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Summary

Lung cancer is the biggest cancer killer in the UK and
despite recent therapeutic advances there is a desperate
need for new therapies to improve outcomes from this
devastating disease. Through defining the spatial loca-
tion of the airway epithelial stem or progenitor cell
populations and their mechanisms of maintenance

and repair of the epithelium it is becoming clear that
these populations are situated at areas corresponding to
those involved in lung cancer initiation. We explore the
evidence for stem cells being the cancer initiator cell
and for a ‘lung cancer stem cell” within tumours that
may be the cause of resistance to current therapies.

Introduction

Lung cancer is the biggest cancer killer in the UK,
affecting 34000 patients a year. Despite recent
therapeutic advances, including personalized thera-
pies targeting genetic mutations, the 5-year outcome
remains poor.'

Advances in lung biology have elucidated the cells
responsible for maintenance and repair of the respira-
tory epithelium. The anatomical locations of these
respiratory stem cells correlate with the origin and
type of lung tumours, with evidence emerging of an
‘origin of cancer stem cell’. This review focuses on
lung stem cells in epithelial maintenance and repair,
the originating cell population of lung malignancy
and the concept of ‘lung cancer stem cells’. These
are the cells that propagate cancers and which may
be responsible for post-treatment relapses. We focus
on how this new knowledge may be exploited in the
development of novel treatment strategies.

Airway stem cells in lung repair and
homoeostasis

The lungs are open to the outside environment and
are exposed to a number of chemicals and other

insults throughout an individual’s lifetime. The pres-
ervation of an intact epithelium is essential to main-
tain its many roles. The epithelium humidifies and
warms inspired air, undertakes gaseous exchange
and defends against pathogens. Proximally, the epi-
thelium of the upper airways is lined by a pseudos-
tratified epithelium consisting of ciliated, Clara and
goblet cells. In among the columnar cells are basal
cells and a small number of neuroendocrine cells.
Moving into the small airways and bronchioles, the
epithelium becomes more columnar, and Clara cells
become more abundant. Beyond the terminal bron-
chi, the alveoli are lined by two epithelial cell types,
the alveolar type 1 (AT1) cells forming the gas
exchange surface and the AT2 cells producing
surfactant.

Epithelial integrity is important for its many func-
tions, with the airway stem or progenitor cells play-
ing a crucial role in its maintenance. Stem cells are
defined by their high proliferative capacity, their
ability to self-renew and their capacity to produce
multiple daughter cells of varying types.? In several
organs they tend to reside among other stem cells in
an area called the stem cell niche. Identification
of airway stem cell niches has been made possible
through use of mouse injury models. Through
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Figure 1. Schematic showing the location of the different cell types making up the epithelial surfaces of the airways. The
stem cell niches are highlighted within circles. These correspond with the likely origin of lung cancers. The basal cells of the
submucosal glands are suggested to give rise to SCCs and the NEBs to SCLCs. Cells of the BADJ/alveoli are the speculated
origin of adenocarcinomas. The mouse airway is shown, as this is where the evidence for stem cell populations originates.

selective targeting and damage of a particular cell
population, the cells responsible for repairing and
repopulating the damaged tissue can be elucidated.
In the murine airway, this strategy has identified
three stem cell niches: the submucosal glands in
the trachea and upper airways that harbour the
basal cells, the calcitonin gene-related peptide
(CGRP) marked neuroepithelial bodies (NEBs) situ-
ated at the branch points of small airways and the
bronchoalveolar duct junctions (BAD]Js) located at
the transition of the bronchi and alveoli® (Figure 1).

Murine models and lineage tracing has defined
basal cells as responsible for maintenance of the
upper airway epithelium. A high concentration
is present within the niche of the submucosal
glands. When keratin 5, a basal cell surface
marker is labelled in a mouse model, subsequent
cell-tracking, or lineage tracing, results in labelled
Clara and ciliated populations. The number of
labelled cells also increases on airway damage,*
indicating a key role of the basal cells in tracheal
and upper airway maintenance and repair.

Moving along the airway, the next stem-cell con-
taining niche is the NEB consisting of two cell types:
the Clara cell secretory protein (CCSP) expressing
‘variant’ Clara cells and the pulmonary neuroendo-
crine cells marked by CGRP. The NEBs were identi-
fied through exposure of mice to the chemical
naphthalene, an agent causing selective Clara

cell death. While the Clara cells were destroyed,
an upregulation of activity was demonstrated in
the ‘variant’ Clara cell population, thus termed due
to their naphthalene resistance and their ability to
subsequently repair airway damage.’

Finally, epithelial damage experiments have iden-
tified a further resistant cell population at the BADJ.®
It has been suggested through in vitro studies that a
BADJ cell population marked positive for both the
Clara cell marker CCSP and the AT2 cell marker
surfactant protein C (SPC) are bronchioalveolar
stem cells (BASCs) able to differentiate into Clara,
AT2 and AT1 cells.” However, in vivo lineage tra-
cing of CCSP positive cells (including the CCSP and
SPC positive BASCs) have shown this to be unlikely,
as CCSP cells did not contribute to alveolar repair
on naphthalene or oxygen exposure.® Interestingly,
exposure to either influenza or bleomycin, both
causing severe alveolar damage, showed that a
CCSP labelled population, regenerated the lost
AT2 cells.? Direct labelling of CCSP/SPC dual posi-
tive cells is needed to clarify the situation.

