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Despite the increasing urgency of the problem of treating small cell lung cancer (SCLC),
information on the causes of its development is fragmentary. There is no complete
understanding of the features of antitumor immunity and the role of the
microenvironment in the development of SCLC resistance. This impedes the
development of new methods for the diagnosis and treatment of SCLC. Lung cancer
and chronic obstructive pulmonary disease (COPD) have common pathogenetic factors.
COPD is a risk factor for lung cancer including SCLC. Therefore, the search for effective
approaches to prevention, diagnosis, and treatment of SCLC in patients with COPD is an
urgent task. This review provides information on the etiology and pathogenesis of SCLC,
analyses the effectiveness of current treatment options, and critically evaluates the
potential of chimeric antigen receptor T cells therapy (CART therapy) in SCLC.
Moreover, we discuss potential links between lung cancer and COPD and the role of
endothelium in the development of COPD. Finally, we propose a new approach for
increasing the efficacy of CART therapy in SCLC.

Keywords: small cell lung cancer, COPD, cancer stem cell, inflammation, CART therapy

INTRODUCTION

SCLC accounts for 10-15% of all known cases of lung cancer and belongs to the most malignant
tumors (Bray et al., 2018; Walcher et al., 2020). SCLC is characterized by its asymptomatic and rapid
progression, as well as by early metastasis. The highest incidence of SCLC is recorded in the 40-60 age
group. All types of small cell carcinoma have a poor prognosis even in cases when the diagnosis is
made at an early stage (Bray et al., 2018; Walcher et al., 2020). In the vast majority of cases, SCLC
develops in smokers, with men having a higher incidence. However, lung cancer is also a serious
complication in patients with COPD and accounts for approximately 15% of deaths in patients with
COPD (Sekine et al., 2012; Denholm et al., 2014).

Abbreviations: CAR, Chimeric antigen receptor; CART therapy, Chimeric antigen receptor T cells therapy; COPD, Chronic
obstructive pulmonary disease; CSC, Cancer stem cells; MAB, Monoclonal antibodies; NSCLC, Non-small cell lung cancer;
SCLC, Small cell lung cancer.
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Standard treatment for diagnosed SCLC is chemotherapy
based on platinum preparations with etoposide and radiation
therapy (Wang et al., 2019). Patients whose tumor recurs more
than 6 months after fist-line chemotherapy are re-treated using
the same regimen. Topotecan, with a response rate of 15-20% and
an overall survival rate of 1 year in 30% of cases is a second-line
treatment for SCLC. The options for subsequent lines of
treatment are limited. CART therapy is a promising approach
to treating tumors. CART therapy uses antibodies against
inhibitory signaling molecules expressed on tumor cells and
immune system cells (Dotti et al., 2014). T-cells modified by
chimeric antigen receptors have been shown to be effective in
patients with hematological malignant neoplasms (Schubert et al.,
2016). In addition, safety and applicability of CART therapy has
been confirmed for solid tumors. However, there are no reported
clinical trials using CART-cells for the treatment of SCLC (Dotti
et al., 2014). This is largely due to the high mutational activity of
the tumor. Thus, applicability of known therapeutic approaches
to SCLC treatment are rather limited, highlighting the urgent
need for new treatment methods.

In this review, we analyzed existing reports on diagnosis and
treatment of SCLC and propose a novel potential approach to its
treatment.

SMALL CELL LUNG CANCER
Epidemiology

Lung cancer is the most common cancer and the leading cause
of cancer-related death in both men and women (Bray et al,,
2018; Walcher et al., 2020). There are approximately 2.1
million cases of lung cancer and about 1.7 million deaths
worldwide each year. Lung cancer claims more lives each year
than breast, prostate, and colon cancers combined. In most
cases, lung cancer originates from epithelial tissue of the
bronchi of various sizes. It can be central, peripheral, or
massive, that is, mixed, depending on the origin. WHO
identifies two main histological types of lung cancer—non-
small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC). NSCLC occurs in 85% of all lung cancer cases (Oser
et al.,, 2015; Zamay et al., 2017) and includes squamous cell
lung cancer, which originates in the main bronchi (25-30%),
adenocarcinoma (40% of cancers) occurring in the small
bronchi, and large cell carcinoma (10%) (Lemjabbar-Alaoui
et al., 2015). SCLC accounts for 15% of lung cancer cases, and
is characterized by an aggressive course. SCLC is believed to be
derived from pulmonary neuroendocrine cells (Zamay et al.,
2017; Wang et al., 2020). According to the International
Association for the Study of Lung Cancer (IASLC), SCLC
can be divided into two stages—limited stage and advanced
stage. The majority of patients (approximately 70%) with
SCLC are diagnosed with advanced stage (Wang et al,
2020). This is at least partly responsible for the poor prognosis.

The overall patients’ survival rate with a limited stage of SCLC
is from 15 to 20 months and for patients with an advanced stage
of SCLC 8-13 months. The 5-year survival rate of patients is
10-13% and 1-2%, respectively (Horn et al., 2016).

Potential of Stem Cells and CART for SCLC

Smoking is a major risk factor for developing SCLC. Other risk
factors include exposure to asbestos and other carcinogens, such
as beryllium, cadmium, silicon dioxide, chlorine compounds,
other chemicals, and general air pollution. In addition,
hereditary factors play a role if there is a history of lung
cancer in close relatives (Wang et al., 2020). In SCLC, several
mutations have been found that lead to inactivation of tumor
suppressor genes. These include tumor protein 53 (TP53)
(75-90%) (Wistuba et al, 2001), retinoblastoma 1(RB1)
(60-90%) (Mori et al, 1990; Arriola et al., 2008), and
phosphatase and tensin homolog (PTEN) (2-4%) (Kim et al.,
1998). Moreover, activation mutations of the oncogenes
phosphatidylinositol-4,5-bisphosphate ~ 3-kinase ~ (PIK3CA),
epidermal growth factor receptor (EGFR), and v-Ki-ras2
Kirsten rat sarcoma viral oncogene homolog (KRAS) are often
found in SCLC (Tatematsu et al., 2008; Shibata et al., 2009). In
addition, a change in the expression of the MYC gene family,
amplification of the EGFR/BCL2 and a deficiency of the
RASSFIA/PTEN/Fhit were observed (Onuki et al., 1999).

Small Cell Lung Cancer Treatment

Until the 1970s, SCLC was not considered an independent
nosological unit, and the results of treatment were assessed
without taking into account the histological type of lung
cancer. Classification of SCLC as a separate disease made it
possible to assess the effectiveness of adriamycin-containing
treatment regimens, such as CAV ((C)yclophosphamide, (A)
driamycin, (V)incristine) (Tashiro et al., 1989; Walcher et al,
2020). In the early 1980s, combinations with nitrosourea
derivatives began to be prescribed for patients with SCLC. A
little later, etoposide was prescribed as an additional treatment
option. In the 1990s, treatment regimens including taxanes and
topoisomerase I inhibitors were introduced (Karim and Zekri,
2012).

Currently, there are three main approaches to the treatment of
SCLC: surgery, radiation therapy, and chemotherapy.
Chemotherapy is central to the treatment of SCLC. Front-line
drugs are platinum preparations (cisplatin or carboplatin) in
combination with etoposide. With an extensive stage of tumor
progression, drugs such as doxorubicin, cyclophosphamide,
vincristine, and others are prescribed (European Society for
Medical Oncology, 2021; www.esmo.org; Www.cancer.gov/
types/lung/hp/small-cell-lung-treatment-pdq).

Although patients with SCLC initially respond well to
cytotoxic therapy, tumor recurrence occurs in most patients
(Giaccone et al.,, 1987). Patients whose tumor recurs more
than 6 months after fist-line chemotherapy should be re-
treated using the original treatment regimen. Additionally,
topotecan has been introduced into SCLC chemotherapy
(Eckardt et al., 2007). Topotecan is characterized by a high
response rate (15-20%) and an overall survival rate of 30%
within 1 year. Currently, it is a second-line therapy for SCLC.

Most of the clinical observations indicate a low effectiveness of
subsequent lines of treatment. With second-line chemotherapy,
the 5-year survival rate for patients with SCLC is below 5%
(Gaspar et al.,, 2012; Lallo et al., 2019). In 2013, the National
Cancer Institute placed SCLC in the category of resistant tumors
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and identified it as a priority for research. However, the situation
has not changed dramatically since this recommendation (Lallo
et al., 2019; National Cancer Institute, 2021).

The rapid development of drug resistance complicates the
treatment of SCLC (Byers and Rudin, 2015). It has been
recognized that cells which make up the tumor
microenvironment  secrete  enzymes, anti-inflammatory
cytokines, and chemokines causing thereby changes in tumor
and immune cells contributing to the escape from immunological
surveillance and reduction of the immune response (Lallo et al.,
2019). Such mechanisms of tumor activity should be taken into
account when developing novel approaches to antitumor therapy.

In the past few years, immunotherapeutic methods have been
developed that use or enhance the patient’s own immune system
to target tumor cells (Sharma and Allison, 2015; Topalian et al.,
2015). At the same time, cancer immunotherapy has developed in
parallel with the improved understanding of the role of the
immune system in tumorigenesis. Among the approaches to
stimulate the immune response, vaccines, immunomodulators,
and monoclonal antibodies (MAB) can be applied. MABs are
directed against checkpoint inhibitor on activated T-cells and/or
tumor cells. Thanks to immunotherapy, many patients with
advanced lung cancer are in long-term remission and have
overall longer survival rates. In this context, the IMPOWER-
133 trial showed longer progression-free survival and overall
survival in patients treated with etoposide/carboplatin/
atezolizumab (Carbone et al, 2017; Horn et al, 2018).
Currently, several clinical trials focused on the efficacy and
safety of “immune checkpoint inhibitors” in small cell lung
cancer patients are being conducted (NCT01331525;
NCT02359019; NCT02538666; NCT02481830; NCT02701400;
IMPOWER-133; KEYNOTE-028; CheckMate-032) (Yang
et al, 2019). However, clinical application of immune
checkpoint inhibitors is still associated with limited response
rates, severe immune-related adverse events, development of
resistance, and more serious exacerbation of cancer
progression referred to as hyper-progressive disease (Agrawal,
2019).

CHRONIC OBSTRUCTIVE PULMONARY
DISEASE AS A SMALL CELL LUNG
CANCER RISK FACTOR

Patients with diseases of the respiratory system (COPD, chronic
bronchitis, pulmonary emphysema) have an increased risk of
developing lung cancer. Annually, about 1% of patients with
COPD develop lung cancer, and the prevalence of COPD in
patients with lung cancer is 8-50% (Sekine et al., 2012). Thus,
COPD is an independent risk factor for lung cancer (Denholm
et al., 2014). Most studies so far investigated the link between
COPD and NSCLC. However, there is little data on the
association of COPD with the development of SCLC. This is
mainly due to the lower prevalence of SCLC compared to NSCLC
(Ju et al., 2018).

COPD and lung cancer are different diseases, but they share
similar  pathogenetic ~mechanisms, including epithelial-
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mesenchymal transition, inflammation, oxidative stress, and
DNA damage. In COPD, inflammation is found in the airways
and airspace and is inherently destructive (Houghton, 2013). In
patients with COPD, chronic inflammation is a key feature that
positively correlates with disease severity (Hogg et al., 2004) and
may be a potential factor in the development of lung cancer in
proximal and distant tissues (Parris et al., 2019). Cells such as
neutrophils, macrophages, CD4" and CD8" lymphocytes are
involved in the pathogenesis of COPD and lung cancer
(Barnes et al., 2003; Paone et al., 2011; Gomes et al., 2014).

Recent reports point to different specific characteristics of
immune cells in lung cancer and COPD. In patients with COPD,
alveolar macrophages with the M1 phenotype have been found to
polarize to the Thl phenotype via interferon-y. This cytotoxic
Th1 phenotype is favorable for the tumor microenvironment, but
does not occur in solid tumors, where immune cells are
predominantly represented by the Th2 phenotype, activated by
M2 macrophages (Shaykhiev et al, 2009). Changes in the
composition of immune cells may be a useful biomarker in
COPD patients with a precancerous condition. It has been
shown that an increase in Thl-polarized CD4" T cells in the
lung tissue is associated with the severity of COPD and may be
useful in assessing disease progression (Barnes et al., 2003; Paone
et al., 2011; Gomes et al., 2014). On the other hand, these
inflammatory cells with specific characteristics act as targets
and suggest the possibility of targeted therapy for COPD and,
separately, precancerous condition and lung cancer.

Co-expression of PD-1, T-cell immunoglobulin, and
molecule-3, containing the mucin domain (TIM-3) on CD8"
T-cells, increases with the severity of COPD (Biton et al., 2018).
PD-1 blockade is considered as one of the treatment approaches
to both reduce the severity of COPD and reduce the likelihood of
developing lung cancer. Recent studies have demonstrated an
increase in progression-free survival among patients with
advanced NSCLC with concomitant COPD receiving anti-PD-
1 therapy (Biton et al, 2018; Chalela et al., 2018). The
effectiveness of anti-PD-1 therapy among COPD patients is
explained by immunological dysregulation leading to increased
expression of immune checkpoints among T-cells (Chalela et al.,
2018; Mark et al., 2018).

Various approaches to the treatment of lung cancer, including
SCLC, have been presented above. The overwhelming majority of
treatment options focus on patients with a localized tumor
process (limited stage) and a widespread tumor process
(advanced stage). This is largely due to the ability to diagnose
lung cancer during this period of the development of the disease,
including in patients with COPD. Meanwhile, precancerous
conditions in patients without and with COPD are practically
not covered. This is due to a very fine line of the transition from
COPD to SCLC, and due to the lack of approaches to diagnose
this process. During the searching for potential biomarkers of the
precancerous condition, we turned our attention to such an
important pathological process in COPD as systemic
endothelial dysfunction (Green and Turner, 2017) with
increasing apoptosis of lung endothelial cells (Peinado et al,
2006). An expected result of this is a decrease in alveolar
vascularization ~ (Wedzicha et al, 2016). Pulmonary
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First generation CAR Second generation CAR

tyrosine-based activation.

FIGURE 1 | Evolution of chimeric antigen receptor (CAR) from the first generation to the fourth generation. Single chain antibody (CD3 or FceRly) links the ITAM at
transmembrane region for the first generation. Costimulatory molecule (CM1), such as CD28, has been engineered to the signal transduction region for the second
generation. Another costimulatory molecule (CM2) based on the second generation for the third generation has been engineered to the signal transduction region. The
interleukin-12 (IL-12) based on the second generation for the fourth generation has been engineered to the signal transduction region. ITAM, Immunoreceptor

Third generation CAR

Fourth generation CAR

microvascular blood flow and vascular density are already
reduced in mild COPD, including in areas of the lungs
without overt emphysema (Hueper et al, 2015). In patients
with severe COPD, destruction of the microvascular bed is
increasing (Hueper et al, 2015). It is known that in patients
with pulmonary emphysema, a decrease in the number of
endothelial progenitor cells in the blood was noted, and this
indicator was the lowest in pan lobular emphysema (Doyle et al.,
2017). The results of our own research confirm these data. We
propose that damage to the lung endothelium is a factor in the
progression of COPD. We can already point out several
parameters within the endothelium that can be used as
prognostic biomarkers of complications. These include
changes of the numbers of endothelial cells, endothelial
progenitor cells, pericytes, and smooth muscle cells
(Pakhomova et al., 2020). In this regard, angiogenesis can be
beneficial for the pulmonary vasculature and alveolar epithelium
in pulmonary emphysema and COPD, and thus, presumably, it is
possible to prevent the negative development of events: the
transition of the disease to a precancerous condition,
induction of lung cancer.

