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Abstract
Lung cancer, one of the leading causes of cancer-related deaths globally, is notorious for its 
poor prognosis and limited response to conventional therapies. Despite advancements in 
chemotherapy, targeted therapies, and immunotherapy, the efficacy of these treatments is 
often undermined by the development of resistance, particularly multidrug resistance (MDR). 
MDR in lung cancer is primarily driven by various mechanisms, including the overexpression 
of ATP-binding cassette (ABC) transporters like P-glycoprotein (ABCB1), which actively pump 
chemotherapeutic drugs out of cancer cells, reducing their intracellular concentration and 
effectiveness. Additionally, genetic mutations, enhanced DNA repair mechanisms, and 
alterations in drug targets contribute to this phenomenon. The complexity of MDR not only 
complicates treatment regimens but also contributes to the high mortality rate associated with 
lung cancer. Understanding the underlying mechanisms of MDR and developing strategies to 
overcome this resistance are critical for improving patient outcomes. The objective of this 
review is to present a comprehensive summary of the current knowledge on conventional 
and emerging mechanisms of drug resistance, with a particular focus on the involvement 
of exosomes and exosome-mediated factors that mediate drug resistance in lung cancer. 
Exosomes, tiny vesicles secreted by cells, play a critical role in drug resistance, especially in 
lung cancer. They carry genetic material and proteins that can alter the behavior of recipient 
cells, promoting resistance. In lung cancer, exosomes transfer miRNAs and other molecules 
that enhance survival pathways and inhibit cell death, contributing to chemoresistance. Recent 
research highlights the potential of targeting exosomal pathways to develop new therapeutic 
strategies.
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Introduction

Lung cancer is one of the leading cancer deaths throughout the world.  It is the second 
most frequently diagnosed cancer in men, after prostate cancer, and the second most 
common cancer in women, after breast cancer [1]. Lung cancer remains a significant global 
health challenge, with statistics in 2024 reflecting its widespread impact.  In the United 
States alone, it is estimated that there will be around 238, 340 new cases of lung cancer 
diagnosed and approximately 127, 070 deaths from the disease in 2024, World Health 
Organization (WHO). Around 80% of lung cancer deaths are caused by smoking. Other risk 
factors include exposure to radon and asbestos, prolonged and cumulative exposure to air 
pollution (especially emissions of polycyclic aromatic hydrocarbons, or PAHs), and a personal 
or family history of lung cancer. Histologically, lung cancer has been broadly categorized into 
two groups: small cell lung carcinoma (SCLC) that encompasses 15% of all lung cancers, 
and non-small cell lung carcinoma (NSCLC) that is categorized into lung adenocarcinoma 
(LUAD), squamous cell carcinoma (SqCC) and large cell carcinoma (LCC) [2].

The prognosis of non-small cell lung cancer (NSCLC) is challenging due to the 
unavailability of a platform for early-stage diagnosis and the late appearance of symptoms in 
disease development, which may limit treatment choices and survival [3]. The 5-year survival 
rate for patients with limited-stage SCLC who receive treatment (typically a combination of 
chemotherapy and radiation) is approximately 15-30%. Without treatment, the prognosis 
is poor, with survival typically only a few months [4]. It is encouraging to note that lung 
cancer survival has only marginally improved over the last several decades. However, there 
is still much to be done to improve outcomes for patients. The availability of screening and 
early detection by low-dose computer tomography and advances in targeted treatments and 
immunotherapy will likely decrease mortality rates and improve patient survival outcomes 
in the near future.

As a major contributor of global mortality caused by cancers, lung cancer is currently 
mainly treated by surgical resections, including the dissection of mediastinal lymph nodes 
by lobectomy operations, especially for patients suffering from non-metastatic NSCLC [5]. 
Nevertheless, in many patients suffering from non-metastatic NSCLC, surgical operations 
are out of consideration because these patients have poor pulmonary functions and a high 
risk of cardiovascular diseases and other comorbidities. For these patients, chemotherapy 
and adjuvant therapies are used as the first-line treatments [6].  In the treatment of lung 
cancer, drug resistance is one of the most urgent problems. Some of the cancers show 
primary resistance to the drugs used, while others, initially sensitive, acquire the trait of drug 
resistance during chemotherapy. The tumor can trigger various, often complex, mechanisms 
of defense against cytostatic activity of the drugs used, such as detoxification processes 
or active removal of the drug from the cell [7]. Mechanisms that allow the development of 
multidrug resistance (MDR), as well as ways to prevent or eliminate it, are still the subject of 
intensive research aimed at discovering new, effective MDR inhibitors. A promising direction 
of research may be the development of diagnostic methods that could allow monitoring of the 
full state of tumor sensitivity in individual patients in order to select effective chemotherapy.

