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Abstract

Keywords

There are several biological, genetic, and environmental variables that contribute to lung cancer,
which is one of the main causes of cancer-related death globally. In addition to exposure to radon
gas, air pollution, and occupational dangers like asbestos, smoking is a major risk factor because it
releases carcinogens like nitrosamines and polycyclic aromatic hydrocarbons (PAHSs) into the lungs.
The risk of developing lung cancer is also influenced by genetic predispositions, such as variations in
genes like EGFR, KRAS, and TP53. Additionally, new research emphasises how epigenetic changes,
such as DNA methylation and histone acetylation, affect the expression of genes connected to the
development of cancer. In determining risk and spotting early indicators of lung cancer, biomarkers
have become important instruments. Cell-free DNA (cfDNA), circulating tumour cells (CTCs), and
certain microRNAs (miRNAs) in blood are non-invasive biomarkers that indicate tumour heterogeneity
and load. Molecular indicators include anaplastic lymphoma kinase (ALK) rearrangements, epidermal
growth factor receptor (EGFR) mutations, and programmed death-ligand 1 (PD-L1) expression have
proved very important in tailoring the therapy of lung cancer. Inflammatory indicators such as
interleukins and C-reactive protein (CRP) are also linked to the prognosis of lung cancer. Finding and
confirming these biomarkers is essential for improving early detection, tracking the course of the
disease, and directing focused treatments. As research progresses, combining molecular, genetic,
and environmental insights might improve lung cancer care, prevention, and early diagnosis, thereby
lowering the disease's worldwide burden.
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Introduction

Lung cancer is one of the most prevalent and deadly
forms of cancer worldwide, contributing significantly
to global morbidity and mortality rates. It arises when
abnormal cells in the lungs grow uncontrollably,
forming tumors that can impair respiratory function
and spread to other parts of the body [1]. The
disease is typically categorized into two main types:
non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC), with NSCLC accounting for
approximately 85% of cases. While lung cancer is
often associated with smoking, it can also occur in
non-smokers due to factors such as exposure to air
pollution, secondhand smoke, asbestos, and genetic
predispositions [2]. The complexity of the disease lies
not only in its varied causes but also in the challenge
of early diagnosis, as symptoms such as persistent
cough, chest pain, and breathlessness may appear
only in advanced stages. Lung cancer remains the
leading cause of cancer-related deaths worldwide,
accounting for approximately 1.8 million deaths
annually. It is a highly heterogeneous disease, both in
its biological mechanisms and clinical presentations,
and is primarily classified into two major types: non-
small cell lung cancer (NSCLC), which represents
about 85% of all cases, and small cell lung cancer
(SCLC) [3,4], which accounts for the remaining 15%.
NSCLC is further divided into subtypes, including
adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma, with adenocarcinoma being
the most common. Lung cancer is predominantly
associated with cigarette smoking, with more than
85% of cases attributable to tobacco exposure.
However, a significant proportion of lung cancers
occur in never-smokers, highlighting the importance
of other etiological factors such as environmental
exposures (e.g., radon, asbestos, air pollution), genetic
predispositions, and molecular abnormalities. The
disease typically arises from mutations in oncogenes
such as EGFR, KRAS, and ALK [5-8], or the loss of
tumor suppressor genes like TP53 and RB1, leading to
uncontrolled cell proliferation, resistance to apoptosis,
and metastasis. Despite advances in early detection
through imaging techniques and the development of
targeted therapies and immunotherapies, lung cancer
is often diagnosed at an advanced stage, with a five-
year survival rate of only about 20%. The advent of
precision medicine, driven by the identification of
actionable genetic mutations and biomarkers such as
PD-L1 expression and tumor mutational burden (TMB)
[9], has revolutionized the therapeutic landscape,
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offered personalized treatment options and improved
outcomes for select groups of patients. However,
the prognosis for lung cancer patients remains
poor overall, largely due to its aggressive nature,
late diagnosis, and the development of resistance
to therapies. Continuous research is focused on
understanding the complex tumor microenvironment,
discovering novel biomarkers, and optimizing
treatment strategies to improve patient survival and
quality of life [10].

One of the most significant contributors to lung
cancer is tobacco consumption, which contains
carcinogenic chemicals that cause cellular mutations.
Studies indicate that smokers are 15 to 30 times
more likely to develop lung cancer compared to
non-smokers. However, environmental factors are
increasingly recognized as critical, particularly in
countries with high levels of industrial pollution.
Prolonged exposure to fine particulate matter
(PM2.5) and occupational hazards such as radon gas
and asbestos have also been linked to lung cancer
development. For non-smokers, passive smoking or
exposure to household and environmental toxins
remains a significant concern. This multi-factorial
etiology makes lung cancer a major public health issue,
requiring efforts at prevention, public awareness, and
policy implementation [11,12].

The diagnosis of lung cancer usually involves
imaging tests such as chest X-rays and CT scans,
followed by tissue biopsies to confirm the type and
stage of cancer. One of the greatest challenges in
managing lung cancer is that symptoms often go
unnoticed until the disease has advanced. Common
symptoms include persistent coughing, hoarseness,
chest pain, unintentional weight loss, and recurring
respiratory infections. Unfortunately, by the time these
signs are evident, the cancer has often metastasized to
other organs, reducing treatment options and survival
chances. Early-stage lung cancer, when detected, can
sometimes be treated effectively with surgery or
localized therapies, but late-stage cancer typically
requires systemic treatments such as chemotherapy,
immunotherapy, or radiation [13-16].

The treatment of lung cancer has evolved
significantly in recent years with advancements in
precision medicine and targeted therapies. Traditional
treatment methods like chemotherapy and radiation
are now supplemented by new approaches such as
immunotherapy, which harnesses the body’s immune
system to fight cancer cells, and molecular-targeted
therapies that block specific proteins involved in
cancer growth [17]. Despite these advances, the
prognosis for lung cancer remains poor, especially
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in advanced stages. The five-year survival rate for
localized lung cancer is around 60%, but it drops
drastically to less than 10% when the disease spreads
to distant organs. This underscores the importance of
early detection through regular screenings, especially
for high-risk groups such as long-term smokers and
individuals exposed to environmental toxins [18].

In addition to its physical toll, lung cancer imposes
a significant emotional and financial burden on
patients and their families. The high cost of treatment,
combined with the loss of productivity, can strain
households. Furthermore, lung cancer patients often
experience psychological distress, including anxiety,
depression, and feelings of isolation. The stigma
associated with smoking-related cancers can also
discourage some patients from seeking timely medical
care. Public health initiatives focused on smoking
cessation, pollution control, and early screening are
essential to reduce the incidence of lung cancer. In
many countries, campaigns to raise awareness about
the risks of smoking and the benefits of early detection
have shown promising results, contributing to a decline
in lung cancer cases among younger populations
[19,20]. While smoking remains the leading cause,
other environmental and genetic factors also play
crucial roles. The late onset of symptoms often makes
early diagnosis challenging, underscoring the need
for improved screening methods and awareness
campaigns. Advances in treatment, particularly in
precision medicine, offer hope for better outcomes, but
the overall prognosis remains grim for advanced cases.
Efforts to reduce smoking rates, control environmental
pollution, and provide access to affordable healthcare
are essential to tackling this global health issue
effectively. Through coordinated action across medical,
policy, and community levels, it is possible to reduce
the burden of lung cancer and improve the quality of
life for those affected by the disease.

Factors Affecting the Induction of Lung
Cancer

The development of lung cancer is influenced by a
complex interplay of several environmental, lifestyle,
genetic, and occupational factors. While smoking is
the most well-known risk factor, many other elements
contribute to the onset of lung cancer, even in non-
smokers. Understanding these factors is essential for
both prevention and early diagnosis (Figure 1).

Tobacco Smoking
Tobacco smoking is the leading cause of lung cancer,
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responsible for about 85% of all cases globally. The
carcinogenic effects of tobacco smoke are well-
documented and involve the inhalation of thousands
of harmful chemicals, many of which are known to
be cancer-causing agents [1]. Among these chemicals
are polycyclic aromatic hydrocarbons (PAHs),
nitrosamines, and benzene, which damage the DNA
in lung cells, leading to mutations that trigger the
development of cancerous cells. Repeated exposure
to these carcinogens over time weakens the lungs'
natural defense mechanisms, reducing their ability
to repair cellular damage. This eventually causes
abnormal cell growth, resulting in the formation of
tumors. Smoking not only introduces these harmful
chemicals directly into the lungs but also impairs the
immune system’s ability to respond to abnormal cell
development, further increasing cancer risk. Recent
studies emphasize that the risk of developing lung
cancer increases with the duration and intensity of
smoking, meaning both heavy smokers and long-term
smokers are at particularly high risk [2]. Additionally,
even low-intensity smoking (e.g., a few cigarettes a
day) significantly elevates cancer risk, undermining
the notion of "safe" levels of tobacco use. Importantly,
smoking cessation can significantly reduce the risk of
lung cancer, though former smokers remain at higher
risk compared to those who have never smoked [3].
Research has also shown that secondhand smoke
exposure can cause lung cancer in nonsmokers,
emphasizing the broad public health impact of tobacco
use. Newer findings also explore how the inhalation of
heated tobacco products, such as in e-cigarettes, may
still pose risks, although long-term studies are ongoing.
A 2023 study published in The Lancet Oncology
reaffirmed that while smoking rates have declined in
some regions due to public health measures, tobacco-
related lung cancer remains a major global health
burden, particularly in low- and middle-income
countries where smoking rates remain high [4-6].

