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Abstract  
The non-ciliated bronchiolar cell, also referred to as “club cell”, serves as a significant 

multifunctional component of the airway epithelium. While the club cell is a prominent 

epithelial type found in rodents, it is restricted to the bronchioles in humans. Despite these 

differences, the club cell's importance remains undisputed in both species due to its 

multifunctionality as a regulatory cell in lung inflammation and a stem cell in lung epithelial 

regeneration. 

 

The objective of this review is to examine different aspects of club cell morphology and 

physiology in the lung epithelium, under both normal and pathological conditions, to 

provide a comprehensive understanding of its importance in the respiratory system. 

 

Keywords: bronchiolar epithelium, metabolism, inflammation, club cell 

 

Highlights 

• The importance of non-ciliated bronchiolar epithelial cells or club cells in the lung is 

mainly related to inflammation regulation, epithelial regeneration, and 

detoxification. 

• CC16, the main secretion product of club cells, regulates the inflammatory 

response of the lung.  

• Club cells are critical in the development of specific pulmonary pathologies and 

further investigation is necessary to better understand the role of this cell and 

establish possible therapeutic applications.  

 

Introduction  
The mammalian respiratory system has a wide variety of epithelial cell types, such as: 

ciliated, secretory, basal, and neuroendocrine cells (Dean and Snelgrove, 2018). All of 

them play diverse and relevant roles in maintaining the homeostasis of the respiratory 

system (Schiller et al., 2019).  

 

In recent decades, the non-ciliated bronchiolar cell (NCBC) or “club cell”, a type of 

secretory cell, has gained significant importance for its wide variety of functions. This cell, 

which is also known as "Clara's cell" after its discoverer, anatomist Max Clara, is a 

multifunctional cell located in the lung epithelium and participates in the metabolism of 
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xenobiotics, contributes to the regulation of the pulmonary immune system, and acts as a 

progenitor and regenerative cell, especially in response to damage of the bronchiolar 

epithelium (Reynolds and Malkinson 2010).  

 

In human lungs, this cell is exclusively located within the epithelium of the distal 

conducting airways, specifically in the terminal bronchioles, representing approximately 

80% of the epithelial population of the smallest bronchioles (Suarez et al., 2012). In 

rodents and other species, the club cell is present in the proximal airways such as the 

trachea (Boers et al., 1999). They also account for approximately 80% of the epithelial 

population in the terminal bronchioles.  

 

This cell may play a significant role in the development of specific pulmonary pathologies, 

and the clinical aspects of its involvement are gradually becoming clearer (Rokicki et al., 

2016). 

 

History of club cell discovery  
The first and original descriptions of bronchiolar cells were made in 1881 by Rudolph 

Albert von Kölliker, a Swiss physician, anatomist, and physiologist (Rokicki et al., 2016); 

however, his studies were not considered relevant at the time (Roma et al., 2021). Later, in 

1928, Miller indicated that in the terminal bronchiolar lining, there were non-ciliated cells 

(Miller, 1928). 

 

It was not until 1937 that the anatomist Max Clara took up this research and described a 

new type of secretory cell located in the human and rabbit bronchiolar epithelium, more 

than 50 years after Kölliker first identified these cells. This one was known as "Clara's cell" 

until 1955 (Winkelman and Noack, 2010).  

 

Maximilian Josef Maria Clara, known as Max Clara, was born in a village near Bolzano in 

Italy-formerly Austria and now known as the province of South Tyrol-on February 12, 1899. 

He began his medical studies at the University of Innsbruck and later, in 1923, at the 

University of Leipzig, Germany. In his spare time, Clara devoted himself to studying 

histology. In 1935, he joined Nazi organizations such as the National Socialist German 

Workers' Party (NSDAP) and the German National Socialist Teachers' League (Donado et 

al., 2013). 
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Conveniently for many physicians who supported the Nazi party, in this same year, a 

petition was made to amend the law in order to allow the morphological study of prisoners' 

bodies from concentration camps, prisons, and interrogation centers. Naturally, this fact 

increased the number of bodies in the amphitheaters of German medical schools (Donado 

et al., 2013).  

 

In March 1936, Max Clara benefited from the approval of the new law, and the results of 

his studies were based on the morphological analysis of lung tissue samples obtained 

from murdered prisoners around Dresden. Clara himself cited that his samples came from 

these bodies, preserved by vascular injection with fixative immediately after death 

(Winkelman and Noack, 2010). From his observations, Clara determined that the cell he 

had just described was specifically located in the epithelium lining the terminal and 

respiratory bronchioles and was morphologically characterized by secretory granules, a 

dome-shaped apical membrane, and no cilia (Donado et al., 2013). 

 

In 1945, after the end of the war, Max Clara was arrested by the US government and 

released a year later. This fact made it impossible for him to obtain a job in his country, so 

he decided to immigrate to Turkey, where he was offered a position as a professor of 

Histology at the University of Istanbul. Clara remained there until 1961, finally returning to 

Munich, where he died in 1966 (Donado et al., 2013; Brenner et al., 2021). 

 

In the present day, different authors have suggested changing the eponym of his cell due 

to the ethical controversies surrounding its discovery. Proposed changes to the term 

include non-ciliated bronchiolar cell or club cell, the latter being the most used due to its 

shape (Winkelman and Noack, 2010; Donado et al., 2013; Rokicki et al., 2016), and the 

one we will use in this text. 