Cancer resistance can be divided into two broad categories: primary resistance, which 
involves early tumor progression without prior tumor response, and secondary (acquired) 
resistance, which occurs after initial tumor responses [8]. Recently, several studies have 
shown that drug combinations can selectively kill resistant cells while protecting normal 
cells. For example, chemotherapeutic drugs that induce apoptosis in both normal and cancer 
cells by activating caspases can be used in combination with caspase inhibitors that block 
chemotherapy-induced apoptosis. As a result, sensitive cells may be protected while drug-
resistant cells undergo apoptosis. This may be due to increased expression of drug pumps 
in drug-resistant cells that export caspase inhibitors from MDR cells [9]. However, these 
protective and selective effects may not be achieved if the normal cells overexpress drug 
pumps, or if the drug resistant cells are deficient in these drug efflux proteins, thereby limiting 
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clinical application [10]. 
The majority of research to 
date has focused solely on 
reversing MDR rather than 
preventing it. Understanding 
the molecular mechanisms 
underlying the development 
of MDR during chemotherapy 
may help in the development 
of novel strategies to 
overcome MDR. In recent 
years, studies have focused 
on new strategies to prevent 
the emergence of MDR in 
cancer [9]. The Fig. 1. shows 
the treatment options for lung 
cancer.

The treatment of 
NSCLC may entail surgical, 
chemotherapeutic, radiotherapeutic, targeted or a combination of these modalities. In 
contrast, the treatment of small cell lung cancer typically comprises radiation therapy and 
chemotherapy.

Mechanisms of drug resistance in lung cancer

Tumor cells are capable of developing resistance to chemotherapeutic drugs not only 
through intrinsic cellular mechanisms but also through interactions with their surrounding 
microenvironment. Microenvironment-mediated drug resistance (EM-DR) can generally be 
divided into two main categories: intrinsic soluble factor-mediated drug resistance (SM-DR) 
and cell adhesion-mediated drug resistance (CAM-DR) [12]. SM-DR refers to the resistance 
mechanisms that involve soluble factors within the tumor microenvironment that can 
influence the survival and proliferation of tumor cells. Various cytokines and growth factors 
secreted by tumor cells or stromal cells within the tumor microenvironment can promote 
drug resistance. CAM-DR refers to the resistance to chemotherapy that cancer cells develop 
when they adhere to components of the extracellular matrix (ECM) or to other cells in their 
microenvironment [13, 14]. Both CAM-DR and SM-DR contribute to the development of 
multidrug resistance in lung cancer through mechanisms that involve the upregulation and 
enhanced function of ABC transporters [15]. By promoting the efflux of chemotherapy drugs 
from cancer cells, these transporters reduce drug efficacy and contribute to the survival and 
proliferation of resistant cancer cell populations [16]. The development of cross-resistance 
involves various cellular mechanisms, such as alterations in drug entry and transport, 
changes in enzyme affinity for cytostatics, activation or inactivation of pharmacological 
compounds, disruption of apoptosis regulation, changes in DNA repair processes, and active 
removal of cytostatics by membrane transport proteins. Increased expression of transport 
proteins is a frequently reported factor associated with resistance to cancer treatment 
with cytostatics [7]. MDR is defined as the acquisition by tumor cells of simultaneous 
insensitivity to administered therapeutic agents that are structurally dissimilar and have 
diverse molecular points of entry. MDR is a unique type of resistance in which cancer cells 
develop cross-resistance to a broad spectrum of anti-cancer agents [17]. The mechanisms 
underlying MDR include ATP-binding cassette (ABC) transporter overexpression, autophagy, 
DNA damage repair, cancer stem cells, genetic mutations and DNA methylation [18]. The Fig. 
2. shows the different mechanisms of multidrug resistance in cancer.  The MDR phenomenon 
is one of the causes of ineffective pharmacotherapy.

Fig. 1. The treatment options for lung cancer (created with 
BioRender.com, modified) [11].
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The membrane 
proteins of the ATP-
binding cassette (ABC) 
family are mainly 
responsible for the 
MDR phenomenon. The 
ABC family comprises 
49 proteins, which 
are classified into 
seven subfamilies (A 
to G).  The proteins of 
each subfamily have 
a transmembrane 
spanning domain 
(MSD) and an ATP-
binding domain (NBD) 
[19].

The diversity of 
ABC proteins reflects 
their crucial roles in 
cellular physiology 
and their involvement 
in MDR of various 
diseases, including 
cancer. Among all 
ABCB1, ABCC1, ABCC3 
and ABCG2 have been 
extensively studied, 
and they are associated 
with MDR in cancer 
cells [21]. Fig. 3. shows 
the ABC protein family.

ABCB1, also 
commonly known as 
P-glycoprotein (P-gp), 
is a transmembrane 
glycoprotein present 
in cells of various 
organs, including the 
adrenal cortex, biliary 
canaliculi, endothelium 
of the blood-brain and 
blood-testicle barriers, 
placenta, gastro-
intestinal epithelium, 
proximal renal tubuli, 
and some bone marrow 
stem cells [19]. P-gp 
acts as a detoxifying 
agent in many of organs by pumping toxins or xenobiotics, including anticancer agents, out 
of cells.  ABCB1 is known to mediate MDR to numerous anticancer drugs such as vincristine, 
paclitaxel, doxorubicin, colchicine, vinblastine, and etoposide by pumping them out of drug-
resistant cancer cells [22]. Tumors expressing P-gp can be divided into two groups. The 
first group includes cancers originating from tissues that primarily express P-gp (including 

Fig. 3. The family ABC (created with BioRender.com). ATP-binding cassette 
(ABC) proteins are a large family of transmembrane proteins that utilize the 
energy derived from ATP hydrolysis to transport various molecules across 
cellular membranes. They transport a wide variety of substrates across 
extra- and intracellular membranes, including metabolic products, lipids 
and sterols, and drugs. ABC transporters play a role in tumor resistance, 
cystic fibrosis and a range of other inherited human diseases, as well as the 
development of resistance to multiple drugs.