Secondhand Smoke (Passive Smoking)

Secondhand smoke, also known as passive smoking, is
a well-established cause of lung cancer in nonsmokers.
It consists of a mix of smoke emitted from the burning
end of a cigarette and the smoke exhaled by smokers.
According to the U.S. Centers for Disease Control and
Prevention (CDC), secondhand smoke contains over
7,000 chemicals, many of which are toxic and at least
70 known carcinogens. Exposure to these chemicals
damages the DNA in lung cells, contributing to the
development of cancer. Research by the World Health
Organization (WHO) and the U.S. National Cancer
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Institute confirms [5] that nonsmokers exposed to
secondhand smoke are at a significantly higher risk
of developing lung cancer compared to those who
are not. In fact, the WHO estimates that exposure
to secondhand smoke causes around 1.8 million
premature deaths annually, with lung cancer being a
leading cause. Recent studies, such as those published
by the American Cancer Society in 2021, also highlight
that even low levels of exposure can significantly
elevate the risk of lung cancer [6,7]. The International
Agency for Research on Cancer (IARC) has classified
secondhand smoke as a Group 1 carcinogen,
meaning there is sufficient evidence of its cancer-
causing effects. The risk is particularly high in closed
environments, such as homes and workplaces, where
prolonged exposure can occur. Comprehensive smoke-
free policies have been shown to significantly reduce
secondhand smoke exposure and associated lung
cancer cases, further reinforcing the need for public
health measures to mitigate this preventable cause of
cancer [8-12].

Air Pollution

Air pollution has emerged as a significant
environmental risk factor for lung cancer, with growing
evidence linking exposure to harmful pollutants to
increased cancer incidence. Air pollution consists of
a complex mixture of particles, gases, and chemicals,
including particulate matter (PM), nitrogen dioxide
(NO,), sulfur dioxide (SO;), and ozone (03), which,
when inhaled, can penetrate deep into the lungs. Fine
particulate matter (PM2.5), in particular, is small
enough to bypass the body's defense mechanisms,
reaching the alveoli, where it can cause oxidative stress
and inflammation, creating an environment conducive
to cancer development. Long-term exposure to high
levels of PM2.5 and other airborne toxins has been
shown to increase the risk of lung cancer even in non-
smokers.

Recent studies, such as those conducted by the
International Agency for Research on Cancer (IARC),
have classified outdoor air pollution as a carcinogen,
establishing a clear link between exposure to
pollutants and lung cancer. A 2023 study published in
"The Lancet" demonstrated that prolonged exposure
to air pollution can activate dormant mutations in the
lungs, which, when triggered, can lead to the onset
of cancer. In urban areas with high levels of traffic-
related pollutants, such as nitrogen dioxide, the risk of
developing lung cancer increases due to the mutagenic
effects of these substances on the DNA of lung cells.
Industrial emissions and indoor pollution from
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cooking and heating fuels in poorly ventilated spaces
also contribute significantly to lung cancer rates,
particularly in low- and middle-income countries
[13-22]. Public health policies aimed at reducing air
pollution levels are therefore crucial in lowering the
incidence of lung cancer, especially in populations
that are heavily exposed. Research continues to stress
the urgent need for cleaner air, improved emissions
regulations, and greater awareness of the health
impacts of pollution on lung cancer.

Occupational Exposure to Carcinogens

Occupational exposure to carcinogens is a major risk
factor for the development of lung cancer, particularly
in industries involving harmful substances such as
asbestos, crystalline silica, diesel exhaust, and certain
metals like arsenic, cadmium, and nickel. Workers in
construction, manufacturing, mining, and agriculture
are at heightened risk due to prolonged and repeated
inhalation of these carcinogens. Inhaled carcinogenic
particles or fumes can lead to cellular damage in the
respiratory tract, triggering mutations in lung cells
over time. These genetic mutations may accumulate
and disrupt normal cell regulation, eventually
leading to the uncontrolled growth of cancerous cells.
Moreover, the risk of lung cancer is exacerbated by
factors such as smoking, which can have a synergistic
effect with occupational carcinogens. Despite
regulatory measures to reduce exposure, long latency
periods mean that cases of occupationally-induced
lung cancer may emerge decades after initial exposure,
complicating prevention and detection efforts. Recent
studies have emphasized the need for improved
workplace monitoring, more stringent exposure limits,
and better personal protective equipment (PPE) to
mitigate these risks. For instance, a study by Shen et
al. (2023) revealed that exposure to diesel exhaust
increases the likelihood of lung cancer by 30% among
workers in the transport industry, underscoring the
need for regulatory reform [2]. Similarly, research by
Navarro et al. (2022) found that workers in the mining
sector exposed to crystalline silica experienced a
twofold increase in lung cancer incidence, highlighting
the carcinogenicity of this substance even at low
concentrations [1]. Thus, reducing occupational
exposure to carcinogens remains a critical public
health priority in lung cancer prevention.

Radon Gas Exposure

Radon gas, a naturally occurring radioactive gas, is
recognized as a significant environmental risk factor
for lung cancer, particularly among smokers. When
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radon is inhaled, its radioactive particles can damage
lung tissue, leading to mutations that promote cancer
development. According to the U.S. Environmental
Protection Agency (EPA), radon exposure is the second
leading cause of lung cancer in the United States,
responsible for an estimated 21,000 deaths annually
(EPA, 2023). Recent studies have further elucidated
the mechanisms by which radon exposure contributes
to lung carcinogenesis. For instance, a study by Darby
et al. (2022) found that prolonged exposure to radon
significantly increases the risk of developing lung
cancer, with a greater risk observed in individuals who
smoke [3]. Additionally, research by Krewski et al.
(2023) emphasized the importance of understanding
dose-response relationships, indicating that even low
levels of radon can pose a risk, particularly in poorly
ventilated homes [4]. Furthermore, the interaction
between radon exposure and genetic susceptibility, as
highlighted by Li et al. (2023), suggests that individuals
with certain genetic predispositions may be more
vulnerable to the carcinogenic effects of radon. Overall,
these findings underscore the need for effective radon
mitigation strategies, especially in residential areas
with high radon concentrations [6].

Genetic Predisposition and Family History

Genetic predisposition and family history are critical
factors influencing the risk of developing lung cancer,
underscoring the complex interplay between inherited
genetics and environmental exposures. Research
indicates that individuals with a family history of lung
cancer are at a significantly higher risk, suggesting that
hereditary factors contribute to the disease's etiology.
For instance, a study by Wang et al. (2023) highlights
that specific genetic variant, such as those in the
1525 locus, are strongly associated with increased
susceptibility to lung cancer, particularly among
smokers [9]. Additionally, the role of polymorphisms
in genes involved in carcinogen metabolism, such as
CYP1A1, has been shown to exacerbate risk when
combined with environmental factors like tobacco
smoke [7]. Family history not only reflects shared
genetic predispositions but also encompasses shared
environmental influences, which can further amplify
the risk of lung cancer. The cumulative effects of
these genetic and familial factors are evident in
epidemiological studies, which demonstrate that
first-degree relatives of lung cancer patients have
an elevated risk, particularly among those with a
history of smoking [8]. These findings underscore the
importance of genetic counseling and early screening
for individuals with a familial background of lung
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cancer, aiming to mitigate risks through targeted
interventions [10].

Gender and Hormonal Factors

Gender and hormonal factors significantly influence
the risk and progression of lung cancer, with emerging
evidence highlighting the role of sex hormones and
their interactions with environmental factors. Studies
indicate that women may have a higher susceptibility
to lung cancer, especially non-small cell lung cancer
(NSCLC), than men when exposed to similar levels
of tobacco smoke. This differential susceptibility is
thought to be related to estrogen, which may promote
tumor growth and modulate immune responses [12].
Furthermore, hormonal variations, particularly during
different life stages such as puberty, pregnancy, and
menopause, can affect lung cancer risk, potentially
due to changes in the regulation of cell proliferation
and apoptosis [13]. Additionally, the role of androgen
receptors in lung cancer has garnered attention, as
they may influence tumor behavior and response to
treatment [11]. Overall, understanding the interplay
between gender, hormonal factors, and lung cancer
could lead to more personalized prevention and
treatment strategies.

Diet and Nutrition

Diet and nutrition play a significant role in the
development of lung cancer, with emerging research
indicating that dietary patterns can influence cancer
risk through various mechanisms, including oxidative
stress, inflammation, and immune response. Several
studies have suggested that a diet high in fruits and
vegetables, rich in antioxidants and phytochemicals,
may reduce the risk of lung cancer. For instance, a
study by Wu et al. (2021) found that increased intake
of dietary fiber and specific micronutrients, such
as vitamins C and E, was associated with a lower
incidence of lung cancer among smokers and non-
smokers alike [14]. Conversely, diets high in red
and processed meats have been linked to increased
lung cancer risk, possibly due to the presence of
carcinogenic compounds formed during the cooking
process [15]. Additionally, a meta-analysis by
Zheng et al. (2023) demonstrated that adherence
to a Mediterranean diet, characterized by high
consumption of fruits, vegetables, whole grains, and
healthy fats, significantly reduced the risk of lung
cancer, highlighting the potential protective effects
of certain dietary patterns [16]. These findings
underscore the importance of dietary choices in lung
cancer prevention and suggest that public health
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initiatives promoting healthier eating habits could be
crucial in reducing lung cancer incidence.

Pre-existing Lung Diseases

Pre-existing lung diseases, such as chronic obstructive
pulmonary disease (COPD), asthma, and pulmonary
fibrosis, have been increasingly recognized as
significant risk factors for the development of
lung cancer. Chronic inflammation associated with
these conditions can lead to genetic mutations and
changes in cellular microenvironments, facilitating
carcinogenesis [20]. For instance, patients with COPD
exhibit elevated levels of inflammatory cytokines,
which contribute to the transformation of normal
lung cells into malignant ones [18]. Additionally,
the presence of pulmonary fibrosis alters the lung
architecture and enhances the risk of lung cancer
through mechanisms involving epithelial-to-
mesenchymal transition (EMT), a process that is
closely linked to cancer progression [21]. Furthermore,
individuals with asthma who experience frequent
exacerbations may also be at an increased risk due to
the cumulative effects of chronic inflammation and
oxidative stress [17]. Recent studies emphasize the
importance of early detection and management of
pre-existing lung diseases to mitigate their potential
contribution to lung cancer development, highlighting
a pressing need for integrated healthcare approaches
targeting these vulnerable populations [19].

