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Abstract: Lung cancer remains a formidable global health challenge that necessitates inventive strategies to
improve therapeutic outcomes. Conventional treatments, including surgery, chemotherapy, and radiation,
have demonstrated limitations in achieving sustained responses. Therefore, the exploration of novel
approaches encompasses a range of interventions that show promise in enhancing outcomes for patients with
lung cancer, particularly those facing advanced or refractory cases. These groundbreaking interventions hold
the potential to overcome cancer resistance and offer personalized solutions. Despite the rapid evolution of
emerging lung cancer therapies, persistent challenges such as resistance, toxicity, and patient selection
underscore the need for continued development. Consequently, the landscape of lung cancer therapy is
transforming with the introduction of precision medicine, immunotherapy, and innovative therapeutic
modalities. Additionally, a multifaceted approach involving combination therapies through the integration of
targeted agents, immunotherapies, or traditional cytotoxic treatments addresses the heterogeneity of lung
cancer while minimizing adverse effects. This review provides a brief overview of the latest emerging therapies
that are reshaping the landscape of lung cancer treatment. As these novel treatments progress through clinical
trials and integrate into standard care, the potential for more effective, targeted, and personalized lung cancer
therapies comes into focus, instilling renewed hope for patients facing challenging diagnoses.

Keywords: lung cancer; conventional treatment; innovative therapeutic modalities; combination
therapy

1. Introduction

Lung cancer remains the primary cause of cancer-related deaths worldwide despite the progress
made in cancer diagnosis and emerging treatment methods [1]. The 5-year overall survival rate for
lung cancer patients is 19% across all stages of the disease. However, as the disease progresses from
early to advanced stages, there is a significant decline in the 5-year survival rate [2]. This is also
observed in lung cancer patients with stage 1 tumors, where the 5-year recurrence-free survival only
slightly exceeds 80% following curative surgical resection [1]. This implies that approximately 20%
of individuals with lung cancer undergo disease recurrence within five years, underscoring the lack
of a conclusive cure. Furthermore, a significant portion of lung cancer patients, constituting 57%, are
diagnosed with metastasis, and their survival rate is as low as 5% [3].

Innovative approaches are continually shaping the landscape of lung cancer treatment, offering
improved outcomes and novel options for patients. Advancements in this field encompass
immunotherapy, targeted therapy, cryoablation, and the utilization of nanoparticle-based drug
delivery systems, along with the evolving realm of gene therapy. However, ongoing research holds
the promise of additional breakthroughs, contributing significantly to successful clinical outcomes
that may revolutionize the care of lung cancer patients [4-6]. Combinatorial therapeutic approaches
represent a significant spectrum of innovative strategies. The ESMO Congress 2023 notably
highlights the efficacy of combining targeted drugs and immunotherapy, especially for lung cancer
patients with EGFR mutations and rare tumor alterations. These advancements are poised to play a
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substantial role in revolutionizing the landscape of lung cancer treatment. In this review, we present
a concise summary of such innovative therapeutic approaches.

2. Targeted Therapies

Molecular alterations such as EGFR mutations, ALK rearrangements, ROS1 rearrangements,
RET rearrangements, NTRK fusions, MET exon 14 skipping mutation, KRAS G12C mutation, BRAF
V600E mutation, and ERBB2 (HER2) mutations are the major factors underlying the aggressiveness
of lung cancer. Therefore, targeted therapies are designed to overcome the consequences of these
mutations and largely achieve great success in the treatment and prognosis of this formidable disease,
resulting in an improved survival rate [7]. Despite the emergence of such therapies, the significant
challenge remains as many oncogenic driver mutations still lack specific targeted agents, and
resistance is a recurring issue.

2.1. Epidermal Growth Factor Receptor (EGFR) Inhibitors

Epidermal growth factor receptor (EGFR) activating mutations are prevalent in non-small cell
lung carcinoma (NSCLC), the most common type of lung cancer, with exon 19 deletions and L858R
point mutation being the most frequent alterations. The discovery of tyrosine kinase inhibitors (TKIs)
designed to target EGFR mutations in lung cancer patients marked the inception of the precision
medicine era in lung cancer. EGFR-TKIs have been designed to target these mutations effectively by
inhibiting the activation of tyrosine kinase domain and disrupting various EGFR-
dependent/independent downstream signaling pathways in the lung [8]. Currently, there are three
generations of clinically available EGFR-TKIs, namely: the first generation of reversible inhibitors
(gefitinib, erlotinib, and icotinib), the second generation of irreversible inhibitors (afatinib,
dacomitinib), and the third generation of irreversible inhibitors (osimertinib, almonertinib, lazertinib)
[8]. Whereas the first and second generation TKIs can effectively inhibit EGFR with exon 19 deletions
and L858R mutation, the resistance invariably arises mainly due to T190M mutation [9] [10]. To
overcome this major challenge, a clinical trial (NCT02296125) has explored the effectiveness of
osimertinib, a third-generation TKI, in treating untreated advanced NSCLC with EGFR mutations.
The study demonstrated a significant impact with fewer adverse effects on NSCLC patients
compared to standard EGFR-TKIs used in the initial treatment [11]. Simultaneously, BBT-176 is under
development as a fourth-generation EGFR TKI, demonstrating significant potency against the C7975
mutation that confers resistance to third-generation TKIs [12].

Monoclonal antibodies offer an alternative strategy for inhibiting EGFR activation and signaling.
These antibodies not merely form complexes with the receptor that are internalized and eliminated
but can also entirely block ligands from attaching to the extracellular domain. Available monoclonal
antibodies targeting EGFR include cetuximab, necitumumab, panitumumab, and matuzumab. In two
phase III trials, FLEX and BMS099, a combination of cetuximab and platinum doublet chemotherapy
was employed to treat advanced NSCLC [13, 14]. Additionally, amivantamab, a bispecific antibody
targeting both EGFR and MET, was used to treat NSCLC specifically associated with EGFR exon 20
insertions [15]. In a preclinical study, the combination of amivantamab and lazertinib, which targets
both the EGFR extracellular and catalytic domains, demonstrated synergistic tumor growth
inhibition [16].