 

 

Fig. 2. Mechanisms of multidrug resistance in cancer (created with BioRender.
com, modified) [20]. The mechanisms of multidrug resistance (MDR) in 
tumors are complex. The primary mechanism of MDR is the overexpression 
of ATP-binding cassette (ABC) transporters, which increases drug efflux and 
consequently reduces intracellular drug concentration. Other mechanisms 
of MDR include the reduction of drug uptake by influx transporters, the 
boosting of drug metabolism, the blocking of apoptotic signaling pathways, 
the elevation of adaptability through epigenetic and microRNA regulation, 
the mutation of drug targets or the feedback activation of other targets and 
signaling pathways, and the alteration of the tumor microenvironment.

 

 

 

 



Cell Physiol Biochem 2025;59:358-374
DOI: 10.33594/000000779
Published online: 21 May 2025 362

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2025 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Havryliuk et al.: Exosome-Mediated Mechanisms of Drug Resistance in Lung Cancer

the liver, kidneys, pancreas, intestines and adrenal cortex), which are considered primary 
resistant. The second group includes cancers originating from tissues that initially have low 
P-gp concentrations and develop resistance during chemotherapy, which persists after its 
completion. This group includes, among others: breast cancer, small cell lung cancer, acute 
and chronic myeloid leukemia, chronic lymphocytic leukemia [7]. High P-gp expression was 
found in small cell (80%) and non-small cell (100%) lung cancer. The development of P-gp 
inhibitors that are able to reestablish drug sensitivity of resistant cells when co-administered 
with anticancer drugs has been considered a promising approach. P-gp is expressed in more 
than 50% of cancers exhibiting MDR and is associated with the induction of chemotherapy 
[23]. Another study demonstrated that P-gp is capable of transporting approximately 20 
distinct cytotoxic drugs, including paclitaxel and doxorubicin. Several P-gp inhibitors have 
reached clinical trials, but no inhibitors are clinically available. To solve this issue, many 
researchers are currently focused on natural products as a source of effective new MDR 
reversers [24, 25]. There are studies demonstrating that MDR could be potentially overcome 
by circumventing P-gp-mediated drug efflux with nano-drug delivery system (NDDS), such 
as nanotube, micelle, liposome, and nanometal material. The NDDS utilizes smart and special 
mechanisms to achieve drug release in designated circumstances (such as pH, hypoxia, and 
reducibility) or drug accumulation in tumors via passive targeting (EPR effect) or active 
targeting (ligand-receptor binding) [8].

MRP1 (ABCC1) is an ATP-binding cassette (ABC) transporter that mediates the efflux of 
various substrates, including anticancer drugs, thereby contributing to MDR in cancers [26]. 
The role of MRP1 in drug resistance is more variable but still relevant in certain subtypes, such 
as adenocarcinoma [27]. Its expression can correlate with poorer prognosis and treatment 
outcomes. The expression of MRP1 and P-gp in the lung has been the subject of particular 
study in the context of SCLC and NSCLC [28]. The prominent expression of P-gp and MRP1 
in the human lung suggests that these transporters may be pivotal in the protection against 
endogenous or exogenous toxic compounds entering the lung.

ABCG2, also known as breast cancer resistance protein (BCRP), is highly expressed in 
many tissues, including the mammary glands, prostate, small intestine, brain, colon, liver, 
and kidney. It acts as an essential component of the cell defense system and is also associated 
with cell stemness [29]. ABCG2 is known to mediate MDR to numerous anticancer drugs 
including topotecan, mitoxantrone, irinotecan, and SN-38 [30]. This protein has the ability 
to transport both hydrophobic molecules and hydrophilic inorganic conjugates containing 
sulphate residues. By this ability, it is functionally similar to the Multidrug resistance-
associated protein 1 (MRP1/ABCC1). However, this transporter is capable of shedding 
molecules of many chemotherapeutics outside the cell, such as doxorubicin, daunorubicin, 
methotrexate, topotecan, irinotecan, the tyrosine kinase inhibitors imatinib and gefitinib 
[31]. In the human body, BCRP functions as a protective pump, removing toxic substances 
of exo- and endogenous origin from cells, which is why its high concentration is observed in 
tissues of organs responsible for detoxification processes. Overexpression of BCRP has been 
reported in acute lympho- and myeloblastic leukaemia cells, multiple myeloma, prostate 
cancer and breast, lung, kidney and endometrial cancer [32].

