanism of TGF- signalling in fibrotic diseases are still
not fully understood.

Fibroblasts and myofibroblasts

The key effector cells of fibrosis are activated myofibroblasts. TGF-B plays numerous roles in the
differentiation and activation of myofibroblasts. Epithelial to mesenchymal transition (EMT) is the process
whereby mature epithelial cells undergo phenotypic transition into fully differentiated mesenchymal cells
of either fibroblast or myofibroblast phenotype. EMT is frequently observed in response to epithelial stress
or injury in adult tissues. TGF-P plays an important role in EMT through effects involving both canonical
and noncanonical signalling [66].

During EMT, the transcription profile is switched such that epithelial cells lose their original shape, cell-
cell contact and epithelial cell-specific protein expression. TGF-p signalling, typically via SMAD-mediated
pathways, results in inhibition of these epithelial genes through activation and induction of a variety of
transcription factors and subsequent binding to SMAD-binding elements (SBE). It can also activate
TGF-B-induced mesenchymal target genes including collagen, plasminogen activator inhibitor-1,
connective tissue growth factor, FGF and a-smooth muscle actin (a-SMA), which are necessary for the cell
to gain the typical features of mesenchymal cells. Noncanonical TGF-B signalling is required for the
morphological changes of the cells, including dissolution of tight junctions and cytoskeleton
rearrangements. Activation of noncanonical TGF-B pathways is also important for cross talk with other
co-operative EMT pathways, such as the Wnt family pathway [67].

TGF-p mediates fibroblast differentiation into myofibroblasts. Myofibroblasts express high levels of
fibrogenic cytokines. They invade and repair injured tissues by secreting and organising the ECM and by
developing contractile forces. Typically, myofibroblasts undergo apoptosis at the end of the repair
response. However, in pathological situations, myofibroblasts can remain, leading to excessive scarring and
fibrosis. Evasion of apoptosis and/or persistent differentiation of myofibroblasts creates a profibrotic
cascade and prevents the resolution of fibrosis [68]. TGF-B induces the production of o-SMA, a contractile
protein whose expression is a hallmark of myofibroblasts. TGF-B1 also promotes the induction, expression
and deposition of large amounts of ECM, particularly fibrillar collagens and fibronectin. It also
upregulates tissue inhibitors of metalloproteinases (TIMP) leading to reduced MMP activity. Thus, TGF-p
is important for the induction of fibrosis; however, its multifunctional and context-specific roles make the
relative contributions of TGF-f pathways and signalling mechanisms difficult to fully elucidate.

Intubation and abnormal healing in subglottic stenosis

Mucosal trauma

One of the major risk factors of SGS is mucosal injury. Direct injury to the subglottis as a result of
intubation is quite common; however, this is typically transient [69, 70]. The risk of injury increases when
intubation is performed in the intensive care unit (ICU), although risk can be somewhat mitigated when
performed by expert laryngoscopists within the same setting [71]. Most cases of subglottic damage are
reported to be caused by movement of the endotracheal tube causing abrasion of the mucosa, and pressure
necrosis of the posterior mucosa by the endotracheal tube. Due to the anatomy of the larynx, the
subglottis is a common site of intubation-related injury (figure 2). Progression of mucosal injury to
stenosis is rare, but depth of injury has been implicated in the progression to PI-SGS [72].

