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Abstract
Clara cells were first described as a morphologically distinct cell type by Kolliker in 1881, but take
their name from the seminal study of human and rabbit bronchioles by Max Clara in 1937. Since
their discovery, Clara cells have been identified as central players in protecting the airway from
environmental exposures. The diverse functions of Clara cells in lung homeostasis include roles in
xenobiotic metabolism, immune system regulation, and progenitor cell activity. Recent identification
of a sub-population of Clara cells as a bronchiolar tissue-specific stem cell and a potential tumor
initiating cell has focused the attention of cell and molecular biologists on the Clara cell and its
behavior under normal and disease conditions.
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Introduction
The Clara cell is a multifunctional cell that has been under intensive study for seventy years
(Figure 1). It is a cubiodal, nonciliated cell in human and rabbit terminal bronchioles, containing
a basally-situated nucleus, an apical dome extending variable distances into the airway lumen,
and discrete, oval densely-staining granules (Figure 2). Ultrastructural and morphometric
analysis by Plopper and colleagues provided insights into Clara cell function, and led to
ongoing studies demonstrating critical roles in barrier maintenance, secretion, and metabolism
(Stripp and Reynolds, 2006). Multispecies comparisons established diversity as a defining
hallmark of Clara cell biology (Figure 3). In spite of extensive structural and functional
variation, antibody reagents specific to the secretoglobin (SCGB1A1) family allowed Clara
cells and their variants to be identified on the basis of secreted protein expression (Reynolds
et al., 2002). Members of the SCGB protein class are referred to as uteroglobin (Ug) in humans
and rabbits or Clara cell secretory protein (CCSP, CC10) in mice and rats. We will use CCSP
as a catch-all phrase to indicate secretoglobin 1A1.

This review describes unique aspects of Clara cell biochemistry, cell biology, and molecular
biology that define this cell as a facultative progenitor (i.e., a proliferatively senescent,
metabolically active cell that retains the ability to reenter the cell cycle in response to injury
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of the bronchiolar epithelium) and a subset of Clara cells as tissue-specific stem cells. These
functional characteristics support the potential for Clara cells to serve as cancer-initiating cells
(Figure 4).

Origin and plasticity: Establishment of the Clara cell pool
Embryological studies established that all airway epithelial cells, with the possible exception
of neuroepithelial cells, are derived sequentially from the foregut endoderm (Rawlins et al.,
2008). Subdivision of the conducting airway epithelium begins during the second trimester in
human lung, and the earliest CCSP-expressing cells are positioned within the luminal aspect
of neuroepithelial bodies (NEBs) (Khoor et al., 1996). Continuous labeling studies in hamsters
supported the conclusion that neuroepithelial bodies serve as mitotic centers during lung
development (Hoyt et al., 1991). Neural peptides secreted by pulmonary neuroendocrine cells
are epithelial mitogens (Shan et al., 2004). Analyses of naphthalene-injured lungs indicated a
central role for NEB in airway segmentation and the establishment of unique Clara cell pools
(Stripp and Reynolds, 2006). However, normal prenatal lung development in NEB-deficient
mice suggested that this structure may serve as a marker for an as yet undefined signaling center
(Ito et al., 2000). Additional studies are needed to determine the functional significance of this
Clara cell-NEB association.

A stabilized form of β-catenin expressed specifically in CCSP-positive cells in mice indicated
that functional maturation of Clara cells was modulated by Wnt signaling during prenatal lung
development (Reynolds et al., 2008). Two populations of Clara cells may thus exist in the adult
bronchiole, those “born” during lung development and those resulting from proliferation and
differentiation in air-breathing post-natal animals. The functional significance of these putative
“embryological” and adult Clara cells and their impact on lung injury, repair, and susceptibility
to chronic lung disease are under investigation. Clara cells with tissue specific stem cell
function (see below) may be analogous to canalicular stage Clara cell precursors, and
constitutive β-catenin signaling in adulthood may mimic tissue specific stem cell specification.
Additional studies using regulated expression of Wnt-pathway agonists and antagonists could
substantiate this interpretation and define the microenvironmental influences that delineate the
bronchiolar stem cell.