EGFR-TKIs significantly enhance the objective response rate, progression-free survival, and
quality of life when compared to conventional chemotherapeutic approaches, all while presenting
minimal toxicity [17, 18]. The adoption of EGFR-TKIs marks a significant leap forward in the
treatment of NSCLC, ushering in an era of targeted therapy and precision medication.

2.2. Kirsten Rat Sarcoma Viral Oncogene Homologue (KRAS) Inhibitors

Kirsten rat sarcoma viral oncogene homolog (KRAS) is a well-known oncogene encoding Ras
family small GTPase controlling crucial proliferation and survival pathways. Among three members
of the Ras family, KRAS is the most frequently mutated in cancers (85%), followed by NRAS (11%)
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and HRAS (4%). The most frequent KRAS activating mutations occur at amino acid positions G12,
G13, and Q61 [19]. Ras oncogenes play a crucial role in oncogenesis and, therefore, have been
naturally considered as potent targets for cancer therapy. However, several efforts to target Ras
proteins have faced considerable challenges due to molecular features such as highly dynamic
structure and high intrinsic flexibility precluding stable binding of the inhibitors, thus making them
to be deemed “undruggable” [20]. However, new technologies and insights into KRAS signaling
pathways have renewed efforts to develop therapies for KRAS-driven cancers. These include direct
targeting of KRAS or indirect targeting by blocking upstream factors activating KRAS [21].

A direct approach to targeting KRAS in lung cancer involves using sotorasib (AMG510) and
adagrasib (MRTX849). Sotorasib is a covalent inhibitor designed for KRAS G12C and marked a
milestone as the first KRAS inhibitor to receive US Food and Drug Administration (FDA) approval
on May 28, 2021 [22]. This drug covalently binds to the mutant cysteine 12 in the switch II region,
prompting KRAS to stay in inactive GDP-bound form. Consequently, it inhibits KRAS signaling and
suppresses the MAPK pathway. In a phase II clinical trial encompassing 126 patients with advanced
NSCLC, sotorasib demonstrated a 37.1% response rate, a progression-free survival of 6.8 months, and
a median overall survival of 12.5 months [23]. Adagrasib is another FDA-approved small molecule
directly targeting KRAS G12C by covalent binding to the mutant cysteine 12, effectively inhibiting
KRAS-dependent signaling, such as MAPK pathway [19]. Clinical trials actively explore the potential
of other drugs that covalently inhibit KRAS G12C, such as divarasib (GDC-6036) from Genentech,
which is currently undergoing a phase 1 clinical trial (NCT04449874) as a monotherapy and combined
with other anticancer therapies. This research is being conducted on patients with
advanced/metastatic solid tumors carrying a KRAS G12C mutation [20].

Another chemotherapeutic approach is to target KRAS indirectly by inhibiting its upstream
regulators. Currently, a phase I clinical trial (NCT04111458) is evaluating the efficacy of BI1701963,
an inhibitor of SOS1, which serves as a guanine nucleotide exchange factor turning KRAS into its
GTP-bound active form. This study investigates the effectiveness of BI1701963 both as a monotherapy
and in combination with the MEK inhibitor trametinib [24]. Additionally, Novartis Pharmaceuticals
is conducting a phase I/II clinical trial (NCT04699188) to assess the effectiveness of TNO155, an
inhibitor of tyrosine phosphatase SHP2, which serves as another upstream factor responsible for
KRAS activation. It is being tested as both monotherapy and in combination with spartalizumab anti-
PD1 antibody immunotherapy in patients with advanced or metastatic solid tumors featuring the
KRAS G12C mutation [20]. Jacobio Pharma is also actively investigating the efficacy of JAB-21822,
the inhibitor of KRAS G12C, in various clinical trials, either as a monotherapy or in combination with
JAB-3312 SHP2 inhibitor or cetuximab anti-EGFR immunotherapy [25].

To summarize, direct targeting of KRAS has been challenging due to its high affinity for GTP at
the picomolar level, the absence of appropriate pockets for high-affinity small-molecule binding, and
elevated mutation rate. However, the covalent modification of mutated cysteine 12 in KRAS G12C
proved to be a viable option. Despite this, cancer cells still develop resistance to these inhibitors,
prompting the exploration of combination therapies and new approaches to treat KRAS-driven
cancers.

2.3. Anaplastic Lymphoma Kinase (ALK) Inhibitors

The anaplastic lymphoma kinase (ALK) receptor tyrosine kinase plays a pivotal role in cellular
development, and alterations in the ALK gene may occur in cancers such as anaplastic large cell
lymphoma, neuroblastoma, and NSCLC. When the ALK gene is activated in cancer, it can lead to cell
development and rapid growth. This activation of ALK signaling in tumor cells is brought about by
mechanisms such as gene fusions, chromosomal translocations, gene amplification or deregulation,
and activating point mutations [26, 27]. In the treatment of NSCLC patients with ALK alterations,
there are targeted inhibitors such as crizotinib, ceritinib, alectinib, brigatinib, and lorlatinib, which
offer significant benefits [28]. Crizotinib is a potent small-molecule drug that effectively targets the
tyrosine kinases ALK and c-MET [29]. Clinical studies in phase I/Il have demonstrated that crizotinib
enhances progression-free survival in combination with bevacizumab, the angiogenesis-inhibiting
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antibody [30]. On the other hand, ceritinib, a second-generation ALK inhibitor, has been utilized to
treat advanced or metastatic ALK-positive NSCLC, even in patients resistant to crizotinib [31, 32].
Despite the initial effectiveness of existing ALK inhibitors, resistance inevitably develops. SAF-189s
is a novel ALK inhibitor that has shown promise in overcoming the majority of known resistance
mutations associated with ALK in preclinical studies and is currently undergoing a phase I/II study
in China [33]. APG-2449 is a triple kinase inhibitor of ALK, ROS1, and FAK that has shown anti-
tumor activity in a mouse model of ALK/ROSI-positive NSCLC. Currently, it is undergoing
evaluation in a phase I dose escalation and expansion trial (NCT03917043), which enrolled 84 patients
diagnosed with ALK/ROS1-positive NSCLC [34].