Multiple animal models have demonstrated that injury depth is an important factor for the development
of SGS [73, 74]. In vivo studies have demonstrated that injuries to the mucosa and submucosa typically
result in normal healing, whereas injuries that reach the underlying lamina propria, perichondrium or
cartilage are more likely to advance to stenosis [72, 75, 76]. Deeper trauma activates fibroblasts of the
lamina propria. These fibroblasts typically play a vital role as the resident mesenchymal cells beneath the
epithelium. They coordinate much of the communication between epithelial and inflammatory cells and
play a critical homeostatic role upon injury [77]. Lamina propria fibroblasts can demonstrate a spatial
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FIGURE 1 TGF-B signalling pathways. TGF-B is a central mediator of fibrosis. Canonical signalling via SMAD family proteins can initiate
downstream gene expression or repression. Noncanonical signalling can occur via a number of pathways, which can lead to a diverse array of
outcomes dependent upon context. A cell’s phenotypic response to TGF ligands is dependent on the balance of signalling proteins and pathway
interactions. SBE: SMAD-binding element; TBE: transcription factor binding element; TF: transcription factor; P: Phosphorylation; TGF:
transforming growth factor; BMP: bone morphogenetic proteins; JNK: c-Jun N-terminal kinase; ERK: extracellular-signal-regulated kinase; p38:
p38 mitogen-activated protein kinase; PI3K: phosphoinositide 3-kinase; JAK/STAT: Jak family tyrosine kinases/signal transducer and activator of
transcription; ROCK: Rho-associated protein kinase. Figure was created with BioRender.com.

relationship, and disturbance of fibroblast: fibroblast interactions, as occurs during deep tissue injury, are
involved in regulation of inflammatory cell recruitment and activation [78]. Thickening of the lamina
propria has been associated with PI-SGS [79].

The resident lamina propria fibroblasts produce large quantities of collagen and inflammatory cytokines,
including TGF-B. In the bronchial airway, it has been demonstrated that they synthesise less collagenase,
thereby decreasing collagen degradation [80]. However, it has yet to be determined if this is the same for
the laryngeal airway.

The subglottis is the narrowest region of the upper airway and prolonged intubation can induce prolonged
inflammation and prolonged contact with a rigid cannula can add the force of mechanical stiffness on the
local tissue [81]. In experimental models of mucosal fibrosis, stiffness led to increased proliferation,
decreased MMP expression and enhanced myofibroblast differentiation resulting in the adoption of a
profibrotic phenotype by fibroblasts [82]. In addition, chronic inflammation has been associated with
dysregulated tissue remodelling and profibrotic responses in multiple mucosal tissues [83].

A key mediator of chronic inflammation-induced fibrosis are macrophages, which can be recruited and
activated by fibroblasts of the lamina propria [34]. Damage of the lamina propria can produce ECM
fragments, which have been shown to be important drivers of fibrosis by stimulating chemokine and
pro-inflammatory cytokine production by macrophages [84]. Although inflammatory macrophages are
crucial for the initial stages of wound healing, prolonged presence of inflammatory macrophages delays the
resolution of the inflammation and can exacerbate the tissue-damaging inflammatory response leading to
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FIGURE 2 The anatomy of the larynx and tracheal mucosa. Top: Anatomy of the larynx and normal
pseudostratified columnar epithelium of the airway. Bottom: Intubation can cause mucosal trauma resulting
in leukocyte recruitment, activation of fibroblasts and transdifferentiation to myofibroblasts. BM: basement
membrane; LP: lamina propria; PNEC: Pulmonary neuroendocrine cells. Figure was created with BioRender.
com.

fibrotic scarring [85]. Key among the pro-inflammatory cytokines produced by these cells are TNF, IL-13
and IL6, all of which have been observed to be increased in SGS [86, 87].

TNF and IL1p can activate myofibroblasts and lead to misbalanced MMP/TIMP expression which may be
important in orchestrating fibrotic pathogenesis [88]. This is coupled with the observation from intestinal
fibrosis that TNF has an additive effect on progression to fibrosis by also promoting collagen accumulation
and myofibroblast proliferation [89]. TNF promotes IL6, a pleiotropic cytokine implicated in the
development of pathologic hypertrophy and fibrosis in chronic cardiac interstitial fibrosis, at least in part
via augmentation of TGF-P signalling [90].

Ischaemia

Subglottic ischaemia is a recognised common complication of intubation, with the risk increasing with
duration of intubation [91]. The narrow anatomy of the subglottis results in it being a common region of
local mucosal ischaemia. The laryngeal and tracheal blood supply is segmental and compression can cause
regional ischaemia of the cartilaginous rings [92]. Ischaemia can lead to mucosal necrosis, resulting in the
loss of regional mucosa and structural integrity of the airway wall. This can also make the region more
susceptible to infection. Progression to necrosis is associated with longer intubation duration. Ischaemia
leads to tissue hypoxia, if the hypoxic state is prolonged, cellular death may occur via necrosis.