T-CELLS IN CART THERAPY

One of the promising methods for eliminating tumor cells may be
the use of T-cells with a chimeric antigen receptor (CAR). CARs
are modular synthetic receptors with a fragment of a monoclonal
antibody designed to selectively bind to specific antigens on the
surface of the plasma membrane of tumor cells. The result of the
interaction of CAR with a tumor antigen is the activation of T-cell
antitumor response (Stern et al., 2020). First generation CARs
contained only the CD3({, or Fc gamma signaling domains
(Figure 1). Over time, technology for generating CART cells

has improved significantly, which made it possible to add co-
stimulating domains such as CD28, 4-1BB, or OX4. Second-
generation CARs have been supplemented with one domain
while more than two domains can be added to modern CARs
(Srivastava and Riddell, 2018).

As noted above, CART cells are designed to recognize specific
tumor antigens and eradicate tumor cells. A CD19-specific
CART cell therapy has been shown to be effective in B-cell
malignancies, including acute lymphoblastic leukemia (ALL),
chronic lymphocytic leukemia (CLL), and non-Hodgkin’s
lymphoma (NHL) (Schubert et al., 2016). However, no definite
positive results have been achieved in the treatment of solid
tumors with CART cells, in particular, due to the difficulties in the
selection of T-cells for the formation of CAR, the selection of a
molecular and cellular target, and the recruitment of CART cells.
These difficulties and limitations have yet to be overcome.

The therapeutic efficacy of CART anti-cancer therapy largely
depends on the choice of T-cell subpopulations and the nature of
their modification. In particular, CART cells as the final cell
product must have the ability to proliferate in order to obtain a
cell mass sufficient for anti-cancer therapy (Wang et al., 2018). In
CART therapy, attempt shave been made to use various CD4"
and CD8" T cells (Golubovskaya and Wu, 2016). It is known that
CD4" T-cells mediate systemic immunity, which is important for
long-term tumor elimination (Wang et al., 2018). CD8" T-cells
have the potential not only to recognize, but also to destroy tumor
cells (Gascon et al., 2020). Although following CAR modification,
cytotoxic CD8" T-cells mediate the direct eradication of tumor
cells, also CD4" T helper cells (Th cells) have been identified as
highly efficient and clinically important T-cells (Stock et al.,
2019). Recent studies indicate that CD4" CART cells have a
cytotoxic ability comparable to cytotoxic CD8" CART cells (Stock
et al,, 2019), and can increase the proliferation of CD8" T cells
(Yang Y. et al,, 2017). Based on data inferred from T cell biology,
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trials have been designed and conducted using defined mixtures
of CD8 and CD4 T cells to generate CAR products that have
demonstrated success in CD19" leukemias and lymphomas
(Gascoén et al., 2020).

Cancer immunotherapy can include the use of different
subpopulations of memory T-cells and effector T-cells in
CART therapy. Subpopulations of CD4" memory cells (Thl,
Th2, Th9, Th17, Th22, Treg, and Tth) and effector CD8" cells
differ in many parameters including expression of extracellular
(CD25, CD45R0O, CD45RA, CCR-7, L-selectin or CD62L, etc.)
and intracellular markers (FOXP3), epigenetic and genetic
factors, and lastly metabolic pathways (catabolism and
anabolism). By influencing these parameters, CART therapy
can be improved (Golubovskaya and Wu, 2016). It is believed
that during immunotherapy, it is important to maintain and/or
create a certain ratio between CD4" Th-cells and cytotoxic CD8"
T-cells. The ratio of CD4" T-cells/CD8" T-cells in the cell product
can affect the effectiveness of antitumor CART therapy. To
resolve this issue, the desired cell subpopulations must be
isolated, and CARs need to be separately modified. As a result,
it is possible to adjust the ratio of CD4" T cells/CD8" T cells in a
patient specific manner (Stock et al, 2019). However, this
approach complicates the production process.

The differentiation status of T-cells proposed for modification
plays a certain role in achieving a positive effect during CART
therapy. There is evidence that transfusion of a large number of
undifferentiated CART cells has a beneficial effect on treatment
(Stock et al., 2019). Undifferentiated CART cells are characterized
by high proliferative activity, high viability in vivo, and long-term
antitumor activity. The therapeutic characteristics of the cell
product are influenced not only by the T-cell construct
included in the CAR, but also by the culture conditions during
the ex vivo expansion of the T cells as well. When obtaining the
required cell mass of T-cells, cytokines, and pharmacological
inhibitors of specific differentiation pathways are used. Currently
a standardized and optimal production process for obtaining
CART cells has not yet been established. Thus, defined and
effective criteria for predicting the response to CART therapy
are absent.

Since blood samples are easier to obtain than a lung biopsy,
the study of the antigenic profile (immunophenotype) of
immune cells circulating in the blood in order to predict
the immune response has recently become an increasingly
frequent method. Patients with a good response to checkpoint
inhibitors usually have fewer T-cells in the peripheral blood
compared to patients who do not respond to therapy (Gascon
et al., 2020). The initial ratio of T-cell subpopulations,
including the content of poorly differentiated cells, in the
blood of patients is reflected in the result of CART therapy.
In particular, patients with large numbers of circulating tumor
cells (CTCs) may have a small number of poorly differentiated
T-cells in their blood. As a result, CTCs can be the preferred
target for exogenous cytokines compared to CART cells. In
such a situation, the cytotoxic activity of T cells against the
tumor will be significantly reduced (Gattinoni et al., 2005).
Therefore, to provide additional cytokine therapy during
CART therapy, it is desirable to select T-cells for CAR

Potential of Stem Cells and CART for SCLC

modification in patients with a small number of CTCs in
the blood.

Generation of CAR in T-cells begins with the collection of
unstimulated leukocytes from the blood using leukapheresis.
Isolation of the required cell population from the total fraction
of lymphocytes is carried out taking into account their functional
and structural features. This is based mainly on the assessment of
surface markers CD4, CD8, CD25, or CD62L (Levine, 2015).
Isolation of the patient’s autologous antigen-presenting cells
(APCs) for subsequent activation requires additional multi-
stage manipulations, which make it difficult to obtain active
CART cells in the required period of time. In this regard,
alternative approaches have been developed to increase the
efficiency. These include the use of beads coated with MABs
specific to the CD3 and CD28 antigens (Suhoski et al., 2007).
During the activation process, cells are incubated with a viral
vector, which is used to deliver RNA encoding a chimeric antigen
receptor into T-cells, followed by reverse transcription into DNA
and insertion into the patient’s T-cell genome. Thereafter, CAR
begins to be expressed on the surface of the patient’s T-cells
(Montini et al., 2009). The final stage of the protocol for the
modification of T-cells in vitro is obtaining the required amount
for administration to the patient (Gattinoni et al., 2005). Part of
the cell material is cryopreserved and, if necessary, thawed to
confirm its characteristics and to conduct repeated cell therapy
(Levine, 2007).

The resistance of tumors to a number of therapeutic agents is
well-known. Resistance is based on the functional and structural
heterogeneity of the cellular composition of the tumor. It should
be noted that it is possible for a tumor to acquire resistance to
subsequent therapy with CART cells and to relapse. After a T-cell
therapy with CD19-CAR, 70-90% of patients with B-cell
malignant neoplasms developed a stable clinical remission.
Subsequent clinical trials showed a loss and/or suppression of
CD19 antigen expression in 70% of treated patients, which was
considered causative for the occurrence of relapses after
treatment (Levine, 2007; Maude et al., 2015).

An ideal situation for CART cell therapy is when the target
antigen is overexpressed on all or the vast majority of tumor cells
and is not expressed on the surface of healthy cells. However, the
majority of tumor-associated antigens (TAA) are expressed on
the cell membrane of patients with various types of cancer,
including NSCLC and SCLC. Many of them are expressed at
high levels and by healthy cells. Thus, CART cells might attack
healthy tissue, which can lead to serious side effects (Zhong et al.,
2020). Importantly, even a slight expression of tumor associated
antigens on the surface of healthy cell membranes leads to
damage and dysfunction of the lungs, blood system, and
gastrointestinal tract and can be life-threatening (Bonifant
et al., 2016). Therefore, to reduce the risk of side effects,
CART cells should be as selective as possible. One of the
options for increasing selectivity is an appropriate choice of
the isoform of the target antigen. Expression of one antigen
isoform can be observed on tumor cells, and another isoform
on healthy cells. Examples for this strategy are CART therapies
targeting EGFRVIII and CD44v8-10 (Morgan et al., 2012; Kim
and Ryu, 2017). Improving the recognition of the target antigen
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by CART cells also allows reducing cellular toxicity to healthy
tissues, as well as the incidence of relapses and tumor resistance to
CART therapy. These methods are based on the creation of
CART cells capable of recognizing several antigens, which
significantly increases the specificity and efficiency (Walcher
et al., 2020).

Various independent research groups have designed CARs
containing two independent domains (Grada et al., 2013; Zah
etal, 2016). These CAR T cells work according to the “OR-gate”
and can be activated by two antigens and the binding of either
antigen induces T-cell activation. One OR-gate strategy utilizes
the pooled mixture of two populations of CART cells (CAR pool),
each expressing a monospecific CAR. A variation on this theme is
to sequentially administer two different CART cell products.
Another strategy is the co-expression of two separate CARs in
each T cell (dual CAR). Yet another approach uses tandem
bispecific CARs (TanCAR) that comprise two scFv domains
separated by a linker on one receptor chain, and this strategy
was shown to be functionally superior to both the CAR pool and
dual-CAR approaches (Hegde et al., 2016; Zah et al., 2020). Under
conditions of the developing resistance risk due to a decrease or
termination of the expression of the target antigen of the cancer
cell, this type of CAR T cell construction can be effective. In
particular, CARs targeting two B-cell specific antigens: CD19 and
CD22, or CD19 and CD20. These CARs are less sensitive to
tumor cell resistance in absence of CD19 (Shah et al., 2019). The
disadvantage of this approach is the increased likelihood of a toxic
effect in relation to healthy cells and tissues, since with an increase
in the number of CAR application points, the number of healthy
target cells naturally increases.

Another approach to reduce the toxic effect on healthy cells is
to design CAR T cells that work according to the “NOT gate.”
Here, a T-cell is engineered to have two specific CARs, one of
which is activating and the other is inhibitory (iCAR). The
principle of this method is when a T-cell expressing both CAR
and iCAR meets a cell expressing only the target CAR antigen, it
kills the target, but when both CAR and iCAR antigens are
encountered on the same cell, negative iCAR regulatory
signaling will predominate or attenuate CAR signaling and
reduce the activation of T-cells. This approach is possible due
to the fact that iCARs have an extracellular domain of antigen
recognition, but their intracellular domains, instead of containing
activating domains, carry signaling domains from immune
inhibitory receptors such as (programmed cell death 1) PD-1
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
(Fedorov et al, 2013). The disadvantage of this approach is
that it is impossible to separate healthy cells from tumor cells
using a single surface marker.

Another method that improves the accuracy of targeting
CART cells to tumor cells is an approach to designing
CART cells that work according to the “AND” gate, which
requires the simultaneous activation of two receptors for the
manifestation of an immune response. In this approach,
activation of one receptor by a tumor antigen induces the
expression of a second CAR, which triggers the destruction of
tumor cells. A similar approach is implemented using the
synthetic receptor Notch (synNotch) (Roybal et al., 2016b).
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SynNotch is a synthetic transmembrane receptor, with a
cytoplasmic domain that equipped with a transcriptional
regulator that is released from the membrane when the ligand
interacts with the receptor. Subsequently, it enters the cell
nucleus, thereby activating the transcription of target genes
(Morsut et al., 2016). In this scenario, synNotch controls the
expression of CAR. This CAR triggers T-cell cytotoxicity and
shows significant advantages over CAR T cells that have
specificity for only one antigen. In preclinical studies, a higher
accuracy of the destruction of tumor cells has been shown.
Importantly, healthy tissues of animals expressing only one
antigen remained unaffected (Roybal et al., 2016a).

Table 1 shows clinical trials with lung cancer as indication
(https://clinicaltrials.gov/) registered as of September 2021
(ClinicalTrials, 2021).

In the overwhelming majority of cases, these studies are focused
on therapy of NSCLC. Notably, no clinical trials have been conducted
involving CART therapy for the treatment of SCLC. Moreover, there
are no clinical trials focusing on adoptive T-cell therapy at the 4
phase. We found only an alone clinical trial using CART-cells for the
treatment of SCLC (Phase 1, NCTO03392064). Chen et al.
demonstrated that Delta-like 3-targeted (DLL3) bispecific antibody
plus PD-1 inhibition was effective in controlling SCLC growth (Chen
et al,, 2020). However, investigators have recognized four major
distinct subcategories of SCLC using unbiased RNA-sequencing:
SCLC-A (it is characterized by transcription factors expressions
such as high ASCLI, high DLL3, and protein Schlafen 11
expression), SCLC-P (it is characterized by transcription factors
expressions such as high POU2F3 expression), SCLC-N (it is
characterized by transcription factors expressions such as high
expression of NEURODI, high expression of somatostatin
receptor 2), and SCLC-Y (it is characterized by YAP1 expression)
(Sayed and Blais, 2021). Recent studies have also pointed to the
presence of an immune-dependent subtype, referred to as SCLC-I
with increased immune infiltration (higher antigen presentation +
immune cell infiltration) (Rudin et al., 2019; Gay et al., 2021). These
subcategories were divided into those with (SCLC-A, SCLC-N) or
without (SCLC-P, SCLC-I) neuroendocrine differentiation. Distinct
features and therapeutic vulnerabilities were noted in each sub-
category. Therefore CART cell therapy targeting only DLL3
presumably may be effective in an only subcategory of SCLC-A.

CANCER STEM CELLS

Molecular Characterization of Cancer Stem
Cells

The induction of a tumor can be caused by transformed
differentiated cells or transformed somatic stem cells
(Hanahan and  Weinberg, 2011). Transformation of
differentiated cells can occur during tissue regeneration and
can be initiated and/or accelerated by infection, chronic
inflammation, toxins, radiation, or metabolic disorders
(Blackadar, 2016; Basu, 2018). During the transformation
process, overexpression of oncogenes and inactivation of
tumor suppressors are often observed (Hanahan and
Weinberg, 2011). As a result, somatic cells de-differentiate and
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TABLE 1 | Clinical trials targeting lung cancer (https://clinicaltrials.gov/) registered
as of September 2021.

Number
of clinical trials

Condition or disease

Small cell lung cancer 1,063
CART cell 581
Chimeric antigen receptor T-cells 671
CART cell lung cancer 16
CART cell immunotherapy 7
Lung cancer chimeric antigen receptor 18
T-cells
CART cell immunotherapy lung cancer 4
CART cell immunotherapy CD133 solid 0
tumors
CD133 solid tumors 4
CART cell immunotherapy MUC1 2
PD-L1 antibody small cell lung cancer 8
Small cell lung cancer CART cell 0
immunotherapy
Small cell lung cancer CTLA-4 5
Cancer stem cells chimeric antigen 3
receptor-modified T cells
Cancer stem cells small cell lung cancer 15
Cell lung cancer epidermal growth factor receptor 284
Small cell lung cancer epidermal growth factor 3
receptor
CART mesothelin 19
Cell lung cancer CAR T mesothelin 4
SCLC ICI 1 (Phase 3)
SCLC immunotherapy 42
(84 studies for phase
1,2;

4 studies for phase 3;
no studies for: phase 4)

Small cell lung cancer CART 1 (Phase 1)
Small cell lung cancer CART Mesothelin 0
Cancer stem cells small cell lung cancer CART cell 0

immunotherapy

acquire stem character accompanied by uncontrolled growth.
Transformation of somatic stem cells or early precursors is caused
by a set of genomic changes that allow uncontrolled and niche-
independent proliferation (Reya et al., 2001; Li and Neaves, 2006).