2.4. ROS Proto-oncogene 1 Receptor Tyrosine Kinase (ROS1) Inhibitors

ROS proto-oncogene 1 receptor tyrosine kinase (ROS1) is a paralog of ALK belonging to the
insulin receptor family that functions as a growth or differentiation factor receptor. The incidence of
ROS1 rearrangements is observed in 1% to 2% of NSCLC cases. Although some ROS1 inhibitors,
specifically crizotinib (first generation), entrectinib (second generation) and lorlatinib (third
generation), have received FDA approval for treating ROS1-positive NSCLC, the majority of patients
still encounter challenges with treatment resistance and disease progression [18, 35]. Clinical
investigations have evaluated the effectiveness of additional inhibitors in patients with ROS1-
positive NSCLC, including repotrectinib [36] and taletrectinib [37]. Both of these inhibitors received
FDA approval in 2022 [7].

3. Immunotherapy

Immunotherapy has markedly reshaped the treatment of cancer, owing to its well-tolerated
safety profile, capacity to induce enduring therapeutic responses through the generation of
immunological memory, and effectiveness across a broad spectrum of patients [38]. There are various
emerging methods in lung cancer immunotherapy, including tumor-specific vaccination strategies,
immune checkpoint inhibitors, adoptive cell therapy, etc. [39]. Several clinical trials have been
conducted to assess the efficacy of immunotherapy in lung cancer, specifically in patients facing
challenges that involve the absence of a targetable driver mutation [5]. Cancer immunotherapies are
carried out mainly to impede tumor growth and enhance the survival outcomes of patients by
boosting the host’s anti-tumor immunity and modifying the suppressive tumor microenvironment
[40].

3.1. Adoptive Cell Transfer

Adoptive Cell Transfer (ACT) for lung cancer involves extracting T cells from the patient’s
bloodstream [41]. An example of adoptive cell transfer is CAR-T cell therapy, which involves the
genetic modification of T lymphocytes from lung cancer patients to make them express chimeric
antigen receptors (CARs) [42]. Such CAR-T is introduced back to the body, and the CARs recognize
the antigens expressed by cancer cells, which trigger their destruction [43]. Furthermore, tumor-
infiltrating lymphocytes (TILs) represent another type of adoptive cell transfer application that
entails isolating TILs from the tumor site through biopsy or surgery. Subsequently, these isolated
TILs are stimulated with interleukin-2 (IL-2) and reintroduced into the patient through infusion, with
the aim of targeting and attacking the cancer cells [44].

3.2. Immune Checkpoint Inhibitors

Checkpoint proteins such as programmed cell death protein 1 (PD-1), programmed death-ligand
1 (PD-L1), and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) constitute a restraining
mechanism of the immunity system that prevents it from autoimmune reactions but at the same time
associated with immune escape by cancer cells. However, dysregulation in these pathways is
associated with immune escape with an increase in cancer progression [45]. Immune checkpoint
inhibitors have shown inspiring clinical efficacy and safety in treating lung cancer. Several clinical
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trials have been conducted to investigate the effectiveness of these inhibitors, aiming to enhance
overall survival and progression-free survival in NSCLC patients. For instance, pembrolizumab
(Keytruda) and nivolumab (Opdivo), antibodies designed against PD-1 and CTLA-4, both have
demonstrated effectiveness in lung cancer treatment [46].

3.3. Cancer Vaccines

DNA and mRNA vaccines for cancer have become a promising strategy for both prevention and
treatment. This method includes the introduction of DNA or RNA sequences that encode tumor-
associated antigens (TAAs) or neoantigens, resulting in specific targeting of cancer cells [47]. Despite
being in the early stages of development and clinical testing, therapeutic cancer vaccines, particularly
for lung cancer, show potential in treating patients resistant to standard-of-care treatment [48].

3.4. Oncolytic Viruses (OVs)

In the treatment of lung cancer, oncolytic viruses (OVs) operate by selectively identifying,
infecting, and eliminating cancer cells while minimizing harm to healthy cells [49]. The main
mechanism of OVs involves inducing specific antitumor immune responses and selective cell death,
resulting in tumor cell lysis and a reduction in tumor progression [50]. This immune response
contributes to long-term cancer control and prevention of cancer recurrence. An example of an OV is
reovirus, which can be engineered for targeted cancer cell treatment or may naturally exhibit a
preference for infecting cancer cells. Reovirus can be employed either independently or in
combination with other therapies like chemotherapy, radiotherapy, or gene therapy [51]. The
combination of OVs with other lung cancer treatments holds the potential to enhance effectiveness
and improve overall patient outcomes [52].

4. Radiation Therapy

Radiotherapy is a conventional method employed in the treatment of lung cancer; however, a
notable challenge lies in the deposition of doses on healthy tissues before reaching the intended
targets, and this is likely to cause severe complications in patients with recurrent cancer. This
necessitates the development of more targeted approaches allowing the specific destruction of cancer
while sparing healthy tissues. Some promising approaches in radiation therapy are listed below.