Individual Clara cells retain the capacity to refine their phenotype in response to alterations in
the lung milieu, microenvironmental influences specific to trophic units, and exposure to
environmental agents including ozone, pathogens and their byproducts, and chemotherapeutic
agents. Analysis of how mouse Clara cells respond to allergic inflammation or the Th2
cytokine, IL-13, suggest a lineage relationship between Clara cells and mucus cells (Kuperman
et al., 2002); (Evans et al., 2004; Larson et al., 2004). Pulse labeling studies showed that mucus
metaplasia of Clara cells generates a terminally differentiated cell that can no longer enter the
cell cycle. Thus, Clara cell phenotypic plasticity could be a physiological Catch-22: metaplasia
to a mucus producing cell may provide critical protection of the airways but also lead to loss
of reparative potential in chronic lung disease.

Functions: Clara cells as reparative cells for the airway epithelium
Within the normal lung, Clare cell proliferation maintains the facultative progenitor cell pool
(self-renewal) and restores terminally differentiated cells of the conducting airway epithelium
(ciliated cells). This vast reparative reservoir distinguishes lung epithelia from tissues such as
the intestine that are maintained through proliferation and differentiation of tissue-specific stem
cells. The unique features of lung epithelial maintenance and repair suggest that chronic lung
disease could be treated through interventions that stabilize the Clara cell pool or by cell
replacement strategies that restore this abundant cell type.

Reynolds and Malkinson Page 2

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Studies designed to test the hypothesis that tissue-specific stem cells participate in maintenance
of the bronchiolar epithelium suggest that this specialized cell is mitotically inactive in the
steady state (Giangreco et al., 2009) and under conditions in which the facultative progenitor
cell pool is activated by ozone-mediated injury of ciliated cells (Reynolds et al., 2000).
Parenteral naphthalene exposure reduces the Clara cell population and activates a putative
bronchiolar tissue-specific stem cell located within the NEB and bronchiolar-alveolar duct
junction (BADJ) (Stripp and Reynolds, 2008). Both microenvironments contained
naphthalene-resistant cells that could initiate and sustain repopulation of the airway epithelium.
These cells divide infrequently and were distinguished from most Clara cells by less expression
of the phase 1 enzyme, CYP450-2F2. Genetic sensitization of Clara cells to the anti-viral drug,
gancyclovir, demonstrated that the bronchiolar stem cell expressed CCSP. These studies were
the basis for naming the bronchiolar stem cell a variant CCSP-expressing cell, the vCE. vCEs
are rare, sequestered within specific microenvironments (NEB or BADJ), slow-cycling (label-
retaining), relatively undifferentiated (CYP450-2F2 low), and express CCSP.

Caveats to this “stemness” claim include identification of multiple label-retaining cell types
(neuroepithelial and differentiated Clara cells) in naphthalene injured bronchioles, identical
differentiation potential of vCE and Clara cells, and failure to fulfill Koch's postulates through
isolation and functional analysis of putative stem cells in vivo. One study employed the cell
surface markers, stem cell antigen 1 (Sca1) and CD34, to identify a population of CCSP-pro
surfactant protein C (proSPC) dual positive cells (Kim et al., 2005). Although this enriched
cell population was contaminated with ciliated cells, in vitro analysis indicated that these cells
could generate daughters that expressed markers associated with terminally differentiated
bronchiolar and alveolar cell types. The validity of Sca1 and CD34 as markers for the
bronchoalveolar stem cell has been questioned (McQualter et al., 2009; Teisanu et al., 2009).
A sharp border is apparent between lineage-traced cells of the terminal bronchiole and the
alveolar duct of steady state mice (Rawlins et al., 2009; Reynolds et al., 2008). These data, in
addition to demonstrations that Clara cells alter their phenotype in response to injury, suggest
that in vitro culture induces a third level of Clara cell plasticity, the ability to assume phenotypic
characteristics of secretory cells from adjacent compartments. The functional significance of
this phenotypic plasticity and its contribution to lung health and disease is unexplored.

Associated pathologies: Clara cells and cancer
Inflammation encourages neoplasia, as shown by elevated cancer risk in patients with chronic
obstructive pulmonary disease (COPD) and the inverse correlation between lung tumor
macrophage content and patient survival (Malkinson, 2005). Clara cells may regulate
inflammation through secretion of CCSP and consequent regulation of eicsoanioid production
and the clotting cascade, immune effecter cell chemotaxis and phagocytosis. In human
adenocarcinomas, most tumor cells are CCSP-negative even if they have morphologic or other
biochemical characteristics of Clara cells (Linnoila et al., 2000). Transfection of CCSP-
negative lung cancer cell lines with the CCSP gene diminished their invasiveness and
anchorage-independence. CCSP −/− mice are more susceptible to chemically-induced lung
tumorigenesis than wild type controls (Linnoila et al., 2000). Thus, CCSP may have tumor
suppressor activity that is due in part to its anti-inflammatory function.