 

After Clara's descriptions, other researchers identified and described club cells in the lungs 

of other mammals. Macklin, for example, confirmed the presence of non-ciliated 

bronchiolar cells in the epithelium of the airways of mice, providing more information on 

their morphology, and Karrer first described the ultrastructure of these cells in mice in 1956 

(Macklin, 1949; Karrer, 1956). For his part, Kisch was a pioneer in the description of the 

ultrastructure of club cells in rabbits (Kisch, 1958). 
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Morphological description of the club cell  
As previously mentioned, Clara described the morphology of the club cell, which presents 

a cubic shape with a dome in the apical region that projects towards the bronchiolar 

lumen; it also has a basal nucleus and discrete cytoplasmic granules, which demonstrates 

its secretory function (Reynolds and Malkinson, 2010).  

 

Ultrastructural analysis of this cell showed that, in its basal cytoplasm, there is a 

euchromatic nucleus with numerous grooves or ridges in the nuclear membrane. The 

Golgi apparatus and the rough endoplasmic reticulum, which have elongated cisternae 

and a limited number of ribosomes, are in proximity. There are many mitochondria with 

sparse ridges, especially in the apical region of the cell’s cytoplasm; the prominent smooth 

endoplasmic reticulum (SER) is the predominant cytoplasmic constituent in many species 

like rodents and it is composed of short tubules. Also, the apical region contains 

cytoplasmic glycogen granules, approximately 10% of the cytoplasmic volume, and 

electron-dense spherical granules surrounded by a membrane that, according to 

morphometric analysis, measures approximately 0.3 μm in diameter (Rokicki et al., 2016; 

Chookliang et al., 2021). Figure 1 summarizes the morphological characteristics of club 

cells.  

 

It is important to highlight that club cells have been identified in many mammalian species, 

however, some ultrastructural characteristics of this cell are consistently present in most 

species, such as the basal nucleus location and lateral cytoplasmic extensions. 

 

On the other hand, there are relevant differences concerning some organelles, such as the 

well-developed SER that occupies most of the apical cell cytoplasm that is present in 

almost all species, however, in primates and carnivores, this feature does not seem to be 

so relevant. 

 

Another difference is the presence of glycogen, which is rarely observed in most species. 

The following table summarizes the relative content (expressed as a percentage) of the 

most important organelles of club cells in different species, including rodents, carnivores, 

primates, and lagomorphs, among others. 
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It is important to mention that the ultrastructural characteristics correspond to the 

characterization of club cells in the distal airways (mainly bronchioles) of different species. 

In addition to interspecific morphological differences, there are also differences at different 

levels of the airways within the same species, across the regions of the airways. In 

humans, for example, Basset and Cols described non-ciliated bronchiolar cells in the 

proximal airways as cylindrical with dense homogeneous electron-dense ovoid granules, 

while in the distal airways; the cells are cubic as described above, with more ovoid 

heterogeneous granules (Basset et al., 1971). Plopper and Cols also reported differences 

in the case of rabbits; in the proximal airways, such as the trachea, club cells are 

columnar, with an ovoid basal nucleus surrounded by tubules of rough endoplasmic 

reticulum, the apical cytoplasm contains dense ovoid granules, SER, and long regular 

microvilli on the apical edge. On the other hand, in distal airways, the cells are cuboid, with 

a basal nucleus with irregular edges, an apical cytoplasm full of ovoid electron-dense 

granules, a well-developed SER, and abundant mitochondria (Plopper et al., 1983). 

 

Another important aspect to consider is the fact that club cell morphology might be altered 

under different conditions and thus modify its function. For example, in diabetic rats, it was 

reported that the cells had pyknotic nuclei. At the same time, an ultrastructural analysis 

identified characteristics such as an increment in nucleoplasm heterochromatin-mainly in 

the nuclear periphery-hypertrophic mitochondria with damaged crests and membranes, 

electron-lucid secretory granules, and desquamation of these cells towards the bronchiolar 

lumen (Chookliang et al., 2021). Conversely, the exposure of mice to toxic agents such as 

naphthalene increased the size of club cells due to the formation of vacuoles in their 

cytoplasm (Carratt et al., 2019). 

 

Club cells present the classic morphology associated with their secretory activity. 

However, it is worth mentioning that it presents some other prominent organelles, such as 

SER, which is related to its lung xenobiotic metabolism, as well as other functions that will 

be detailed throughout the text. 
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Functions of club cells in the lung 
 

Lung epithelial regeneration  
As previously mentioned, the club cell has multiple functions within the lung epithelium. 

One of its most interesting and recently explored functions is the role it plays as a stem cell 

of the bronchiolar epithelium.   

 

Like most cells in the airway epithelium, the club cell is derived from the endoderm during 

embryonic development. Club cell pools that are present and proliferate throughout 

postnatal life are established at this stage of prenatal life (Reynolds and Malkinson, 2010) 

and are especially abundant in certain regions. For example, in the normal lung, these 

cells could represent 15% of the population in the terminal bronchioles and 44% in the 

respiratory bronchioles of proliferating airway epithelial cells (Boers et al., 1999).  