ABCC3 is a member of the multidrug resistance-associated protein (MRP) subfamily 
which is involved in MDR [33]. Structurally, ABCC3 consists of two transmembrane domains 
(TMDs), each containing multiple membrane-spanning α-helices, and two nucleotide-
binding domains (NBDs) responsible for ATP binding and hydrolysis. The TMDs form the 
translocation pathway through which substrates are transported across the membrane, 
while the NBDs drive the transport process by alternating between ATP-bound and ADP-
bound states  [34, 35]. ABCC3 is expressed in various tissues, including the liver, intestines, 
and lungs. ABCC3 expression has been shown to be higher in NSCLC than that in SCLC and 
ABCC3 expression correlated with decreased sensitivity of lung cancer cells to anticancer 
drugs (vincristine, etoposide and cisplatine and especially to methotrexate and doxorubicin 
in NSCLC [36]. Hypoxic conditions, which are prevalent in tumor microenvironments, have 
been observed to upregulate ABCC3 expression via the activation of hypoxia-inducible factors 
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(HIFs). Furthermore, microRNAs (miRNAs) have been identified as post-transcriptional 
regulators of ABCC3, influencing its expression levels and, consequently, its function in drug 
resistance [37, 38].

In lung cancer, understanding the regulation of these transporters, their interaction with 
cancer therapies, and their potential role in chemoresistance could lead to novel strategies to 
improve treatment outcomes. Modulating the activity of these transporters or finding ways 
to overcome their drug efflux function remains an area of intense research, particularly in 
improving the efficacy of chemotherapy in lung cancer patients.

The role of the tumor microenvironment in drug resistance

For many years, cancer research concentrated on the tumor cells themselves. However, 
as scientific knowledge advanced in this field, the crucial role of the tumor microenvironment 
(TME) and its communication pathways was revealed. The exchange of information between 
tumor cells and their environment can affect tumor growth either positively or negatively. 
It has been shown that the microenvironment of unadvanced tumors, often inhibits their 
growth, and only as the disease progresses do tumor cells reprogram the microenvironment 
to support their growth [39]. Communication involves both cell secretion products, which 
are cytokines, chemokines and metabolites, and various processes occurring in the tumor 
microenvironment, including hypoxia, angiogenesis, intercellular matrix remodelling. All 
these signals and processes have a significant impact on the development of the disease and 
its heterogeneity, making the tumor microenvironment an important source for potential 
targets for new anti-cancer therapies. TME is composed of a variety of cellular elements, 
including cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), T 
cells, natural killer (NK) cells, B cells, endothelial cells, pericytes, and other cell types. These 
elements engage in a dynamic interplay with tumor cells, influencing their behavior and 
response to therapeutic intervention [40]. Recent research has elucidated the multifaceted 
roles of the tumor microenvironment (TME) in mediating drug resistance, thereby providing 
new insights into potential therapeutic targets [41]. Cancer-associated fibroblasts (CAFs) 
represent a dominant component of the TME, exerting profound effects on tumor biology. 
These fibroblasts secrete various cytokines, growth factors, and ECM (extracellular matrix) 
components that facilitate tumor growth and metastasis [42]. CAFs contribute to drug 
resistance by remodeling the ECM, which can physically impede drug penetration, and by 
secreting factors that activate survival pathways in cancer cells [43]. Recent studies have 
highlighted the role of CAF-derived exosomes in transferring resistance-related molecules, 
such as microRNAs and proteins, to tumor cells, thereby enhancing their survival and 
drug resistance. Understanding the intricate interactions within the TME has led to the 
development of novel therapeutic strategies aimed at overcoming drug resistance [44]. 
Targeting CAFs and their secreted factors, modulating immune cell function, and altering ECM 
dynamics are promising approaches [40]. For instance, inhibitors of CAF-related signaling 
pathways and ECM-modifying enzymes are being explored to enhance drug delivery and 
efficacy. Immunotherapies targeting TAMs and other immunosuppressive cells within the 
TME are also under investigation, aiming to reprogram the immune microenvironment to 
support anti-tumor activity [45]. In NSCLC, CAFs secrete interleukin-6 (IL-6), which activates 
the JAK2-STAT3 signaling pathway in cancer cells, promoting metastasis and contributing 
to a drug-resistant phenotype [46, 47]. Targeting the IL-6/JAK2/STAT3 axis has emerged 
as a promising strategy to overcome CAF-induced resistance in NSCLC. Several therapeutic 
approaches are being investigated, for example:  monoclonal antibodies targeting IL-6 
(e.g., siltuximab) or its receptor IL-6R (e.g., tocilizumab), along with small-molecule 
inhibitors of JAK2 such as ruxolitinib, can inhibit downstream signaling pathways and 
have shown potential in preclinical studies to sensitize NSCLC cells to chemotherapy and 
immunotherapy, potentially reversing drug resistance [48, 49]. Small-molecule inhibitors 
of JAK2, such as ruxolitinib, have shown potential in preclinical studies to sensitize NSCLC 
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cells to chemotherapy and immunotherapy. SCLC is characterized by a paucity of actionable 
driver mutations, which limits targeted therapeutic options. Unlike NSCLC, where specific 
mutations can be targeted with precision therapies, SCLC typically lacks such identifiable 
mutations, making treatment more challenging.  Additionally, the tumor microenvironment 
in SCLC is notably dense and rich in stromal components. This environment, combined with 
elevated levels of interleukin-6 (IL-6), fosters the survival of chemoresistant cancer cell 
subpopulations [50, 51].