Ischaemia leads to hypoxic cellular injury that occurs because of energetic/metabolic failure. The lack of
oxygen blocks the mitochondrial respiration and anaerobic metabolism becomes the major energy source.
As this progresses, glucose, glycolysis and pentose phosphate are depleted leading to oxygen-glucose
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deprivation, which can completely deplete the cellular NAD+ and ATP pools [93]. This causes severe
metabolic suppression [94, 95]. In addition, impaired mitochondrial respiration can increase membrane
permeability of the mitochondria [96, 97]. Together, this ultimately results in necrotic cell death.

Considering the local inflammatory environment, necroptosis is also likely to play a role, but this has yet
to be investigated in PI-SGS [98].

In response to necrosis, mitosis and cellular regeneration are initiated. Resting stem cells can be
differentiated into myofibroblast-like cells that can synthesise ECM proteins. Excessive synthesis or
activation of these cells can lead to deposition of mature collagen fibrils in the ECM and results in

fibrosis (figure 3). Ischaemia with confluent necrosis can amplify the process of regeneration, increasing
the risk of fibrosis [99].

Hypoxia is a recognised regulator of tissue repair and a driving factor in many fibrotic diseases [100, 101].
This is not only due to the pivotal role of hypoxia in inflammation, reviewed in [102], but also due to its
direct effect on fibroblasts. Hypoxia, typically via the hypoxia inducible factor 1 subunit alpha (HIF1A)
pathway, can promote fibrosis on multiple levels. In fibroblasts, HIF1A can target pyruvate dehydrogenase
kinase in the mitochondria to switch metabolism of the cells to glycolysis, leading to myofibroblast
differentiation [103]. HIF1A stabilisation, as occurs in ischaemia, can promote collagen deposition and
chemotaxis [104]. Furthermore, hypoxia can stimulate the upregulation of a panel of profibrotic genes

including platelet derived growth factors (PDGFs), FGFs, fibronectin and connective tissue growth factors,
and members of the TGF-B pathway [105-109].

Biomechanical stress

Intubation and mechanical ventilation are reliant upon repeated applications of force and pressures. In
addition, the rigidity and size of the tube can load additional biomechanical force on the tissue. Indeed,
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FIGURE 3 Prolonged intubation can cause ischaemia and tissue hypoxia leading to fibrosis. ECM: extracellular

matrix. Figure was created with BioRender.com.
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excessive cuff pressure and oversized tubes are risk factors for PI-SGS [110, 111]. Part of this risk is due to
the mucosal injury that can occur from cuff contact with the trachea; however, biomechanical stress can
also affect the local micro-environment via mechanosensory signalling.

The epithelium of the airway tract mucosa contributes significantly to the barrier function of airway tract
[112]. Mechanoregulation of barrier function includes cellular responses to stretch and shear, via
activation of epithelial and endothelial cells and fibroblast response to the rigidity and stretch of the ECM
[113]. Furthermore, a phenomenon whereby gradients of mechanical properties within a tissue facilitate
long-range migration of cells has been implicated in the development of fibrosis. This increased infiltration
of cells is cell-cell- and cell-matrix-mediated and contributes to the early changes in tissue stiffness
observed prior to the de novo deposition of ECM [114]. In cell-cell signalling, physical tension plays an
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FIGURE 4 Biomechanical stress can induce mechanosignalling and contribute to dysregulated wound repair.
External forces such as compression or spatial restraints act through focal adhesions. Free (G) actin
undergoes actin polymerisation. Actomyosin contraction leads to changes in nuclear architecture and
chromatin remodelling, allowing activation of mechanoresponsive genes. Mechanical stretch forces activate
stretch-activated ion channels, leading to the activation and translocation of transcription factors resulting in
activation of mechanoresponsive genes. TF: transcription factor; Ca®": Calcium ions; ECM: extracellular
matrix: f actin: fibrous actin; G actin: globular actin. Figure was created with biorender.com.
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important role in downstream signalling via cell-cell adhesion complexes. Furthermore, cell-cell junctions
themselves regulate cell polarity, cell state, migration and barrier function contributing to long-range tissue
integrity and morphogenesis [115]. Both externally generated physical forces and internally generated
cytoskeletal forces can disrupt cell-cell adhesion contributing to fibrosis [116].