Age and Duration of Exposure

Lung cancer is a multifactorial disease influenced
significantly by age and duration of exposure to
carcinogenic agents, particularly tobacco smoke and
environmental pollutants. Research indicates that the
risk of developing lung cancer increases with age due
to the cumulative effects of exposure to carcinogens
over time, which lead to genetic mutations and
cellular changes [22]. A study by Chen et al. (2022)
emphasizes that the incidence of lung cancer rises
sharply in individuals over 60 years old, highlighting
the impact of both age-related biological changes and
prolonged exposure to risk factors [23]. Furthermore,
duration of exposure plays a critical role; individuals
who smoke over extended periods have a significantly
higher likelihood of developing lung cancer compared
to those with shorter exposure times [24]. The
interplay between age and duration of exposure is
also evidenced by findings from the National Cancer
Institute, which report that the lifetime risk of lung
cancer can be as high as 30% for heavy smokers aged
65 and older (National Cancer Institute, 2023). These
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findings underscore the importance of prevention and
early intervention strategies, particularly for older
adults with significant exposure histories [25].

Radiation Exposure

Radiation exposure is a well-established risk factor
for the development of lung cancer, with both ionizing
and non-ionizing radiation linked to increased
malignancy rates. lonizing radiation, such as that
from radon gas, cosmic rays, and medical imaging
procedures, can cause direct DNA damage, leading to
mutations that promote cancerous transformations.
For example, radon, a naturally occurring radioactive
gas, is the second leading cause of lung cancer in the
United States, particularly in homes with inadequate
ventilation [26]. Recent studies indicate that even low
doses of ionizing radiation can enhance the risk of lung
cancer, emphasizing the cumulative effects of exposure
over time [27]. Additionally, non-ionizing radiation,
including ultraviolet light and electromagnetic fields,
has also been investigated for its potential roles in lung
carcinogenesis, albeit with less definitive evidence
compared to ionizing sources [28]. The biological
mechanisms underlying radiation-induced lung
cancer involve complex interactions between genetic
predisposition and environmental factors, leading
to increased oxidative stress and inflammation in
lung tissues [29]. As research continues to evolve,
understanding the intricate pathways of radiation
exposure and lung cancer risk remains crucial for
public health initiatives and cancer prevention
strategies.

Biomarkers in the Induction of Lung
Cancer

Biomarkers play a crucial role in understanding the
initiation, progression, and treatment of lung cancer.
These are measurable biological molecules that
indicate normal or pathological processes, helping
to detect cancer at an early stage or predict disease
outcomes. Biomarkers can originate from tissue,
blood, or other body fluids and can provide insights
into various processes, such as carcinogenesis,
immune responses, and tumor growth. In the
context of lung cancer, biomarkers are essential
for identifying high-risk individuals, diagnosing
the disease, monitoring treatment, and guiding
therapeutic decisions. Biomarkers themselves
do not directly induce the development of lung
cancer; rather, they are measurable indicators that
reflect underlying biological processes, including
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Figure 1: Risk Factors of Lung Cancer

cancer development, progression, or response
to treatment [30]. However, certain biomarkers
are associated with genetic mutations, molecular
alterations, or environmental factors that contribute
to the initiation and progression of lung cancer. For
instance, biomarkers such as mutations in epidermal
growth factor receptor (EGFR), rearrangements in
the anaplastic lymphoma kinase (ALK) gene, and
mutations in KRAS are commonly implicated in the
pathogenesis of lung cancer, particularly non-small cell
lung cancer (NSCLC) [31]. These genetic alterations
lead to dysregulated signaling pathways that promote
uncontrolled cell growth, resistance to apoptosis, and
enhanced survival of malignant cells. For example,
EGFR mutations activate downstream pathways such
as the PI3K-AKT and RAS-RAF-MEK-ERK pathways,
which are critical in cellular proliferation and survival,
contributing to oncogenesis in lung tissues. Similarly,
ALK rearrangements lead to constitutive activation
of the ALK fusion protein, driving tumorigenesis by
promoting cell growth and inhibiting normal cell death
mechanisms [32].

Additionally, environmental biomarkers like
tobacco carcinogen exposure, particularly through

Chinese Journal of Applied Physiology €20240034/2024 © 2024. The Author(s).

cigarette smoking, have long been associated with
lung cancer induction. Smoking-related carcinogens
such as polycyclic aromatic hydrocarbons (PAHs)
and nitrosamines result in DNA damage, leading to
mutations in critical tumor suppressor genes like TP53
and RB1, as well as oncogenes like KRAS. Over time,
these genetic mutations accumulate, contributing to
cellular transformation and lung cancer development.
Biomarkers of oxidative stress and inflammation,
which are elevated in chronic smokers, further
promote a pro-tumorigenic microenvironment by
inducing DNA damage and enhancing the recruitment
of immune cells that can foster tumor growth through
the secretion of growth factors and cytokines [33-36].
Furthermore, tumor mutational burden (TMB)
and PD-L1 expression are emerging as important
biomarkers related to immune evasion in lung cancer.
Tumors with a high mutational burden often produce
neoantigens, which, while recognized by the immune
system, can also lead to the selection of immune-
resistant clones. PD-L1 overexpression on tumor
cells is one such mechanism, as it interacts with PD-1
receptors on T cells to suppress immune responses,
thereby allowing the tumor to evade immune detection
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and destruction. Thus, the immune-suppressive
microenvironment fostered by these biomarkers
contributes to the development and persistence of
lung cancer [37]. While biomarkers do not "induce"
lung cancer directly, they represent key molecular
changes or environmental exposures that drive the
oncogenic process. Genetic alterations in pathways
involving EGFR, ALK, and KRAS, as well as immune-
related biomarkers like PD-L1 and TMB, are central to
lung cancer pathogenesis (Table 1), shaping not only
the tumor’s biology but also its behavior and response
to therapy [38].

Tiwari et al.

Genetic and Epigenetic Biomarkers

Mutations or alterations in specific genes often trigger
the initiation of lung cancer. These biomarkers provide
insight into the molecular changes leading to the
disease:

EGFR Mutations

Epidermal Growth Factor Receptor (EGFR) mutations
play a crucial role in the pathogenesis of non-
small cell lung cancer (NSCLC), which accounts

Table 1: Overview of biomarker benefits for lung cancer screening.

Biomarker Biomarker Source Advantages References
Nucleic acid markers
Mi tellite instabilit . : . .
crosatetiite ins a. M7 Helps detect genetic alterations and circulating tumor
I G NS TeF e ) el HESUE DNA, improving early detection of lung cancer. [39]
plasma DNA »1Mp g y J '
Identifies epigenetic changes, allowing for early
DNA methylation Sputum diagnosis and better risk assessment in lung cancer [40]
screening.
MicroRNA markers
miR-21 Plasma Acts as an oncogene, an'd its elevated levels in Iur.lg [41]
cancer can be used as a biomarker for early detection.
miR-34 Plasma Functio.ns i.aS a.tumor suppressor, with reduced levels [42]
indicating the presence of lung cancer.
. It ioni iat ith |
MicroRNA-155 Plasma/Sputum ¥ ov.erexpres_5|or.1 15 assoma. ed YVI ur-1g c.ancer [43]
progression, making it a potential diagnostic biomarker.
Protein markers
Highly sensitive in detecting lung cancer progression
CYFRA 21-1 Cytokeratin and correlates with tumor burden. It's often used to [44]
monitor treatment response and disease recurrence.
ProGRP (Pro-Gastrin- Hllghly specific an-d Fan dl.ffe.rentlate SCLC from NSCLC.
. . Plasma It is also valuable in identifying early-stage SCLC, where [45]
Releasing Peptide)
symptoms may not yet be apparent.
CEA (Carcinoembryonic Serum Used to track treatment effectiveness and disease [46]
Antigen) progression
Specific to squamous cell lung carcinoma. It helps in
SCCA (Squamous Cell Serum monitoring the recurrence of squamous cell carcinoma [47]

Carcinoma Antigen)

post-treatment and assessing treatment efficacy. SCCA

has potential use in early detection in patients at high risk.
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Osteopontin

Combination proteins

Complement fragments

T-cell receptors

Autoantibodies

Metabolites

Circulating lipids

EGFR Mutations

KRAS Mutations

TP53 Mutations

Plasma

Serum

Blood

Peripheral blood

Peripheral blood

Serum

Serum

Useful in detecting both early- and late-stage lung
cancer and can serve as a prognostic marker due to its
role in tumor invasion and metastasis.

Approach can improve both sensitivity and specificity,
allowing for the identification of a wider range of
lung cancer subtypes and reducing false positives or
negatives.

Elevated levels can indicate immune system activation
and inflammation, serving as potential biomarkers for
early lung cancer detection.

May help in assessing immune surveillance and early
detection of lung cancer, particularly in immune-related
subtypes.

Useful in screening high-risk populations.

Offering a non-invasive way to detect and monitor the
disease, particularly through blood or urine tests.

These can serve as non-invasive biomarkers, providing
insights into disease progression and the cancer’s
metabolic state.

Genetic and Epigenetic Biomarkers

Plasma

Plasma

Blood

Early detection of EGFR mutations can guide treatment
decisions, making it essential for precision medicine in
lung cancer.

KRAS mutations often indicate resistance to EGFR-TKI
therapies but can provide insights into prognosis and
disease progression.

While KRAS-mutated lung cancers tend to have a
poorer prognosis, recent advancements have led to
the development of specific inhibitors for KRAS G12C
mutations (e.g., sotorasib).

KRAS testing can help in stratifying patients based
on their mutation profile, allowing for more refined
treatment approaches.

TP53 mutations are common across many cancers,
including lung cancer, and are associated with more
aggressive forms of the disease.

TP53 mutations generally suggest a poor prognosis due

to their role in genomic instability and resistance to
certain therapies.

While not directly targeted by drugs, TP53 mutation
status can aid in risk assessment and overall treatment
planning.
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Epigenetic Changes

C-Reactive Protein (CRP)

IL-6 (Interleukin-6)

TNF-a (Tumor Necrosis
Factor-Alpha)

ctDNA

Epigenetic alterations, like DNA methylation, histone
modification, and non-coding RNAs, are early events in
lung carcinogenesis. They can serve as biomarkers for
early detection.