 

Interestingly, club cells maintain their ability to redefine their phenotype in response to 

alterations in the lung caused by microenvironmental influences or exposure to 

environmental agents (Reynolds and Malkinson, 2010). An example of this is the change 

of the cell to a mucosecretory phenotype, a phenomenon known as mucoid metaplasia 

that is observed after exposure to various substances, such as ozone and vanadium 

(López-Valdez, 2020). Figure 2 illustrates mucoid metaplasia.  

 

In a normal lung, club cell proliferation maintains facultative progenitor populations and 

restores populations of terminally differentiated cells such as secretory (Stripp et al., 1995) 

and ciliated (Rawlins et al., 2009). However, when the club cell population is reduced due 

to different factors, such as exposure to specific cytotoxic compounds like naphthalene, a 

bronchiolar tissue-specific stem cell or vCE is activated. This cell type is in the 

neuroepithelial bodies and at the bronchioloalveolar junctions (Stripp and Reynolds, 2008). 

Although this cell is rare and confined to specific microenvironments, it can initiate and 

sustain an epithelial repopulation in the terminal bronchioles (Reynolds et al., 2000). Other 

cellular characteristics include a slow cell cycle; it is relatively undifferentiated as it does 

not express CYP2F2, although it expresses Clara cell protein (CCSP) or CC16. These last 

characteristics correspond to mature CC (Reynolds and Malkinson, 2010). The 

naphthalene damage model to the bronchiolar epithelium is widely used to explore the 
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mechanisms of club cell replacement and airway regeneration in experimental mice (El 

Agha and Thannicka, 2023). 

 

It is relevant to mention that under conditions of homeostasis, club cells of proximal 

airways like the trachea, are not the principal progenitor cells of the epithelium, and their 

potential is limited to originating ciliated cells (Rawlins et al., 2009). In the case of the distal 

airways, evidence suggests that the club cell is the principal progenitor, both in conditions 

of homeostasis and damage (Reynolds and Malkinson, 2010). 

 

Lineage tracing studies have been one of the most relevant elements in club cell 

identification as progenitors in the lung. There is now in vivo evidence in mice suggesting 

the differentiation of Scgb1a1+ (CC16+) cells into type I and type II pneumocytes following 

damage from bleomycin exposure or influenza infection in areas close to bronchoalveolar 

ducts (Zheng et al., 2012). These cells were originally described by Kim and Cols as a 

lineage that they named bronchoalveolar stem cells or BACs (Scgb1a1+, Sftpc+), located 

at the junction of the bronchoalveolar duct in mice (Kim et al., 2005; Lee et al., 2013). 

Salwig and Cols demonstrated that they are essential in the recovery of the epithelium 

after the generation of some types of damage (Salwig et al., 2019). 

 

In humans, it has been proposed that “respiratory airway secretory cells” or RASCs 

positive for the marker Scgb3a2, which has been localized in some subpopulations of club 

cells in the more distal airways, could represent a functional equivalent of BACs (Yang et 

al., 2017; Basil et al., 2022). Other interesting in vitro data have shown that club cells are 

capable of dedifferentiating into basal cells that proliferate and differentiate mature cells 

such as ciliated, secretory, and basal cells (Tata et al., 2013). 

 

It is important to clarify that the well-known type II pneumocyte is responsible for the 

regeneration of the alveolus because it originates the type I pneumocyte (Rawlins et al., 

2009). 

 

The figure 3 resumes the origin and plasticity of club cells. 

 

 

  



HIS
TOLO

GY A
ND H

IS
TOPATHOLO

GY 

(no
n-e

dit
ed

 m
an

us
cri

pt)

	 9	

Metabolism of xenobiotics 
One of the club cell's best-known functions is metabolizing xenobiotic agents because the 

cell is located at the main site in the lung epithelium where proteins of the cytochrome 

P450 (CYP450) enzyme system are expressed. Also, mixed-function monooxygenase 

elements are expressed and are responsible for the metabolic activation of inhaled 

therapeutic agents and xenobiotics, converting them into intermediates with 

pharmacological or toxicological effects, as the case may be (Aoshiba et al., 2014).  

Through respiration, humans are exposed to multiple xenobiotics that can cause damage 

to the respiratory tract, specifically to club cells that become targets of these xenobiotic 

compounds when expressing metabolic proteins. 

Naphthalene is one of the xenobiotics that is released into the atmosphere through 

emissions generated by tobacco smoke and fossil combustion, and its effect on club cells 

has been extensively studied (Aoshiba et al., 2014). Various experimental models have 

identified that acute exposure to this compound, either intraperitoneally or by inhalation, 

causes vacuolization and swelling in club cells, as well as cellular exfoliation in the lumen 

of the respiratory tract leading to massive loss of club cells by necrosis. These effects are 

related to the bioactivation of naphthalene by CYP2F2, converting it into cytotoxic 

secondary metabolites. This generates extensive injury to the airway epithelial zones, 

which are repaired by naphthalene-resistant club cells and tissue stem cells associated 

with tracheobronchial glands, neuroepithelial bodies, and the junction of bronchoalveolar 

ducts (Aoshiba et al., 2014; Carratt et al., 2019).   