In squamous cell carcinomas, the phenotype of cancer cells
depends on the source cell and the type of driver mutation
responsible for the invasiveness and aggressiveness of the
tumor (Yamano et al, 2016; Sdnchez-Danés and Blanpain,
2018). Basal stem cells located in the trachea and bronchi are
capable of forming heterogeneous spheres. This allows us to
consider them as precursors of squamous cell lung cancer
(Fukui et al., 2013; Hardavella et al., 2016). It is believed that
adenocarcinomas can originate from bronchoalveolar stem cells
or pneumocytes of type I and type II (Hardavella et al., 2016). In
healthy lungs, these bronchoalveolar stem cells are inactive, but
they can begin to actively proliferate and become targets of
various factors that cause mutation and transformation (Kim
et al., 2005; Hardavella et al, 2016). At an early stage of lung
morphogenesis, pulmonary neuroendocrine cells can be
identified. In the adult body, after injury from tobacco smoke,
oxidative stress, nitrosamines, or burn injury, pulmonary
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neuroendocrine cell hyperplasia is observed, leading to SCLC,
which is a poorly differentiated, high-grade carcinoma
(Sutherland et al., 2011; Travis, 2012; Wang et al., 2020).

The drug resistance of SCLC to therapy is associated with
tumor heterogeneity. When conducting chemotherapy or
radiation therapy, the composition of the tumor changes
(Ayob and Ramasamy, 2018; Arnold et al, 2020). In the
course of treatment, actively proliferating cancer cells become
targets, leading to partial elimination of the tumor (Shibata and
Hoque, 2019). At the same time, quiescent cancer stem cells
(CSC) survive and may be the main factor in tumor recurrence.
Thus, CSCs are potential therapeutic targets, and diagnostic and
prognostic markers for SCLC. However, the full potential of these
findings has not yet been exploited.

CSC expresses tissue-specific cell surface markers, but none of
these markers are exclusive to CSCs. The immunophenotype of
CSC may not necessarily be the same for cancer subtypes or even
tumors of the same subtype (Klonisch et al., 2008; Rivera et al.,
2011). To date, CD133 is the most well documented marker of
lung CSC. Lung tumor cells with a high level of CD133 are
resistant to chemotherapeutic drugs. Interestingly, expression of
CD133 increases even further after the treatment (Sarvi et al.,
2014). A high level of expression of CDI133 indicates poor
outcomes in patients with lung cancer (Rivera et al., 2011;
Alamgeer et al., 2013; Huang et al., 2015; Liou, 2019). CD133
is found in a wide range of malignant tumors and characterizes a
population of tumor initiating cells in solid breast cancer, as well
as in SCLC and NSCLC (Eramo et al., 2008; Tirino et al., 2009).

High expression levels of CDI133 are also found on
undifferentiated cells such as hematopoietic stem cells,
endothelial ~progenitor cells, and neural stem cells

(MacDonagh et al., 2017). It was discovered in CD133" SCLC
cells, an increased expression of the mitogenic neuropeptide
receptors for a gastrin-releasing peptide and arginine-
vasopressin (Sarvi et al., 2014). In their study, Zhang Z. et al.
found a high degree of stemness, tumorigenicity, and plasticity of
NCI-H446 SCLC cells. The markers for these stem cells were
CD133, Sall4, Oct4, nestin, neural cell adhesion molecule
(NCAM), S100B, vimentin, CD44, and CDI105. These cells
formed subcutaneous xenograft tumors and orthotopic lung
xenograft tumors in BALB/C-nude mice and expressed stem
cell markers and the proliferation marker Ki67 (Zhang et al,
2013).

CD44 is another CSC marker and at the same time a cell
adhesion molecule usually required for metastasis of CD133"
CSC in cancer (Liou, 2019). In addition to CSCs, CD44 is
expressed on endothelial and mesenchymal cells (Rivera et al.,
2011). Wang P. and colleagues have created a number of lung
cancer cell lines from primary tumors. One of the lines was
characterized as CD44™€"CD90" and this set of markers has been
proposed for the identification of CSC (Asselin-Labat and Filby,
2012). The high level of expression of CD44, which was found in
squamous cell carcinomas, correlated with tumors of a higher
malignancy (Roudi et al, 2015). CD44v8-10, also known as
CD44R1 and CD44E, is one of the isoforms of CD44v and
contains variant exons 13-15 (v8-v10) (Ponta et al., 2003;
Zoller, 2011). Clinical studies have shown that CD44v8-10 is
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expressed on a variety of human epithelial malignant tumors,
including lung tumors and CSC, and its expression correlates
with metastasis (Yamaguchi et al., 1995; Yamaguchi et al., 1996;
Okamoto et al., 1998; Olsson et al., 2011; Hiraga and Nakamura,
2016).

Another marker often used for the identification of CSC is
aldehyde dehydrogenase (ALDH). ALDH is a superfamily of 19
human isoenzymes and is actively expressed on both healthy cells
and cancer cells with stem characteristics (Jones et al., 1995;
Ginestier et al., 2007; Huang et al., 2009). Overexpression of
ALDH]1 is usually associated with a poor prognosis in patients
with SCLC (Jiang et al., 2009; Okudela et al., 2013; MacDonagh
et al., 2017). Analyzing the activity of CD133 and ALDH,
Akunuru S. et al. came to the conclusion that separated tumor
stem cells (CD133" ALDH"®") can mutually transform from
non-CSC (CD133" or ALDH"Y) (Akunuru et al., 2012). This
process is initiated by TGF-f. The transformation of CSC < non-
CSC emphasizes the dynamic plasticity of cancer cells (Hiraga
and Nakamura, 2016).

In solid tumors, including lung cancer, overexpression of the
plasminogen activator urokinase (uPA) and its receptor
(urokinase plasminogen activator receptor, uPAR) known as
CD87 has been demonstrated. CD87 is actively involved in the
migration and regulation of cell adhesion. High expression of
CD87 correlates with unfavorable clinical outcome and
significantly shorter overall survival in SCLC (Jones et al,
1995; Ginestier et al., 2007). The population of CD87" cells
contains a subpopulation of CSC, has the ability to form
spheres and possesses an increased potential for initiating
tumor growth, as well as a significant resistance to numerous
traditional chemotherapeutic agents intended for the treatment
of patients with SCLC (Ginestier et al., 2007; Ginestier et al.,
2007; Huang et al., 2009; Jiang et al., 2009; Okudela et al.,
2013; MacDonagh et al, 2017). The markers CD87 and
CD133 were also identified as markers of CSC in SCLC (Jiang
et al., 2009).

CD117 (KIT, ¢-KIT) is a type III receptor tyrosine kinase that is
phosphorylated upon binding of its ligand and stem cell factor
(SCF), which leads to activation of multiple signal transduction
pathways that regulate a number of biological processes, such as
apoptosis, differentiation, adhesion, and cell proliferation (Huang
et al,, 2009; Walcher et al., 2020). SCF and CD117 are overexpressed
in lung cancer (Jiang et al, 2009). High expression of SCF and
CD117 in lung cancer is closely associated with smoking status,
lower survival rates, and chemoresistance (Kubo et al, 2013;
Miettinen and Lasota, 2005; Liou, 2019).

The worst overall survival in SCLC was found if high levels of
SOX2 expression were detected in CSCs (Donnenberg et al., 2012;
Walcher et al., 2020). Overall, expression of the SOX2 protein is
associated with aggressive tumors (Saigusa et al., 2009; Levina
et al., 2010; Wilbertz et al.,, 2011; Perumal et al., 2014; Walcher
et al., 2020). Upregulation of SOX2 enhances the proliferation of
cancer cells and is important for the function of the lung CSC
(Wang et al,, 2009; Sholl et al., 2010).

Cripto (TDGF1, CRIPTO-1) is a small
glycosylphosphatidylinisitol-secreted oncofetal protein that plays
an important role in the regulation of stem cell
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differentiation, embryogenesis, growth and tissue remodeling
(Du et al, 2011). When expressed aberrantly, Cripto can
stimulate the onset and progression of various types of
tumors, including lung cancer (Nakatsugawa et al, 2011).
Cripto regulates signaling pathways involved in cell
differentiation and development, such as Wnt and Notch
(Xiang et al., 2011). Cripto has been shown to interact with
a variety of signaling pathways that play a key role in the
regulation of normal tissue homeostasis and tumorigenesis.
Adult tissues show low levels of Cripto expression, while
increased levels of Cripto in situ or in the bloodstream are
found in many human cancers (Klauzinska et al., 2014; Xu et al,,
2017). Resistance to therapy and high oncogenicity of Cripto®
cells are associated with the role of Cripto in maintaining the
phenotype of CSC and tumor cells (Du et al., 2011; Nagaoka
et al., 2013).

B7-H3 (CD276) is a molecule of the B7 family (Mao et al,
2017; Zhang X. et al., 2017). The B7-H3 protein is found in several
types of tumor tissues, including NSCLC and prostate cancer. The
molecule is expressed by tumor cells and tumor vascular cells,
found in clinical samples of human cancer metastases. B7-H3 has
been characterized as a co-stimulatory molecule for T-cell
activation. The non-immunological activity of B7-H3 is
associated with various signaling pathways, interacting with
which changes angiogenesis and tumor invasion. B7-H3 is
supposed to be used as a target for cancer treatment and as a
marker of the evasion of tumor cells from the action of the
immune system (Mao et al., 2017; Zhang Q. et al.,, 2017; Yang
et al., 2020).

AXL belongs to the TAM family (Tyro3, AXL, Mer). GAS6
serves as a ligand for AXL with high binding affinity. GAS6/
AXL signaling is an important pathway governing the survival,
proliferation, migration, and invasion of tumor cells (Zhu
et al,, 2019). This makes AXL a potential target for cancer
treatment. In adults, AXL expression is relatively low
(Vajkoczy et al., 2006), but aberrant Gas6/AXL expression
has been detected in a number of human malignancies,
including breast cancer, chronic lymphocytic leukemia
(CLL), lung cancer, pancreatic cancer, glioblastoma,
melanoma. This altered expression is associated with disease
progression and reduced overall survival. AXL controls cell
proliferation through effector molecules in the PI3K/AKT/
mTOR, RAS/RAF/MEK/ERK, JAK/STAT, and NF-xB
signaling pathways (May et al., 2015) and correlates with
stem cell marker genes such as Isll, Cdc2a, Bglapl, CD44
and ALDHI1 (Asiedu et al., 2014). Expression of marker genes
increases the oncogenicity of breast cancer stem cells. It is
suggested that targeting AXL has great therapeutic potential
and may disrupt Wnt/a-catenin and TGFaR signaling and
spherical formation, thereby increasing resistance to cancer
and its progression (Yen et al., 2017). Given the role of AXL in
the development, progression, and drug resistance of cancer,
AXL holds great promise as a predictive biomarker and
therapeutic target. Several AXL inhibitors have been found
to be promising after preclinical studies and are thus in various
stages of clinical trials (Tibes et al., 2013; Rodon et al., 2017;
Vergote et al., 2017).
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TABLE 2 | Markers of lung cancer stem cells.

Marker

CD133

CD44 CD44v8-10

CD87

CD117

ALDH

SOX2

CRIPTO-1

Potential of Stem Cells and CART for SCLC

Localization, functions

Member of pentaspan transmembrane glycoproteins, which specifically localizes to cellular protrusions. CD133 is
expressed in hematopoietic stem cells, endothelial progenitor cells, glioblastoma, neuronal and glial stem cells, various
pediatric brain tumors, as well as in the adult kidney, lung, mammary glands, trachea, salivary glands, uterus, placenta,
digestive tract, testes, and some other cell types. CD133 is the most commonly used marker for isolation of CSC population
from different tumors, mainly from various gliomas and carcinomas (Eramo et al., 2008; Klonisch et al., 2008; Tirino et al.,
2009; Rivera et al., 2011; Alamgeer et al., 2013; Sarvi et al., 2014; Huang et al., 2015; MacDonagh et al., 2017; Liou, 2019).
Cell-adhesion molecule. Expression in normal tissues is low. In addition, CD44 is expressed on endothelial and
mesenchymal cells. CD44" cells showed increased self-renewal ability and increased ability to initiate tumor in vivo
compared to CD44~ cells (Yamaguchi et al., 1995; Yamaguchi et al., 1996; Okamoto et al., 1998; Ponta et al., 2003; Olsson
etal., 2011; Riveraetal., 2011; Zéller, 2011; Asselin-Labat and Filby, 2012; Roudi et al., 2015; Hiraga and Nakamura, 2016;
Liou, 2019).

Participates in cell migration, regulates cell adhesion. High CD87 expression correlates with poor clinical outcome and
significantly shorter overall survival in SCLC. CD87* cell population demonstrated a high spherical ability, an increased tumor
initiation potential, and significant resistance to traditional chemotherapeutic agents in SCLC therapy (Romer et al., 2004;
Gutova et al., 2007; Almasi et al., 2013; Kubo et al., 2013; Codony-Servat et al., 2016; MacDonagh et al., 2017).
CD117 (c-KIT) is a type Ill receptor tyrosine kinase. ¢-KIT is activated (phosphorylated) by binding of its ligand with stem cell
factor (SCF). This leads to activating of signal cascade which activation apoptosis, cell differentiation, proliferation,
chemotaxis, and cell adhesion. Overexpression of SCF and CD117 is observed in lung cancer. High SCF expression in lung
adenocarcinoma is associated with poor prognosis. Overexpression of CD117 in lung tumors is also associated with poor
prognosis, lower survival, and chemoresistance (Romer et al., 2004; Miettinen and Lasota, 2005; Kubo et al., 2013; Liou,
2019; Walcher et al., 2020).

High activity of aldehyde dehydrogenase (ALDH) has been found in stem and progenitor cells. High activity and/or
overexpression of ALDH can be used as a marker of CSC in various types of cancers, including lung cancer. Overexpression
of ALDH1 is associated with a poor prognosis in patients with lung cancer and more severe histological grade and stage of
the disease (Jones et al., 1995; Ginestier et al., 2007; Huang et al., 2009; Jiang et al., 2009; Okudela et al., 2013;
MacDonagh et al., 2017).

There is a relationship between SOX2 expression and SCLC stage and overall survival. SOX2 expression is associated with
more aggressive tumors. An increase in SOX2 activity enhances the proliferation of tumor cells. Overexpression of SOX2 is
important for lung CSC function (Saigusa et al., 2009; Wang et al., 2009; Levina et al., 2010; Sholl et al., 2010; Wilbertz et al.,
2011; Donnenberg et al., 2012; Perumal et al., 2014; Walcher et al., 2020).

There is cell surface glycosylphosphatidylinositol (GPI)-linked glycoprotein which plays an important role in the regulation of
stem cell differentiation, embryogenesis, growth and tissue remodeling. Aberrant Cripto expression can stimulate the
development and progression of various types of tumors, including lung cancer. Cripto regulates Wnt and Notch signaling
pathways. Cripto interacts with a variety of signaling pathways that play a key role in regulating normal tissue homeostasis
and tumorigenesis. Cripto expression in adult tissues is low. Tumors show elevated levels of Cripto in situ or in the
bloodstream. High resistance to chemotherapy and tumorigenicity are associated with Cripto and CSC (Du et al., 2011;
Nakatsugawa et al., 2011; Xiang et al., 2011; Nagaoka et al., 2013; Klauzinska et al., 2014; Xu et al., 2017).

