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Respiratory diseases are frequently characterised by epithelial injury, airway inflammation, de-fective tissue repair,

and airway remodelling. This may occur in a subacute or chronic context, such as asthma and chronic obstructive

pulmonary disease, or occur acutely as in pathogen challenge or acute respiratory distress syndrome (ARDS).

Despite the frequent challenge of lung homeostasis, not all pulmonary insults lead to disease. Traditionally thought

of as a quiescent organ, emerging evidence highlights that the lung has significant capacity to respond to injury by

repairing and replacing damaged cells. This occurs with the appropriate and timely resolution of inflammation and

concurrent initiation of tissue repair programmes. Airway epithelial cells are key effectors in lung homeostasis and

host defence; continual exposure to pathogens, toxins, and particulate matter challenge homeostasis, requiring

robust defence and repair mechanisms. As such, the epithelium is critically involved in the return to homeostasis,

orchestrating the resolution of inflammation and initiating tissue repair. 
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1. Epithelial Roles in Tissue Repair

Lungs are continually exposed to infections, toxins, and airborne pollutants that stress homeostasis. Consequently,

respiratory disorders cause a vast burden of global disease and are among the leading causes of death worldwide

. Although a quiescent organ at baseline the lungs have a significant reparative capacity in response to injury 

(Figure 1A), but dysregulated inflammation and aberrant or defective repair mechanisms are increasingly linked to

the pathobiology of several diseases including COPD, asthma, pulmonary fibrosis and acute respiratory distress

syndrome (ARDS) . Given that the pulmonary epithelium is central to host defence, homeostasis, and disease

biology, this review highlights the role of airway epithelium in repair, with a particular focus on the mediators

involved. While not an exhaustive assessment of the current literature, this review will focus on the interaction and

interplay of epithelial regeneration and inflammatory processes.
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Figure 1. Hallmarks of wound healing and pulmonary epithelial organisation. (A) Upon injury, epithelial cells

undergo a multistage process to repair damage. These phases include i. dedifferentiation from specialised and

mature cells, ii. adhesion to extracellular matrix, iii. spreading and migration towards the wound site, iv. cellular

proliferation and finally v. redifferentiation and repair. (B) Structure of the pulmonary epithelium and organisation of

major epithelial cell types.

2. Epithelial Structure and Evolving Knowledge on
Progenitor Populations

The lung epithelial cellular structure and composition varies significantly along its proximal–distal axis (Figure 1B).

Within the trachea and conducting airways, the epithelium is arranged predominantly as a pseudostratified layer,

with the most frequent cell types being ciliated cells, secretory cells, and basal cells that are adherent to the basal

lamina [4]. In addition, small numbers of neuroendocrine cells and tuft cells are also present. This is in distinct

contrast to the alveolar regions where thin type I cells (AT1) lie in close apposition to endothelial cells for efficient

gas exchange, along with the presence of cuboidal type II cells (AT2) that produce pulmonary surfactant proteins.

The three main cell types within the pulmonary epithelium that have well-documented progenitor potential are basal

cells, secretory cells, and the AT2 cells . However, these cells are unusual in that they display remarkable

plasticity and heterogeneity in response to injury. Pulmonary progenitor cells are frequently fully differentiated

epithelial cells with specialised function rather than populations of immature precursor cells. New approaches to

identifying and phenotyping epithelial cells (such as single cell sequencing approaches) are continuing to reveal

additional complexity and heterogeneity to respiratory epithelial cell identity .

[4]
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Original studies using pulsed thymidine  have been complemented by recent lineage tracing studies that together

show the pulmonary epithelium is quiescent during homeostasis with very low rates of turnover (Figure 2).

However, in response to injury, the epithelium can mount a robust response with many cells re-entering the cell

cycle to divide and/or differentiate or dedifferentiate . Within the trachea and proximal airways basal cells appear

to be the predominant progenitor population . Basal cells are characterised by expression of Trp63, cytokeratin

Krt5, integrin α , podoplanin, and nerve growth factor receptor (p75), and are present in the trachea and most of

the conducting airways in human lungs (albeit in declining numbers more distally) . By contrast, these cells are

only present in more proximal airways in mice. They proliferate in response to epithelial injury and are capable of

self-renewal and differentiation into secretory and ciliated cells . They can also restore denuded tracheal

xenografts implanted into immunodeficient mice .

Figure 2. Pulmonary epithelial cells are quiescent during homeostasis. Staining for Ki67  cells (brown) shows

very low proliferation in the mouse airway under basal conditions (A) with an increase in proliferation after airway

epithelial injury with naphthalene (B).