 

It is important to mention that CYP2F2 is one of the most expressed cytochromes in club 

cells in mice. In contrast, this cell in humans expresses an orthologous equivalent known 

as CYP2F1, which is also involved in the biotransformation of xenobiotics (Cohen et al., 

2020). Additionally, there is evidence that exposure of this epithelial cell to other 

environmental pollutants, such as dioxins and polycyclic aromatic hydrocarbons, has been 

associated with respiratory diseases such as asthma, chronic obstructive disease, and 

lung cancer. This fact has been related to the presence of CYP1A1 and CYP1B1, 

enzymes that bioactivate these xenobiotics in humans and animal models (Chang et al., 

2006; Liu et al.,2021; Wang et al., 2021;).  
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Furan is another compound that, besides being present in the environment, has also been 

detected in food and beverages and has been reported to induce liver and lung damage. 

Although evidence regarding its toxicity in club cells is not extensive, it is known that the 

club cell is a target of the effects of this compound, probably due to its bioactivation by 

CYP2E1 and conversion into the more reactive and toxic metabolite known as cis-2-

butene-1,4-diol (Tǎbǎran et al., 2019).  

 

The involvement of club cells in the metabolism of many of the xenobiotics to which 

humans are exposed, mainly through inhalation, is conclusive, as is the role of the 

enzymes in activating and detoxifying these substances. These characteristics make club 

cells vulnerable to the effects of these compounds, making them part of developing 

various pulmonary pathologies associated with exposure to xenobiotics. 

 

The role of club cells in the regulation of inflammation in the lung 
Another outstanding function of club cells is their capacity to regulate the pulmonary 

inflammatory response in different conditions. For example, there is evidence that patients 

diagnosed with asthma or chronic lung diseases have lower quantities of this cell and 

some products secreted by them, indicating that this cell plays a critical role in the 

pathogenesis of these conditions (Almuntashiri et al., 2020).  

 

Experimental evidence suggests that club cells synthesize and secrete different factors 

that can be immunomodulatory, including the secretory protein CCSP or CC16, which is 

also its main secretion product. Other molecules with this function have also been 

identified but have yet to be studied (Singh and Katyal, 2000; Kimura et al., 2022). 

 

Initially, it was shown that club cells could decrease the inflammatory response through 

their effect on macrophages. In this regard, Snyder et al. demonstrated that genetically 

modified mice deficient in club cells or CC16 showed an intense inflammatory response 

because macrophages showed high TLR4 expression and increased production of TNFα 

after being exposed to lipopolysaccharides (LPS), compared with wild-type mice. 

However, when CC16 was added to macrophages cultured with LPS, there was no 

attenuation of TNFα production, suggesting that the response may be mediated by other 

proteins in the cell that have not yet been identified. Therefore, further studies are needed 

(Snyder et al., 2010). 



HIS
TOLO

GY A
ND H

IS
TOPATHOLO

GY 

(no
n-e

dit
ed

 m
an

us
cri

pt)

	 11	

 

Also, in a murine model of allergic rhinitis, it was reported that the club cell has anti-allergic 

effects because of CC16, and inhibits the response of TH17 cells since it regulates the 

function of dendritic cells. This fact is interesting as the TH17-mediated immune response 

stimulates eosinophil recruitment in allergic airway diseases, stimulated by the TH2 

response (Liu et al., 2013).  

 

CC16 has several functions in modulating the immune response in the lung, for example, 

the synthesis of cytokines such as neutrophils, macrophages, and lymphocytes, which 

regulate the recruitment and activity of immune system cells. It also has a prominent role 

in the immune organization against pathogens such as bacteria and fungi and is involved 

in the production of immunoglobulins, such as pulmonary and serum IgA. In addition, 

experimental and clinical evidence indicates that CC16 is a negative lung inflammation 

regulator. 

 

One of the first mechanisms of the anti-inflammatory action of CC16 described was the 

inhibition of phospholipase A2 (PLA2) involved in the production of proinflammatory lipid 

mediators to promote neutrophil recruitment (Anderson et al., 1994). In accordance with 

these findings, it was reported that CC16 deficiency in vitro (Dudek et al., 2011) and in vivo 

(Yoshikawa et al., 2005) induces elevated PLA2 activity and considerable neutrophil 

recruitment. 

 

On the other hand, in vivo studies support the role of CC16 in the regulation of cytokine 

production: it has been shown that mice that have deficient production of this protein 

present an increased inflammatory response when sensitized with ovalbumin, and express 

higher levels of pro-inflammatory cytokines such as IL-4, IL-5, IL-9, and IL1-13 (Chen et 

al., 2001).  

 

Also, it was shown that CC16 can regulate the Th2-type response in the lung. In a model 

of lung allergy in mice, it was demonstrated that when the CC16 gene is absent, there are 

elevated levels of Th2 response cytokines. However, there are no changes in the number 

of T cells because there is no cell proliferation. This fact suggests a modulatory effect on 

cytokine secretion by lymphocytes. The significant reduction in the gene expression of 

interleukins includes IL-4, IL-5, and IL-13, which are part of the Th2 response (Hung et al., 
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2004). Furthermore, Liu and Cols identified in their murine allergic rhinitis model, where 

mice presented a decrease in CC16, that exogenously administering this protein 

decreased the cytokines of the Th2 response and the number of Th17 cells (Liu et al., 

2013). 