4.1. Boron Neutron Capture Therapy (BNCT)

Boron neutron capture therapy (BNCT) is an emerging treatment method in radiation therapy
that selectively targets and eliminates cancer cells while sparing normal cells [53]. This method is
based on a preferential accumulation of compounds containing boron isotope 1°B in cancer cells.
Upon exposure to a beam of low-energy neutrons, 1°B converts into unsTable 1'B, which decays into
a particles (*He) and 7Li recoil particles. The high-energy particles generated through boron-neutron
interaction exhibit a limited impact range, primarily affecting the cells where boron is concentrated.
This leads to localized damage to cancer cells, sparing the surrounding healthy tissues [53].

Metastatic lung disease remains a predominant cause of mortality despite the limited success of
surgery, radiotherapy, and chemotherapy in enhancing patient survival. In this context, BNCT is a
pivotal treatment option known for its selectivity and lower toxicity. As was shown in the BDIX rat
model with lung metastases of colon carcinoma, BNCT showed no toxicity and suppressed lung
metastases at a short treatment time [54, 55]. In an animal model of metastatic clear cell sarcoma
(CCS), BNCT markedly diminished the growth of lung metastases associated with CCS tumors [56].
Previous mouse model studies have suggested that BNCT can be used to treat both lung tumors and
lung metastases tumors [57]. BNCT mediated by '°B-carrier L-para-boronophenylalanine-'°B (BPA)
treatment was also monitored in the normal lung of Fischer 344 rats by assessing the established
relative biological effectiveness (RBE) and compound biological effectiveness (CBE) factors [58]. This
method was employed in patients with recurrent lung cancer who had previously undergone chest
wall irradiation with two fractions of BNCT. The tumor exhibited regression within seven months,
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with minimal or delayed adverse effects [59]. As was shown in a mouse model, the combination of
BPA-mediated BNCT with both mild temperature hyperthermia and hypoxic cytotoxin tirapazamine
(TPZ) targeting quiescent tumor cell population significantly reduced lung metastases [60]. Apart
from the distribution of 10B concentration, neutron sources characterized by different energy spectra
are also an important consideration for successful BNCT.

For instance, dose distribution based on different neutron sources has recently been optimized
to treat shallow or deeper lung tumors [61]. A similar dose distribution analysis was performed to
optimize the BNCT treatment of mesothelioma [62]. To summarize, BNCT is a recognized strategy
that proved to be an effective means of enhancing the survival rates for lung cancer patients and those
with metastatic lung tumors, leading to improved patient outcomes.

4.2. Proton Therapy

Proton therapy is an advanced cancer treatment that employs proton beams to eliminate tumors
by delivering precise and accurate doses, minimizing harm to surrounding healthy tissues [63]. In
NSCLC, proton therapy shows promise as a treatment modality due to its utilization of the Bragg
peak as a physical property, where most of the proton dose is concentrated within a narrow range,
minimizing the impact on normal thoracic tissues [64]. In cases of centrally or superiorly located stage
I NSCLC, intensity-modulated proton therapy (IMPT) doses can precisely be administered to the
target area, resulting in a substantial decrease in radiation exposure to normal tissues such as the
heart, aorta, pulmonary vessels, lung, brachial plexus, and spinal cord when compared to photon
stereotactic body radiation therapy [65].

Several clinical trials were conducted; for example, the RTOG 1308 trial (NCT01993810) is a
phase III randomized trial that employed the treatment of non-operable stage II-IIIB NSCLC patients
with a total dose of 70 Gy (2 Gy per fraction) alongside concurrent chemotherapy, utilizing image-
guided, motion-managed proton or photon radiation techniques. This trial has demonstrated cost-
effective access to pulmonary function assessments before and after radiation treatment, resulting in
improved survival outcomes [66]. LUN005 (NCT0177041) is a combined phase I/II clinical trial
undertaken on stage II/IIl NSCLC patients to examine the viability after hypofractionated proton
therapy administered concurrently with chemotherapy. The phase I trial aimed to establish the
maximum tolerated dose per fraction, reaching a cumulative total of 60 Gy. Subsequently, the phase
II trial assessed outcomes such as survival at 12 months, adverse events, and tumor control [67]. In
conclusion, proton therapy offers a targeted and potentially less harmful method for addressing lung
cancer, especially when the preservation of adjacent healthy tissues is paramount. Nevertheless, the
accessibility and broader integration of this treatment approach are still at a stage of exploration and

development.
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Figure 1. Emerging radiotherapy strategies: (a) Proton therapy: Proton beam radiation targets the
tumor and spares healthy tissue by moving safely within the body and releasing energy that destroys
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cancer cells; (b) BNCT: After administration of a non-radioactive compound containing the inert
isotope 10B, which specifically homes in cancer cells, the patient is exposed to a low-energy neutron
beam. This beam initiates the fission of the °B isotope within the tumor cells, leading to the emission
of a high-energy a-particle. This particle selectively kills cancer cells containing!’B isotope compound;
(c) SBRT: A 4-dimensional CT scan is employed to observe the movement of lung cancer during
inhalation and exhalation. High-dose radiation beams from various angles are then precisely directed
at the tumor.

4.3. Stereotactic Body Radiation Therapy (SBRT)

Stereotactic body radiation therapy (SBRT) is an efficient and potentially effective option for
treating NSCLC patients that are inoperable. It is a noninvasive treatment that delivers high doses of
radiation with precision in a few treatments, achieving superior local control and survival rates
compared to conventional radiation therapy [68]. SBRT utilizes sophisticated imaging and
localization techniques to enhance the precision of radiotherapy targeting. This optimization enables
the administration of hypofractionated and ablative doses of radiation [69]. The effectiveness of SBRT
lies in its ability to deliver therapeutic radiation doses with a relatively high probability of tumor
control while minimizing the exposure of normal tissue to these doses [70]. For instance, patients
diagnosed with lung cancer, regardless of whether they had undergone prior lung resection or not,
received SBRT demonstrated high local control and relatively low toxicity [71].