Blood

Epigenetic changes can often be detected in blood or [58]
other non-invasive samples, making them attractive for
early lung cancer screening.

Epigenetic biomarkers may be combined with genetic
markers to improve the sensitivity and specificity of
lung cancer screening tests.

Inflammatory Biomarkers

Elevated CRP levels have been associated with chronic
Blood inflammatory states, which may contribute to tumor
development and progression.

It can provide an early warning, especially in high-risk [58]
populations like smokers.

CRP could be useful as part of a multi-biomarker
panel to detect lung cancer or assess cancer-related
inflammation.

In lung cancer, IL-6 is involved in tumor progression,
Serum immune evasion, and promoting angiogenesis (new
blood vessel formation).

It may help in predicting response to certain [59]
immunotherapies.

It serve as a biomarker for both lung cancer risk
assessment and monitoring disease progression.

It plays a dual role in cancer, potentially promoting
Blood both tumor destruction and tumor growth depending
on the context.

TNF-a may be useful in identifying high-risk patients or [60]

those with advanced inflammatory responses to lung
tumors, particularly in conjunction with other markers
like IL-6 or CRP.

Circulating Tumor DNA (ctDNA) and Exosomes

Non-invasive Techniques: Both ctDNA and exosomes
can be sampled from body fluids, offering a non-
invasive or minimally invasive approach to lung cancer
screening.

Plasma

Precision Medicine: These biomarkers provide tumor-
specific information that can be used for personalizing [60]
treatment and monitoring treatment response.

Sensitivity and Early Detection: Both ctDNA and
exosomes have shown promise in detecting lung cancer
at earlier stages when combined with other screening
methods, improving overall survival rates.
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Exosomes offer a promising tool for liquid biopsy-based
Exosomes Blood screening in lung cancer, enabling early detection and [59]
real-time monitoring of cancer dynamics.
Oxidative Stress Biomarkers
Oxidative Stress Biomarkers: Both 8-OHdG and MDA
ki f oxidati hich
8-OHdG (8-Hydroxy-2"- . are mgr ers o.OX|dat|ve stre.ss and da.m-age, whic
deoxyguanosine) Urine are major contributors to carcinogenesis in the lungs, [61]
particularly due to smoking, air pollution, and other
environmental factors.
Non-invasive Sampling: These markers can be measured
. in non-invasive biological samples like urine, blood, or
MDA (Malondialdehyd Pl . . ’ 59, 62
biietemeleletEnee) asma exhaled breath condensate, making them suitable for [ ]
routine lung cancer screening and monitoring.
Immune Biomarkers
High PD-L1 expression in lung cancer cells can
PD-L1 (Programmed Plasma help identify patients who may benefit from (63]
Death-Ligand 1) immunotherapy, making it a useful biomarker in
screening and treatment planning.
The presence of TlLs in lung cancer tissue can indicate
TILs (Tumor-Infiltrating Tissue an active immune response against the tumor, [64]

Lymphocytes)

potentially guiding immunotherapy decisions and
offering prognostic value in screening.

for approximately 85% of all lung cancers. EGFR
is a transmembrane receptor tyrosine kinase that,
when activated by its ligands, triggers a cascade of
intracellular signaling pathways such as the RAS-
RAF-MEK-ERK and PI3K-AKT-mTOR pathways [39].
These pathways are vital for cellular processes like
proliferation, differentiation, and survival. Mutations
in the EGFR gene, particularly in the tyrosine kinase
domain, lead to constant activation of the receptor,
even in the absence of ligands. This constitutive
activation results in uncontrolled cellular growth and
division, contributing to oncogenesis in lung epithelial
cells [40].

The most common EGFR mutations involved in
NSCLC are exon 19 deletions and the exon 21 L858R
point mutation, which together account for around
85-90% of EGFR mutations [41]. These mutations
are particularly prevalent in patients with specific
demographic characteristics, including non-smokers,
females, and individuals of East Asian descent.
The mutant receptor becomes hypersensitive to
endogenous signals, driving tumor progression
and survival through enhanced signal transduction
via downstream pathways. The presence of these
mutations also correlates with increased sensitivity
to EGFR tyrosine kinase inhibitors (TKIs), such as

gefitinib, erlotinib, and Osimertinib [42-44]. These
targeted therapies have significantly improved the
prognosis of patients with EGFR-mutant NSCLC by
inhibiting the aberrant signaling caused by these
mutations [45].

However, despite initial responses to EGFR TKIs,
resistance inevitably develops in many patients, often
through secondary mutations such as T790M in exon
20, which hinders drug binding. This resistance leads
to disease progression and highlights the complex
nature of EGFR-mutant lung cancer [46]. Ongoing
research is focused on developing next-generation TKIs
and combination therapies to overcome resistance and
improve patient outcomes. The role of EGFR mutations
in lung cancer emphasizes the importance of molecular
profiling in guiding treatment decisions and advancing
personalized medicine in oncology [47].

KRAS Mutations

KRAS (Kirsten Rat Sarcoma Viral Oncogene Homolog)
mutations are among the most prevalent genetic
alterations in non-small cell lung cancer (NSCLC),
especially in the adenocarcinoma subtype [48]. These
mutations occur in approximately 25-30% of lung
adenocarcinomas, making KRAS the most frequently
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mutated oncogene in this cancer type. KRAS is a
small GTPase involved in regulating cell growth,
proliferation, and survival through the RAS/MAPK
signaling pathway [49]. Normally, KRAS cycles between
an active GTP-bound state and an inactive GDP-
bound state, but oncogenic mutations in KRAS lock
the protein in its active form, leading to uncontrolled
signaling through pathways such as RAF-MEK-ERK and
PI3K-AKT-mTOR, which drive cell proliferation and
survival. The most common KRAS mutation in lung
cancer is a substitution of glycine for aspartic acid at
codon 12 (G12C), although other mutations at codon
12 (such as G12D and G12V) and at codons 13 and 61
are also observed [50]. The role of KRAS mutations in
lung cancer pathogenesis is multifaceted. First, KRAS-
mutant lung cancer cells exhibit enhanced survival
signaling and are more resistant to apoptosis due to
the hyperactivation of downstream effector pathways.
Second, KRAS mutations are often associated with
a poor prognosis and are linked to smoking, with
a higher prevalence observed in current or former
smokers compared to non-smokers [51]. Furthermore,
KRAS-mutant lung tumors often exhibit additional
genetic alterations, including loss of tumor suppressor
genes such as TP53 and STK11, which further promote
tumor progression and resistance to treatment. These
co-occurring mutations contribute to the heterogeneity
and aggressive nature of KRAS-driven lung cancer [52].
Despite the importance of KRAS in lung cancer,
targeting KRAS directly has historically been
challenging due to the protein's high affinity for
GTP and the lack of deep binding pockets suitable
for drug targeting. However, recent advancements
in drug discovery, particularly the development of
covalent inhibitors such as sotorasib and adagrasib,
which specifically target the KRAS G12C mutation,
have shown promising results. These agents work by
trapping KRAS in its inactive GDP-bound form, thereby
inhibiting downstream signaling. The approval of
sotorasib for KRAS G12C-mutant NSCLC represents
a major milestone in the treatment of KRAS-driven
lung cancers, although resistance to these therapies
remains a significant challenge, and ongoing research
is focused on overcoming these resistance mechanisms
[53]. In conclusion, KRAS mutations play a crucial
role in the induction and progression of lung cancer,
particularly NSCLC, through the dysregulation of key
cell signaling pathways. Advances in the development
of KRAS inhibitors, while groundbreaking, highlight
the ongoing need for further research to optimize
treatments and combat drug resistance [54].

TP53 Mutations

Tiwari et al.

Mutations in the TP53 gene, one of the most commonly
mutated genes in human cancers, play a crucial role
in the initiation and progression of lung cancer. TP53,
which encodes the p53 protein, functions as a tumor
suppressor, regulating cell cycle progression, DNA
repair, and apoptosis in response to cellular stress.
In its wild-type form, p53 helps maintain genomic
stability by halting the cell cycle and facilitating DNA
repair in cells with damaged DNA [55]. However,
mutations in TP53 can result in the loss of this
regulatory function, allowing cells with DNA damage to
proliferate unchecked, which significantly contributes
to carcinogenesis. In lung cancer, particularly non-
small cell lung cancer (NSCLC), TP53 mutations
are observed in over 50% of cases, with higher
frequencies in smokers due to exposure to carcinogens
like tobacco-specific nitrosamines and polycyclic
aromatic hydrocarbons [56]. These mutagens induce
characteristic G-to-T transversions in the DNA, a
mutation signature frequently found in TP53 in lung
cancer. The loss of functional p53 not only diminishes
the cell’s ability to undergo apoptosis but also disrupts
the repair of carcinogen-induced DNA lesions,
exacerbating the mutational burden and leading to
increased genomic instability. Moreover, mutated TP53
can acquire gain-of-function properties that promote
tumorigenesis by enhancing cell proliferation, invasion,
and resistance to therapy [57]. This "oncogenic" form
of p53 can activate various pathways, including those
involved in cell survival and metastasis. Additionally,
TP53 mutations are often associated with poor
prognosis, resistance to chemotherapy, and shorter
overall survival in lung cancer patients, making TP53 a
critical molecular target for therapeutic interventions.
The prevalence of TP53 mutations in lung cancer,
especially in smokers, underscores the gene’s central
role in the disease’s pathogenesis and highlights the
need for ongoing research into targeted therapies that
can overcome the challenges posed by p53 dysfunction
[58-60].