While stem cells are activated on airway damage,
evidence suggests it is not the stem cells, but a group
of ‘committed progenitors’ that maintain epithelial in-
tegrity.'? These are thought to be cells that have arisen
from the stem cells, are partially differentiated and
have a more limited ability to produce daughter lin-
eages. Clara cell and AT2 cell populations are thought
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to contain this type of progenitor cell, with Clara cells
suggested to maintain the epithelium through regener-
ation of ciliated populations,® and AT2 cells replacing
lost AT1 cells in the distal airway.'’

While these murine studies give a valuable insight
into the maintenance and repair of the murine
airway, the translation of their findings to the
human airway has recently been put in doubt by
the first evidence in man that under normal condi-
tions within the large airways, homoeostasis is
performed by the stochastic division of a large
number of progenitor basal cells that are not pre-
programmed stem cells but rather cells that divide
and differentiate or continue to proliferate by
chance, but in perfect balance.'?

Clinical relevance

e Chronic lung diseases, including chronic ob-
structive pulmonary disease and asthma, have
evidence of defective epithelial repair with com-
promise of the stem and progenitor popula-
tions;'? an understanding of these mechanisms
may create novel therapies.

e Bioengineering: there is a shortage of organs for
lung transplantation. Recent interest in de-cellu-
larizing donor lung tissue and repopulating with
the recipients own stem cells prior to transplant-
ation has potential to circumvent immunosup-
pression challenges and the shortage of donor
organs.

e Lung tumours share markers and similarities to
the stem cell population of the airway. Are
these the cells of tumour origin?

Cell of origin in lung cancer

Stem cells are defined by their longevity, meaning
that they or their daughters are present long enough
to accumulate a selection of genetic mutations that
can drive the development of cancers. The three
common histopathological variants of lung cancer
are small cell, adenocarcinoma and squamous cell
carcinomas (SCCs). Therefore, an obvious question
arises; do these three distinct pathological subtypes
reflect the phenotype and distribution of the putative
stem cell populations in the lung?

In human airways, a proximal to distal tumour
pattern exists with a predominance of SCCs found
in the trachea and upper airways, small cell lung
cancers (SCLCs) in the intermediate airways and dis-
tally adenocarcinomas/bronchoalveolar cell carcin-
omas. This suggests certain cell types, in specific
environments, are capable of supporting tumour
growth. Intriguingly the tumour subtypes do share

characteristics with the stem cell population
involved in the repair of each area.?

SCCs develop as a result of stepwise morphological
changes: basal cell hyperplasia, metaplasia, dysplasia,
carcinoma in situ and invasive disease.'* It is intri-
guing that both the preinvasive lesions and the SCC
maintain a basal cell phenotype with persistent keratin
5 expression.'”> SCCs are also sited at submucosal
gland duct junctions or at intracartilaginous bound-
aries, areas where the highest basal cell concentration
is found, suggestive of basal cell origins of SCC.?

Meanwhile, SCLCs localize to the mid-level bron-
chioles and express a range of neuroendocrine mar-
kers, including the CGRP, as expressed by
neuroendocrine cells found within the NEBs.
Hence again, both site and marker expression sug-
gest that SCLCs may arise from the NEB. This obser-
vation is strongly supported by the finding that the
Rb1 gene negatively regulates neuroendocrine dif-
ferentiation. When both Rb1 and p53 are sequen-
tially ‘knocked out’ in the Clara, AT2 cells and
neuroendocrine cells of transgenic mice, SCLCs
arise most frequently and with the shortest time lag
from the neuroendocrine cells within the NEB.'®

Finally, human adenocarcinomas frequently co-
express the markers CCSP and SPC,” indicating pos-
sible Clara or AT2 cell origins. About 25-50% of
adenocarcinomas have a Kras mutation. When
Kras is activated in all SPC or CCSP expressing
airway cells of a transgenic mouse model, subse-
quent adenocarcinomas only develop in the distal
lung. This again demonstrates only certain cells
have potential to develop adenocarcinomas, despite
a widespread Kras activation.'”

Clinical relevance

e If cancer arises from the lung stem cells, this is the
population that should be targeted early in the
disease course.

e An understanding of how these lung stem cells
may become tumorigenic may open further treat-
ment avenues.

Lung cancer stem cells

In recent years, evidence has accumulated that
cancer not only may originate from endogenous
stem cells but that they may contain within them a
small population of stem cells that control tumour
growth and tumorigenicity, termed a ‘cancer stem
cell” (CSC). A CSC may originate from either a
mutated normal stem cell or a differentiated
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Figure 2. A CSC will produce daughter cells forming a tumour. In path A, conventional treatments are administered. These
target the rapidly dividing daughter cells, but have no effect on the CSC due to their resistance mechanisms and possible
relative quiescence. Once the cancer treatments are withdrawn, the unaffected CSC repopulates the tumour bulk with likely
improved resistance. Path B shows administration of CSC targeting therapies. These treatments eliminate the CSCs and the
tumour, having lost its tumorigenic cells will reduce in size as the daughter cells are not replenished. This could lead to

curative therapies.

progenitor cell that has accumulated the necessary
damage to become tumorigenic.'®'?