SBRT has been employed in 19 prospective clinical trials for primary early-stage NSCLC,
encompassing 1434 patients with central and peripheral early-stage NSCLC. The findings revealed
that SBRT demonstrated excellent local and regional control, with survival rates ranging from 43% to
95% at three years. Nevertheless, up to 33% of patients experienced distant failure following SBRT.
The treatment was generally well-tolerated, with 10%-30% of patients encountering grade 3-4
toxicities and a limited number of treatment-related deaths. No discernible differences in outcomes
were noted between conventional fractionated radiation therapy and SBRT or among central and
peripheral lung tumors, as well as between inoperable and operable patients [72].

SBRT is gaining prominence in intricate cases, including patients with tumors situated close to
vital organs, those with a history of previous radiation exposure, individuals with interstitial lung
disease (ILD), or patients with metastatic disease. Among patients with ILD, SBRT poses an elevated
risk of toxicity; nevertheless, it remains the standard care for non-operable NSCLC patients. In
instances of ultracentral tumors (those close to the trachea or proximal bronchial tree), SBRT poses
an increased risk of severe toxicity, encompassing pulmonary hemorrhage or airway necrosis [68].
SBRT remains a viable treatment choice for medically inoperable and operable patients diagnosed
with early-stage NSCLC, providing excellent local and regional control, accompanied by lower
toxicity rates [73].

4.4. Brachytherapy (BT)

Brachytherapy (BT) emerged as a promising radiotherapy choice for lung cancer, enhancing
local control and extending patient survival outcomes. This minimally invasive radiotherapeutic
method involves the precise implantation of a radioactive source directly within or close to the tumor,
thus delivering targeted irradiation [74]. BT is valuable as a salvage treatment for specific patients
experiencing local recurrence or residual lung cancer following a lack of response to interventions,
such as surgery, chemotherapy, and external beam radiation therapy (EBRT) [75, 76].

In lung cancer, BT can be administered through endobronchial BT and radioactive seed
implantation [75]. BT is recognized as an effective treatment for lung cancer patients. An earlier
study detailed the case of a 79-year-old patient diagnosed with early-stage NSCLC with no surgical
intervention or SBRT due to the radiologically occult characteristics of the tumor. Instead, the patient
underwent treatment with high-dose-rate endobronchial BT (HDR-EBBT), receiving four weekly
sessions with a dosage of 7 Gy per fraction. Over time, a new lung cancer developed, prompting
treatment with SBRT; however, the latest computerized tomography (CT) scan revealed no detectable
signs of disease [77]. Additionally, a clinical study involving 23 patients treated with HDR-EBBT,
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whether for curative or palliative purposes, indicated that HDR-EBBT is more efficacious in achieving
local control in both curative and palliative scenarios, leading to an enhanced overall survival rate
[78]. Another study also proposed that HDR-EBT is a secure technique for the comprehensive
treatment of endobronchial lung cancer. The study involved 16 predominantly male patients with an
average age of 69 years, most of whom were former smokers. The primary pathological diagnosis
was invasive squamous cell carcinoma, and the treatment protocol included the insertion of an after-
loading catheter into the target bronchus, followed by weekly HDR-EBT sessions. The median overall
survival was 29 months, accompanied by a median disease-free survival of approximately 24.9
months. Two complications were observed but without any death or significant side effects. Notably,
patients who underwent a boost strategy with HDR-EBT exhibited a prolonged overall survival
compared to those undergoing radical intent treatment [79]. To improve the efficacy of BT in lung
cancer, a multicenter randomized trial was conducted to enhance the effectiveness of BT by
combining high-dose-rate intraluminal BT (HDRIB) with external beam radiation therapy (EBRT).
The trial revealed moderate symptom relief without achieving statistical significance [80].
Endobronchial BT and radioactive seed implantation BT (RSI-BT) are viable methods for BT in lung
cancer.

5. Cryoablation

Cryoablation is a therapeutic approach whereby tumors are destroyed by extreme cold [81]. This
process involves connecting cryoprobes to pressurized argon, which rapidly cools the probe upon its
expansion to temperatures as low as -160°C. Consequently, this results in the formation of an ice
ball at the tip of the cryoprobe. The freezing and thawing process disrupts the cell membrane and
initiates microvascular injury, subsequently inducing hypotonic stress and leading to cell necrosis
[82]. In lung tumors, cryoablation is typically conducted with the guidance of CT scans,
accompanied by sedation and local anesthesia [81]. The procedure can be performed through
endobronchial, direct intrathoracic, or percutaneous routes, depending on the location and size of the
tumor [83]. Some adverse effects faced by lung cancer patients include mild complications such as
bleeding, pneumothorax, and pulmonary infection [81].

Typically, patients with lung metastases frequently struggle to attain curative results despite
undergoing chemotherapy, radiotherapy, or surgery [82]. However, studies indicate that
cryoablation can potentially treat lung metastasis effectively [84]. A promising strategy involves
combining cryoablation with immunotherapy; however, cryosurgery alone cannot elicit a robust
immunotherapeutic response against cancer [82]. The administration methods for combining
cryoablation with immunotherapy include percutaneous and bronchoscopic approaches [83].
Clinical trials were carried out to explore the effectiveness of combining cryosurgery with allogeneic
NK cell immunotherapy for treating NSCLC. The research revealed improved immune function in
patients, which led to significantly higher response rates and disease control rates when compared
to the cryoablation-only group [85]. Furthermore, in patients with advanced NSCLC, the therapeutic
impact of cryoablation was elevated when combined with gefitinib [86]. Comparative studies on
NSCLC indicated that both cryoablation and microwave ablation were safe and effective for small
tumors. Nevertheless, microwave ablation demonstrated a superior effect when dealing with larger
tumors [87]. These recent extended follow-up studies suggest that cryoablation is emerging as a
notable choice for diverse cancers, providing the prospect of prolonged survival.

6. Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is a non-invasive treatment of lung cancer that utilizes
photosensitive compounds and light activation to destroy cancer cells selectively [65]. PDT has
demonstrated efficacy in enhancing the survival rate of patients with incurable malignancies by using
three fundamental factors: photosensitizer drug, light, and oxygen [88]. Photosensitizers exert their
photodynamic activity through photo-oxidative mechanisms, triggering diverse biochemical and
morphological reactions that lead to cytotoxic effects in tumors [89]. For instance, chlorin e6 (Ce6) is
a frequently used photosensitizer that causes DNA damage and elicits a DNA damage response
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(DDR) in lung cancer cells. When such PDT treatment is combined with the inhibition of ATM
serine/threonine kinase responsible for DDR, lung cancer cells are effectively destroyed [90].
However, the effectiveness of PDT is largely constrained by the lipophilic nature of photosensitizers
and limited tissue infiltration [91]. The applicability of PDT tends to be limited to superficially located
tumors that can be easily accessed by a bronchoscope with a light source [92]. For instance, it can be
used as a complementary measure to treating advanced stage lung cancers in which the tumors have
spread to the bronchoscope-accessible areas. In such cases, it is typically employed alongside
chemotherapy and radiation rather than as a replacement [93].

The integration of nanotechnology into PDT has the potential to surmount its limitations by
facilitating drug delivery and release [94]. This can result in more efficient and precisely targeted
treatment approaches for lung cancer [95]. For instance, Ce6-conjugated methoxy-poly (ethylene
glycol)-b-poly (D, L-lactide) (mPEG-PLA-Ce6) amphiphilic polymer nanoparticles were utilized as a
Ceb6 carrier in PDT and elicited enhanced phototoxicity and efficient internalization in both
monolayers and 3D spheroids of human lung adenocarcinoma cells [96]. In another study,
mesenchymal stem cells (MSCs) characterized by high tumor-tropism were loaded with MnO2@Ce6
nanoparticles to specifically deliver photosensitizer to the lung cancer site and target it for PDT in a
mouse model [97].

Photodynamic therapy

Bronchoscope

4. Generated ROS is cytotoxic
which can trigger apoptotic
and/or necrotic lung cancer

L Y cell death.
= | U
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Figure 2. Simplified photodynamic therapy steps: (1) The patient receives a photosensitizer (PS) drug
through injection near the tumor; (2) The PS drug gathers at the tumor site, either actively or passively;
(3) After absorption by the tumor, laser light at the right wavelength (630 nm-780 nm) is used to
activate the PS; (4) Activation results in targeted destruction of the tumor cells.

Several PDT clinical trials have been undertaken; the most recent significant study was centered
on the combination of Laserphyrin®-based PDT and chemotherapy for advanced NSCLC cases in
which curative surgical interventions were not feasible. The aim was to address bronchial stenosis
and obstruction in central and peripheral (lobar or segmental bronchi) lung areas, and PDT resulted
inimproved symptoms and quality of life [98]. Additionally, second-generation Radachlorin®-based
PDT was employed for advanced NSCLC, resulting in a one-year post-treatment survival rate of 70%
with improved treatment effectiveness and safety [99]. A phase 1 clinical trial of PDT targeting
carcinoma in situ and microinvasive carcinoma in the central airways was carried out with the use of
2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) as a photosensitizer. This approach
demonstrated safety and efficacy in treating NSCLC by attaining a complete response (CR) rate of
72.7% at six months [100]. Furthermore, integrating high dose rates of BT and PDT for endobronchial
tumors at different stages (I-IV) has proven to be well tolerated. This combined approach allowed to
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achieve prolonged local control and maintain an acceptable level of morbidity [101]. A novel PDT
technique, intelligent targeted antibody phototherapy (iTAP), has recently been proposed. This
method is based on the combination of cetuximab immunotoxin treatment and mono-L-aspartyl Pe6
(NPe6)-based PDT and was shown to be a minimally invasive yet highly effective treatment
compared to conventional PDT [102].

7. Hyperthermia Therapy

Hyperthermia therapy (HT), or thermal therapy, is a cancer treatment involving the artificial
elevation of body tissue temperature. This is accomplished by administering heat from external
sources such as microwaves, radio waves, lasers, ultrasound, etc., to locally elevate temperature to
42 - 45°C. This process aims to eliminate cancer cells or inhibit their growth without causing harm to
normal tissues [103]. HT induces direct cytotoxic effects on lung cancer cells [104], as well as enhances
tumor perfusion, thus increasing drug delivery capability [105]. At temperatures above 42°C, tumor
blood vessels can collapse, trapping the applied heat and leading to necrosis or apoptosis [106]. For
example, HT was shown to trigger apoptosis of lung cancer cells mediated by caspase-3 and induced
by the activation of cell death membrane receptors from the tumor necrosis family [107]. In another
study, it was shown that HT and glutathione facilitate the release of doxorubicin from a mesoporous
silica nanocontainer drug carrier in lung cancer cells, ultimately leading to cell death [108].
Additionally, the combination of cisplatin, cyclophosphamide, and HT in mice with metastatic Lewis
lung carcinoma demonstrated a thermal potentiation of the growth delay induced by the combined
drugs [109].

A Cryoablation B Hyperthermia

o
)
V 42~44°C

/%} 40~42°C
a

N

Tumor

Argon gas

Iceball

Figure 3. Simplified illustration showing how cryoablation and hyperthermia are carried out: (a)
Cryoablation: During cryoablation, cryoprobe forms ice balls and delivers an extremely cold freezing
agent to the tumor site. A CT scan is employed to visualize the tumor and guide the precise placement
of the ice ball around the targeted tumor. After treatment, a warmed cryoprobe is safely extracted
from the patient; (b) Hyperthermia involves heating body tissue up to 44°C to damage and eliminate
cancer cells while minimizing harm to normal tissue. Small probes equipped with thermometers are
inserted around the tumor to monitor and regulate temperature closely. CT scans and other imaging
techniques ensure proper probe placement.