Hypoxia, a common feature of the TME, profoundly affects the efficacy of cancer 
therapies, including chemotherapy and immunotherapy. Tumor hypoxia results from the 
rapid proliferation of cancer cells outpacing the development of new blood vessels, leading 
to regions with low oxygen levels [52]. Recent research has revealed the mechanisms by 
which hypoxia contributes to therapeutic resistance and explored strategies to mitigate 
its effects. Hypoxia leads to the stabilization and activation of hypoxia-inducible factors 
(HIFs), particularly HIF-1α, which drive the transcription of genes associated with survival, 
angiogenesis, and metabolic adaptation [53, 54]. In SCLC, hypoxic regions within the tumor 
microenvironment play a significant role in promoting chemoresistance.  For instance, a 
study on the effects of HIF-1α on gene expression profiles of NCI-H446 cells, a human SCLC 
cell line, demonstrated that HIF-1α influences the expression of multiple genes involved in 
tumor progression and resistance mechanisms [55, 56]. Additionally, research has indicated 
that IL-6 can increase the expression of HIF-1α through STAT3, promoting glycolysis and 
contributing to a chemoresistant phenotype [57]. These findings underscore the importance 
of the HIF-1α and IL-6/STAT3 signaling axis in the development of chemoresistance in SCLC, 
suggesting that therapeutic interventions targeting these pathways may enhance treatment 
efficacy [54, 58]. HIF-1α upregulates the expression of genes involved in drug resistance, 
such as MDR1, which encodes P-glycoprotein, a drug efflux pump that reduces intracellular 
drug accumulation, thereby diminishing the efficacy of chemotherapeutic agents [58]. 
Recent studies have shown that hypoxia can also alter the cellular response to chemotherapy 
by inducing a quiescent state in cancer cells, making them less susceptible to drugs targeting 
rapidly dividing cells [59]. Additionally, hypoxia-induced autophagy can promote cell 
survival during chemotherapy, further contributing to drug resistance [60]. Hypoxia impacts 
immunotherapy by creating an immunosuppressive TME. HIF-1α enhances the expression 
of immune checkpoint molecules, such as PD-L1, on tumor cells, promoting immune evasion. 
Studies have demonstrated that hypoxia-induced PD-L1 expression can be a significant 
barrier to effective immune checkpoint blockade therapy [61]. Furthermore, hypoxia 
promotes the recruitment and activity of immunosuppressive cells, including regulatory T 
cells (Tregs) and myeloid-derived suppressor cells (MDSCs), which inhibit the anti-tumor 
immune response. Hypoxia-induced adenosine production, through the enzymatic activity 
of CD39 and CD73, also plays a role in suppressing T cell function and promoting tumor 
progression [62]. Targeting tumor hypoxia is likely to become a key strategy in anticancer 
therapy. This may be accomplished by either reducing hypoxia with hypoxia-reducing agents 
or by directly targeting these oxygen-deprived regions. The use of nanocarriers designed to 
target hypoxic regions represents a promising strategy for the delivery of anticancer drugs 
in a targeted manner. Developing a polymeric nanocarrier, or polymersome, loaded with 
two distinct anticancer agents: an immunostimulant targeting the stimulator of interferon 
genes (STING pathway) and a chemotherapeutic [63]. These agents will be selectively 
released in hypoxic tumor regions following systemic administration. Hypoxia-activated 
prodrugs (HAPs) have been demonstrated to exhibit selective cytotoxicity within hypoxic 
tumor regions, while modulating hypoxia-inducible factor (HIF) signaling and overcoming 
immunosuppressive mechanisms within the hypoxic microenvironment. These properties 
have shown promise in enhancing the efficacy of immunotherapy [64]. Oxygenation 
strategies, such as hyperbaric oxygen therapy (HBO) and oxygen-carrying agents, have the 
potential to enhance tumor oxygenation and render tumors more susceptible to a range of 
treatment modalities, including radiation therapy and photodynamic therapy (PDT) [65]. 
Furthermore, combining immunotherapy with hypoxia-targeted approaches or developing 
hypoxia-specific immunotherapies may result in enhanced efficacy and improved treatment 
outcomes.
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The role of exosomes in drug resistance

Exosomes as mediators of intercellular communication
The development of MDR resistance represents a significant challenge in the 

management of lung cancer. Despite the development of novel molecularly targeted 
drugs to promote therapeutic efficacy, the 5-year survival rate remains low [66]. Recent 
molecular studies have identified various genes and signaling pathways that contribute to 
chemoresistance, enhancing understanding of tumor biology and resistance mechanisms. A 
significant emerging mechanism is the transfer of extracellular vesicles (EVs), like exosomes, 
between cancer cells and their non-cancerous surroundings, which facilitates resistance to 
chemotherapy. These small vesicles are defined as small lipid nanovesicles with a diameter 
of 30–150 nm which are secreted by most cell types, influence numerous physiological 
processes and play an important role in diseases, including cancer [67]. Exosomes are key 
mediators of intercellular communication, facilitating the transfer of various biomolecules 
like proteins, lipids, and RNA between cells. By transferring molecules, exosomes help 
regulate immune responses, modulate the tumor microenvironment, and contribute to drug 
resistance, metastasis, and tumor progression [68]. Their role in cellular communication 
makes them essential for understanding disease mechanisms and developing therapeutic 
strategies.