 

In vitro, CC16 has been shown to attenuate inflammation by decreasing the production of 

IL-8 (a pro-inflammatory cytokine) in bronchial cells, which contributes to decreasing the 

infiltration of cells such as neutrophils (Tokita et al., 2014). Other in vitro evidence has 

shown that CC16 is capable of directly binding to IL-8, inhibiting neutrophil chemotaxis, 

and reversing the migratory behavior of these cells promoted by cigarette smoke (Knabe 

et al., 2019). On the other hand, in a murine model of Mycoplasma pneumonia, it was 

reported that CC16 can bind to the α4β1 receptor, also known as the adhesion molecule 

VLA-4 that is expressed in the endothelium of pulmonary blood vessels, interfering with 

the recruitment of leukocytes (Johnson et al. al., 2021). 

 

Another mechanism that explains the immunomodulatory activity of CC16 is the inhibition 

of NF-κβ factor activation, which is achieved by preventing phosphorylation of its receptor, 

leading to a decrease in inflammation (Hiemstra and Bourdin, 2014).  

 

The club cell is also involved in producing immunoglobulins and in the organization of 

mucosa-associated lymphoid tissue in the lung. In mice lacking the gene encoding the 

CC16 protein, an increase in the number of peribronchiolar lymphocytes expressing IgA 

was detected; there was also evidence of an increase in IgA in both mRNA and protein 

levels in the lung, as well as a significant increase in serum IgA levels (Watson et al., 

2001). 

 

On the other hand, when there is chronic exposure to different pollutants, generally there 

is a decrease in the expression of CC16 in the bronchiolar epithelium, and organisms 

become more susceptible to developing an inflammatory response in the lung. For 

example, Gowdy et al. in a murine model of diesel-derived particulate matter (DEPs) 

inhalation, reported that the decrease in CC16 and surfactant proteins (SP-A and SP-D) in 

lung homogenates and bronchoalveolar lavage coincides with the over-expression of pro-

inflammatory cytokines such as IL-6, IL-13, and TNF-α (Gowdy et al., 2008).  
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It is interesting to mention that, in other studies, the tendency is toward increased CC16 

because of xenobiotic exposure. López-Valdez and coworkers reported that the inhalation 

of vanadium increased the expression of CC16 in mouse club cells (López-Valdez, 2020). 

Other studies reported the involvement of CC16 in promoting bronchiolar epithelial 

remodeling in a model of ovalbumin exposure in models of allergic inflammation (Wong et 

al., 2009). 

 

These pieces of evidence show the importance of this protein in the modulation of acute 

and chronic inflammation in the lung and explain why the decrease or absence of this 

protein contributes to the development of different pulmonary pathologies. 

 

There is also evidence that demonstrates the inhibitory action of inflammation on CC16 

production. In this regard, a negative correlation was demonstrated between local 

eosinophilia and the presence of pro-inflammatory markers and the production of CC16 in 

the nasal mucosa of patients with allergic rhinitis, in whom CC16 levels in the nasal fluid 

were lower than in control individuals (Johansson et al., 2005; Benson et al., 2007; Perić et 

al., 2017). The above suggests that the decrease in CC16 could contribute to the 

development of allergic inflammation. 

 

Based on other compelling data, the club cell is been found to have a range of functions, 

including the regulation of circadian rhythms in the lung and immunomodulation. For 

example, the nuclear REV/ERB receptors located on club cells have been found to have 

an anti-inflammatory role; and Bmal1 genes-central elements in the circadian clock-are 

expressed in these cells. Their deletion has been associated with exaggerated 

inflammatory responses due to allergenic stimuli and microorganisms (Ince et al., 2018). 

 

Moreover, pro-inflammatory effects mediated by club cells have been reported. For 

example, there is a study showing that the allergenic fungal protease Alp-1 (aeroallergen 

alkaline protease from Aspergillus sp) is inhaled and disrupts intercellular junctions 

between club cells. They detect the damage through the transmembrane sensor TRPV4, 

coupled with a calcium channel, and allergic inflammation is promoted through calcineurin 

signaling. In addition, the authors dispute evidence that people with asthma have an 

increased expression of the TRPV4 sensor in club cells (Weisner et al., 2020).  
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Murine experimental models have shown that the club cell stimulates the production of 

pro-inflammatory cytokines in the lung in response to intratracheal treatment with LPS, 

which mediates the innate immune response of the lung. Keratinocyte-derived chemokine 

(KC) was expressed in non-ciliated bronchiolar cells, type II pneumocytes, and alveolar 

macrophages, and transforming growth factor ⍺ (TNF-⍺) was expressed in alveolar 

macrophages. In addition, KC has a chemotactic function for neutrophils, and TNF-⍺ 

participates in inflammatory responses (Elizur et al., 2007). 

 

In another murine model of fungal pneumonia with Blastomyces dermatitidis, activation of 

the nuclear factor kB (NF-kB) signaling pathway in pulmonary epithelial cells was reported, 

which is essential in the development of innate antifungal immunity. This study also 

identified the upregulation of cytokines involved in the antifungal response, such as 

interleukin 17A (IL-17A) and granulocyte-monocyte colony-stimulating factor (GM-CSF). 

Activation of the NF-kB pathway increases the TCRb+CD4+ (nTh17) pool, the innate GM-

CSF-producing lymphocytes. Lung epithelial cells also produce interleukin-1a (IL-1a), which 

is involved in the proliferation of nTh17 lymphocytes, thus favoring the immune response 

against the fungus29 (Hernández-Santos et al., 2018). Club cells also produce IL-17 in 

immunity against bacteria in the lung, e.g., Klebsiella pneumoniae. In addition, IL-17 

secretion by these cells stimulates the secretion of chemokines (CXCL5), leading to 

neutrophil recruitment (Chen et al., 2016). 