Localization and function of molecular markers of Cancer
Stem Cells in Lung are summarized in Table 2.

Cancer Stem Cells as a Target for Cancer
Therapy

The search and development of cancer treatment options
focused on inhibiting, damaging and eliminating CSCs has
been the focus of research over the past years (Almasi et al.,
2013; Walcher et al., 2020). According to Shibata M. and Hoque
M.O., the combination of therapy aimed at SSC and traditional
non-targeted therapy can lead to a decrease in chemoresistance
(Shibata and Hoque, 2019). Approaches to cancer therapy,
targeting CSCs, include urokinase plasminogen activator
inhibitors as well as stem cell-related pathways such as Wnt
and P-catenin (Almasi et al., 2013; Shibata and Hoque, 2019;
Walcher et al., 2020). So far, most of these approaches have
failed as front-line treatments including immunological
approaches, targeting CSC include adoptive cell transfer,
targeting checkpoint inhibitors, and antibody-based approaches
and vaccination.

As a result of complete and durable responses in individuals
who are refractory to standard of care therapy, CAR T cells
directed against the CD19 protein have been granted
United States Food and Drug Administration (FDA) approval
as a therapy for the treatment of pediatric and young adult acute
lymphoblastic leukemia and diffuse large B cell lymphoma.
Human trials of CAR T cells targeting CD19 or B cell
maturation antigen in multiple myeloma have also reported
early successes (Long et al, 2018; Schmidts and Maus, 2018).
However, a clear and consistently reproducible demonstration of
the clinical efficacy of CAR T cells in the setting of solid tumors
has not yet been reported. Despite many difficulties, CART cell
therapy for solid cancer can be an effective alternative to
chemotherapy and radiation therapy (Long et al, 2018;
Schmidts and Maus, 2018; Walcher et al, 2020). In
experiments on laboratory animals, a monotherapy of solid
cancer against directed to CD133" CTCs showed inhibition of
tumor growth in an orthotopic mouse model of glioma (Zhu
et al,, 2015; Hu et al., 2019). Promising preclinical results have
been obtained with combined cell therapy with cytostatic agents
(Klapdor et al, 2017). A clinical trial of CDI133-targeted
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CART cells in patients with breast, brain, liver, pancreas, ovarian,
and colorectal cancers has been completed (NCT02541370). In
patients with previously treated advanced hepatocellular
carcinoma, CART-133 cell therapy demonstrated promising
antitumor activity and a manageable safety profile.

Several CAR-based approaches have been developed to target
CD44. CAR developments in clinical trials include monoclonal
antibodies and antibody conjugates. Early studies with 186 Re-
conjugated antibodies against the CD44v6 splicing variant
showed positive results (Colnot et al., 2002).

EGFR VIII (epidermal growth factor) is rarely expressed in
healthy tissues, making this mutated tumor receptor an attractive
target for therapeutic molecules. EGFR overexpression is
commonly seen in patients with NSCLC. Molecules that
inhibit the activity of EGFR kinase show therapeutic effects.
The efficacy of second-generation EGFR-specific T-cells that
include the signaling domains CD137 and CD3{ (CD247) has
been reported. The anticancer efficacy of EGFR-positive T-cells
against lung carcinoma has been demonstrated in vitro as
cytotoxicity and secretion of interferon y (IFN-y) and IL-2. In
a phase I clinical trial, two of 11 patients with refractory NSCLC
experienced a partial antitumor response after treatment with
second-generation EGFR-specific CART cells (Feng et al., 2017;
Yang J. et al., 2017).

Mesothelin is a tumor differentiation antigen that is normally
present on the mesothelial cells lining the pleura, peritoneum,
and pericardium. Since mesothelin is overexpressed in several
cancers and is immunogenic, the protein could be exploited as a
tumor marker, unfortunately, it is not a specific antigen for cancer
(Colnot et al., 2002; Ginestier et al., 2007; Feng et al., 2017;
Klapdor et al., 2017; Hu et al., 2019). However, compared with a
low level of expression in normal tissues, mesothelin is
overexpressed in about 30% of all cancers, including most
epithelioid mesotheliomas; adenocarcinomas of the lungs,
stomach, bile ducts, endometrium and pancreas; serous
ovarian cancer; squamous cell carcinomas of the head and
neck, esophagus, lungs, cervix, and vulva; triple negative breast
cancer, desmoplastic small cell tumors and epithelial biphasic
synovial sarcomas (Chang et al., 1992; Chang and Pastan, 1996;
Yang et al,, 2017; Hu et al., 2019; Walcher et al., 2020). Numerous
preclinical studies have reported the antitumor efficacy of
mesothelin and carcinoembryonic antigen-specific T-cells
against antigen-positive tumors such as ovarian and liver
cancer. However, there is no direct evidence of antitumor
efficacy against primary tumor specimens or lung cancer cell
lines. CAR meso T-cells are T-cells, which are transduced with a
CAR, composed of anti-mesothelin scFv fused to TCRzeta
signaling and co-stimulatory domains. ScFv SS1 is derived
from a murine monoclonal antibody and is the most studied.
In mice, lentiviral (DNA) CART mesocells, which are injected
intratumor or intravenously into mice with pre-established
tumors, caused a significant reduction in tumor size or
destruction of tumors (Carpenito et al., 2009; O’Hara et al,
2016). Positive results of preclinical studies of the antitumor
activity of human mesothelin-specific single-chain antibody
variable fragment (P4 scFv) coupled to T cell signaling
domains were obtained (Lanitis et al., 2012). Importantly,
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adoptive transfer of P4 CAR-expressing T cells mediated the
regression of large, established tumor in the presence of soluble
mesothelin in a xenogenic model of human ovarian cancer. This
gives hope for the use of CART mesocells in the treatment of
patients with mesothelin-expressing tumors.

FUTURE PERSPECTIVES

SCLC accounts for 10-15% of all known cases of lung cancer and
is one of the most malignant and incurable tumors. All types of
small cell carcinoma have a poor prognosis even when the
diagnosis is made at an early stage. Clinical approaches to
treating SCLC (surgery, radiation therapy, and chemotherapy)
do not lead to patient recovery. High tumor mutational burden
(TMB) and high neoantigens production are the main reasons for
the progression of treated lung cancer. Until now, CART
lymphocytes have not found their application in the treatment
of SCLC. This may be due to the prescription of CART
lymphocytes when the tumor mass is formed, whereas CART
therapy is a more subtle treatment approach than, for example,
radiation therapy and chemotherapy, and is designed to target
detection and destruction of tumor cells. Thus, there is an urgent
need for new approaches to treating SCLC, or revising the tactics
of prescribing existing ones.

It is known that COPD increases the risk of NSCLC. There is
much less data on the link between COPD and SCLC (Ju et al.,
2018). Thus we focused on a group of COPD patients who
develop SCLC (Figure 2).

In our opinion, in patients with COPD as a precancerous
condition, prevention of SCLC at the stage of transformation of
healthy cells into tumor cells seems to be promising. As
diagnostic and prognostic markers of lung cancer are
associated with COPD, it is proposed to assess the level of
neutrophils, cholesterol (Mouronte-Roibas et al., 2019), and
alphal-antitrypsin in peripheral blood (Mouronte-Roibas
et al., 2019; Tubio-Pérez et al., 2021). A number of studies
indicated the possibility of CSCs using as a diagnostic marker
of NSCLC in patients with COPD (llie et al., 2014; Marquette
et al., 2020). There are few studies examining predictors of SCLC
(Huang et al., 2018). In a pilot study, we have demonstrated the
need to study different populations of CSCs in breast cancer
(Pershina et al., 2021). Similarly, detecting circulating CSCs might
by the key to early diagnosis of SCLC.

The first question that arises during the transition to this
platform is related to the detection of CTCs (including CSC) in
the blood of patients in a precancerous condition. At the stage of
precancerous condition, we propose to use already known tumor
markers as diagnostic markers of CSC including CD133, CD87,
CD44, CD117, ALDH, Sox2, and CRYPTO-1. The need to assess
the entire spectrum of antigens is justified by the high
heterogeneity of the CSC phenotype in SCLC. Compliance
with this requirement puts us on a path towards stratification
and personalization from the beginning of the detection of CSCs
in blood. Not all tumor antigens are expressed or expressed at the
same level in all patients. A number of experts in the field are
inclined to believe that when choosing a target marker, attention
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FIGURE 2 | A new approach to cell therapy for patients with COPD in precancerous conditions (tumor mass in the lungs is not yet formed) or patients with COPD

and SCLC.

should be paid to antigens with a significant level of expression
and to their ratio.

The appearance of one or a group of tumor markers in the
blood of patients with a precancerous condition is a signal for
CART therapy. To create CARs, populations of CD3"CD4"
and CD3"CD8" blood T cells are proposed. These cells have
proven themselves well as the basis for CARs aimed at other
conditions. We further propose to use the expressed tumor
markers identified in the patient as targets for modified
T cells.

Importantly, potentially negative effects of the therapy need to
be considered. To reduce the side effects risk of the CART therapy
and to increase the selectivity of CART cells in relation to ROS,
specific antigens such as EGFRVIII and CD44v8-10 are proposed
in addition to the already identified antigens. Creation of
CART cells capable of recognizing multiple antigens can
significantly increase the effectiveness of CART therapy. A
promising approach to the design of CART cells functioning
according to the “AND” gate, which requires the simultaneous
activation of two receptors for the manifestation of an immune
response. With a positive outcome of CART therapy in patients
with a precancerous condition, the need for chemotherapy and
radiation therapy may disappear. One of the approaches to
increase the effectiveness of SCLC treatment is the modulation
of immune response and effect on the tumor microenvironment
activity.

We propose a new approach for an increase of CART therapy
efficiency in SCLC. However, our review and the proposed
strategy have some limitations. To assess their applicability to
a clinic, the results discussed here need further validation in pre-
clinical studies and multi-center clinical studies focused on
cohorts with large numbers of patients.

AUTHOR CONTRIBUTIONS

Conceptualization, ES; methodology, OP, MZ, NE, EP, and AP;
formal analysis, ES, OP, MZ, NE, EP, and AP; investigation, OP,
MZ, NE, EP, and AP; resources, ES; data curation, OP, NE, and
AP; writing—original draft preparation, ES and OP;
writing—review and editing, ES, DW, and AD; supervision,
ES; project administration, ES; funding acquisition, SM, AK,
and AD. All authors have read and agreed to the published
version of the manuscript. All authors have read and agreed to the
published version of the manuscript.

FUNDING

This research was funded by grants from the Ministry of Science
and Higher Education Russian Federation, grant number 075-15-
2020-773.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2021 | Volume 9 | Article 778020


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Skurikhin et al.

REFERENCES

Agrawal, B. (2019). New Therapeutic Targets for Cancer: The Interplay between
Immune and Metabolic Checkpoints and Gut Microbiota. Clin. Transl. Med. 8,
23. doi:10.1186/540169-019-0241-x

Akunuru, S, James Zhai, Q., and Zheng, Y. (2012). Non-Small Cell Lung Cancer
Stem/Progenitor Cells are Enriched in Multiple Distinct Phenotypic
Subpopulations and Exhibit Plasticity. Cell Death Dis. 3, €352. doi:10.1038/
cddis.2012.93

Alamgeer, M., Ganju, V., Szczepny, A., Russell, P. A, Prodanovic, Z., Kumar, B.,
et al. (2013). The Prognostic Significance of Aldehyde Dehydrogenase 1A1
(ALDH1A1l) and CD133 Expression in Early Stage Non-Small Cell Lung
Cancer. Thorax 68, 1095-1104. doi:10.1136/thoraxjnl-2012-203021

Almasi, C. E., Drivsholm, L., Pappot, H., Hoyer-Hansen, G., and Christensen, I. J.
(2013). The Liberated Domain I of Urokinase Plasminogen Activator Receptor -
A New Tumour Marker in Small Cell Lung Cancer. APMIS 121, 189-196.
doi:10.1111/.1600-0463.2012.02955.x

Arnold, C. R,, Mangesius, J., Skvortsova, I.-I., and Ganswindt, U. (2020). The Role
of Cancer Stem Cells in Radiation Resistance. Front. Oncol. 10, 164.
doi:10.3389/fonc.2020.00164

Arriola, E., Cafadas, I, Arumi, M., Rojo, F., Rovira, A., and Albanell, J. (2008).
Genetic Changes in Small Cell Lung Carcinoma. Clin. Transl Oncol. 10,
189-197. doi:10.1007/s12094-008-0181-1

Asiedu, M. K., Beauchamp-Perez, F. D., Ingle, J. N., Behrens, M. D., Radisky, D. C.,
and Knutson, K. L. (2014). AXL Induces Epithelial-to-Mesenchymal Transition
and Regulates the Function of Breast Cancer Stem Cells. Oncogene 33,
1316-1324. doi:10.1038/0nc.2013.57

Asselin-Labat, M.-L., and Filby, C. E. (2012). Adult Lung Stem Cells and Their
Contribution to Lung Tumourigenesis. Open Biol. 2, 120094. doi:10.1098/
rsob.120094

Ayob, A. Z., and Ramasamy, T. S. (2018). Cancer Stem Cells as Key Drivers of
Tumour Progression. J. Biomed. Sci. 25, 20. doi:10.1186/s12929-018-0426-4

Barnes, P. J., Shapiro, S. D., and Pauwels, R. A. (2003). Chronic Obstructive
Pulmonary Disease: Molecular and Cellularmechanisms. Eur. Respir. ]. 22,
672-688. doi:10.1183/09031936.03.00040703

Basu, A. (2018). DNA Damage, Mutagenesis and Cancer. Int. J. Mol. Sci. 19, 970.
doi:10.3390/ijms19040970

Biton, J., Ouakrim, H., Dechartres, A., Alifano, M., Mansuet-Lupo, A., Si, H., et al.
(2018). Impaired Tumor-Infiltrating T Cells in Patients with Chronic
Obstructive Pulmonary Disease Impact Lung Cancer Response to PD-1
Blockade. Am. J. Respir. Crit. Care Med. 198, 928-940. doi:10.1164/
rccm.201706-11100c

Blackadar, C. B. (2016). Historical Review of the Causes of Cancer. World J. Clin.
Oncol. 7, 54-86. doi:10.5306/wjco.v7.i1.54

Bonifant, C. L., Jackson, H.J., Brentjens, R. J., and Curran, K. J. (2016). Toxicity and
Management in CAR T-Cell Therapy. Mol. Ther. - Oncolytics 3, 16011.
d0i:10.1038/mt0.2016.11

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA: A Cancer J. Clin. 68,
394-424. doi:10.3322/caac.21492

Byers, L. A,, and Rudin, C. M. (2015). Small Cell Lung Cancer: Where do we go
from Here? Cancer 121, 664-672. doi:10.1002/cncr.29098

Carbone, D. P., Reck, M., Paz-Ares, L., Creelan, B., Horn, L., Steins, M., et al.
(2017). First-Line Nivolumab in Stage IV or Recurrent Non-Small-Cell Lung
Cancer. N. Engl. J. Med. 376, 2415-2426. doi:10.1056/nejmoal613493

Carpenito, C., Milone, M. C., Hassan, R., Simonet, J. C., Lakhal, M., Suhoski, M. M.,
et al. (2009). Control of Large, Established Tumor Xenografts with Genetically
Retargeted Human T Cells Containing CD28 and CD137 Domains. Proc. Natl.
Acad. Sci. 106, 3360-3365. doi:10.1073/pnas.0813101106

Chalela, R., Gea, J., and Barreiro, E. (2018). Immune Phenotypes in Lung Cancer
Patients with COPD: Potential Implications for Inmunotherapy. J. Thorac. Dis.
10, S2186-52189. d0i:10.21037/jtd.2018.06.143

Chang, K, and Pastan, 1. (1996). Molecular Cloning of Mesothelin, a
Differentiation Antigen Present on Mesothelium, Mesotheliomas, and
Ovarian Cancers. Proc. Natl. Acad. Sci. 93, 136-140. doi:10.1073/pnas.93.1.136

Potential of Stem Cells and CART for SCLC

Chang, K., Pastan, I, and Willingham, M. C. (1992). Isolation and Characterization
of a Monoclonal Antibody, K1, Reactive with Ovarian Cancers and normal
Mesothelium. Int. J. Cancer 50, 373-381. doi:10.1002/ijc.2910500308

Chen, X., Amar, N., Zhu, Y., Wang, C,, Xia, C., Yang, X,, et al. (2020). Combined
DLL3-Targeted Bispecific Antibody with PD-1 Inhibition is Efficient to
Suppress Small Cell Lung Cancer Growth. J. Immunother. Cancer 8 (1),
€000785. doi:10.1136/jitc-2020-000785

Cheng, Y., Li, H, Liu, Y., Ma, L,, Liu, X,, Liu, Y., et al. (2015). Distribution and
Clinical Significance of CTLA4, PD-1 and PD-LI in Peripheral Blood of
Patients with Small-Cell Lung Cancer. J. Clin. Oncol. 33, 7574. doi:10.1200/
j€0.2015.33.15_suppl.7574

ClinicalTrials (2021). ClinicalTrials.gov. Available at: https:/clinicaltrials.gov/
(Accessed September 13, 2021).