Epigenetic Changes

Epigenetic changes play a pivotal role in the initiation
and progression of lung cancer. These changes, which
include DNA methylation, histone modification, and
non-coding RNA regulation, alter gene expression
without modifying the underlying genetic sequence.
One of the most prominent mechanisms is
hypermethylation of promoter regions in tumor
suppressor genes, such as p16INK4a and RASSF1A,
which leads to their silencing and loss of function.
Such epigenetic silencing is frequently observed
in non-small cell lung cancer (NSCLC) [22, 61-65],
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contributing to uncontrolled cell proliferation and
tumor development. Hypomethylation of oncogenes,
such as MYC, is also a common feature in lung
cancer, promoting oncogenic pathways that drive
malignant transformation. Histone modifications
further contribute to lung carcinogenesis. Specific
modifications, like acetylation of histone H3 at lysine
9 (H3K9ac), have been linked to the activation of pro-
tumorigenic genes, while deacetylation or methylation
of histones can suppress genes involved in DNA repair
and apoptosis, favoring cancer cell survival. The
deregulation of histone-modifying enzymes, such as
histone deacetylases (HDACs), further exacerbates
epigenetic dysregulation in lung cancer cells. Targeting
HDACs with inhibitors has shown promise in
preclinical studies as a potential therapeutic approach
to re-establish normal gene expression patterns
[65-70].

Non-coding RNAs, particularly microRNAs
(miRNAs), are also key players in lung cancer
epigenetics. Aberrant expression of miRNAs, such as
miR-21, which acts as an oncogene by inhibiting tumor
suppressor pathways, has been implicated in lung
cancer development. Conversely, miRNAs like miR-
34a, which normally suppress oncogenes, are often
downregulated in lung tumors. These dysregulated
miRNAs contribute to a complex network of gene
regulation that facilitates lung cancer progression
[46, 71]. Environmental factors, including smoking,
exposure to asbestos, and air pollution, can trigger
these epigenetic alterations. Tobacco smoke contains
carcinogens that induce DNA methylation changes in
key oncogenes and tumor suppressor genes, making it
a significant risk factor for lung cancer. Furthermore,
epigenetic modifications are reversible, which opens
up the possibility for therapeutic interventions [49, 72,
73]. Agents such as DNA methyltransferase inhibitors
(e.g., azacytidine) and HDAC inhibitors are currently
being explored for their potential to reverse these
epigenetic alterations and restore normal cellular
functions, offering hope for more effective lung cancer
treatments [52, 67].

Protein Biomarkers

Proteins are possible biomarkers and mediate both
pathogenic and homeostatic processes. Normal
and cancer cells have significantly different protein
translation and expression as a result of cancer-
induced abnormalities. Additionally, in recent years,
tracking blood metabolites linked to cancer has
emerged as a method for identifying various cancers
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[40, 68].

CEA (Carcinoembryonic Antigen)

Carcinoembryonic antigen (CEA) is a glycoprotein
involved in cell adhesion and plays a crucial role
in cancer biology, particularly in the induction and
progression of lung cancer. Originally identified as
a tumor marker for colorectal cancer, CEA has since
been implicated in various malignancies, including
lung cancer [41, 69]. Its overexpression in lung cancer
cells is linked to enhanced tumor growth, metastasis,
and resistance to apoptosis, making it a significant
biomarker for both diagnosis and prognosis [42,70].
CEA is a member of the immunoglobulin superfamily
and is typically produced during fetal development.
However, its expression is significantly upregulated
in malignant tissues, including non-small cell lung
carcinoma (NSCLC), which accounts for the majority
of lung cancer cases. Elevated serum levels of CEA are
commonly associated with more advanced disease
stages, suggesting its role in tumor progression. In
lung cancer, particularly in adenocarcinoma, high CEA
levels correlate with poor survival outcomes, likely due
to its involvement in promoting cellular proliferation,
enhancing metastatic potential, and facilitating evasion
from immune surveillance [43].

Mechanistically, CEA contributes to lung cancer
progression by modulating several pathways. One
key mechanism is its role in cell adhesion, where CEA
promotes homotypic and heterotypic cell interactions,
leading to increased tumor cell aggregation and
metastasis. Additionally, CEA interferes with cellular
immune responses by inhibiting the activity of natural
killer cells and T lymphocytes, thereby allowing tumor
cells to evade immune destruction [44]. Furthermore,
CEA expression is associated with enhanced epithelial-
to-mesenchymal transition (EMT), a process critical
for metastasis, wherein epithelial cancer cells acquire
mesenchymal characteristics, increasing their
migratory and invasive capacities. CEA is also being
explored as a target for therapeutic interventions
in lung cancer. Several strategies, including CEA-
targeted antibodies and CEA-based vaccines, are
under investigation to enhance the immune response
against CEA-expressing tumors. For instance, studies
have shown that CEA-targeted immunotherapies
can potentially reduce tumor burden and improve
survival in patients with lung cancer, particularly when
combined with immune checkpoint inhibitors [45, 46].

Clinically, monitoring serum CEA levels is valuable
for assessing tumor burden and therapeutic response
in lung cancer patients. Persistently elevated or rising
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CEA levels during treatment may indicate disease
progression or recurrence, while declining levels often
reflect a favorable response to therapy. However, it is
important to note that while CEA is a useful biomarker,
it lacks specificity, as elevated levels can also be
observed in other malignancies and non-cancerous
conditions, such as inflammatory lung diseases.
Ongoing research into CEA-targeted therapies holds
promise for improving the outcomes of lung cancer
patients [47].

CYFRA 21-1

CYFRA 21-1, a cytokeratin 19 fragment, has gained
attention as a significant biomarker in the induction
and progression of lung cancer, particularly non-
small cell lung cancer (NSCLC). It is released into the
bloodstream when epithelial cells undergo necrosis
or increased turnover, which is a common occurrence
in malignancies. In the context of lung cancer, CYFRA
21-1 is predominantly elevated in squamous cell
carcinoma (SCC), a subtype of NSCLC, though it can
also be found in other histological types [48]. The
diagnostic utility of CYFRA 21-1 stems from its ability
to provide valuable prognostic information, correlate
with tumor stage, and assist in monitoring disease
recurrence and response to therapy. Studies have
shown that higher levels of CYFRA 21-1 in patients are
associated with advanced stages of lung cancer, poor
prognosis, and increased tumor burden. Moreover,
CYFRA 21-1 has been proposed as a tool for evaluating
the effectiveness of treatment regimens, particularly
chemotherapy and radiotherapy, by tracking changes
in biomarker levels throughout the course of treatment
[49].

Elevated levels of CYFRA 21-1 have also been
implicated in predicting survival outcomes. Patients
with high pre-treatment CYFRA 21-1 levels tend to
have shorter overall survival (OS) and progression-free
survival (PFS) compared to those with lower levels
[50]. This biomarker is often used in combination
with other markers like carcinoembryonic antigen
(CEA) and neuron-specific enolase (NSE) to improve
diagnostic accuracy and risk stratification. Recent
studies also highlight its role in distinguishing between
benign and malignant pulmonary diseases, making
it a versatile marker in lung cancer management.
Despite these advantages, CYFRA 21-1 is not specific
to lung cancer, and its elevation can occur in other
malignancies such as bladder cancer and in benign
conditions like liver disease, which necessitates the use
of additional diagnostic tools to confirm lung cancer
[51].

Tiwari et al.

ProGRP (Pro-Gastrin-Releasing Peptide)

Pro-Gastrin-Releasing Peptide (ProGRP) is a precursor
to gastrin-releasing peptide (GRP), a neuropeptide
that plays a critical role in the regulation of numerous
physiological functions, including the stimulation of
gastric acid secretion, smooth muscle contraction, and
the release of hormones such as gastrin and insulin.
However, its involvement in cancer, particularly small
cell lung cancer (SCLC), has garnered significant
attention. ProGRP is regarded as a highly specific
and sensitive biomarker for SCLC, often elevated
in patients with this form of lung cancer [52]. The
overexpression of ProGRP in SCLC is attributed to
the neuroendocrine nature of these tumors, which
frequently secrete neuropeptides, including GRP.
Studies suggest that ProGRP contributes to tumor
growth and progression by stimulating cancer cell
proliferation, migration, and survival. GRP can act in an
autocrine or paracrine manner, binding to its receptor,
the GRP receptor (GRPR), which is overexpressed in
SCLC cells. This receptor-mediated signaling activates
several downstream pathways, including the mitogen-
activated protein kinase (MAPK) and phosphoinositide
3-kinase (PI3K)/Akt pathways, both of which are
associated with cell growth and survival [53].
ProGRP's diagnostic potential is significant, as it has
a longer half-life and is more stable in the bloodstream
compared to GRP, making it a reliable serum marker.
Studies have shown that serum ProGRP levels are
significantly elevated in patients with SCLC compared
to other types of lung cancer, such as non-small cell
lung cancer (NSCLC), and benign lung diseases. This
has positioned ProGRP as an essential tool in the
differential diagnosis of SCLC. Furthermore, elevated
ProGRP levels have been associated with disease
progression and recurrence, making it valuable not
only for diagnosis but also for monitoring treatment
response and disease relapse [54]. In therapeutic
contexts, the GRP/ProGRP axis represents a promising
target for novel treatments. Inhibiting GRP or blocking
its receptor has shown potential in preclinical
models of SCLC, leading to reduced tumor growth
and enhanced sensitivity to chemotherapy. However,
despite the promising role of ProGRP as a biomarker
and therapeutic target, challenges remain. One issue
is the heterogeneity of SCLC, where not all tumors
express high levels of ProGRP, potentially limiting its
universal applicability. Moreover, while targeting the
GRP/ProGRP pathway shows promise, the complexity
of signaling networks in cancer cells necessitates
combination therapies for more effective treatment
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outcomes [55].

SCCA (Squamous Cell Carcinoma Antigen)

Squamous Cell Carcinoma Antigen (SCCA) plays a
crucial role in the pathogenesis of various cancers,
including lung cancer. SCCA, a member of the serine
protease inhibitor family, primarily inhibits cysteine
proteases such as cathepsins, which are involved in
tissue remodeling and immune response modulation.
In lung cancer, particularly squamous cell carcinoma
(SCC), overexpression of SCCA has been linked to
tumor growth, invasion, and resistance to apoptosis.
This antigen is often overexpressed in SCC of the lung,
suggesting its potential role as both a biomarker and
a therapeutic target. The mechanism by which SCCA
contributes to lung cancer induction is multifaceted
[56-59].