In distal airway epithelium, a more prominent role for secretory cells as the major progenitor population has been

described, although it should be noted that rodent lungs lack basal cells in this region, in contrast to the small

numbers of basal cells that also populate this region in humans. Secretory cells are characterised by expression of

the secretoglobins Scgb1a1 and Scgb3a2. Under homeostatic conditions, distal airway secretory cells self-renew

and differentiate into ciliated cells  (which are characterised by the expression of the transcription factor Foxj1
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and the cytoskeletal component Tubb4a). Secretory cell injury is most frequently modelled by systemic

administration of naphthalene which targets cytochrome p450 (Cyp2f2)-expressing secretory cells. In response to

naphthalene-induced injury, those secretory cells that survive (Cyp2f2 negative variant club cells) proliferate and

reconstitute both secretory and ciliated cells . Furthermore, secretory cells are capable of mediating tracheal

epithelial repair, albeit making a minor contribution in the context of sulfur dioxide (SO )-induced injury . In

addition, after marked basal cell injury (induced by a Krt5–diphtheria toxin system) secretory cells are capable of

dedifferentiating and repopulating the basal cell population with similar self-renewal rates as ‘normal’ basal cells,

with these secretory cell-derived basal cells also able to promote epithelial repair and give rise to all three main

epithelial cell types after influenza infection .

Within the alveolar region, the best described progenitor cell is the AT2 cell, which proliferates after injury and can

repopulate AT1 cells . However, other candidate alveolar progenitor cell populations exist. These include a

lineage negative progenitor that subsequently expresses Trp63 and Krt5 (traditional basal cell markers) and is able

to migrate into the alveoli to repair areas of severe damage after influenza injury , an α β  integrin-expressing

cell type that proliferates in response to bleomycin-induced alveolar injury and proliferates and expands clonally in

ex vivo culture , and a H2-K1 high distal airway epithelial population that can differentiate into alveolar structures

. In addition, a population of cells at the bronchoalveolar duct junction (BADJ) that co-expresses both AT2 and

secretory markers (surfactant protein C and Scgb1a1, respectively) has been reported to have both alveolar and

airway progenitor potential . Given that some AT2s co-express these markers, confirmation of this cell type as a

bona fide and independent progenitor population is awaited.

In summary, these studies demonstrate that while the respiratory epithelium has specific region-defined cellular

modes of repair, significant plasticity exists in the cells that are able to respond to injury, and that injury-specific and

magnitude of injury-specific regenerative process may be invoked. While the cellular players in epithelial

reconstitution are increasingly delineated, much work is needed to define the local microenvironmental cues that

accelerate healing.

3. Epithelial Cell–Immune Cell Crosstalk

The crosstalk between epithelial cells and immune cells (particularly granulocytes and macrophages) is critical for

the appropriate progression of inflammation, resolution, and repair in the lung (Figure 3). As well as being important

barrier cells segregating organs from potential hostile environments, epithelial cells are important for regulating

immune cell trafficking, triggering changes in mediator and cytokine production, altering phagocytosis during

inflammation resolution, and changing production of proteins/MMP to allow for epithelial repair. Epithelium and

immune cells can also work together for the generation of certain signals, like specialised pro-resolving mediators

(SPMs) which require transcellular synthesis . The role of immune cells in resolution and repair (and some of the

ways in which epithelial cells promote these functions) have been extensively reviewed elsewhere.

[11][12]
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Figure 3. Epithelial cells and immune cells engage bidirectional communication to regulate tissue repair. Activated

immune cells, including macrophages, neutrophils, and T lymphocytes, regulate epithelial cell responses to

promote proliferation, alteration of mediator and cytokine production, and downstream signalling cascades. In turn,

injured epithelium can themselves regulate immune cell trafficking and promote a shift from inflammation to

resolution and repair functions.

Immune cells, in turn, are responsible for helping to lay down scaffolding proteins, promoting epithelial migration

and cellular survival and preventing a shift from beneficial repair to fibrotic processes. Neutrophils act as the first

responder in inflammation and help neutralise the wound area of infection, helping to promote early stages of

inflammation. Regarding the later steps of tissue repair, neutrophils serve as major producers of reactive oxygen

species (ROS), nitric oxide (NO), TGF-β, and other mediators that promote epithelial cell migration and

proliferation. There is also evidence that infiltration of neutrophils into mucosal epithelium (within the intestine)

triggers increased epithelial permeability . It is important to recognise that a balance of neutrophil numbers and

activation is key as prolonged neutrophil influx can potentially impair tissue repair, perhaps by maintaining a pro-

inflammatory mediator milieu or impairing a shift to repair phenotypes in macrophages and epithelial cells.

Macrophages have a more established role in tissue repair, though the precise molecular mechanisms of action for

these cells in tissue repair are still largely unknown. A role for macrophages in tissue repair was first suggested

nearly 50 years ago, and multiple mouse models with depleted macrophages (or impaired cellular migration) have

impaired wound healing . Often, macrophages have a critical, temporally restricted role in tissue healing.