 

Different data suggest the involvement of other mechanisms associated with club cell-

regulated pro-inflammation, such as senescence. Ongoing damage to the airways has 

been identified to increase the p53 protein in club cells, which induces senescence. This 

condition has been associated with increased chronic inflammation and COPD (chronic 

obstructive pulmonary disease)-like features. These findings were observed in mice that 

underwent repeated exposure to LPS, resulting in the development of severe chronic 

bronchitis. The mice were then compared to those with club cells genetically modified to 

have no p53 expression. The genetically modified mice showed surprisingly less 

inflammation and lung damage. In this same experiment, senescent cells were eliminated 

pharmacologically by Bcl-2 inhibitors, and a protective effect was also observed: less 

inflammation and lung damage (Sagiv et al., 2018) 
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All findings presented in this section demonstrate the crucial role club cells play in the 

regulation of the pulmonary immune response, either pro- or anti-inflammatory. This fact 

has relevant implications both in physiological conditions-where club cells would moderate 

inflammatory responses-and in chronic diseases, where the modified number and function 

of the cells would alter the regulation of this inflammatory response. 

 

Clara Cell Secretory Protein (CCSP or CC10 or CC16) 
As previously mentioned, CC16 is the primary secretory product of club cells and one of 

the most abundant proteins in the lung (Martinu et al., 2023). Different names for this 

protein have been reported in the literature, such as CCSP (Clara cell secretory protein), 

CC10 (Clara cell secretory 10-kDa protein, 10k-Da Clara cell protein), CC16 (Clara cell 

secretory 16-kDa protein, 16k-Da Clara cell protein), human protein 1, urine protein 1, 

PCB-BPs (polychlorinated biphenyl binding protein) and secretoglobin SCGB1A1 

(secretoglobin family 1A member 1) (Anderson et al., 1994).  

 

CCSP or CC16 is a protein mainly expressed in the respiratory tract and it is synthesized 

and constitutively secreted by club cells in mammals (Martinu et al., 2023), as shown in 

Figure 4.  

 

CC16 is like the uteroglobin found in rabbit endometrium during early pregnancy (Singh et 

al., 1990; Bernard et al., 1993) and is expressed in low amounts in extrapulmonary tissues 

such as the thymus, prostate, pituitary, and bone marrow (Martinu et al., 2023). 

 

It is relevant to mention that, in the past, it was thought that CC16 was a specific marker of 

airway club cells; however, it is now known through the application of molecular biology 

techniques that it is also expressed by other secretory cells of the respiratory epithelium of 

the upper airways that belong to subpopulations of mucosecretory and serous cells (Hay 

et al., 1995). 

 

CC16 is secreted into the airway lumen and can be detected in bronchoalveolar lavage 

(BAL) at a concentration of 1,000-2,000 μg/L, while in serum, a concentration of 10-15 

μg/L is reported in healthy individuals. CC16 has also been isolated as a peripheral 

pulmonary marker to evaluate the cellular integrity or permeability of the pulmonary 

epithelium since the protein increases its concentration in serum when the permeability of 
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the epithelium is altered. This protein can also be detected in pleural fluid, sputum, urine, 

cerebrospinal fluid, and amniotic fluid, evidencing its importance as a marker of club cell 

development or damage (Bernard et al., 1993; Bernard et al., 1994; Laucho et al., 2016;).  

 

CC16 is a homodimeric protein with a low molecular weight. Depending on the species, it 

consists of two chains composed of 70 to 76 amino acids (approximately 16 kDa) which 

form four α helices separated by β-hairpins, joined through two disulfide bridges formed 

between Cis3 and Cis69'. Together, the eight α helices form a hydrophobic pocket where 

the protein stores phosphatidylcholine and phosphatidylinositol, the main components of 

pulmonary surfactant (Umland et al., 1994). In humans, the molecular mass of this protein 

is exactly 15.84 kDa (Bernard et al., 1993), while in rodents, like rats and mice, CC16 has 

a molecular weight of 16-17 kDa (Halatek et al., 1998). It is relevant to mention that the 

abbreviation CC10 given to Clara cell protein is based on an underestimation of the size of 

the protein by SDS-PAGE (Bernard et al., 1993). 

 

The relevance of this protein is mainly related to its immunomodulatory role, which was 

explained previously. As mentioned, it is also considered an important marker of lung 

epithelial damage. 

 

Alteration of CCSP secretion in different pathological conditions and its role as a 
marker of damage 

For years, the role of CC16 concerning respiratory diseases has been investigated and 

approached from different perspectives. The quantification of this protein in serum, 

plasma, sputum, BAL, nasal lavage fluid, tracheal aspirates, and urine has contributed to 

explaining its relevance in lung pathology as well as its use as an essential marker of 

bronchiolar epithelial damage (Martinu et al., 2023). 