Codony-Servat, J., Verlicchi, A., and Rosell, R. (2016). Cancer Stem Cells in Small
Cell Lung Cancer. Transl. Lung Cancer Res. 5, 16-25. d0i:10.3978/j.issn.2218-
6751.2016.01.01

Colnot, D. R,, Ossenkoppele, G. J., Roos, J. C., Quak, J. J., de Bree, R., Bérjesson, P.
K., et al. (2002). Reinfusion of Unprocessed, Granulocyte Colony-Stimulating
Factor-Stimulated Whole Blood Allows Dose Escalation of 186Relabeled
Chimeric Monoclonal Antibody U36 Radioimmunotherapy in a Phase I
Dose Escalation Study. Clin. Cancer Res. 8, 3401-3406.

Denholm, R,, Schiiz, J., Straif, K., Stiicker, I, Jockel, K.-H., Brenner, D. R., et al.
(2014). Is Previous Respiratory Disease a Risk Factor for Lung Cancer? Am.
J. Respir. Crit. Care Med. 190, 549-559. doi:10.1164/rccm.201402-03380c

Donnenberg, A. D., Zimmerlin, L., Landreneau, R. J., Luketich, J. D., and
Donnenberg, V. S. (2012). KIT (CD117) Expression in a Subset of Non-
Small Cell Lung Carcinoma (NSCLC) Patients. PLoS One 7, €52885.
doi:10.1371/journal.pone.0052885

Dotti, G., Gottschalk, S., Savoldo, B., and Brenner, M. K. (2014). Design and
Development of Therapies Using Chimeric Antigen Receptor-Expressing
T Cells. Immunol. Rev. 257, 107-126. d0i:10.1111/imr.12131

Doyle, M. F,, Tracy, R. P., Parikh, M. A, Hoffman, E. A., Shimbo, D., Austin, J. H.
M, et al. (2017). Endothelial Progenitor Cells in Chronic Obstructive
Pulmonary Disease and Emphysema. PLoS One 12, €0173446. doi:10.1371/
journal.pone.0173446

Du, L, Yang, Y., Xiao, X., Wang, C., Zhang, X., Wang, L., et al. (2011). Sox2 Nuclear
Expression Is Closely Associated with Poor Prognosis in Patients with
Histologically Node-Negative Oral Tongue Squamous Cell Carcinoma. Oral
Oncol. 47, 709-713. doi:10.1016/j.oraloncology.2011.05.017

Eckardt, J. R., von Pawel, J., Pujol, J.-L., Papai, Z., Quoix, E., Ardizzoni, A., et al.
(2007). Phase III Study of Oral Compared with Intravenous Topotecan as
Second-Line Therapy in Small-Cell Lung Cancer. J. Clin. Oncol. 25, 2086-2092.
doi:10.1200/jc0.2006.08.3998

El Sayed, R,, and Blais, N. (2021). Immunotherapy in Extensive-Stage Small Cell
Lung Cancer. Curr. Oncol. 28 (5), 4093-4108. doi:10.3390/curroncol28050347

Eramo, A., Lotti, F,, Sette, G., Pilozzi, E., Biffoni, M., Di Virgilio, A., et al. (2008).
Identification and Expansion of the Tumorigenic Lung Cancer Stem Cell
Population. Cell Death Differ 15, 504-514. doi:10.1038/sj.cdd.4402283

European Society for Medical Oncology (2021). European Society for Medical
Oncology. Available at: https://www.esmo.org (Accessed September 13, 2021).

Fedorov, V. D., Themeli, M., and Sadelain, M. (2013). PD-1- and CTLA-4-Based
Inhibitory Chimeric Antigen Receptors (iCARs) Divert Off-Target Immunotherapy
Responses. Sci. Transl. Med. 5, 215ral72. doi:10.1126/scitranslmed.3006597

Feng, K.-c., Guo, Y.-, Liu, Y., Dai, H.-r., Wang, Y., Lv, H.-y,, et al. (2017). Cocktail
Treatment with EGEFR-specific and CD133-specific Chimeric Antigen
Receptor-Modified T Cells in a Patient with Advanced Cholangiocarcinoma.
J. Hematol. Oncol. 10, 4. doi:10.1186/s13045-016-0378-7

Fukui, T., Shaykhiev, R., Agosto-Perez, F., Mezey, ]. G., Downey, R. J., Travis, W.
D., et al. (2013). Lung Adenocarcinoma Subtypes Based on Expression of
Human Airway Basal Cell Genes. Eur. Respir. J. 42, 1332-1344. doi:10.1183/
09031936.00144012

Gascon, M., Isla, D., Cruellas, M., Galvez, E. M., Lastra, R., Ocdriz, M., et al. (2020).
Intratumoral Versus Circulating Lymphoid Cells as Predictive Biomarkers in
Lung Cancer Patients Treated with Immune Checkpoint Inhibitors: Is the
Easiest Path the Best One? Cells 9, 1525. doi:10.3390/cells9061525

Gaspar, L. E., McNamara, E. ], Gay, E. G., Putnam, J. B., Crawford, J., Herbst, R. S.,
et al. (2012). Small-Cell Lung Cancer: Prognostic Factors and Changing

Frontiers in Cell and Developmental Biology | www.frontiersin.org

12

December 2021 | Volume 9 | Article 778020


https://doi.org/10.1186/s40169-019-0241-x
https://doi.org/10.1038/cddis.2012.93
https://doi.org/10.1038/cddis.2012.93
https://doi.org/10.1136/thoraxjnl-2012-203021
https://doi.org/10.1111/j.1600-0463.2012.02955.x
https://doi.org/10.3389/fonc.2020.00164
https://doi.org/10.1007/s12094-008-0181-1
https://doi.org/10.1038/onc.2013.57
https://doi.org/10.1098/rsob.120094
https://doi.org/10.1098/rsob.120094
https://doi.org/10.1186/s12929-018-0426-4
https://doi.org/10.1183/09031936.03.00040703
https://doi.org/10.3390/ijms19040970
https://doi.org/10.1164/rccm.201706-1110oc
https://doi.org/10.1164/rccm.201706-1110oc
https://doi.org/10.5306/wjco.v7.i1.54
https://doi.org/10.1038/mto.2016.11
https://doi.org/10.3322/caac.21492
https://doi.org/10.1002/cncr.29098
https://doi.org/10.1056/nejmoa1613493
https://doi.org/10.1073/pnas.0813101106
https://doi.org/10.21037/jtd.2018.06.143
https://doi.org/10.1073/pnas.93.1.136
https://doi.org/10.1002/ijc.2910500308
https://doi.org/10.1136/jitc-2020-000785
https://doi.org/10.1200/jco.2015.33.15_suppl.7574
https://doi.org/10.1200/jco.2015.33.15_suppl.7574
https://clinicaltrials.gov/
https://doi.org/10.3978/j.issn.2218-6751.2016.01.01
https://doi.org/10.3978/j.issn.2218-6751.2016.01.01
https://doi.org/10.1164/rccm.201402-0338oc
https://doi.org/10.1371/journal.pone.0052885
https://doi.org/10.1111/imr.12131
https://doi.org/10.1371/journal.pone.0173446
https://doi.org/10.1371/journal.pone.0173446
https://doi.org/10.1016/j.oraloncology.2011.05.017
https://doi.org/10.1200/jco.2006.08.3998
https://doi.org/10.3390/curroncol28050347
https://doi.org/10.1038/sj.cdd.4402283
https://www.esmo.org
https://doi.org/10.1126/scitranslmed.3006597
https://doi.org/10.1186/s13045-016-0378-7
https://doi.org/10.1183/09031936.00144012
https://doi.org/10.1183/09031936.00144012
https://doi.org/10.3390/cells9061525
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Skurikhin et al.

Treatment over 15 Years. Clin. Lung Cancer 13, 115-122. doi:10.1016/
j.cllc.2011.05.008

Gattinoni, L., Finkelstein, S. E., Klebanoff, C. A., Antony, P. A., Palmer, D. C,,
Spiess, P. J., et al. (2005). Removal of Homeostatic Cytokine Sinks by
Lymphodepletion Enhances the Efficacy of Adoptively Transferred Tumor-
specific CD8+ T Cells. J. Exp. Med. 202, 907-912. doi:10.1084/jem.20050732

Gay, C. M,, Stewart, C. A,, Park, E. M., Diao, L., Groves, S. M., Heeke, S., et al.
(2021). Patterns of Transcription Factor Programs and Immune Pathway
Activation Define Four Major Subtypes of SCLC with Distinct Therapeutic
Vulnerabilities. Cancer Cell 39, 346-360.e7. doi:10.1016/j.ccell.2020.12.014

Giaccone, G., Ferrati, P., Donadio, M., Testore, F., and Calciati, A. (1987).
Reinduction Chemotherapy in Small Cell Lung Cancer. Eur. J. Cancer Clin.
Oncol. 23, 1697-1699. doi:10.1016/0277-5379(87)90452-4

Ginestier, C., Hur, M. H., Charafe-Jauffret, E., Monville, F., Dutcher, J., Brown, M.,
et al. (2007). ALDHI is a Marker of Normal and Malignant Human Mammary
Stem Cells and a Predictor of Poor Clinical Outcome. Cell Stem Cell 1, 555-567.
doi:10.1016/j.stem.2007.08.014

Golubovskaya, V., and Wu, L. (2016). Different Subsets of T Cells, Memory,
Effector Functions, and CAR-T Immunotherapy. Cancers 8, 36. doi:10.3390/
cancers8030036

Gomes, M., Teixeira, A. L., Coelho, A., Aratjo, A., and Medeiros, R. (2014). The
Role of Inflammation in Lung Cancer. Adv. Exp. Med. Biol. 816, 1-23.
doi:10.1007/978-3-0348-0837-8_1

Grada, Z., Hegde, M., Byrd, T, Shaffer, D. R., Ghazi, A., Brawley, V.S, et al. (2013).
TanCAR: A Novel Bispecific Chimeric Antigen Receptor for Cancer
Immunotherapy. Mol. Ther. Nucleic Acids 2, e105. doi:10.1038/mtna.2013.32

Green, C. E.,, and Turner, A. M. (2017). The Role of the Endothelium in Asthma
and Chronic Obstructive Pulmonary Disease (COPD). Respir. Res. 18, 20.
doi:10.1186/512931-017-0505-1

Gutova, M., Najbauer, J., Gevorgyan, A., Metz, M. Z., Weng, Y., Shih, C.-C,, et al.
(2007). Identification of uPAR-Positive Chemoresistant Cells in Small Cell
Lung Cancer. PLoS One 2, e243. doi:10.1371/journal.pone.0000243

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of Cancer: the Next
Generation. Cell 144, 646-674. doi:10.1016/j.cell.2011.02.013

Hardavella, G., George, R., and Sethi, T. (2016). Lung Cancer Stem Cells-
Characteristics, Phenotype. Transl. Lung Cancer Res. 5, 272-279.
doi:10.21037/tlcr.2016.02.01

Hegde, M., Mukherjee, M., Grada, Z., Pignata, A., Landi, D., Navai, S. A,, et al.
(2016). Tandem CAR T Cells Targeting HER2 and IL13Ra2 Mitigate Tumor
Antigen Escape. J. Clin. Invest. 126, 3036-3052. doi:10.1172/jci83416

Hiraga, T., and Nakamura, H. (2016). Comparable Roles of CD44v8-10 and CD44s
in the Development of Bone Metastases in a Mouse Model. Oncol. Lett. 12,
2962-2969. doi:10.3892/01.2016.4985

Hogg, J. C., Chu, F., Utokaparch, S., Woods, R., Elliott, W. M., Buzatu, L., et al. (2004).
The Nature of Small-Airway Obstruction in Chronic Obstructive Pulmonary
Disease. N. Engl. J. Med. 350, 2645-2653. doi:10.1056/nejmoa032158

Horn, L., Mansfield, A. S., Szczesna, A., Havel, L., Krzakowski, M., Hochmair, M. J.,
et al. (2018). First-Line Atezolizumab Plus Chemotherapy in Extensive-Stage
Small-Cell Lung Cancer. N. Engl. J. Med. 379, 2220-2229. doi:10.1056/
nejmoal809064

Horn, L., Reck, M., and Spigel, D. R. (2016). The Future of Immunotherapy in the
Treatment of Small Cell Lung Cancer. Oncologist 21, 910-921. doi:10.1634/
theoncologist.2015-0523

Houghton, A. M. (2013). Mechanistic Links between COPD and Lung Cancer. Nat.
Rev. Cancer 13, 233-245. doi:10.1038/nrc3477

Hu, B, Zou, Y., Zhang, L., Tang, J., Niedermann, G., Firat, E., et al. (2019).
Nucleofection with Plasmid DNA for CRISPR/Cas9-Mediated Inactivation of
Programmed Cell Death Protein 1 in CD133-Specific CAR T Cells. Hum. Gene
Ther. 30, 446-458. doi:10.1089/hum.2017.234

Huang, E. H.,, Hynes, M. J., Zhang, T., Ginestier, C., Dontu, G., Appelman, H., et al.
(2009). Aldehyde Dehydrogenase 1 is a Marker for Normal and Malignant
Human Colonic Stem Cells (SC) and Tracks SC Overpopulation During Colon
Tumorigenesis. Cancer Res. 69, 3382-3389. doi:10.1158/0008-5472.can-08-
4418