The cellular heterogeneity within a tumor makes it difficult to assign a cell of origin,
particularly if a characteristic cell marker such as CCSP is down-modulated upon neoplastic
conversion and the cell of interest is phenotypically plastic. Pro-SPC mRNA, a marker of
alveolar type 2 cells, is often expressed in lung tumors in mice. Whether this is because tumors
arise from type 2 cells or because cancer cells gain this expression is unclear. The presence of
both of these cell-specific markers, along stem cell markers such as Sca1 and CD34, led Kim
et al (Kim et al., 2005) to propose a subset of tissue stem cells as the cells of lung tumor origin.
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Figure 4A shows a fascinating example of the cellular heterogeneity in a spontaneous mouse
lung tumor found in a FVB/N mouse, a strain susceptible to chemically-induced lung
tumorogenesis. Most cells within the lung tumor express proSPC exclusively, whereas rare
cells, including highly aggressive cells invading a bronchiole, express both SPC and CCSP.
Figure 4B illustrates label-retention in uninvolved and tumor cells, indicating that a
subpopulation of tumor cells is long-lived and cycles infrequently. Identification of a rare
population of such “label-retaining” cells supports the concept of a cancer stem cell.

Cell Facts

• Clara cells are non-ciliated secretory cells in the small airways and trachea. Their
morphology and biochemical composition display amazing heterogeneity within
the airway epithelium of a single species, among different species, and in response
to injury.

• Clara cells have several lung protective functions. They detoxify xenobiotics and
oxidant gasses, control the extent of inflammation, participate in mucociliary
clearance of environmental agents, and proliferate / differentiate to maintain the
ciliated cell population.

• Clara cells are secretory and the source of Clara cell secretory protein (CCSP) and
contribute surfactant apoproteins A, B, and D, proteases, antimicrobial peptides,
several cytokines and chemokines, and mucins to the extracellular fluid lining the
airspaces.

• In humans, many forms of lung cancer may originate from Clara cells, including
adenocarcinoma, the most frequently diagnosed form of lung cancer. Whether
Clara cells have a similar etiologic function in mouse models of adenocarcinoma
is more controversial.
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Figure 1.
Clara cells were discovered in the early twentieth century. Structural and functional analyses
revealed roles in pulmonary host defense, immune system regulation, and epithelial repair.
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Figure 2.
A. Scanning electron micrograph of the lining of the proximal bronchiole of a rat showing
Clara cells, some of which are undergoing apocrine secretion (arrows), surrounded by ciliated
cells. (Bar = 10um). B. Transmission electron micrograph of a terminal bronchiolar Clara cell.
Numerous mitochondria (M), secretory granules (S), rough endoplasmic reticulum (RER), and
the basal nucleus (N) are indicated.
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Figure 3.
Clara cell diversity: Clara cell structure and function varies as the lung milieu changes. In the
normal adult lung, Clara cells are non-mitotic and perform essential homeostatic functions.
Epithelial injury activates quiescent stem cells (vCE) resulting in self-renewal (elliptical line)
and generation of facultative progenitor cells (Clara). Injury can also initiate dedifferentiation
of Clara cells (dashed arrow) to a Type A intermediate. Type A cells divide (double-headed
arrow) and generate two daughter cell types, ciliated cells and maturing (slightly differentiated)
cells (Type B). Type B cells can differentiate (dashed arrow) into Clara cells. Some injuries
stimulate mucus secretion by Clara cells (Mucus cell).
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Figure 4.
Biomarker expression in a spontaneous lung adenocarcinoma. A. Triple color image in which
CCSP (red), proSPC (green), and nuclei (blue) are detected by dual immunofluorescence.
CCSP-proSPC dual positive cells are indicated by yellow arrows. Airway CCSP+ cells are
intentionally overstained to allow detection of CCSP+ tumor cells. B. Analysis of label-
retaining cells. Cells “born” 120 days prior to analysis are indicated by autoradiographic grains
(black dots). Cells of similar age in unaffected airway (blue arrow) and in tumor tissue (black
arrows) are shown at higher magnification in insets C and D.
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