 

Studies in experimental models in CC16-/- (CCSP-/-) mice have shown that the absence 

of this protein results in changes in club cell structure, such as decreased cell number, 

fewer secretory granules, decreased RER and changes in the Golgi apparatus, increased 

susceptibility to epithelial damage from exposure to contaminants, as well as increased 

susceptibility to oxidative stress damage, presenting increased production of pro-

inflammatory cytokines and decreased CYP2F2 cytochrome concentrations, data 

suggesting a protective role in cases of oxidative stress (Wong et al., 2009).    
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In general, the evidence indicates that acute exposure to factors that induce bronchiolar 

epithelial damage leads to increased plasma CC16 levels due to increased lung 

permeability (Martinu et al., 2023). Intratracheal administration of LPS at high 

concentrations decreases the number of club cells in rat bronchiolar epithelium, which 

increases serum CC16 protein, suggesting increased permeability of the bronchiolar 

epithelium (Arsalane et al., 2000). In humans, CC16 elevation has also been reported in 

cases of pulmonary fibrosis (Buendia et al., 2016) and sarcoidosis (Hermans et al., 2001). 

 

In chronic exposures, there is a loss or decrease in club cells that lead to CC16 deficiency 

in BAL and serum; such is the case of exposure to cigarette smoke, pollutants, and 

occupational exposures, among others (Zhai et al., 2018; Beamer et al., 2019; Arsalane et 

al., 2000; Martinu et al., 2023). 

 

In the case of respiratory infections, the presence of CC16 varies. In children with 

Respiratory Syncytial Virus infection, the protein was elevated in serum compared with 

controls, while in the case of parainfluenza virus infection, no differences were reported. In 

infants under one year of age diagnosed with bronchiolitis, an increase in urine protein 

was reported, and this finding correlated with the severity of bronchiolitis. In the case of 

asthma, a decrease in serum protein concentrations was observed, although other studies 

reported no differences (Almuntashiri et al., 2020). 

 

Voraphani et al. reported a decrease in circulating CC16 concentrations in cases of 

impaired lung function, and that this decrease could be a predictor of further FEV1 loss 

during childhood and of accelerated lung function deficiency in adults in the general adult 

population (Voraphani et al., 2023). Using three sources of information from population-

based birth cohorts, they found an inverse relationship between active asthma and low 

CC16 in serum. If asthmatics were classified as having frequent or infrequent symptoms, 

CC16 was lower in the first group. When circulating CC16 was measured in all the cohorts 

of asthmatics from childhood to young adulthood, with normal lung function and frequent 

symptoms, CC16 was low in a dose-response relationship. With their findings, they 

propose CC16 as a possible biomarker for predicting clinical course in children with 

asthma (Voraphani et al., 2023).   
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In subjects with COPD, a decrease in CC16 in serum and airway bronchial lavage was 

also evidenced and CC16 is suggested as a possible biomarker of illness severity and 

progression (Park et al., 2013; Guerra et al., 2015). Zhai et al. suggested that, at least in 

mice, CC16 could be part of the reduction in lung function because of the increased airway 

remodeling observed in low-CC16 mice (Zhai et al., 2019).  

 

Not only CC16 has been analyzed in asthmatic patients. A report by Buendía-Roldán et 

al., in patients with interstitial lung fibrosis, measured CC16 in serum and BAL and 

identified its immuno-colocalization in tissue sections, observing an increase in CC16 

compared with controls (Buendia-Roldán et al., 2016).  

 

A case-control study by Zhain et al. in children with cystic fibrosis found that a decrease in 

CC16 was strongly associated with the severity of decreased lung function and systemic 

inflammation (Zhai et al., 2022). Also, a reduction in serum and BAL CC16 in obese 

patients suggested the relevant participation of CC16 in the development and severity of 

asthma in this population. Furthermore, Rohmann et al. propose that CC16 is not only 

affected by pulmonary illness but also by metabolic and cardiovascular ailments, which 

suggest a more complex regulation of serum CC16 concentrations that needs further 

analysis (Rohmann et al., 2023) 

 

It should be noted that some factors could increase the expression of CC16, which is 

relevant from a therapeutic point of view in the case of pathologies related to the decrease 

in this protein (Martinu et al., 2023). Concerning this point, it has been reported that 

retinoids in vitro and oral administration of vitamin A in vivo increase CC16 levels in serum 

(Chen et al., 2017). Other studies indicated that glucocorticoids in vitro increase CC16 

expression (Berg et al., 2002). In in vivo cigarette smoke inhalation models, data indicate 

that the administration of roflumilast (phosphodiesterase 4 inhibitor) can reverse the 

decrease in CC16 in the airways (Ge et al., 2009). 

 

Regarding pulmonary diseases and their relationship with CC16, more knowledge still 

needs to be revealed about the role of the protein in each of these entities, and further 

studies are required to understand its functions and possible therapeutic applications.  
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In general, it is known that in obstructive pulmonary diseases such as COPD (Park et al., 

2013; Guerra et al., 2015; Milne et al., 2020), asthma (Guerra et al., 2015; Voraphani et 

al., 2023), and cystic fibrosis (Zhai et al., 2022), CC16 protein levels decrease. In contrast, 

in restrictive diseases such as idiopathic pulmonary fibrosis (Buendia et al., 2016), 

emphysema (Kokuho et al., 2015), and Acute Respiratory Distress Syndrome (ARDS) (Lin 

et al., 2018), CC16 protein levels increase. In patients with SARS-CoV-2, elevated levels 

of CC16 on the day the patient was admitted to hospital were associated with a four-fold 

risk of developing ARDS with a greater risk of a fatal outcome (Tiezzi et al., 2021). 

 

Finally, club cells and CC16 are associated with the pathogenesis of chronic lung allograft 

dysfunction (CLAD), identified by an irreversible decline in lung function, which represents 

the most common cause of late death after lung transplantation (Verleden et al., 2019). 