Firstly, SCCA may promote tumor growth by
inhibiting proteases that would normally limit tumor
invasion and metastasis. By inhibiting cathepsins,
SCCA helps cancer cells evade apoptosis, which is a
crucial step in the initiation and progression of lung
cancer. SCCA also contributes to the inflammatory
microenvironment, promoting the release of cytokines
that can enhance tumor cell survival and proliferation
[60]. The antigen's ability to modulate immune
responses further aids tumor cells in evading immune
surveillance. Studies have demonstrated that SCCA
expression correlates with poor prognosis in lung
cancer patients, indicating its importance in disease
progression [61].

Additionally, SCCA has been investigated as a
biomarker for early detection and monitoring of
lung SCC. Elevated levels of SCCA in serum have been
associated with advanced stages of lung cancer and are
often used in conjunction with imaging techniques to
monitor treatment response and disease recurrence.
Targeting SCCA in therapeutic strategies may offer
novel approaches to inhibit tumor growth and improve
patient outcomes [62]. Overall, the role of SCCA in the
induction and progression of lung cancer underscores
its significance in both the biological mechanisms
driving the disease and its potential utility in clinical
applications as a diagnostic and prognostic tool.
Understanding the complex interplay between SCCA
and the tumor microenvironment continues to be a key
area of research aimed at developing more effective
treatments for lung SCC [63].

Inflammatory Biomarkers

Chronic inflammation plays a pivotal role in
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lung cancer initiation, especially in smokers and
individuals with chronic respiratory diseases. Certain
inflammatory molecules act as biomarkers:

C-Reactive Protein (CRP)

C-reactive protein (CRP) is a key biomarker of
inflammation that has been increasingly implicated in
the development and progression of various cancers,
including lung cancer. CRP is synthesized in the liver
in response to cytokines such as interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-a), both of
which are part of the body’s inflammatory response
[64]. Chronic inflammation is recognized as a crucial
factor in tumor initiation, promotion, and progression,
as it creates a microenvironment conducive to cancer
development. Elevated levels of CRP have been
observed in patients with lung cancer, suggesting that
systemic inflammation plays a significant role in lung
carcinogenesis [65]. The mechanistic link between
elevated CRP and lung cancer can be explained through
several pathways. First, chronic inflammation can
lead to DNA damage, resulting in genetic mutations
that drive cancer formation. Second, the inflammatory
microenvironment may promote cell proliferation,
inhibit apoptosis, and enhance angiogenesis, all of
which are hallmarks of cancer [66]. Inflammation-
induced oxidative stress, driven by the overproduction
of reactive oxygen species (ROS), further contributes
to DNA damage and genomic instability, thus
promoting malignant transformation in lung tissues.
Moreover, inflammatory cytokines such as IL-6 can
activate the STAT3 pathway, which is known to be
involved in tumor growth and survival. Increased CRP
levels have been associated with the upregulation of
these pathways, thereby establishing a link between
inflammation and lung cancer [67].

Several epidemiological studies have reported that
high levels of CRP are correlated with an increased
risk of lung cancer. For instance, a study published in
The Journal of Clinical Oncology found that elevated
pre-diagnostic CRP levels were associated with a
higher incidence of lung cancer in a large cohort of
participants [68]. Similarly, meta-analyses have shown
that individuals with chronic inflammatory conditions,
such as chronic obstructive pulmonary disease (COPD),
which is often accompanied by elevated CRP, are at
a significantly higher risk of developing lung cancer.
Moreover, a positive association between CRP levels
and poor prognosis in lung cancer patients has been
reported, with higher CRP levels predicting lower
survival rates. This suggests that CRP not only plays
a role in the early stages of lung carcinogenesis but
also in the progression and metastasis of the disease
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[69]. In conclusion, CRP serves as both a marker and
mediator of inflammation, and its elevated levels are
closely associated with the induction and progression
of lung cancer. Chronic inflammation, as indicated by
high CRP levels, creates an environment that supports
carcinogenesis through mechanisms involving DNA
damage, oxidative stress, and activation of oncogenic
signaling pathways. As such, CRP is not only a useful
biomarker for the detection and prognosis of lung
cancer but also a potential therapeutic target in the
management of inflammation-driven cancers [70].

IL-6 (Interleukin-6)

Interleukin-6 (IL-6) is a pro-inflammatory cytokine
that plays a significant role in various physiological
processes, including immune response and
inflammation. Its involvement in the pathogenesis
of lung cancer has garnered considerable attention
in recent years. Elevated levels of IL-6 have been
associated with tumor progression, metastasis, and
poor prognosis in lung cancer patients. IL-6 promotes
cancer cell proliferation and survival through multiple
signaling pathways, including the Janus kinase/signal
transducer and activator of transcription (JAK/STAT)
pathway, which leads to the activation of genes that
facilitate tumor growth and resistance to apoptosis
[71]. Furthermore, IL-6 can stimulate the recruitment
of immune cells to the tumor microenvironment,
creating an inflammatory milieu that supports tumor
development [72]. Research has also demonstrated
that IL-6 mediates the crosstalk between cancer
cells and stromal cells, promoting an environment
conducive to tumorigenesis by enhancing angiogenesis
and extracellular matrix remodeling [73]. In preclinical
models, blocking IL-6 signaling has been shown to
inhibit lung cancer growth and enhance the efficacy of
existing therapies [74]. Additionally, high serum levels
of IL-6 have been correlated with advanced disease
stages and reduced survival rates in lung cancer
patients, suggesting its potential as a biomarker for
prognosis and a target for therapeutic intervention
[75]. The multifaceted role of IL-6 in lung cancer
underscores the importance of understanding its
mechanisms to develop effective treatment strategies.

TNF-a (Tumor Necrosis Factor-Alpha)

Tumor Necrosis Factor-alpha (TNF-a) is a pro-
inflammatory cytokine that plays a significant role in
the pathogenesis of various diseases, including cancer.
In the context of lung cancer, TNF-a has been implicated
in several key processes that promote tumorigenesis.
[t is produced primarily by activated macrophages,
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T cells, and natural Killer cells, and its elevated levels
have been associated with the development and
progression of lung cancer [75]. TNF-a contributes to
lung carcinogenesis through its ability to modulate
inflammatory responses, promote cell survival, and
stimulate the proliferation of tumor cells. Chronic
inflammation in the lung, often induced by smoking
or environmental pollutants, leads to increased TNF-«a
production, creating a microenvironment conducive
to tumor development. Additionally, TNF-a enhances
the expression of adhesion molecules, facilitating the
infiltration of inflammatory cells into lung tissues,
which further perpetuates inflammation and promotes
tumor progression [76, 77]. Moreover, TNF-«a has
been shown to activate multiple signaling pathways,
including the nuclear factor-kappa B (NF-kB) pathway,
which is crucial for cell survival and proliferation.
This activation not only contributes to tumor cell
survival but also supports angiogenesis, providing the
tumor with the necessary blood supply for growth
[78]. Furthermore, studies have indicated that TNF-a
can induce the epithelial-to-mesenchymal transition
(EMT) in lung epithelial cells, a process that enhances
metastatic potential [79]. The association between
TNF-a and lung cancer progression underscores
its potential as a therapeutic target; however, the
dual roles of TNF-a in promoting inflammation and
tumorigenesis necessitate a nuanced understanding of
its functions in lung cancer biology [80].

MicroRNAs (miRNAs) as Biomarkers

MicroRNAs are small non-coding RNAs that regulate
gene expression and are often dysregulated in cancers,
including lung cancer. Some miRNAs serve as early
indicators of disease:

miR-21

MicroRNAs (miRNAs) are small, non-coding RNAs
that regulate gene expression post-transcriptionally,
and their dysregulation has been implicated in
various cancers, including lung cancer. One of the
most extensively studied miRNAs in this context is
miR-21, which is overexpressed in lung cancer tissues
and contributes to the oncogenic processes [74].
miR-21 acts by targeting tumor suppressor genes
such as PTEN, PDCD4, and RECK, thus promoting
cell proliferation, invasion, and metastasis. Its role in
lung cancer is multifaceted, contributing not only to
tumor initiation but also to progression by enhancing
resistance to apoptosis and facilitating angiogenesis
[75]. The significance of miR-21 as a biomarker for
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lung cancer lies in its elevated levels in both tumor
tissues and circulating blood, making it a potential
non-invasive diagnostic tool. Studies have shown that
miR-21 expression levels are markedly higher in the
plasma of lung cancer patients compared to healthy
individuals, which highlights its potential for early
detection and disease monitoring. Moreover, miR-21
levels have been associated with poor prognosis, as its
upregulation correlates with advanced tumor stages
and reduced survival rates. This makes miR-21 not
only a diagnostic but also a prognostic biomarker,
offering insights into disease progression and
response to therapy [76,77]. miR-21 also plays a role
in chemoresistance, as its inhibition has been shown
to sensitize lung cancer cells to chemotherapeutic
agents. This has opened up new avenues for
therapeutic interventions, where targeting miR-21
could enhance the efficacy of conventional treatments.
For instance, in non-small cell lung cancer (NSCLC),
miR-21 inhibition has been associated with improved
responses to cisplatin-based chemotherapy, suggesting
that miR-21-targeted therapies could help overcome
drug resistance, a major challenge in lung cancer
management [78]. In summary, miR-21 is a promising
biomarker for the induction and progression of lung
cancer, offering potential for early detection, prognosis,
and targeted therapy. Its overexpression in both tissue
and blood samples makes it a valuable candidate for
non-invasive diagnostic tests, while its role in drug
resistance points to its utility in developing novel
therapeutic strategies [79].