Huang, L.-S., Yan, H.-Y,, Sun, L.-Q. -Z,, Xu, Y., Cai, D.-H,, Li, X.-H., et al. (2018).
Choice of Serum Tumor Markers in Patients with Small Cell Lung Cancer:
Progastrin-Releasing Peptide, Neuron-Specific Enolase, and Carcinoembryonic
Antigen. J. Bio-X Res. 1, 12-17. doi:10.1097/jbr.0000000000000002

Potential of Stem Cells and CART for SCLC

Huang, M., Zhu, H,, Feng, J., Ni, S., and Huang, J. (2015). High CD133 Expression
in the Nucleus and Cytoplasm Predicts Poor Prognosis in Non-small Cell Lung
Cancer. Dis. Markers. 2015, 986095. doi:10.1155/2015/986095

Hueper, K., Vogel-Claussen, J., Parikh, M. A, Austin, J. H. M., Bluemke, D. A,,
Carr, J., et al. (2015). Pulmonary Microvascular Blood Flow in Mild Chronic
Obstructive Pulmonary Disease and Emphysema. The MESA COPD Study.
Am. ]. Respir. Crit. Care Med. 192, 570-580. doi:10.1164/rccm.201411-21200¢

Ilie, M., Hofman, V., Long-Mira, E., Selva, E., Vignaud, J.-M., Padovani, B,, et al.
(2014). "Sentinel" Circulating Tumor Cells Allow Early Diagnosis of Lung
Cancer in Patients with Chronic Obstructive Pulmonary Disease. PLoS One 9,
€111597. doi:10.1371/journal.pone.0111597

Jiang, F., Qiu, Q., Khanna, A., Todd, N. W., Deepak, J., Xing, L., et al. (2009).
Aldehyde Dehydrogenase 1 is a Tumor Stem Cell-Associated Marker in Lung
Cancer. Mol. Cancer Res. 7, 330-338. doi:10.1158/1541-7786.mcr-08-0393

Jones, R., Barber, J., Vala, M., Collector, M., Kaufmann, S., Ludeman, S., et al.
(1995). Assessment of Aldehyde Dehydrogenase in Viable Cells. Blood 85,
2742-2746. doi:10.1182/blood.v85.10.2742.bloodjournal85102742

Ju, S., Lee, H. R., Kim, J.-Y., Kim, H. C,, Lee, G.-W., You, . W,, et al. (2018). Impact
of Coexistent Chronic Obstructive Pulmonary Disease on the Survival of
Patients with Small Cell Lung Cancer Receiving Chemotherapy. Thorac.
Cancer 9, 1271-1278. doi:10.1111/1759-7714.12832

Karim, S. M., and Zekri, J. (2012). Chemotherapy for Small Cell Lung Cancer: A
Comprehensive Review. Oncol. Rev. 6, e4. doi:10.4081/oncol.2012.e4

Kim, C. F. B,, Jackson, E. L., Woolfenden, A. E., Lawrence, S., Babar, L, Vogel, S.,
et al. (2005). Identification of Bronchioalveolar Stem Cells in Normal Lung and
Lung Cancer. Cell 121, 823-835. doi:10.1016/j.cell.2005.03.032

Kim, S. K., Su, L-K,, Oh, Y., Kemp, B. L., Hong, W. K., and Mao, L. (1998).
Alterations of PTEN/MMACI, a Candidate Tumor Suppressor Gene, and its
Homologue, PTH2, in Small Cell Lung Cancer Cell Lines. Oncogene 16, 89-93.
doi:10.1038/sj.0nc.1201512

Kim, W.-T., and Ryu, C. J. (2017). Cancer Stem Cell Surface Markers on normal
Stem Cells. BMB Rep. 50, 285-298. doi:10.5483/bmbrep.2017.50.6.039

Klapdor, R., Wang, S., Hacker, U., Biining, H., Morgan, M., Dork, T, et al. (2017).
Improved Killing of Ovarian Cancer Stem Cells by Combining a Novel
Chimeric Antigen Receptor-Based Immunotherapy and Chemotherapy.
Hum. Gene Ther. 28, 886-896. doi:10.1089/hum.2017.168

Klauzinska, M., Castro, N. P., Rangel, M. C,, Spike, B. T., Gray, P. C,, Bertolette, D.,
et al. (2014). The Multifaceted Role of the Embryonic Gene Cripto-1 in Cancer,
Stem Cells and Epithelial-Mesenchymal Transition. Semin. Cancer Biol. 29,
51-58. doi:10.1016/j.semcancer.2014.08.003

Klonisch, T., Wiechec, E., Hombach-Klonisch, S., Ande, S. R., Wesselborg, S.,
Schulze-Osthoff, K., et al. (2008). Cancer Stem Cell Markers in Common
Cancers - Therapeutic Implications. Trends Mol. Med. 14, 450-460.
doi:10.1016/j.molmed.2008.08.003

Kubo, T., Takigawa, N., Osawa, M., Harada, D., Ninomiya, T., Ochi, N,, et al. (2013).
Subpopulation of Small-Cell Lung Cancer Cells Expressing CD133 and CD87
Show Resistance to Chemotherapy. Cancer Sci. 104, 78-84. doi:10.1111/cas.12045

Lallo, A., Gulati, S., Schenk, M. W., Khandelwal, G., Berglund, U. W, Pateras, L. S.,
et al. (2019). Ex Vivo culture of Cells Derived from Circulating Tumour Cell
Xenograft to Support Small Cell Lung Cancer Research and Experimental
Therapeutics. Br. J. Pharmacol. 176, 436-450. doi:10.1111/bph.14542

Lanitis, E., Poussin, M., Hagemann, I. S., Coukos, G., Sandaltzopoulos, R., Scholler,
N, et al. (2012). Redirected Antitumor Activity of Primary Human
Lymphocytes Transduced with a Fully Human Anti-mesothelin Chimeric
Receptor. Mol. Ther. 20, 633-643. doi:10.1038/mt.2011.256

Lemjabbar-Alaoui, H., Hassan, O. U,, Yang, Y.-W., and Buchanan, P. (2015). Lung
Cancer: Biology and Treatment Options. Biochim. Biophys. Acta Rev. Cancer
1856, 189-210. doi:10.1016/j.bbcan.2015.08.002

Levina, V., Marrangoni, A., Wang, T., Parikh, S., Su, Y., Herberman, R, et al.
(2010). Elimination of Human Lung Cancer Stem Cells through Targeting of
the Stem Cell Factor-c-Kit Autocrine Signaling Loop. Cancer Res. 70, 338-346.
doi:10.1158/0008-5472.can-09-1102

Levine, B. L. (2015). Performance-Enhancing Drugs: Design and Production of
Redirected Chimeric Antigen Receptor (CAR) T Cells. Cancer Gene Ther. 22,
79-84. doi:10.1038/cgt.2015.5

Levine, B. (2007). Personalized Cell-Based Medicine: Activated and Expanded
T Cells for Adoptive Immunotherapy. Bioprocess J. 6, 14-19. doi:10.12665/
j62.levine

Frontiers in Cell and Developmental Biology | www.frontiersin.org

13

December 2021 | Volume 9 | Article 778020


https://doi.org/10.1016/j.cllc.2011.05.008
https://doi.org/10.1016/j.cllc.2011.05.008
https://doi.org/10.1084/jem.20050732
https://doi.org/10.1016/j.ccell.2020.12.014
https://doi.org/10.1016/0277-5379(87)90452-4
https://doi.org/10.1016/j.stem.2007.08.014
https://doi.org/10.3390/cancers8030036
https://doi.org/10.3390/cancers8030036
https://doi.org/10.1007/978-3-0348-0837-8_1
https://doi.org/10.1038/mtna.2013.32
https://doi.org/10.1186/s12931-017-0505-1
https://doi.org/10.1371/journal.pone.0000243
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.21037/tlcr.2016.02.01
https://doi.org/10.1172/jci83416
https://doi.org/10.3892/ol.2016.4985
https://doi.org/10.1056/nejmoa032158
https://doi.org/10.1056/nejmoa1809064
https://doi.org/10.1056/nejmoa1809064
https://doi.org/10.1634/theoncologist.2015-0523
https://doi.org/10.1634/theoncologist.2015-0523
https://doi.org/10.1038/nrc3477
https://doi.org/10.1089/hum.2017.234
https://doi.org/10.1158/0008-5472.can-08-4418
https://doi.org/10.1158/0008-5472.can-08-4418
https://doi.org/10.1097/jbr.0000000000000002
https://doi.org/10.1155/2015/986095
https://doi.org/10.1164/rccm.201411-2120oc
https://doi.org/10.1371/journal.pone.0111597
https://doi.org/10.1158/1541-7786.mcr-08-0393
https://doi.org/10.1182/blood.v85.10.2742.bloodjournal85102742
https://doi.org/10.1111/1759-7714.12832
https://doi.org/10.4081/oncol.2012.e4
https://doi.org/10.1016/j.cell.2005.03.032
https://doi.org/10.1038/sj.onc.1201512
https://doi.org/10.5483/bmbrep.2017.50.6.039
https://doi.org/10.1089/hum.2017.168
https://doi.org/10.1016/j.semcancer.2014.08.003
https://doi.org/10.1016/j.molmed.2008.08.003
https://doi.org/10.1111/cas.12045
https://doi.org/10.1111/bph.14542
https://doi.org/10.1038/mt.2011.256
https://doi.org/10.1016/j.bbcan.2015.08.002
https://doi.org/10.1158/0008-5472.can-09-1102
https://doi.org/10.1038/cgt.2015.5
https://doi.org/10.12665/j62.levine
https://doi.org/10.12665/j62.levine
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Skurikhin et al.

Li, L., and Neaves, W. B. (2006). Normal Stem Cells and Cancer Stem Cells:
The Niche Matters. Cancer Res. 66, 4553-4557. doi:10.1158/0008-
5472.can-05-3986

Liou, G.-Y. (2019). CD133 as a Regulator of Cancer Metastasis through the Cancer
Stem Cells. Int. ]. Biochem. Cell Biol. 106, 1-7. doi:10.1016/j.biocel.2018.10.013

Long, K. B,, Young, R. M., Boesteanu, A. C., Davis, M. M., Melenhorst, J. J., Lacey, S.
F, et al. (2018). CAR T Cell Therapy of Non-hematopoietic Malignancies:
Detours on the Road to Clinical Success. Front. Immunol. 9, 2740. d0i:10.3389/
fimmu.2018.02740

MacDonagh, L., Gallagher, M. F., Ffrench, B., Gasch, C., Breen, E., Gray, S. G., et al.
(2017). Targeting the Cancer Stem Cell Marker, Aldehyde Dehydrogenase 1, to
Circumvent Cisplatin Resistance in NSCLC. Oncotarget 8, 72544-72563.
doi:10.18632/oncotarget.19881

Mao, Y., Chen, L, Wang, F,, Zhu, D,, Ge, X., Hua, D,, et al. (2017). Cancer Cell-Expressed
B7-H3 Regulates the Differentiation of Tumor-Associated Macrophages in Human
Colorectal Carcinoma. Oncol. Lett. 14, 6177-6183. doi:10.3892/01.2017.6935

Mark, N. M,, Kargl, J., Busch, S. E., Yang, G. H. Y., Metz, H. E., Zhang, H,, et al.
(2018). Chronic Obstructive Pulmonary Disease Alters Immune Cell
Composition and Immune Checkpoint Inhibitor Efficacy in Non-Small Cell
Lung Cancer. Am. J. Respir. Crit. Care Med. 197, 325-336. doi:10.1164/
rcem.201704-07950c¢

Marquette, C.-H., Boutros, J., Benzaquen, J., Ferreira, M., Pastre, J., Pison, C., et al.
(2020). Circulating Tumour Cells as a Potential Biomarker for Lung Cancer
Screening: A Prospective Cohort Study. Lancet Respir. Med. 8, 709-716.
doi:10.1016/s2213-2600(20)30081-3

Maude, S. L., Teachey, D. T., Porter, D. L., and Grupp, S. A. (2015). CD19-Targeted
Chimeric Antigen Receptor T-Cell Therapy for Acute Lymphoblastic
Leukemia. Blood 125, 4017-4023. doi:10.1182/blood-2014-12-580068

May, C. D., Garnett, ]., Ma, X,, Landers, S. M., Ingram, D. R,, Demicco, E. G,, et al.
(2015). AXL is a Potential Therapeutic Target in Dedifferentiated and Pleomorphic
Liposarcomas. BMC Cancer 15, 901. doi:10.1186/s12885-015-1916-3

Miettinen, M., and Lasota, J. (2005). KIT (CD117): A Review on Expression in
normal and Neoplastic Tissues, and Mutations and Their Clinicopathologic
Correlation. Appl. Immunohistochem. Mol. Morphol. 13, 205-220. doi:10.1097/
01.pai.0000173054.83414.22

Montini, E., Cesana, D., Schmidt, M., Sanvito, F., Bartholomae, C. C., Ranzani, M.,
et al. (2009). The Genotoxic Potential of Retroviral Vectors is Strongly
Modulated by Vector Design and Integration Site Selection in a Mouse
Model of HSC Gene Therapy. J. Clin. Invest. 119, 964-975. doi:10.1172/jci37630

Morgan, R. A, Johnson, L. A, Davis, J. L., Zheng, Z., Woolard, K. D., Reap, E. A,,
et al. (2012). Recognition of Glioma Stem Cells by Genetically Modified T Cells
Targeting EGFRVIII and Development of Adoptive Cell Therapy for Glioma.
Hum. Gene Ther. 23, 1043-1053. doi:10.1089/hum.2012.041

Mori, N., Yokota, J., Akiyama, T., Sameshima, Y., Okamoto, A., Mizoguchi, H.,
etal. (1990). Variable Mutations of the RB Gene in Small-Cell Lung Carcinoma.
Oncogene 5, 1713-1717.

Morsut, L., Roybal, K. T., Xiong, X., Gordley, R. M., Coyle, S. M., Thomson, M., et al.
(2016). Engineering Customized Cell Sensing and Response Behaviors Using
Synthetic Notch Receptors. Cell 164, 780-791. doi:10.1016/j.cell.2016.01.012

Mouronte-Roibds, C., Leiro-Fernandez, V., Ruano-Ravifa, A., Ramos-Herndndez,
C., Casado-Rey, P., Botana-Rial, M., et al. (2019). Predictive Value of a Series of
Inflammatory Markers in COPD for Lung Cancer Diagnosis: A Case-Control
Study. Respir. Res. 20, 198. doi:10.1186/s12931-019-1155-2

Nagaoka, T., Karasawa, H., Turbyville, T., Rangel, M.-C., Castro, N. P., Gonzales,
M., et al. (2013). Cripto-1 Enhances the Canonical Wnt/B-Catenin Signaling
Pathway by Binding to LRP5 and LRP6 Co-receptors. Cell Signal. 25, 178-189.
doi:10.1016/j.cellsig.2012.09.024

Nakatsugawa, M., Takahashi, A., Hirohashi, Y., Torigoe, T., Inoda, S., Murase, M.,
et al. (2011). SOX2 is Overexpressed in Stem-Like Cells of Human Lung
Adenocarcinoma and Augments the Tumorigenicity. Lab. Invest. 91,
1796-1804. doi:10.1038/labinvest.2011.140

National Cancer Institute (2021). Small Cell Lung Cancer Treatment
(PDQ®)-Health Professional Version. Available at: https://www.cancer.gov/
types/lung/hp/small-cell-lung-treatment-pdq (Accessed September 13, 2021).