Fibroblast plasticity and adaption to the changing mechanical micro-environment of tissue undergoing
remodelling is an important part of normal tissue repair. In normal repair, decreasing stresses in the
wound bed induces activated myofibroblasts to return to a more quiescent state or undergo apoptosis
[117]. Exposure to chronic mechanical stresses can maintains myofibroblast activation. It also stimulates
fibroblast ECM production resulting in matrix stiffening, which combined promotes a nonhomeostatic
feedback loop that amplifies matrix deposition in a cell-autonomous fashion and promotes fibrosis [118,
119]. An addition pivotal factor in the role of biomechanical force is that TGF-B is regulated by
myofibroblast contractile forces and tissue stiffness, thus persistent biomechanical signalling can lead to
defective TGF-P signalling and enhance the fibrotic cascade [120, 121] (figure 4).

Using biological innovations to inform PI-SGS management

Advances in intubation with the use of video-laryngoscopes reduce excessive, repeated intubations and
trauma to the subglottis. The development of an improved range of endotracheal tubes with low pressure
cuffs has also helped greatly. In children the use of the microcuff tube with a distal low pressure cuff has
reduced the incidence of subglottic trauma and stenosis, as discussed in depth in [122]. Early
tracheostomy in adult intensive care units thus avoiding prolonged intubation, pressure monitoring and
better training have all contributed to reducing the incidence of PI-SGS [123].

In the COVID-19 era, however, particularly in COVID-positive patients, there is a reluctance to proceed to
early tracheostomy and prolonged intubation in adult ICUs has become commonplace thus increasing the
risk of severe PI-SGS. Tracheostomy has wide ranging impacts on the quality of life of both the patient
and their caregivers [124].

Prior to proceeding to tracheostomy for PI-SGS, endoscopic management is often tried first in an attempt
to avoid open surgery or tracheostomy particularly if the stenosis is less severe and less extensive. This can
include serial balloon dilations, radial incisions with carbon dioxide laser or cold steel, and combinations
of the above. Adjunctive measures include glucocorticoid injections and topical mitomycin-c.

Corticosteroids can prevent the development of severe PI-SGS as they are antifibrotic and
anti-inflammatory. The mechanism of action of intralesional steroid injection is not completely
understood. Steroids are known to decrease collagen synthesis and fibrosis. The glucocorticoid
triamcinalone decreases the synthesis of a collagenase inhibitor alpha 2 macroglobulin. It is also thought
that triamcinolone prevents the cross-linking of collagen that results in scar contracture. Thus, when the
scar is stretched, for a balloon dilation for example, and corticosteroid is injected into it the contracture
will not occur.

Topical mitomycin-C (MMC) application has been widely used in the past immediately post-dilation,
aimed at preventing re-stensosis. MMC is an antineoplastic antibiotic that has been used off-label in the
treatment of hypertrophic and keloids scars in addition to SGS. MMC acts as an anti-proliferative agent
and functions via cross-linking DNA. MMC is an alkylating agent that can inhibit both DNA synthesis
and protein synthesis. It can induce fibroblast apoptosis, including human vocal-chord derived fibroblasts
[125, 126]. Although prior studies have generally favoured the use of MMC, debate continues over its
proper role and safety profile [127]. Clinical trial evidence of the benefit of MMC in the management of
PI-SGS has largely demonstrated minimal or no benefit, and currently the most widely used adjuvant
agent is intralesional corticosteroid injection [128-130].