Exosomes play a dynamic role within the tumor microenvironment (TME) by actively 
interacting with surrounding stromal and immune cells, thereby modulating various TME 
components. Under conditions such as hypoxia, nutrient deprivation, and acidosis, tumor 
cells increase the release of exosomes, which in turn alter the behavior of adjacent cells to 
create a supportive niche for tumor growth and survival [69, 70]. Furthermore, exosomes 
can convert normal stromal cells into cancer-associated fibroblasts, amplifying the pro-
tumorigenic signals within the TME [71]. They also facilitate the establishment of an 
immunosuppressive microenvironment by delivering immune checkpoint molecules and 
cytokines that inhibit anti-tumor immune responses [72].

The effect of exosomes on resistance
One of the principal mechanisms by which exosomes contribute to the development of 

drug resistance is through the transfer of microRNAs (miRNAs). These small, non-coding 
RNAs are capable of regulating gene expression post-transcriptionally. Tumor-derived 
exosomes frequently contain miRNAs that target genes involved in cell survival, apoptosis 
and drug metabolism [73, 74]. For instance, exosomes derived from cancerous cells have 
been found to contain a greater number of miRNAs, which are closely associated with cancer 
invasion, and drug resistance, than exosomes derived from normal cells [75]. For example, 
miR-21 (MicroRNA-21) is commonly found in exosomes from various cancers and has been 
shown to downregulate the expression of phosphatase and tensin homolog (PTEN), a tumor 
suppressor gene, thereby promoting cell survival and resistance to chemotherapy [76]. This 
miRNA transfer alters the recipient cell’s phenotype, making it more adept at evading the 
effects of anticancer drugs. Exosomes also transport proteins that contribute directly to drug 
resistance. These include MDR proteins such as P-gp and MRPs. Furthermore, other efflux 
transporters, including ABCB2, ABCA3, and MRP1, have been demonstrated to regulate drug 
resistance via exosome transport [77]. These findings provide a novel molecular mechanism 
for how chemotherapeutic drugs help sensitive cancer cells acquire drug resistance. Recent 
reports underline that exosomes affect the distribution of membrane transport proteins 
between drug-resistant and sensitive cells, thereby inducing the production of drug-resistant 
proteins [11, 76].

Exosomes play a crucial role in resistance signaling by transferring growth factors and 
signaling molecules between tumor cells, thus promoting the development of drug resistance. 
Tumor-derived exosomes are often enriched with growth factors like vascular endothelial 
growth factor (VEGF), transforming growth factor-beta (TGF-β), and epidermal growth 
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factor (EGF) [78]. These growth factors, upon transfer to neighboring tumor or stromal cells, 
activate signaling pathways that promote cellular proliferation, angiogenesis, and survival.  
For example, VEGF in exosomes can stimulate endothelial cell proliferation, fostering the 
development of a vascular network that supports tumor growth and offers a protective 
barrier against therapeutic agents. A research study on glioblastoma demonstrated the 
crucial role of vesicles in the exchange of information between malignant and vascular cells, 
the release of growth factors and cytokines by endothelial cells, the activation of the PI3K/
AKT signaling pathway, and the movement of pericytes [79]. It was therefore demonstrated 
that these tumour-related extracellular vesicles are capable of autonomously stimulating 
the proliferation and migration of tumor cells. Furthermore, it was found that they are able 
to modify the tumor microenvironment in a manner that supports the growth and spread of 
tumors. This is achieved through the disruption of the ECM and the release of growth factors 
that facilitate tumor cell migration. Additionally, the vesicles were found to contain cytokines 
that triggered immune and inflammatory responses, along with VEGF, which contributed to 
pro-angiogenic functions [78]. Targeting exosome-mediated angiogenesis presents a novel 
approach in cancer therapy. Strategies to inhibit exosome production, release, or uptake 
could potentially reduce angiogenesis and, consequently, tumor growth and metastasis. 
Additionally, exosomes themselves could be engineered to deliver anti-angiogenic agents 
directly to the tumor site, providing a targeted therapeutic approach [80].