miR-34

MicroRNAs (miRNAs) are small, non-coding RNA
molecules that regulate gene expression at the post-
transcriptional level. One of the most well-studied
miRNAs in cancer biology is miR-34, a critical tumor
suppressor involved in various cancers, including lung
cancer. miR-34 is directly regulated by p53, a well-
known tumor suppressor gene, which plays a pivotal
role in the cellular response to stress and DNA damage
by inducing cell cycle arrest, apoptosis, and senescence
[80]. In lung cancer, miR-34 acts as a biomarker and is
part of a feedback loop where it mediates the tumor-
suppressive effects of p53. Studies have shown that
miR-34 levels are significantly reduced or silenced
in non-small cell lung cancer (NSCLC), primarily
due to p53 mutations or epigenetic mechanisms like
promoter hypermethylation. This downregulation
leads to the overexpression of oncogenes that promote
cell proliferation, metastasis, and evasion of apoptosis,
including MET, BCL2, and CDK4/6, all of which are
direct targets of miR-34 [81].
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The therapeutic potential of miR-34 as a biomarker
in lung cancer lies in its ability to reverse these
oncogenic processes when reintroduced. Synthetic
miR-34 mimics have been developed, and preclinical
studies have shown that their administration can
inhibit tumor growth and metastasis by restoring
normal miR-34 levels. Moreover, the combination of
miR-34 mimics with existing chemotherapeutic agents
has been explored, showing enhanced therapeutic
efficacy [82]. miR-34-based therapies are also being
investigated in clinical trials, offering a promising
avenue for lung cancer treatment, especially in patients
with p53 mutations or those exhibiting resistance to
standard therapies. Additionally, the quantification of
circulating miR-34 levels in patient blood samples is
emerging as a non-invasive diagnostic tool for early
detection of lung cancer and monitoring of treatment
response. The dysregulation of miR-34 in lung cancer
highlights its critical role in the disease's pathogenesis
and its potential as a therapeutic target. As research
progresses, miR-34 is expected to play an increasingly
prominent role in personalized medicine approaches
for lung cancer, offering new strategies for early
diagnosis, treatment, and prognosis [83].

miR-155

miR-155 is a well-documented microRNA involved
in various physiological and pathological processes,
including cancer development, and is particularly
significant as a biomarker in lung cancer. Research
has shown that miR-155 is frequently upregulated
in lung cancer tissues, including non-small cell lung
cancer (NSCLC), which is the most common type
of lung malignancy. This upregulation is associated
with oncogenic processes such as promoting cell
proliferation, inhibiting apoptosis, and enhancing
tumor metastasis [84]. miR-155 exerts its pro-
tumorigenic effects by targeting a variety of tumor
suppressor genes, including TP53INP1, SOCS1, and
PTEN. For example, miR-155 suppresses SOCS1, a
negative regulator of the JAK/STAT signaling pathway;,
which is known to control cell growth and immune
responses. By silencing SOCS1, miR-155 contributes
to unchecked cellular proliferation and cancer
progression [85]. Additionally, miR-155 impacts
immune surveillance by influencing the tumor
microenvironment, enhancing inflammation and
angiogenesis, which further supports tumor growth.
Elevated levels of miR-155 in patient blood samples
have also been correlated with poor prognosis and
lower overall survival rates, highlighting its potential
as a non-invasive biomarker for early diagnosis and
prognosis of lung cancer [86]. Its detection through
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liquid biopsies, such as analyzing circulating miRNAs
in blood, provides a promising avenue for early cancer
detection and monitoring treatment responses.
Given its significant role in the pathogenesis of lung
cancer and its accessibility in bodily fluids, miR-155 is
under intense investigation as both a biomarker and
therapeutic target in ongoing cancer research efforts
[88, 89].

Circulating Tumor DNA (ctDNA) and
Exosomes

ctDNA

Circulating tumor DNA (ctDNA) has emerged
as a promising biomarker for the induction and
management of lung cancer, offering significant
advancements in early detection, treatment
monitoring, and prognostic evaluation. ctDNA refers
to fragments of DNA that are shed from tumor cells
into the bloodstream. These fragments carry tumor-
specific genetic alterations, such as mutations, copy
number variations, and methylation patterns, which
can be analyzed non-invasively from a blood sample.
The use of ctDNA as a biomarker in lung cancer,
particularly non-small cell lung cancer (NSCLC), is
revolutionizing clinical practice by enabling dynamic,
real-time monitoring of tumor evolution, treatment
response, and minimal residual disease (MRD) [88-90].
One of the critical advantages of ctDNA is its potential
to detect cancer at early stages, even before it becomes
visible on imaging studies, making it an essential tool
in the induction phase of lung cancer treatment. Early-
stage detection is vital as it significantly improves
the likelihood of curative treatment options such
as surgery or radiotherapy, which are often more
successful when the tumor burden is lower [91].
Moreover, ctDNA can provide insights into the
genetic landscape of the tumor without the need for
repeated tissue biopsies, which are invasive and may
not always be feasible, particularly in lung cancer
patients with poor lung function or difficult-to-access
tumors. During induction therapy, ctDNA can track the
molecular changes that occur in response to treatment,
offering a way to evaluate therapeutic efficacy and
potentially guide adjustments to therapy. For instance,
if ctDNA levels drop significantly during induction,
it may indicate a favorable response, while stable or
rising levels could suggest resistance, prompting a
reassessment of the therapeutic strategy. This real-
time assessment can be particularly useful in lung
cancer cases where the tumor is prone to developing
resistance mutations, such as EGFR-T790M, which can
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be detected in ctDNA [91, 92].

Additionally, the prognostic value of ctDNA in lung
cancer has been underscored in several studies, where
higher baseline ctDNA levels have been associated with
poor overall survival, and a reduction in ctDNA levels
during treatment has correlated with better outcomes.
As a biomarker for minimal residual disease (MRD),
ctDNA can identify the presence of residual cancer
cells after treatment, allowing for early intervention
before the clinical relapse becomes apparent [93]. This
approach could lead to more personalized treatment
regimens, where patients who are ctDNA-positive
post-treatment could receive adjuvant therapies to
prevent recurrence, while ctDNA-negative patients
may be spared from unnecessary treatments and
their associated toxicities. In summary, ctDNA is a
versatile and powerful biomarker in lung cancer, with
significant potential for improving early diagnosis,
monitoring treatment response during induction,
and predicting outcomes. Its non-invasive nature,
combined with its ability to provide real-time insights
into tumor dynamics, makes it an invaluable tool in the
personalized management of lung cancer [94].

Exosomes

Exosomes are small extracellular vesicles (30-150
nm) released by nearly all cell types, and they play
an essential role in intercellular communication by
transporting proteins, lipids, and nucleic acids. Their
potential as biomarkers for lung cancer has gained
significant attention due to their ability to reflect the
molecular characteristics of their cell of origin [95].
In lung cancer, exosomes are found to carry oncogenic
drivers, including mutated proteins, non-coding RNAs
(especially microRNAs), and altered DNA that are
crucial for tumor initiation and progression. Studies
have shown that exosomes derived from lung cancer
cells promote tumor growth by influencing the tumor
microenvironment and immune responses, making
them a promising non-invasive diagnostic tool [96]. For
example, miR-21, miR-155, and miR-19b, transported
by lung cancer cell-derived exosomes, have been
identified as key players in inducing oncogenic
signaling pathways, and they have been correlated with
poor prognosis and disease progression. Furthermore,
exosomal proteins such as EGFR and PD-L1, often
overexpressed in non-small cell lung cancer (NSCLC),
serve as potential targets for early detection and
therapeutic interventions [97]. Exosomes have the
added advantage of being accessible in body fluids
such as blood, bronchoalveolar lavage fluid, and
pleural effusion, enabling a less invasive approach
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to monitoring disease progression and treatment
response in real time. Current research continues to
explore the utility of exosomal content for identifying
specific subtypes of lung cancer, potentially leading
to personalized treatment strategies. This makes
exosomes a highly promising biomarker not only for
lung cancer diagnosis but also for monitoring the
efficacy of immunotherapies and targeted treatments
[98].

Oxidative Stress Biomarkers

Lung cancer is strongly associated with oxidative
damage caused by smoking, pollution, and other
environmental exposures. Certain molecules linked to
oxidative stress serve as biomarkers:

8-OHdG (8-Hydroxy-2'-deoxyguanosine)
8-Hydroxy-2'-deoxyguanosine (8-OHdG) is a
biomarker of oxidative DNA damage and is increasingly
studied for its role in carcinogenesis, particularly in
lung cancer. It forms as a result of oxidative stress,
wherein reactive oxygen species (ROS) attack DNA,
primarily guanine bases, leading to the formation of
8-OHdG. The importance of 8-OHdG lies in its potential
to cause mutagenesis [99]. When the oxidized guanine
is mispaired with adenine during DNA replication, it
can result in G to T transversions, a type of mutation
frequently observed in oncogenes and tumor
suppressor genes, which may drive cancer initiation
and progression.

In lung cancer, the relevance of 8-OHdG is
particularly pronounced. The lungs are exposed to
high levels of oxygen and airborne carcinogens, such
as cigarette smoke, which are potent sources of ROS.
Studies have shown elevated levels of 8-OHdG in the
DNA of lung cancer patients compared to healthy
controls [100]. This elevation has been correlated
with increased oxidative damage, highlighting the
critical role of environmental and lifestyle factors,
especially smoking, in lung carcinogenesis. Cigarette
smoke contains a wide range of pro-oxidants, and
chronic exposure overwhelms the body’s antioxidant
defenses, thereby promoting oxidative DNA damage.
The presence of high levels of 8-OHdG in the blood,
urine, and lung tissues of smokers further supports its
utility as a predictive biomarker for lung cancer risk.
Moreover, 8-OHdG has been shown to be linked with
poor prognosis in lung cancer patients, indicating its
potential use in monitoring disease progression [101].
Recent research has also suggested that 8-OHdG is not
only a marker of oxidative damage but may also play
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a role in the regulation of cellular processes related to
cancer development. It has been observed that 8-OHdG
can influence gene expression, promote genomic
instability, and enhance cell proliferation. The chronic
accumulation of DNA damage marked by elevated
8-0HdG levels can impair DNA repair mechanisms,
further contributing to malignant transformation
[102].

In summary, 8-OHdG serves as a vital biomarker in
understanding the induction and progression of lung
cancer. Its detection in various biological samples,
along with its strong association with smoking and
oxidative stress, underscores its significance in
assessing cancer risk, guiding early diagnosis, and
monitoring therapeutic outcomes [103]. Furthermore,
given the involvement of oxidative stress in various
stages of lung carcinogenesis, interventions aimed at
reducing oxidative DNA damage—such as antioxidant
therapies—could have potential preventive or
therapeutic value [104].