CLAD is associated with the reduction in CC16 in BAL (Nord et al., 2002; Itabashi et al., 

2021) and serum (Nord et al., 2002). Bronchiolitis obliterans syndrome (BOS) is the most 

common CLAD manifestation and is characterized by airway obstruction and histological 

findings of bronchiolitis obliterans (BO). BO is related to decreased numbers of CC16-

expressing epithelial cells suggesting a reduction in the actual number of club cells (Kelly 

et al., 2012) and club cell ablation causes BO in a mouse model of lung transplantation 

(Liu et al., 2019). This evidence suggests that club cells and CC16 appear to be protective 

against CLAD and BO, however further studies are needed to confirm this.  

 

CBNC Club cells and regulation of the pulmonary circadian cycle 
A recently investigated phenomenon is the role of the club cell in regulating the pulmonary 

circadian cycle. In mammals, the central regulator of circadian cycles is the 

suprachiasmatic nucleus located in the hypothalamus; however, it has been identified that, 

alternatively, organs such as the lung possess their own circadian clock. Some of the 

mechanisms associated with this are related to the response of lung cells to different 

environmental stimuli.  

 

In the mouse lung, the club cell has been found to express the CLOCK and PER2 genes, 

CLOCK being one of the central genes of the biological clock. The study executed by 

Gibbs et al. demonstrated the co-expression of CLOCK and PER2 gene proteins in club 

cells and type II pneumocytes and identified that the loss of club cells in the bronchiolar 
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epithelium caused by naphthalene treatment significantly altered the rhythmicity of the lung 

clock (Gibbs et al., 2009). 

 

The same group demonstrated that deletion of the Bmal1 gene in mouse lung club cells 

alters the expression of other circadian cycle regulatory genes, such as the REV-ERB-α 

gene (Gibbs et al., 2014). This evidence shows the important role of these epithelial cells 

as regulators of lung rhythmicity.  

 

Interestingly, other studies show that circadian expression of biological clock genes in club 

cells regulates acute inflammation in the lung through cytokine release and neutrophil 

recruitment (Pariollaud et al., 2018). 

 

 

Conclusions 
The importance of non-ciliated bronchiolar epithelial cells or club cells is related to multiple 

functions within the lung epithelium such as CC16 secretion, epithelial regeneration, 

detoxification, inflammation regulation, and regulation of lung timing (Fig. 5).  
 
The relevance of club cells in the pulmonary epithelium becomes evident upon analysis of 

the diverse functions they perform in the lung. Their role in regulating lung inflammation 

and their association with various pathological conditions are particularly noteworthy; 

however, further investigation is necessary to better understand the role of this cell and 

thus establish possible therapeutic applications. 
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Figures 
Figure 1. Representation of the ultrastructural appearance of the club cell. This image was 

created with Biorender.com. 

 

Figure 2. Mucoid metaplasia in mouse bronchiolar epithelium in a model of vanadium 

exposure. After vanadium inhalation, the presence of magenta-labeled PAS-positive cells 

in the bronchiolar epithelium is observed. PAS stain. Scale bar: 50 µm. The 

photomicrograph is an image from original research by the authors.  
 

Figure 3. Club cell origin and plasticity: In a normal lung, club cells origin from basal cells. 

Proliferation maintains facultative progenitor populations of club cells and restores 

populations of terminally differentiated cells such as secretory. This image was and 

created with Biorender.com.  

 

Figure 4. Club cell CC16 detection by immunohistochemistry. The ochre color 

demonstrates the positive mark of the protein in mice bronchiolar epithelium. 

Immunohistochemistry. Scale bar: 50 µm. The photomicrograph is an image from original 

research by the authors.  

 

Figure 5. Club cell functions summary. This image was created with Biorender.com. 
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Table 1. Relative content of cellular components of club cells in different species. Modified 
from Plopper y Hyde, 2015. Epithelial Cells of the Bronchiole.  
 
Species Nucleus Lateral 

cytoplasmic 
extensions 

Smooth 
Endoplasmic 
Reticulum 

Secretory  
granules 

Glycogen 
granules 

Mitochondria 
References 

Rat  29% + 66% + 0.1% 16% 
Young et al., 1986; 
Plopper et al., 
1994 

Mouse 22% + 55% + 0 35% 
Pack et al., 1980, 
1981 

Hamster 25% + 79% + 0 11% 
Plopper et al., 
1980a,  

Rabbit 24% + 62% + 7% 19% 
Plopper et al., 
1980a; Hyde et al., 
1983 

Dog  23% + 25% + 57% 8% 
Plopper et al., 
1980b 

Cat 27% + 11% - 61% 20% 
Plopper et al., 
1980b, Hyde et al., 
1985 

Macaque 29% + 0.5% + 0% 14% 
Tyler and Plopper 
1985; Plopper et 
al., 1989 

Sheep 26% + 65% + 7% 14% 
Plopper et al., 
1980b; Mariassy 
and Plopper 1983 

Cow 28% + 22% + 62% 12% 
Mariassy et al., 
1975; Plopper et 
al., 1980b 

Human 42% + 0.3% + 5% 15% 
Plopper et al., 
1980a; Shijubo et 
al., 1997, 1999; 
Boers et al., 1999 

+ = present, - = absent  
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