Exosomes are important in modulating the immune response, thereby contributing to 
the immunosuppressive environment that is often found in tumors. This immunosuppression 
is a key mechanism by which tumors evade the immune system and continue to grow 
unchecked.  By delivering immunosuppressive molecules, exosomes can alter the behavior 
and function of immune cells within the tumor microenvironment [81]. This modification 
supports the establishment of an environment that is conducive to tumor growth and 
metastasis while hindering the body’s natural immune response. For example, exosomal 
PD-L1(Programmed Cell Death Ligand 1) can bind to PD-1 on T cells, inhibiting their 
cytotoxic activity and allowing tumor cells to evade immune destruction. Additionally, 
exosomes can deliver miRNAs and proteins that suppress the function of dendritic cells, 
macrophages, and natural killer cells, further contributing to an immunosuppressive tumor 
microenvironment [82]. Understanding the role of exosomes in immunosuppression opens 
new avenues for cancer therapy. Targeting exosomal pathways could help in reversing the 
immunosuppressive tumor microenvironment. Strategies might include blocking the release 
or uptake of exosomes, inhibiting the exosomal PD-L1 interaction with PD-1, or altering the 
cargo of exosomes to boost immune responses against tumors. Tumor-associated exosomes 
play a key role in mediating alterations within the TME through endocrinal effects, including 
hypoxia, starvation and acidosis [83]. In response to these stressful environments, the release 
of tumor-associated exosomes is further increased, forming a feedback loop that ultimately 
promotes tumor drug resistance [84]. Exosomes have been demonstrated to facilitate 
intercellular communication by transporting a range of bio-molecules between tumor cells 
and their microenvironment. Moreover, exosomes are capable of transporting signalling 
molecules that promote cancer cell survival and proliferation, thereby providing resistance 
to chemotherapy. Furthermore, exosomes can modulate the tumor microenvironment by 
inducing phenotypic changes that impede drug response. It is therefore imperative to gain 
a deeper understanding of the role of exosomes in mediating drug resistance in lung cancer 
in order to develop new therapeutic strategies and biomarkers to overcome treatment 
limitations [85].

In the context of lung cancer, exosomes have garnered significant interest due to 
their involvement in the pathogenesis of both SCLC and NSCLC. For instance, a 2024 
study highlighted the potential of exosome-based therapies in NSCLC, demonstrating that 
exosome-based treatments could decrease tumor growth, metastasis, and drug resistance 
in preclinical models [86]. Exosomes also play a significant role in modulating the response 
of cancer cells to treatments like chemotherapy and radiation. In NSCLC, radioresistance is a 
major challenge in treatment, and recent studies have examined the influence of exosomes 
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in this process [87, 88]. A 2021 study explored how exosomes derived from NSCLC cells can 
affect radiosensitivity [89]. The researchers found that tumor-derived exosomes influence the 
response of NSCLC cells to radiation therapy by transferring molecules that either enhance or 
diminish the cells’ sensitivity to radiation. Exosomal cargo such as microRNAs, proteins, and 
long non-coding RNAs (lncRNAs) can alter DNA repair pathways, apoptosis, and cell cycle 
progression, leading to either increased resistance or susceptibility to radiation [90]. This 
ability to modulate the tumor’s response to therapy makes exosomes an important target for 
improving the efficacy of radiotherapy in NSCLC patients. Recent studies have underscored 
the potential of exosome-based therapies in combating tumor growth, metastasis, and drug 
resistance [91, 92]. Furthermore, exosomes show promise as biomarkers for early detection, 
diagnosis, and prognosis in NSCLC patients. As research progresses, targeting exosomes or 
harnessing their therapeutic potential could offer new strategies for improving treatment 
outcomes in lung cancer [93, 94]. It is important to note that the therapeutic strategies 
discussed in these studies are predominantly focused on non-small cell lung cancer (NSCLC), 
which accounts for approximately 85% of all lung cancer cases due to its distinct molecular 
profile and tumor microenvironment compared to small cell lung cancer (SCLC).

Beyond lung cancer, exosomes play a crucial role in drug resistance across various 
cancer types. In breast cancer, exosomes carry microRNAs such as miR-222 and miR-223, 
which modulate the expression of resistance-associated proteins like PTEN and FOXO3a, 
leading to increased chemoresistance [95–98]. Similarly, in ovarian cancer, exosomal miR-
21 contributes to cisplatin resistance by downregulating PTEN and activating the PI3K/
AKT pathway [99–101]. In prostate cancer, exosomes transport proteins and RNA molecules 
associated with resistance to hormonal therapy, promoting tumor progression [102, 103]. 
Melanoma-derived exosomes, enriched with miR-155 and miR-210, enhance resistance to 
BRAF inhibitors by modifying the tumor microenvironment and supporting angiogenesis 
[101, 104]. These findings highlight the universal role of exosomes in facilitating drug 
resistance across different malignancies, underscoring the need for targeted strategies to 
counteract their effects in NSCLC and beyond. Given their crucial role in shaping therapeutic 
responses, exosomes represent both a challenge and an opportunity in modern oncology. 
Understanding their mechanisms of action opens the door to innovative therapeutic 
strategies aimed at overcoming drug resistance and improving patient outcomes.