MDA (Malondialdehyde)

Malondialdehyde (MDA) is a significant biomarker
used to assess oxidative stress levels and has gained
attention for its role in the pathogenesis of various
diseases, including cancer. Specifically, in the context
of lung cancer, MDA serves as a key indicator of
lipid peroxidation, which occurs when reactive
oxygen species (ROS) attack cell membrane lipids.
This oxidative damage is particularly relevant in
lung tissue, which is constantly exposed to inhaled
environmental toxins such as cigarette smoke, air
pollution, and industrial chemicals. These factors are
known to elevate ROS levels, leading to enhanced
lipid peroxidation and consequently, an increase in
MDA levels. Elevated MDA concentrations have been
detected in both the plasma and lung tissues of lung
cancer patients, correlating with the severity and
progression of the disease [105, 106].

The role of MDA in lung cancer development is
multifaceted. Chronic oxidative stress, as evidenced by
high MDA levels, can induce DNA damage, including
mutations in oncogenes and tumor suppressor genes,
which are critical in carcinogenesis. In particular, MDA
can form adducts with DNA, leading to mutagenic
lesions that can initiate and promote the malignant
transformation of normal lung epithelial cells. These
MDA-DNA adducts are considered to be mutagenic,
contributing to the accumulation of genetic alterations
that drive lung cancer progression [107]. Moreover,
MDA levels are not only elevated in patients with
lung cancer but also in individuals with predisposing
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factors such as chronic obstructive pulmonary
disease (COPD) and other pulmonary inflammatory
conditions. This indicates that MDA could serve as
a predictive biomarker for lung cancer risk in high-
risk populations. Studies have shown that smokers,
for instance, exhibit significantly higher MDA
levels compared to non-smokers, highlighting the
compound's role as a potential early indicator of lung
carcinogenesis [108].

The clinical utility of MDA as a biomarker for lung
cancer lies in its ability to reflect the oxidative damage
that precedes tumor formation, as well as its potential
to monitor treatment responses. For example, a
reduction in MDA levels during chemotherapy or
antioxidant therapy may indicate a favorable response
to treatment. Thus, MDA quantification in biological
samples such as blood, sputum, or exhaled breath
condensates could provide valuable insights into the
early detection and management of lung cancer [109].

Immune Biomarkers

The interaction between cancer cells and the immune
system influences tumor initiation and progression.
Immune-related biomarkers provide insights into
how the immune system responds to early tumor
formation:

PD-L1 (Programmed Death-Ligand 1)

Programmed Death-Ligand 1 (PD-L1) is an essential
biomarker in the context of immune checkpoint
pathways, specifically in the development and
progression of lung cancer, particularly non-small
cell lung cancer (NSCLC). PD-L1 is expressed on the
surface of various cell types, including tumor cells and
immune cells within the tumor microenvironment. Its
primary function is to bind to the Programmed Death-1
(PD-1) receptor on T cells, leading to the suppression
of T-cell activity and allowing cancer cells to evade the
immune response. The PD-1/PD-L1 pathway is a key
mechanism through which lung cancer cells inhibit
immune surveillance, creating an immunosuppressive
environment that promotes tumor growth and
metastasis [110-112].

The role of PD-L1 as a biomarker is crucial in the
field of immunotherapy, particularly with immune
checkpoint inhibitors (ICIs) such as pembrolizumab,
nivolumab, and atezolizumab, which target PD-1
or PD-L1 [113]. These agents block the interaction
between PD-L1 and PD-1, thereby restoring T-cell
function and enhancing the immune system's ability
to recognize and destroy cancer cells [114]. In lung
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cancer, particularly NSCLC, PD-L1 expression levels
are used to predict a patient’s response to these ICIs.
Tumors with high PD-L1 expression (250%) are more
likely to respond to ICIs, leading to improved clinical
outcomes, including prolonged overall survival and
progression-free survival, compared to tumors with
lower or no PD-L1 expression [115]. PD-L1 testing
has become a standard practice in the diagnosis
and treatment planning for lung cancer patients.
Immunohistochemistry (IHC) is the primary method
used to assess PD-L1 expression, with assays such as
the 22C3, SP263, and 28-8 assays being widely used.
These tests quantify the percentage of tumor cells
expressing PD-L1, guiding oncologists in selecting
appropriate therapies [116]. However, the use of
PD-L1 as a biomarker has limitations. Its expression
can be heterogeneous within the tumor, vary over
time, and be influenced by previous treatments, which
can affect its reliability as a predictor of treatment
response. Additionally, some patients with low or
absent PD-L1 expression still benefit from PD-1/PD-L1
inhibitors, suggesting that other factors also contribute
to treatment efficacy [117].

Recent studies have focused on understanding the
dynamics of PD-L1 expression and the role of the tumor
microenvironment in modulating immune responses.
Research has also explored combining PD-L1
inhibition with other therapeutic modalities, such as
chemotherapy, radiotherapy, and targeted therapies,
to enhance antitumor effects. In summary, PD-L1 is
a pivotal biomarker in lung cancer immunotherapy,
serving as a guide for patient selection and treatment
optimization. However, ongoing research is needed to
address the challenges associated with its use and to
improve patient outcomes further [118, 119].

TILs (Tumor-Infiltrating Lymphocytes)

Tumor-Infiltrating Lymphocytes (TILs) have
emerged as a crucial biomarker in the study of lung
cancer, playing a vital role in understanding the
tumor microenvironment and predicting responses
to immunotherapies. TILs are a heterogeneous
population of immune cells, primarily comprising
T cells, B cells, and natural killer (NK) cells, which
migrate into tumor tissues. Their presence signifies an
immune response against the tumor, with higher TIL
densities often correlating with a better prognosis in
various cancers, including non-small cell lung cancer
(NSCLC), the most common form of lung cancer [120].
In the context of lung cancer, the infiltration of
TILs into tumor sites is believed to represent the
host immune system's attempt to recognize and
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eliminate malignant cells. The composition and
density of TILs within the tumor microenvironment
can vary significantly between patients and types
of lung cancer, influencing both disease progression
and response to treatment [121]. For instance, CD8+
cytotoxic T cells are recognized for their role in
directly attacking tumor cells, and a high presence
of these cells is typically associated with a favorable
prognosis. On the other hand, regulatory T cells (Tregs)
can suppress anti-tumor immune responses, leading
to immune evasion by the tumor and poorer outcomes
[122]. One of the most promising aspects of TILs as a
biomarker in lung cancer is their predictive value for
response to immunotherapies, particularly immune
checkpoint inhibitors (ICIs), such as PD-1/PD-L1
inhibitors. Lung tumors that have a high density of
TILs, especially CD8+ T cells, tend to respond more
favorably to these therapies, as the presence of active
immune cells within the tumor microenvironment
can enhance the efficacy of ICIs. This makes TIL
density and functionality a critical biomarker for
identifying patients who are most likely to benefit from
immunotherapies [123].

Moreover, recent studies have shown that the
assessment of TILs could serve as a prognostic
biomarker independent of other factors such as PD-L1
expression or tumor mutational burden (TMB). For
instance, a study published in Clinical Cancer Research
demonstrated that NSCLC patients with high levels of
TILs had significantly longer overall survival compared
to those with low TIL levels, irrespective of their
PD-L1 status. Furthermore, the spatial organization
and interaction of TILs with other immune and non-
immune cells in the tumor microenvironment are also
under investigation, with findings suggesting that not
just the quantity but the quality of TILs—such as their
functional state and ability to proliferate—plays a
critical role in patient outcomes [120-124].

Research on TILs in lung cancer continues to evolve,
with ongoing trials exploring the use of TIL-based
therapies, where TILs are harvested, expanded ex vivo,
and reintroduced into the patient to boost the anti-
tumor immune response. These adoptive TIL therapies
have shown promising results in other cancers like
melanoma and are being adapted for use in lung
cancer treatment strategies [124]. TILs are a valuable
biomarker for lung cancer, providing insights into the
immune landscape of tumors, guiding therapeutic
decision-making, and serving as a potential target
for novel immunotherapies. Their role in predicting
responses to treatment, particularly immunotherapy,
is increasingly recognized, making them a critical
component of personalized medicine approaches in
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lung cancer care [125].
Conclusion

In conclusion, while biomarkers themselves do not
directly induce lung cancer, they play a critical role in
understanding the molecular mechanisms that drive
tumorigenesis and progression. Genetic alterations
such as mutations in EGFR, KRAS, and rearrangements
in ALK serve as key oncogenic drivers that lead to
uncontrolled cellular proliferation and tumor growth.
These biomarkers, along with environmental factors
like smoking, contribute to the initiation of lung
cancer and influence its clinical outcomes. Moreover,
immune-related biomarkers like PD-L1 expression
and tumor mutational burden (TMB) are essential in
determining how tumors evade immune surveillance,
offering predictive insights into the efficacy of
immunotherapies [126]. The identification and
characterization of these biomarkers have not only
enhanced our understanding of lung cancer biology
but have also revolutionized treatment approaches,
particularly with the advent of targeted therapies
and immune checkpoint inhibitors. However, the
clinical utility of these biomarkers is still evolving,
as challenges such as tumor heterogeneity, the
development of resistance to therapies, and the
dynamic nature of the tumor microenvironment limit
the durability of treatment responses [127]. Looking
forward, the integration of multi-omics approaches,
including genomics, transcriptomics, and proteomics,
is expected to provide a more comprehensive
understanding of lung cancer at the molecular level.
Advances in liquid biopsy technologies, which enable
the non-invasive detection of circulating tumor DNA
(ctDNA) and other biomarkers, also hold promise for
earlier diagnosis, monitoring treatment response, and
detecting minimal residual disease [128]. Additionally,
the development of novel biomarkers that reflect
tumor-immune interactions and tumor evolution
will be critical for overcoming resistance to current
therapies and improving long-term outcomes. Future
research efforts should focus on refining biomarker-
driven precision medicine strategies, exploring
combination therapies that target multiple pathways,
and expanding the understanding of tumor-immune
dynamics to offer more personalized, effective
treatment options for lung cancer patients.
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