The profibrotic actions of TGF-B have long made it a target of interest in the prevention of fibrosis, and
fibrosis-related diseases such as SGS. Anti-TGF-f therapies have been trialled in experimental models of
SGS with limited success. In a rabbit model of SGS, treatment with a TGF-B-inhibitor peptide p17
significantly reduced the fibrotic thickness and density of myofibroblasts in stenotic lesions, but failed to
improve the luminal area [131]. In a canine model of experimental SGS, treatment with an anti-TGF-§
antibody induced a statistically significant, albeit small, improvement in percentage of tracheal stenosis
compared with saline control [132]. Although anti-TGF-p therapies promise to have a major impact in
theory, the evidence to date has demonstrated significant concerns regarding efficacy, safety and off-target
effects. Numerous TGF-p pathway targeted therapies are in pre-clinical or clinical trial for a variety of
diseases, including cancer, diabetic neuropathy, systemic sclerosis and fibrosis. An unfortunate common
theme among these trials is early termination due to safety concerns [133]. TGF-B has a wide range of
pleiotropic biological activities and contributes to many physiological processes, in addition to pathological
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processes. Thus, targeting of TGF-P significant potential risks. Targeting downstream of TGF-B, or
targeting the local micro-environment that facilitates fibrosis, may be a more promising tactic.

A number of antifibrotic medications are currently approved for clinical use. Pirfenidone is a pyridone
derivative that has antifibrotic and anti-inflammatory effects available for the treatment of idiopathic
pulmonary fibrosis (IPF). Pre-clinical research in mouse and rat models of tracheal stenosis indicate
pirfenidone may have benefit in preventing fibrosis and luminal narrowing. Its target and mechanism of
action are unknown, but it has well-established antifibrotic properties in animal models of fibrosis
including reduction of fibroblast proliferation and inhibition of collagen production [134]. Also approved
for IPF is the antifibrotic and small molecule kinase inhibitor nintedanib. Nintedanib acts by binding the
intracellular ATP binding pocket of some growth factor receptors, thereby inhibiting autophosphorylation
of those receptors and preventing downstream signalling cascades. Nintedanib inhibition results in reduced
proliferation, migration and survival of fibroblasts [135]. Although nintedanib is a known EMT-suppressor
and anti-fibrotic, it has yet to be tested in SGS.

Lanifibranor is an indole sulfonamide derivative that acts as a pan peroxisome proliferator-activated
receptor (PPAR) agonist. PPAR are a family of ligand-activated nuclear hormone receptors. Lanifibranor
acts as an agonist for all three PPAR isoforms and is currently under investigation for nonalcoholic
steatohepatitis, a fibrotic disease of the liver. Lanifibranor recently met twin endpoints in the phase 2b
NATIVES trial, including significant improvement of fibrosis by at least one stage and it is currently
awaiting regulatory decision. The precise mechanism of action is not fully known but the main antifibrotic
activity of PPAR agonists is via suppression of TGF-P signalling resulting in inhibition of fibroblast
proliferation, induction of cell cycle arrest and apoptosis of myofibroblasts, prevention of fibroblast to
myofibroblast differentiation and inhibition of collagen secretion [136]. PPAR agonists have yet to be
tested clinically in SGS. However, given the key role of PPARs in airway inflammation, regulating tissue
repair, and inhibiting TGF-B-induced EMT, investigation into the potential use of PPAR agonists in
preventing PI-SGS is warranted.

Programmed cell death one (PD-1) is a cell surface membrane protein of the immunoglobulin
superfamily. CD274, also known as PD-L1, is a ligand that binds with the receptor PD-1. PD-1/PD-L1
interaction plays a critical role in induction and maintenance of immune tolerance to self. The PD-1/
PD-L1 axis has diverse biological functions depending on the cellular context. Both PD-1 and PD-L1 can
be increased in pulmonary fibrosis, with expression increased in T-cells and fibroblasts [137, 138].
Furthermore, PD-1 and PD-L1 are upregulated in post-intubation iatrogenic laryngotracheal stenosis
compared with controls [139]. Ex-vivo, PD-1 pathway blockade can reduce TGF-B secretion, and
conversely, treatment with TGF-B can increases PD-L1 expression on fibroblasts [137, 139]. Thus, PD-1/
PD-L1 inhibitors may have potential for the treatment of fibrosis-related diseases. Current evidence
indicates that the potential of PD-1/PD-L1 inhibitors does not expand to all checkpoint inhibitors [140],
and that at least part of the function of the PD-1/PD-LI axis in fibroblasts is independent of its well
characterised immune-regulatory function [138].