On the contrary, the temperature below 42°C influences the tumor microenvironment and
increases blood flow and vascular permeability, thus potentially improving the supply of oxygen and
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nutrients to tumor cells. This makes precise temperature control a strict consideration for achieving
the desirable effect of HT. For instance, the increase in perfusion acts as a coolant that dissipates the
applied heat unless countermeasures are implemented [110]. Another limitation of HT is that it can
induce coagulation, particularly with perfusion or whole-body HT techniques, which may lead to
hypoxia and contribute to tumor radioresistance [110].

HT serves as a supplementary or adjunctive therapy when used in conjunction with radiation
and chemotherapy, particularly in the case of inoperable lung cancer [111]. Consistently with the
chemosensitization effect of HT, previous reports indicate that combining chemotherapy with HT
has the potential to enhance the outcome in NSCLC with malignant pleural effusion [105]. The
prominent challenge associated with radiotherapy is the deposition of toxins in healthy tissues [110].
HT can minimize this effect by acting as a radiosensitizer and thus allowing to lower dose of
radiotherapy [112]. In another clinical study, re-irradiation combined with HT decreased the level of
toxicity in recurrent NSCLC patients and increased long-term survival, particularly in cases without
distant metastasis and those with larger recurrent tumors [113].

8. Nanoparticles as a Tool for Targeted Therapy

Nanomedicine represents an emerging treatment approach that emphasizes the enhancement of
drug delivery and the optimization of therapeutic outcomes, with an aim to minimize harm to
healthy tissues [114]. The biocompatibility and biodegradability of nanomaterials contribute to their
effectiveness in drug-delivery systems [115]. Additionally, nanomaterials enhance the solubility,
stability, and bioavailability of drugs, resulting in enhanced therapeutic efficacy [116]. Nanoparticles
are also utilized to enhance cancer immunotherapy by boosting the immune response against cancer
cells [117, 118]. Some nanomedicine materials, including hafnium oxide nanoparticles, magnetic
nanoparticles, lipid nanoparticles, and polymer nanoparticles, are utilized in lung cancer treatment
[119].

8.1. Hafnium Oxide Nanoparticles (HfO2 NPs)

Hafnium oxide nanoparticles (HfO2 NPs) have gained significant attention in cancer treatment
as they can be utilized as radiosensitizers in radiotherapy [120]. HfO: NPs are used as both
radiosensitizers and X-ray contrast agents due to such properties as notable chemical inertness, high
dielectric constant, elevated melting point, density, refractive index, transparency to visible light,
combined with minimal reactivity in biological systems [121]. HfO2 NPs are capable of generating
high-energy electrons and free radicals upon absorbing high-energy X-ray radiation. Therefore, they
are used in the application of X-ray-induced photodynamic therapy (X-PDT). This novel method
allows for precise targeting and treatment of deep-seated tumors, thereby improving the overall
effectiveness of cancer therapy [122]. NBTXR3 is a type of HfO2 NP radio-enhancer employed to
enhance immune responses in a murine model of metastatic lung cancer resistant to anti-PD1 therapy
[123]. NBTXR3 nanoparticles were found to be helpful in treating metastatic lung cancer patients,
irrespective of their sensitivity or resistance to immunotherapy [124]. The combination of immune
therapy and radiotherapeutic approach using NBTXR3 was shown to elicit noteworthy infiltration
and activation of cytotoxic immune cells, leading to robust and enduring immunity in a dual-tumor
model of lung cancer in mice [125]. Several clinical trials have been initiated; for example, an ongoing
phase I/II clinical trial involves the utilization of HfO: NPs in combination with SABR and PD-1
inhibitors to treat metastatic NSCLC patients. Initial results indicate enhanced efficacy, but the trial
is currently in the expansion phase [126].

8.2. Magnetic Nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) are made from materials possessing intrinsic magnetic
properties, such as iron oxides, cobalt, and nickel. Moreover, MNPs are amenable to functionalization
and exhibit significant potential for interventions in targeted drug-delivery platforms for lung cancer
by providing substantial drug-loading capacity and efficient penetration into tumors [127]. The main
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applications of MNPs are cancer diagnosis, monitoring, and therapy [128]. For instance, loading
MNPs with cisplatin was utilized for the treatment of a cisplatin-resistant A549 cancer cell xenograft
model, resulting in a notable decrease in the concentration of lung resistance-related proteins, thereby
enhancing cisplatin cytotoxicity [129]. Due to their properties, MNPs can be functionalized for highly
specific diagnostics applications. For example, superparamagnetic iron oxide nanoparticles (SPIONs)
were tested as a T2 contrast agent that enhances the detection of lung cancer metastasis by MRI.
SPIONs were functionalized by coating with oleic acid and carboxymethyl dextran and conjugated
with an anti-CD44v6 monoclonal antibody that specifically detects metastatic cells [130]. Another
example of a T2 MRI contrast agent is nanostructures composed of FesOs MNPs with polyelectrolyte
layers loaded with doxorubicin hydrochloride chemotherapeutic drug. This nanostructure
demonstrated increased cytotoxicity against A549 human lung cancer cells, making it a promising
agent for theranostic application [131].

A new approach in lung cancer treatment involves the utilization of MNPs for magnetic
hyperthermia through exposure to an external magnetic field that generates thermal effects to
eliminate cancer cells [132] [133]. For instance, magnetic iron oxide MNPs were employed to induce
localized hyperthermia in lung cancer cells through the application of a pulsed electromagnetic field.
The outcomes revealed enhanced cellular uptake by lung cancer cells without causing cytotoxic
effects [134]. In conclusion, MNPs, particularly iron oxide nanoparticles like magnetite (FesOs) or
hematite (Fex0s), are considered crucial nanomaterials. They are applied in MRI contrasting, drug
delivery, controlled and sustained release, as well as hyperthermia therapy [116].