This is elegantly highlighted in salamander limb repair after amputation, whereby macrophage presence around the

initial time of injury is essential for regeneration of the amputated limb. Furthermore, the defective limb repair

observed in macrophage-depleted states can be rescued by the combination of allowing macrophage

replenishment and then causing additional amputational injury . Some of the roles of macrophages are the same

as neutrophils—production of mediators, cytokines, and growth factors that promote epithelial cell proliferation;

regulation of oxidative stress; and modulation of epithelial barrier properties—but distinct macrophage roles also

exist. For one, macrophages remain a major phagocytic cell, and clearance of debris, wounded epithelial cell

fragments, and apoptotic neutrophils is critical for promoting a space for repair and for triggering production of

many downstream cellular signals. Indeed, macrophages (along with cough and the mucociliary escalator) is an

important part of airway clearance within the healthy lung. Generally, tissue-resident macrophages and recruited

monocytes (often differentiated by cytokines and growth factors in the local tissue microenvironment) significantly

[22]
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contribute to tissue repair, regeneration, and the mechanisms of fibrosis, highlighting their substantial plasticity .

IFN-γ- or LPS-stimulated macrophages are instrumental in the initial stages, where phagocytosis aids in pathogen

killing and clearing debris, whereas IL-4-treated macrophages support angiogenesis and matrix production in the

later stages of wound healing . The unique roles at the different repair stages have been reviewed elsewhere

.

Within lung, alveolar macrophages are the most widely studied, and are major regulators of matrix

metalloproteinases (MMPs), which are critical for epithelial cell migration . Lung epithelial cells, as well as

macrophages, are also capable of producing IL-10, with alveolar macrophages having high expression of the IL-10

receptor, which acts to limit inflammatory responses at least partly via JAK1–STAT3 pathways . Finally, there

is evidence that macrophages may promote matrix deposition and provide scaffolding, which would allow for better

epithelial cell migration and re-epithelialisation. In a mouse model investigating the effect of recruited macrophages

to the site of skin repair after mechanical injury, peritoneal and tissue-resident macrophages in the skin, spleen,

and liver in LysMCre/iDTR mice were depleted at the various stages of healing. Depletion in the inflammatory

phase (2 and 1 days prior to wounding as well as at day 2 and 4 post-wounding) resulted in delayed re-

epithelialisation and reduced collagen formation. By contrast, depletion of macrophages in the tissue formation

phase (mid-stage of the repair response 3, 4, 6, and 8 dpi) was shown to delay wound closure and lead to

haemorrhage in the wound tissue . Within the lung, a second population of tissue resident macrophages

also exists, namely interstitial macrophages, with both similarities and differences when compared to alveolar

macrophages; their function remains relatively poorly described .

It is important to note that dysregulated macrophage function, such as incomplete efferocytosis, can contribute to

fibrosis and improper wound healing as well as autoimmune diseases such as systemic lupus erythematous and

type I diabetes . For example, in the case of type I diabetes, which occurs as a result of the destruction of insulin

producing B cells in the pancreas, aberrant efferocytosis of apoptotic pancreatic cells leading to necrosis is thought

to contribute to the release of autoantigens. In addition, impaired efferocytosis is seen in a multitude of diseases,

including diabetes and asthma, with evidence that efficient apoptotic cell sensing and clearance is critical for

efficient tissue repair . For example, slow wound healing in diabetes is associated with accumulated apoptotic

cells at the wound site . Therefore, critical to a healthy repair process is the control of macrophage function and

signals that disrupt normal healing and lead to fibrotic scar generation by epithelium and macrophages.

Like the innate immune system, epithelial cells can trigger and respond to adaptive immune cells. Damaged cells

relay signals to natural killer (NK) cells, T cells, and innate lymphoid cells (ILCs), among others. For example, the

cytokines IL-25 and IL-33 produced by epithelial cells induce Th2-type adaptive responses where increased

expression of both cytokines has been found in patients with idiopathic pulmonary fibrosis (IPF) , and IL-33

has an inhibitory effect on mast cell functions . Lymphocytes can directly respond to these signals, trafficking

into the injured space, or can relay these signals on to other cell types . Furthermore, certain T cell populations

(γδ T cells) can reside in the intraepithelial spaces; these can provide epithelial growth factors and help regulate

epithelial cell apoptosis . Depletion of adaptive immune cells leads to more severe lung injury, for example,

regulatory T cells promote tissue repair by promoting Th1 and Th17 cell responses . The direct correlation of
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depleted T cell populations (and NK cells) to tissue repair seen in other organ systems (like the skin) has not yet

been established . Lymphocytes are also major producers of cytokines, including IL-22 (a major driver of

epithelial cell proliferation and repair), IL-4/IL-13 (which may regulate the balance between epithelial cell healing

and fibrosis), and amphiregulin (an EGF family member which has been linked to tissue repair and remodelling) 

. While cytokine production and the contribution of adaptive immune cells to dysregulated healing is well

characterised, the contributions of these cells in regular pulmonary epithelial healing are less clear. Generally, both

innate and adaptive immune cells appear to have highly regulated and wide-ranging roles in regulating and

responding to epithelial injury; further investigation into the signals that mediate these responses may reveal

significant novel targets to promote repair.
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