O’Hara, M., Stashwick, C., Haas, A. R, and Tanyi, J. L. (2016). Mesothelin as a
Target for Chimeric Antigen Receptor-Modified T Cells as Anticancer Therapy.
Immunotherapy 8, 449-460. doi:10.2217/imt.16.4

Potential of Stem Cells and CART for SCLC

Okamoto, L, Sasaki, J.-i., Morisaki, T., Saya, H., Miyake, H., Matsumoto, M., et al.
(1998). Molecular Detection of Cancer Cells by Competitive Reverse
Transcription-Polymerase Chain Reaction Analysis of Specific CD44 Variant
RNAs. J. Natl. Cancer Inst. 90, 307-315. doi:10.1093/jnci/90.4.307

Okudela, K., Woo, T., Mitsui, H., Suzuki, T., Tajiri, M., Sakuma, Y., et al. (2013).
Downregulation of ALDHIAL Expression in Non-small Cell Lung
Carcinomas-its Clinicopathologic and Biological Significance. Int. J. Clin.
Exp. Pathol. 6, 1-12.

Olsson, E., Honeth, G., Bendahl, P.-O., Saal, L. H., Gruvberger-Saal, S., Ringnér, M.,
et al. (2011). CD44 Isoforms are Heterogeneously Expressed in Breast Cancer
and Correlate with Tumor Subtypes and Cancer Stem Cell Markers. BMC
Cancer 11, 418. doi:10.1186/1471-2407-11-418

Onuki, N., Wistuba, I. L., Travis, W. D., Virmani, A. K., Yashima, K., Brambilla, E.,
et al. (1999). Genetic Changes in the Spectrum of Neuroendocrine Lung
Tumors. Cancer 85, 600-607. doi:10.1002/(sici)1097-0142(19990201)85:
3<600:aid-cncr10>3.0.c0;2-w

Oser, M. G., Niederst, M. J,, Sequist, L. V., and Engelman, J. A. (2015).
Transformation from Non-Small-Cell Lung Cancer to Small-Cell Lung
Cancer: Molecular Drivers and Cells of Origin. Lancet Oncol. 16, e165-e172.
doi:10.1016/s1470-2045(14)71180-5

Pakhomova, A. V., Pershina, O. V., Ermakova, N. N., Krupin, V. A,, Pan, E. S,
Putrova, O. D,, et al. (2020). Pericytes and Smooth Muscle Cells Circulating in
the Blood as Markers of Impaired Angiogenesis during Combined Metabolic
Impairments and Lung Emphysema. Bull. Exp. Biol. Med. 168, 334-340.
doi:10.1007/s10517-020-04703-1

Paone, G., Conti, V., Vestri, A, Leone, A., Puglisi, G., Benassi, F., et al. (2011).
Analysis of Sputum Markers in the Evaluation of Lung Inflammation and
Functional Impairment in Symptomatic Smokers and COPD Patients. Dis.
Markers 31, 91-100. doi:10.1155/2011/139493

Parris, B. A., O’Farrell, H. E,, Fong, K. M., and Yang, I. A. (2019). Chronic
Obstructive Pulmonary Disease (COPD) and Lung Cancer: Common
Pathways for Pathogenesis. J. Thorac. Dis. 11, $2155-S2172. d0i:10.21037/
jtd.2019.10.54

Peinado, V. I, Ramirez, J., Roca, J., Rodriguez-Roisin, R., and Barbera, J. A. (2006).
Identification of Vascular Progenitor Cells in Pulmonary Arteries of Patients
with Chronic Obstructive Pulmonary Disease. Am. J. Respir. Cell Mol. Biol. 34,
257-263. doi:10.1165/rcmb.2005-02550¢

Pershina, O., Ermakova, N., Pakhomova, A., Widera, D., Pan, E., Zhukova, M.,
et al. (2021). Cancer Stem Cells and Somatic Stem Cells as Potential New
Drug Targets, Prognosis Markers, and Therapy Efficacy Predictors in
Breast Cancer Treatment. Biomedicines 9, 1223. doi:10.3390/
biomedicines9091223

Perumal, D,, Pillai, S., Nguyen, J., Schaal, C., Coppola, D., and Chellappan, S. P.
(2014). Nicotinic Acetylcholine Receptors Induce c-Kit Ligand/Stem Cell
Factor and Promote Stemness in an ARRBI/p-arrestin-1 Dependent
Manner in NSCLC. Oncotarget 5, 10486-10502. doi:10.18632/oncotarget.2395

Ponta, H., Sherman, L., and Herrlich, P. A. (2003). CD44: From Adhesion
Molecules to Signalling Regulators. Nat. Rev. Mol. Cell Biol. 4, 33-45.
doi:10.1038/nrm1004

Reya, T., Morrison, S. J., Clarke, M. F.,, and Weissman, I. L. (2001). Stem Cells,
Cancer, and Cancer Stem Cells. Nature 414, 105-111. doi:10.1038/35102167

Rivera, C., Rivera, S., Loriot, Y., Vozenin, M. C,, and Deutsch, E. (2011). Lung
Cancer Stem Cell: New Insights on Experimental Models and Preclinical Data.
J. Oncol. 2011, 549181. doi:10.1155/2011/549181

Rodon, J., Postel-Vinay, S., Hollebecque, A., Nuciforo, P., Azaro, A., Cattan, V.,
et al. (2017). First-in-human Phase I Study of Oral S49076, a Unique MET/
AXL/FGER Inhibitor, in Advanced Solid Tumours. Eur. J. Cancer 81, 142-150.
doi:10.1016/j.¢jca.2017.05.007

Romer, J., Nielsen, B., and Ploug, M. (2004). The Urokinase Receptor as a Potential
Target in Cancer Therapy. Curr. Pharm. Des. 10, 2359-2376. doi:10.2174/
1381612043383962

Roudi, R,, Korourian, A, Shariftabrizi, A., and Madjd, Z. (2015). Differential Expression
of Cancer Stem Cell Markers ALDH1 and CD133 in Various Lung Cancer Subtypes.
Cancer Invest. 33, 294-302. doi:10.3109/07357907.2015.1034869

Roybal, K. T., Rupp, L. J., Morsut, L., Walker, W. J., McNally, K. A, Park, J. S., et al.
(2016a). Precision Tumor Recognition by T Cells With Combinatorial Antigen-
Sensing Circuits. Cell 164, 770-779. doi:10.1016/j.cell.2016.01.011

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

December 2021 | Volume 9 | Article 778020


https://doi.org/10.1158/0008-5472.can-05-3986
https://doi.org/10.1158/0008-5472.can-05-3986
https://doi.org/10.1016/j.biocel.2018.10.013
https://doi.org/10.3389/fimmu.2018.02740
https://doi.org/10.3389/fimmu.2018.02740
https://doi.org/10.18632/oncotarget.19881
https://doi.org/10.3892/ol.2017.6935
https://doi.org/10.1164/rccm.201704-0795oc
https://doi.org/10.1164/rccm.201704-0795oc
https://doi.org/10.1016/s2213-2600(20)30081-3
https://doi.org/10.1182/blood-2014-12-580068
https://doi.org/10.1186/s12885-015-1916-3
https://doi.org/10.1097/01.pai.0000173054.83414.22
https://doi.org/10.1097/01.pai.0000173054.83414.22
https://doi.org/10.1172/jci37630
https://doi.org/10.1089/hum.2012.041
https://doi.org/10.1016/j.cell.2016.01.012
https://doi.org/10.1186/s12931-019-1155-2
https://doi.org/10.1016/j.cellsig.2012.09.024
https://doi.org/10.1038/labinvest.2011.140
https://www.cancer.gov/types/lung/hp/small-cell-lung-treatment-pdq
https://www.cancer.gov/types/lung/hp/small-cell-lung-treatment-pdq
https://doi.org/10.2217/imt.16.4
https://doi.org/10.1093/jnci/90.4.307
https://doi.org/10.1186/1471-2407-11-418
https://doi.org/10.1002/(sici)1097-0142(19990201)85:3<600:aid-cncr10>3.0.co;2-w
https://doi.org/10.1002/(sici)1097-0142(19990201)85:3<600:aid-cncr10>3.0.co;2-w
https://doi.org/10.1016/s1470-2045(14)71180-5
https://doi.org/10.1007/s10517-020-04703-1
https://doi.org/10.1155/2011/139493
https://doi.org/10.21037/jtd.2019.10.54
https://doi.org/10.21037/jtd.2019.10.54
https://doi.org/10.1165/rcmb.2005-0255oc
https://doi.org/10.3390/biomedicines9091223
https://doi.org/10.3390/biomedicines9091223
https://doi.org/10.18632/oncotarget.2395
https://doi.org/10.1038/nrm1004
https://doi.org/10.1038/35102167
https://doi.org/10.1155/2011/549181
https://doi.org/10.1016/j.ejca.2017.05.007
https://doi.org/10.2174/1381612043383962
https://doi.org/10.2174/1381612043383962
https://doi.org/10.3109/07357907.2015.1034869
https://doi.org/10.1016/j.cell.2016.01.011
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Skurikhin et al.

Roybal, K. T., Williams, J. Z., Morsut, L., Rupp, L. J., Kolinko, I, Choe, J. H., et al.
(2016b). Engineering T Cells with Customized Therapeutic Response Programs
Using Synthetic Notch Receptors. Cell 167, 419-432.e16. doi:10.1016/
j-cell.2016.09.011

Rudin, C. M,, Poirier, J. T., Byers, L. A,, Dive, C., Dowlati, A., George, J., et al.
(2019). Molecular Subtypes of Small Cell Lung Cancer: A Synthesis of Human
and Mouse Model Data. Nat. Rev. Cancer 19, 289-297. doi:10.1038/s41568-
019-0133-9

Saigusa, S., Tanaka, K., Toiyama, Y., Yokoe, T., Okugawa, Y., Ioue, Y., et al. (2009).
Correlation of CD133, OCT4, and SOX2 in Rectal Cancer and Their
Association with Distant Recurrence after Chemoradiotherapy. Ann. Surg.
Oncol. 16, 3488-3498. doi:10.1245/s10434-009-0617-z

Sanchez-Danés, A., and Blanpain, C. (2018). Deciphering the Cells of Origin of
Squamous Cell Carcinomas. Nat. Rev. Cancer 18, 549-561. doi:10.1038/s41568-
018-0024-5

Sarvi, S., Mackinnon, A. C., Avlonitis, N., Bradley, M., Rintoul, R. C., Rassl, D. M.,
et al. (2014). CD133+ Cancer Stem-Like Cells in Small Cell Lung Cancer are
Highly Tumorigenic and Chemoresistant but Sensitive to a Novel Neuropeptide
Antagonist. Cancer Res. 74, 1554-1565. doi:10.1158/0008-5472.can-13-1541

Schmidsts, A., and Maus, M. V. (2018). Making CAR T Cells a Solid Option for Solid
Tumors. Front. Immunol. 9, 2593. doi:10.3389/fimmu.2018.02593

Schubert, M.-L., Hiickelhoven, A., Hoffmann, J.-M., Schmitt, A., Wuchter, P.,
Sellner, L., et al. (2016). Chimeric Antigen Receptor T Cell Therapy Targeting
CD19-Positive Leukemia and Lymphoma in the Context of Stem Cell
Transplantation. Hum. Gene Ther. 27, 758-771. doi:10.1089/hum.2016.097

Sekine, Y., Katsura, H., Koh, E., Hiroshima, K., and Fujisawa, T. (2012). Early
Detection of COPD is Important for Lung Cancer Surveillance. Eur. Respir. J.
39, 1230-1240. doi:10.1183/09031936.00126011

Shah, N. N., Zhu, F., Schneider, D., Taylor, C., Krueger, W., Worden, A,, et al.
(2019). Results of a Phase I Study of Bispecific Anti-CD19, Anti-CD20
Chimeric Antigen Receptor (CAR) Modified T Cells for Relapsed,
Refractory, Non-hodgkin Lymphoma. J. Clin. Oncol. 37, 2510. doi:10.1200/
jc0.2019.37.15_suppl.2510

Sharma, P., and Allison, J. P. (2015). The Future of Immune Checkpoint Therapy.
Science 348, 56-61. doi:10.1126/science.aaa8172

Shaykhiev, R., Krause, A., Salit, J., Strulovici-Barel, Y., Harvey, B.-G., O’Connor, T.
P., et al. (2009). Smoking-dependent Reprogramming of Alveolar Macrophage
Polarization: Implication for Pathogenesis of Chronic Obstructive Pulmonary
Disease. J. Immunol. 183, 2867-2883. doi:10.4049/jimmunol.0900473

Shibata, M., and Hoque, M. O. (2019). Targeting Cancer Stem Cells: A Strategy for
Effective Eradication of Cancer. Cancers 11, 732. doi:10.3390/cancers11050732

Shibata, T., Kokubu, A., Tsuta, K., and Hirohashi, S. (2009). Oncogenic Mutation of
PIK3CA in Small Cell Lung Carcinoma: A Potential Therapeutic Target
Pathway for Chemotherapy-Resistant Lung Cancer. Cancer Lett. 283,
203-211. doi:10.1016/j.canlet.2009.03.038

Sholl, L. M., Barletta, J. A., Yeap, B. Y., Chirieac, L. R., and Hornick, J. L. (2010).
Sox2 Protein Expression is an Independent Poor Prognostic Indicator in Stage I
Lung Adenocarcinoma. Am. J. Surg. Pathol. 34, 1193-1198. doi:10.1097/
pas.0b013e3181e5e024

Srivastava, S., and Riddell, S. R. (2018). Chimeric Antigen Receptor T Cell Therapy:
Challenges to Bench-to-Bedside Efficacy. J. Immunol. 200, 459-468.
doi:10.4049/jimmunol.1701155

Stern, L. A., Jonsson, V. D., and Priceman, S. J. (2020). CAR T Cell Therapy
Progress and Challenges for Solid Tumors. Cancer Treat. Res. 180, 297-326.
doi:10.1007/978-3-030-38862-1_11

Stock, S., Schmitt, M., and Sellner, L. (2019). Optimizing Manufacturing Protocols
of Chimeric Antigen Receptor T Cells for Improved Anticancer
Immunotherapy. Int. ]. Mol. Sci. 20, 6223. doi:10.3390/ijms20246223

Suhoski, M. M., Golovina, T. N., Aqui, N. A,, Tai, V. C,, Varela-Rohena, A., Milone,
M. C,, et al. (2007). Engineering Artificial Antigen-Presenting Cells to Express a
Diverse Array of Co-stimulatory Molecules. Mol. Ther. 15, 981-988.
doi:10.1038/mt.sj.6300134

Sutherland, K. D., Proost, N., Brouns, I., Adriaensen, D., Song, J.-Y., and Berns, A.
(2011). Cell of Origin of Small Cell Lung Cancer: Inactivation of Trp53 and Rb1l
in Distinct Cell Types of Adult Mouse Lung. Cancer Cell 19, 754-764.
doi:10.1016/j.ccr.2011.04.019

Tashiro, T., Inaba, M., Kobayashi, T., Sakurai, Y., Maruo, K., Ohnishi, Y., et al.
(1989). Responsiveness of Human Lung Cancer/Nude Mouse to Antitumor

Potential of Stem Cells and CART for SCLC

Agents in a Model Using Clinically Equivalent Doses. Cancer Chemother.
Pharmacol. 24, 187-192. doi:10.1007/bf00300241

Tatematsu, A., Shimizu, J., Murakami, Y., Horio, Y., Nakamura, S., Hida, T., et al.
(2008). Epidermal Growth Factor Receptor Mutations in Small Cell Lung
Cancer. Clin. Cancer Res. 14, 6092-6096. doi:10.1158/1078-0432.ccr-08-0332