8.3. Lipid Nanoparticles (LNPs)

Lipid nanoparticles (LNPs) are composed of lipids, which are biocompatible and can
encapsulate therapeutic compounds. They can stabilize drugs, enhance their absorption into cells and
tissues, and optimize drug delivery to specific target areas. This renders them highly suitable for lung
cancer treatment, as they can overcome barriers to drug delivery and improve the overall
effectiveness of the treatment [135]. Liposomes, LNPs with an aqueous core surrounded by a lipid
bilayer, can be used to encapsulate hydrophilic drugs, such as cisplatin [136]. Liposomal cisplatin has
shown promising results in preclinical studies, demonstrating improved drug delivery and enhanced
anticancer efficacy compared to free cisplatin [137]. Extensive research has been conducted on LNPs
as a promising high specificity targeted delivery tool. A strategy involves employing LNPs to
selectively release drugs at designated sites, mimicking the behavior of high-density lipoprotein
(HDL). These nanocarriers can be tailored to target specific tumor cells in the lungs, elevating the
drug concentration within the tumor while minimizing exposure to healthy tissues. This targeted
delivery approach has the potential to enhance treatment efficacy while mitigating potential side
effects [135]. Furthermore, LNPs can capitalize on tumors’ enhanced permeability and retention
(EPR) effect, allowing them to accumulate in tumor tissues preferentially. This passive targeting
mechanism can improve drug delivery to the tumor site and increase drug concentration within the
tumor. Leveraging the EPR effect, LNPs can potentially improve lung cancer treatment efficiency
[138].

Additionally, LNPs offer the advantage of encapsulating drugs with diverse physicochemical
properties, including multiple drugs and targeting agents. This facilitates the development of
combination therapies addressing various aspects of lung cancer, such as tumor growth,
angiogenesis, and metastasis. By integrating multiple drugs into LNPs, there is a potential to amplify
the therapeutic impact and overcome drug resistance. For instance, the use of transferrin-
functionalized protein-lipid hybrid nanoparticles (PLHNSs) containing both cisplatin and docetaxel
effectively suppressed the growth of lung tumors in BALB/C mice with lung cancer [139]. Another
promising platform strategy involves delivering hydrophilic doxorubicin and hydrophobic paclitaxel
to human lung cancer A549 cells through lipid-coated hollow calcium phosphate (LCP)
nanoparticles, resulting in heightened antitumor efficacy [140]. A prospective delivery approach for
addressing EGFR resistance involved the utilization of a pulmonary microsphere system. This system
was applied to simultaneously deliver afatinib and paclitaxel to NSCLC cells resistant to EGFR TKIs
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and demonstrated notable effectiveness in the treatment of drug-resistant lung cancer [141]. LNP-
mediated targeted delivery can be utilized as a tool for immunotherapy. For instance, the
combination of anti-PD-1 antibody with STING agonist-loaded LNPs proved to be more effective
than anti-PD-1 monotherapy. This combination led to an augmentation of NK cells in lung metastatic
tumors [142].

8.4. Polymeric Nanoparticles (PNPs)

Polymeric nanoparticles (PNPs) are composed of synthetic and natural polymers and have great
potential in targeted drug delivery for lung cancer [143]. The unique physiochemical and biological
properties of PNPs enhance specific targeting in the body [144]. PNPs composed of polylactic acid
(PLA), polyethylene glycol (PEG), poly (lactic-co-glycolic acid) (PLGA), chitosan-loaded lomustine,
and biotinylated EGF-conjugated gelatin demonstrated improved drug release, biocompatibility, and
increased anticancer effects [145]. In recent research, PNPs have been widely investigated as a
potential lung cancer treatment. For instance, nitroimidazole- and hyaluronic acid-based PNPs or
PNP-LNP hybrids could efficiently deliver cisplatin to lung cancer cells and xenografts, eliciting a
strong antitumor effect with minimal toxicity [146]. Additionally, PEG-PLGA hybrid PNPs were
utilized for delivering puerarin and 5-fluorouracil to lung cancer cells, leading to enhanced anticancer
effects [147]. Another study also demonstrated that sorafenib-loaded cationically-modified PNPs
improved the therapeutic efficacy of sorafenib in NSCLC as compared to the drug alone [148]. In
combination treatment, PNPs were employed with a radiosensitizing strategy by combining
doxorubicin-loaded polyaspartamide PNPs with 5-aminolevulinic acid to target lung cancer cells.
The approach demonstrated selective radiosensitization, resulting in increased efficacy [149]. To
enhance the efficacy of localized chemo-radiotherapy for lung cancer, another promising strategy
involved the use of folate receptor-targeting multifunctional dual drug-loaded nanoparticles
(MDNPs). These nanoparticles featured a poly(N-isopropylacrylamide)-carboxymethyl chitosan
shell and a PLGA core, allowing for controlled release of NU7441 radiosensitizer and gemcitabine
chemotherapeutic drug. The resulting formulation demonstrated commendable stability, minimal
toxicity, and increased efficacy in lung cancer cells [150]. Thus, PNPs represent a promising strategy
for lung cancer treatment characterized by increased efficacy with minimal toxicity.

Alternative approaches for treating lung cancer
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9. Conclusion

In summary, the field of lung cancer treatment is experiencing a profound transformation
marked by the introduction of groundbreaking therapies. Advancements in personalized medicine,
targeted therapies, and immunotherapy provide new hope for patients with this challenging disease.
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These cutting-edge treatments have allowed for tailored therapy that improves patient outcomes and
diminishes the adverse effects of traditional interventions. As scientific research delves deeper into
the intricacies of the disease, the ongoing advancements in emerging lung cancer treatments hold the
potential to reshape the standard of care.
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