A plethora of anti-TGF-B drugs have been tested in pre-clinical models with positive results. However, to
date, clinical translation has been poor. The reasons underlying the failure of translation are varied.
However, the multifunctional role of TGF-B and its key roles in tissue homeostasis makes targeting it
exquisitely complex with adverse risks. Targeting TGF-p, although being investigated for treating cancer,
has been shown to activate dormant tumours and cause progression of early-stage tumours. Pre-clinical
studies have demonstrated that suppression of TGF-B can reduce immunotolerance and stimulate the
development of autoimmune diseases. The relationship between TGF-B and cardiovascular disease is also
complex. The PIROUETTE clinical trial is investigating pirfenidone for myocardial fibrosis, yet targeting
of TGF-P signalling in cancer trials has been associated with cardiovascular toxic side effects [141]. Thus,
although anti-TGFs demonstrate great promise, better understanding of TGF biology, TGF plasticity and
development of targeted delivery systems will be required to successfully recapitulate pre-clinical data in
the clinic.

The initiation event for PI-SGS is known (intubation), which provides an opportunity for preventive
interventions. Progress in the field of biomaterials may provide mechanisms to minimise risk by
embedding antifibrotic or anti-inflammatory drugs within intubation tubes or cuffs [142]. As
bioengineering increases, so too does the challenge of the inflammatory and fibrotic responses that
implanted biomaterials elicit [143]. A range of anti-inflammatory polymeric coatings have already been
developed to deliver therapeutics locally in a controlled, site-specific manner [144]. These include steroids,
heparin and alpha-melanocyte-stimulating hormone (o-MSH), which has been tested in tracheal
prostheses [145, 146]. This developing field of smart and stimulation-responsive biomaterials offers great
potential for novel prophylactic mechanisms for PI-SGS [147].
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Drug-eluting stents are a potential, yet understudied, method for local administration of therapeutics to
the trachea. Drug-eluting stents can deliver drugs directly to the diseased area, potentially avoiding
systemic side effects. A recent pre-clinical investigation of rapamycin-eluting stent in a bleomycin-induced
laryngotracheal stenosis mouse model demonstrated the feasibility of this method to reduce stenosis [148].
Rapamycin is a macrocyclic antibiotic and inhibitor of the mammalian target of rapamycin (mTOR).
mTOR regulates cell cycle progression and ECM production in fibroblasts and has been studied as an
antifibrotic in a range of organs. However, systemic side effects of oral rapamycin has hindered its
progression to clinical use for treating fibrosis; although a small, short term clinical trial of rapamycin for
IPF reported a decreasing number of circulating fibrocytes [149]. In vitro, rapamycin can inhibit
proliferation, metabolism, and collagen deposition of human laryngotracheal stenosis-derived fibroblasts
[150]. Thus, the pre-clinical research of rapamycin-eluting stent is compelling, not just for the
proof-of-concept of a biocompatible stent for the airway, albeit in mice, but also for the efficacy of the
locally delivered rapamycin at reducing fibrosis.

Conclusions

PI-SGS is a serious complication of intubation and its pathogenesis has yet to be fully elucidated. PI-SGS
is a fibrotic condition, assumed to have a similar pathogenesis to hypertrophic or keloid scaring. The
fibrotic response is complex, and prolonged intubation can create a macro- and micro-environment that
fosters fibrosis. The current curative treatment of choice for severe laryngeal stenosis is laryngotracheal
reconstruction or resection and both have high success rates in the long term. However, these children and
adults often require multiple surgeries over a number of years before the tracheostomy is removed which is
associated with negative psychosocial impacts and reduced quality of life. Development of nonsurgical
interventions may help improve patient satisfaction and reduce psychosocial distress. Better understanding
the pathobiology and elucidation of the molecular mechanisms of PI-SGS will facilitate novel preventive
and therapeutic strategies to be developed, ultimately improving the lives of people with PI-SGS.
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