To establish a CSC’s existence, key characteristics
must be shown. These include the ability to self-
renew to generate differentiated progeny and to pro-
duce malignancy in xenotransplantation models.
Xenotransplantation involves isolating potential CSCs
from a lesion based on cell surface markers, and then
injecting the CSCs into an immunocompromised
mouse. If CSC properties are present, tumours will de-
velop. This has led to the identification of CSCs in
several cancer subtypes including the brain, breast,
haematopoietic system and lung cancers.’

As normal stem cells have a vital role in tissue
repair, they have evolved protective mechanisms

that prevent lethal damage. These include high
levels of anti-apoptotic proteins and the possession
of ABC transporter proteins that cause toxin and, as
a by-product, drug efflux from the cell. There is evi-
dence that CSCs share these properties which affect
treatment responses. To date, success of radiother-
apy/chemotherapy has been assessed through a re-
duction in tumour size, and monitored through CT
imaging. However, although there is a reduction in
tumour bulk, the CSCs with their inherent resistance
mechanisms may not be eradicated, and will act as
a reservoir to repopulate the tumour after treatment,
and thus be responsible for subsequent relapse
(Figure 2). It is also intriguing that while cancer
cells are often identified in the peripheral
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circulation, they are not always associated with the
development of metastases. This is suggestive of a
unique population of cells within a tumour that
may have this capacity, and may be the CSC
population.?'

Markers have been used to isolate putative CSCs.
The best studied of these include the drug effluxing
cells and the surface marker CD133, both identified
in lung cancer. Due to the presence of ABC trans-
porters, CSCs have a ‘side population” (SP) pheno-
type demonstrable on a flow cytometry plot as this
cell population pumps out the fluorescent nuclear
dye Hoechst 33342. Ho et al. have detected a SP in
SCLC and non-SCLC (NSCLC) cell lines, and after
isolating these cells found the SP cells could gener-
ate both SP and non-SP cells on culture, showing
their multipotential capacity. Xenotransplantation of
the SP cell into immunosuppressed mice resulted in
tumours at significantly lower cell concentrations
than the non-SP fragment. Importantly, these
SP cells also have significant chemotherapy
resistance.*%??

CD133 is a stem cell marker rarely found in nor-
mal lung tissue. However, CD133+ cells increase in
areas of tissue regeneration (where stem cells are
activated) and in cancer, with CD133+ cells isolated
from both SCLC and NSCLC. Again injection of a
purified pool of CD133+ cells into immunodeficient
mice results in tumour development, whereas
CD133— cell injection does not. Of note, when cis-
platin, a conventional lung cancer treatment agent
was administered to the xenotransplanted mice the
tumours reduced in size, however, the remaining
chemoresistant cells were entirely CD133+,”* and
thus indicative of the CSC population.

CSCs are an important potential therapeutic
target. Unlike current therapies that target prolifera-
tive cells, if the CSCs can be killed (which may by
their nature be more quiescent) the tumour will
be unable to regenerate and the cancer cured
(Figure 2). Such therapies may target key signalling
pathways used by stem cells such as Hedgehog,
Notch and Wnt. These pathways are important in
development and stem cell self-renewal, with evi-
dence emerging that pathway abnormalities are
seen within lung tumours.?®

Hedgehog signalling is important in embryonic
stem cells and is overactive in SCLC. Blocking
agents targeting the hedgehog pathway have had
anti-tumour effects in mice and have recently
entered clinical trials. The Notch signalling pathway
regulates cellular proliferation and differentiation,
through cell to cell communication systems, which
have been found abnormal in both SCLC and
NSCLCs. Inhibitors blocking Notch activation have
also entered early clinical trials in a number of

malignancies including NSCLC. Wnt signalling
regulates normal tissue stem cells and has also
been found to be perturbed in lung cancer; Wnt
inhibitors remain in development.”® When manipu-
lating the pathways that control stem cell mainten-
ance, the effect on the normal stem cell populations
with close monitoring of side effects will be needed
to ensure the endogenous repair mechanisms are
not detrimentally affected.

Clinical relevance

e The presence of resistant CSCs can explain treat-
ment failure and subsequent disease relapse
with the wrong cellular population targeted by
conventional therapy.

e Exploiting mechanisms that control the CSC
population including the Hedgehog, Notch and
Wnt pathway provide a new therapeutic avenue
in the management of lung cancer.

e Results of early clinical trials of Hedgehog and
Notch inhibitors are awaited.

Summary

The role of stem cells in the cause and resistance of
cancers is being gradually delineated. This should
lead to the evolution of therapies that may stop
cancer initiation or more likely target the tumori-
genic population within cancers, making therapies
more effective.
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