Tibes, R,, Fine, G., Choy, G., Redkar, S., Taverna, P., Oganesian, A, et al. (2013). A
Phase I, First-In-Human Dose-Escalation Study of Amuvatinib, a Multi-
Targeted Tyrosine Kinase Inhibitor, in Patients with Advanced Solid
Tumors. Cancer Chemother. Pharmacol. 71, 463-471. doi:10.1007/s00280-
012-2019-3

Tirino, V., Camerlingo, R., Franco, R., Malanga, D., La Rocca, A., Viglietto, G., et al.
(2009). The Role of CDI133 in the Identification and Characterisation of
Tumour-Initiating  Cells in Non-Small-Cell Lung Cancer. Eur.
J. Cardiothoracic Surg. 36, 446-453. doi:10.1016/j.ejcts.2009.03.063

Topalian, S. L., Drake, C. G., and Pardoll, D. M. (2015). Immune Checkpoint
Blockade: A Common Denominator Approach to Cancer Therapy. Cancer Cell
27, 450-461. doi:10.1016/j.ccell.2015.03.001

Travis, W. D. (2012). Update on Small Cell Carcinoma and its Differentiation from
Squamous Cell Carcinoma and Other Non-small Cell Carcinomas. Mod.
Pathol. 25, S18-S30. doi:10.1038/modpathol.2011.150

Tubio-Pérez, R. A., Torres-Durdn, M., Ferndndez-Villar, A., and Ruano-Ravina, A.
(2021). Alpha-1 Antitrypsin Deficiency and Risk of Lung Cancer: A Systematic
Review. Transl. Oncol. 14, 100914. doi:10.1016/j.tranon.2020.100914

Vajkoczy, P., Knyazev, P., Kunkel, A., Capelle, H.-H., Behrndt, S., von Tengg-
Kobligk, H., et al. (2006). Dominant-Negative Inhibition of the Axl Receptor
Tyrosine Kinase Suppresses Brain Tumor Cell Growth and Invasion and
Prolongs Survival. Proc. Natl. Acad. Sci. 103, 5799-5804. doi:10.1073/
pnas.0510923103

Vergote, L. B., Smith, D. C,, Berger, R., Kurzrock, R., Vogelzang, N. ], Sella, A., et al.
(2017). A Phase 2 Randomised Discontinuation Trial of Cabozantinib in
Patients with Ovarian Carcinoma. Eur. J. Cancer 83, 229-236. doi:10.1016/
j.€jca.2017.06.018

Walcher, L., Kistenmacher, A.-K,, Suo, H., Kitte, R., Dluczek, S., Strauf3, A., et al.
(2020). Cancer Stem Cells-Origins and Biomarkers: Perspectives for Targeted
Personalized Therapies. Front. Immunol. 11, 1280. doi:10.3389/fimmu.2020.01280

Wang, D., Aguilar, B., Starr, R., Alizadeh, D., Brito, A., Sarkissian, A., et al. (2018).
Glioblastoma-Targeted CD4+ CAR T Cells Mediate superior Antitumor
Activity. JCI Insight 3, €99048. doi:10.1172/jci.insight.99048

Wang, Q., He, W., Lu, C., Wang, Z., Wang, J., Giercksky, K. E., et al. (2009). Oct3/4
and Sox2 are Significantly Associated with an Unfavorable Clinical Outcome in
Human Esophageal Squamous Cell Carcinoma. Anticancer Res. 29, 1233-1241.

Wang, S., Zimmermann, S., Parikh, K., Mansfield, A. S., and Adjei, A. A. (2019).
Current Diagnosis and Management of Small-Cell Lung Cancer. Mayo Clinic
Proc. 94, 1599-1622. doi:10.1016/j.mayocp.2019.01.034

Wang, Y., Zou, S., Zhao, Z., Liu, P., Ke, C,, and Xu, S. (2020). New Insights into
Small-Cell Lung Cancer Development and Therapy. Cell Biol. Int. 44,
1564-1576. doi:10.1002/cbin.11359

Wedzicha, J., Calverley, P., and Rabe, K. (2016). Roflumilast: A Review of its Use in
the Treatment of COPD. Int. J. Chron. Obstruct. Pulmon. Dis. 11, 81-90.
doi:10.2147/copd.s89849

Wilbertz, T., Wagner, P., Petersen, K., Stiedl, A.-C,, Scheble, V. J., Maier, S, et al.
(2011). SOX2 Gene Amplification and Protein Overexpression are Associated
with Better Outcome in Squamous Cell Lung Cancer. Mod. Pathol. 24, 944-953.
doi:10.1038/modpathol.2011.49

Wistuba, 1. I, Gazdar, A. F., and Minna, J. D. (2001). Molecular Genetics of Small
Cell Lung Carcinoma. Semin. Oncol. 28, 3-13. doi:10.1053/sonc.2001.25738

Xiang, R., Liao, D., Cheng, T., Zhou, H., Shi, Q., Chuang, T. S., et al. (2011).
Downregulation of Transcription Factor SOX2 in Cancer Stem Cells Suppresses
Growth and Metastasis of Lung Cancer. Br. J. Cancer 104, 1410-1417.
doi:10.1038/bjc.2011.94

Xu, C. H,, Wang, Y., Qian, L. H,, Yu, L. K,, Zhang, X. W., and Wang, Q. B. (2017).
Serum Cripto-1 is a Novel Biomarker for Non-Small Cell Lung Cancer
Diagnosis and Prognosis. Clin. Respir. J. 11, 765-771. doi:10.1111/crj.12414

Yamaguchi, A., Saito, M., Goi, T., Iida, A., Takeuchi, K., Hirose, K., et al. (1995).
Expression of CD44 Variant Exons 8-10 in Gastric Cancer. Jpn. J. Cancer Res.
86, 1166-1171. doi:10.1111/j.1349-7006.1995.tb03310.x

Yamaguchi, A., Urano, T., Goi, T, Saito, M., Takeuchi, K., Hirose, K., et al. (1996).
Expression of a CD44 Variant Containing Exons 8 to 10 is a Useful Independent

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

December 2021 | Volume 9 | Article 778020


https://doi.org/10.1016/j.cell.2016.09.011
https://doi.org/10.1016/j.cell.2016.09.011
https://doi.org/10.1038/s41568-019-0133-9
https://doi.org/10.1038/s41568-019-0133-9
https://doi.org/10.1245/s10434-009-0617-z
https://doi.org/10.1038/s41568-018-0024-5
https://doi.org/10.1038/s41568-018-0024-5
https://doi.org/10.1158/0008-5472.can-13-1541
https://doi.org/10.3389/fimmu.2018.02593
https://doi.org/10.1089/hum.2016.097
https://doi.org/10.1183/09031936.00126011
https://doi.org/10.1200/jco.2019.37.15_suppl.2510
https://doi.org/10.1200/jco.2019.37.15_suppl.2510
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.4049/jimmunol.0900473
https://doi.org/10.3390/cancers11050732
https://doi.org/10.1016/j.canlet.2009.03.038
https://doi.org/10.1097/pas.0b013e3181e5e024
https://doi.org/10.1097/pas.0b013e3181e5e024
https://doi.org/10.4049/jimmunol.1701155
https://doi.org/10.1007/978-3-030-38862-1_11
https://doi.org/10.3390/ijms20246223
https://doi.org/10.1038/mt.sj.6300134
https://doi.org/10.1016/j.ccr.2011.04.019
https://doi.org/10.1007/bf00300241
https://doi.org/10.1158/1078-0432.ccr-08-0332
https://doi.org/10.1007/s00280-012-2019-3
https://doi.org/10.1007/s00280-012-2019-3
https://doi.org/10.1016/j.ejcts.2009.03.063
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1038/modpathol.2011.150
https://doi.org/10.1016/j.tranon.2020.100914
https://doi.org/10.1073/pnas.0510923103
https://doi.org/10.1073/pnas.0510923103
https://doi.org/10.1016/j.ejca.2017.06.018
https://doi.org/10.1016/j.ejca.2017.06.018
https://doi.org/10.3389/fimmu.2020.01280
https://doi.org/10.1172/jci.insight.99048
https://doi.org/10.1016/j.mayocp.2019.01.034
https://doi.org/10.1002/cbin.11359
https://doi.org/10.2147/copd.s89849
https://doi.org/10.1038/modpathol.2011.49
https://doi.org/10.1053/sonc.2001.25738
https://doi.org/10.1038/bjc.2011.94
https://doi.org/10.1111/crj.12414
https://doi.org/10.1111/j.1349-7006.1995.tb03310.x
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Skurikhin et al.

Factor for the Prediction of Prognosis in Colorectal Cancer Patients. J. Clin.
Oncol. 14, 1122-1127. doi:10.1200/jc0.1996.14.4.1122

Yamano, S., Gi, M., Tago, Y., Doi, K., Okada, S., Hirayama, Y., et al. (2016). Role of
deltaNp63 Pos CD 44v Pos Cells in the Development of N-nitroso-tris-
chloroethylurea-induced Peripheral-type Mouse Lung Squamous Cell
Carcinomas. Cancer Sci. 107, 123-132. doi:10.1111/cas.12855

Yang, J. C., Ahn, M. ], Kim, D. W., Ramalingam, S. S., Sequist, L. V., Su, W. C,, et al.
(2017). Osimertinib in Pretreated T790M-Positive Advanced Non-Small-Cell
Lung Cancer: AURA Study Phase II Extension Component. Am. J. Clin. Oncol.
35 (12), 1288-1296. doi:10.1200/JC0O.2016.70.3223

Yang, S., Wei, W., and Zhao, Q. (2020). B7-H3, a Checkpoint Molecule, as a Target for
Cancer Immunotherapy. Int. J. Biol. Sci. 16, 1767-1773. doi:10.7150/ijbs.41105

Yang, S., Zhang, Z., and Wang, Q. (2019). Emerging Therapies for Small Cell Lung
Cancer. J. Hematol. Oncol. 12, 47. d0i:10.1186/s13045-019-0736-3

Yang, Y., Kohler, M. E., Chien, C. D., Sauter, C. T., Jacoby, E,, Yan, C, et al. (2017). TCR
Engagement Negatively Affects CD8 but not CD4 CAR T Cell Expansion and
Leukemic Clearance. Sci. Transl. Med. 9, eaag1209. doi:10.1126/scitranslmed.aag1209

Yen, S.-Y., Chuang, H.-M., Huang, M.-H,, Lin, S.-Z., Chiou, T.-W., and Harn, H.-J.
(2017). n-Butylidenephthalide Regulated Tumor Stem Cell Genes EZH2/AXL
and Reduced its Migration and Invasion in Glioblastoma. Int. J. Mol. Sci. 18,
372. doi:10.3390/ijms18020372

Zah, E., Lin, M.-Y,, Silva-Benedict, A., Jensen, M. C., and Chen, Y. Y. (2016). T Cells
Expressing CD19/CD20 Bispecific Chimeric Antigen Receptors Prevent
Antigen Escape by Malignant B Cells. Cancer Immunol. Res. 4, 498-508.
doi:10.1158/2326-6066.cir-15-0231

Zah, E., Nam, E., Bhuvan, V,, Tran, U,, Ji, B. Y., Gosliner, S. B,, et al. (2020). Systematically
Optimized BCMA/CS1 Bispecific CAR-T Cells Robustly Control Heterogeneous
Multiple Myeloma. Nat. Commun. 11, 2283. doi:10.1038/s41467-020-16160-5

Zamay, T., Zamay, G., Kolovskaya, O., Zukov, R., Petrova, M., Gargaun, A, et al.
(2017). Current and Prospective Protein Biomarkers of Lung Cancer. Cancers 9,
155. doi:10.3390/cancers9110155

Zhang, Q., Tian, K., Xu, J., Zhang, H., Li, L., Fu, Q., et al. (2017). Synergistic Effects
of Cabozantinib and EGFR-Specific CAR-NK-92 Cells in Renal Cell
Carcinoma. J. Immunol. Res. 2017, 6915912. doi:10.1155/2017/6915912

Zhang, X., Ji, ]., Zhang, G., Fang, C., Jiang, F., Ma, S, et al. (2017). Expression
and Significance of B7-H3 and Tie-2 in the Tumor Vasculature of clear

Potential of Stem Cells and CART for SCLC

Cell Renal Carcinoma. Onco Targets Ther. 10, 5417-5424. doi:10.2147/
ott.s147041

Zhang, Z., Zhou, Y., Qian, H., Shao, G., Lu, X., Chen, Q,, et al. (2013). Stemness and
Inducing Differentiation of Small Cell Lung Cancer NCI-H446 Cells. Cell Death
Dis. 4, e633. doi:10.1038/cddis.2013.152

Zhong, S., Cui, Y., Liu, Q., and Chen, S. (2020). CAR-T Cell Therapy for Lung
Cancer: A Promising but Challenging Future. J. Thorac. Dis. 12, 4516-4521.
doi:10.21037/jtd.2020.03.118

Zhu, C., Wei, Y., and Wei, X. (2019). AXL Receptor Tyrosine Kinase as a Promising
Anti-cancer Approach: Functions, Molecular Mechanisms and Clinical
Applications. Mol. Cancer 18, 153. doi:10.1186/s12943-019-1090-3

Zhu, X., Prasad, S., Gaedicke, S., Hettich, M., Firat, E., and Niedermann, G. (2015).
Patient-derived Glioblastoma Stem Cells are Killed by CD133-Specific CAR
T Cells but Induce the T Cell Aging Marker CD57. Oncotarget 6, 171-184.
doi:10.18632/oncotarget.2767

Zoller, M. (2011). CD44: Can a Cancer-Initiating Cell Profit from an Abundantly
Expressed Molecule? Nat. Rev. Cancer 11, 254-267. doi:10.1038/nrc3023

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Skurikhin, Pershina, Zhukova, Widera, Ermakova, Pan,
Pakhomova, Morozov, Kubatiev and Dygai. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

16

December 2021 | Volume 9 | Article 778020


https://doi.org/10.1200/jco.1996.14.4.1122
https://doi.org/10.1111/cas.12855
https://doi.org/10.1200/JCO.2016.70.3223
https://doi.org/10.7150/ijbs.41105
https://doi.org/10.1186/s13045-019-0736-3
https://doi.org/10.1126/scitranslmed.aag1209
https://doi.org/10.3390/ijms18020372
https://doi.org/10.1158/2326-6066.cir-15-0231
https://doi.org/10.1038/s41467-020-16160-5
https://doi.org/10.3390/cancers9110155
https://doi.org/10.1155/2017/6915912
https://doi.org/10.2147/ott.s147041
https://doi.org/10.2147/ott.s147041
https://doi.org/10.1038/cddis.2013.152
https://doi.org/10.21037/jtd.2020.03.118
https://doi.org/10.1186/s12943-019-1090-3
https://doi.org/10.18632/oncotarget.2767
https://doi.org/10.1038/nrc3023
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Potential of Stem Cells and CART as a Potential Polytherapy for Small Cell Lung Cancer
	Introduction
	Small Cell Lung Cancer
	Epidemiology
	Small Cell Lung Cancer Treatment

	Chronic Obstructive Pulmonary Disease as a Small Cell Lung Cancer Risk Factor
	T-Cells in CART Therapy
	Cancer Stem Cells
	Molecular Characterization of Cancer Stem Cells
	Cancer Stem Cells as a Target for Cancer Therapy

	Future Perspectives
	Author Contributions
	Funding
	References