Modern therapeutic approaches and strategies to overcome resistance
The advent of modern therapeutics has greatly improved cancer treatment. However, 

drug resistance remains a huge challenge. In addition to exosomes, other biomarkers within 
the TME provide valuable insights into cancer resistance. These include circulating tumor 
DNA (ctDNA), TAMs and cytokines, all of which contribute to the complex interplay of factors 
that drive resistance [105]. ctDNA fragments, shed by tumor cells into the bloodstream, offer a 
non-invasive means of monitoring genetic changes associated with resistance. The analysis of 
ctDNA enables the identification of mutations and alterations in real-time, thereby providing 
a dynamic view of tumor evolution. TAMs represent a pivotal element of the TME, exerting 
a profound influence on tumor growth and therapeutic responsiveness. The presence and 
activity of these cells may be indicative of resistance mechanisms, such as immune evasion 
and the suppression of anti-tumor responses. Cytokines, released by both tumor and stromal 
cells, regulate various aspects of the immune response and can contribute to drug resistance 
by promoting a microenvironment conducive to the growth and spread of cancer cells [106]. 
The monitoring of cytokine levels can provide insights into the inflammatory state of the 
TME and its impact on therapy resistance. The integration of exosomes and other TME-
derived biomarkers into clinical practice offers a powerful approach for real-time monitoring 
of cancer resistance [107, 108]. Liquid biopsy enables the non-invasive monitoring of 
resistance, allowing for timely adjustments to treatment regimens. It also facilitates early 
detection of relapse, potentially improving patient outcomes through prompt intervention 
[109]. The integration of exosomes and other TME-derived biomarkers into clinical practice 
offers a powerful approach for real-time monitoring of cancer resistance. Techniques such 
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as liquid biopsies enable the non-invasive collection and analysis of these biomarkers, 
facilitating the timely adaptation of therapeutic strategies [110]. Liquid biopsies involve 
the analysis of biomarkers in bodily fluids, such as blood or urine, providing a less invasive 
alternative to traditional tissue biopsies [111]. This approach allows for the continuous 
monitoring of tumor dynamics and the detection of emerging resistance. Understanding 
the role of exosomes and other biomarkers in resistance can inform the development of 
novel therapeutic strategies. Targeting exosomal pathways, for instance, could enhance 
the sensitivity of tumors to existing treatments and overcome resistance. Due to rapidly 
developing nanotechnologies, exosomes could be used for therapeutic applications. These 
nanobioconjugates may actively target tumors by accurately locating on the surface of tumor 
cells, blocking signaling, and enhancing macrophage phagocytosis [112] [113, 114]. Further 
research is being conducted on the potential use of synthetic exosomes as therapeutic agents 
or active drug delivery systems. By using the exosomal organotropic properties, it may be 
possible to specifically target a recipient cell for gene therapy using exosomes that deliver 
therapeutic substances [115].

In NSCLC, exosomes derived from bone marrow mesenchymal stem cells (MSCs) have 
been demonstrated to enhance chemosensitivity to cisplatin by delivering microRNA-
193a, which targets leucine-rich repeat-containing protein 1 (LRRC1) and reduces drug 
resistance [116]. Conversely, lung cancer cell-derived exosomes (LCCDEs) have been shown 
to play a role in the development of drug resistance through the transfer of resistance-
associated proteins and RNA. This offers a promising new avenue for the development 
of more effective therapeutic interventions [87]. To further address drug resistance in 
NSCLC, emerging combination therapies are under investigation that simultaneously target 
exosome biogenesis and conventional treatment pathways [117–119]. For example, the 
use of GW4869 – an inhibitor of the ceramide pathway—in combination with targeted 
agents such as osimertinib has shown potential in sensitizing NSCLC cells to therapy [120]. 
Additionally, novel approaches are exploring the engineering of exosomes as delivery vehicles 
for small interfering RNAs (siRNAs) or chemotherapeutic agents that directly modulate 
resistance pathways (e.g., PI3K/AKT or TGF-β) [121]. Furthermore, immunotherapeutic 
strategies aimed at neutralizing exosome-mediated immune suppression—such as the 
use of antibodies to block exosomal PD-L1—are being investigated to enhance the efficacy 
of immune checkpoint inhibitors in NSCLC [122]. Integrating liquid biopsy monitoring of 
exosomal biomarkers into clinical practice allows for real-time adjustments to treatment 
regimens, enabling early detection of emerging resistance mechanisms. Additionally, small 
extracellular vesicles (sEVs) isolated from biological fluids have shown promise as valuable 
biomarkers for chemotherapy resistance, offering potential for predicting treatment non-
responsiveness. Exosomal microRNAs (miRs), proteins, and other biomolecules have been 
demonstrated to be correlated with drug resistance and high recurrence rates in a range of 
cancers. In this context, a reduced serum concentration of sEV miR-146a-5p was associated 
with an increased risk of NSCLC recurrence and cisplatin resistance, whereas elevated levels 
of sEV miR-222-3p were predictive of gemcitabine sensitivity [123, 124].

Conclusion

Drug resistance remains a significant challenge in treating lung cancer, diminishing the 
effectiveness of both conventional chemotherapy and novel targeted therapies. Exosomes, 
small extracellular vesicles secreted by tumor cells, play a critical role in this resistance 
by transferring molecules such as microRNAs, proteins, and growth factors between cells. 
These molecules alter cellular phenotypes, promote angiogenesis, and suppress immune 
responses, creating an environment that supports tumor survival and proliferation. 
Targeting exosomal pathways holds potential for novel cancer therapies. Strategies may 
include inhibiting exosome release or uptake, blocking interactions like PD-L1/PD-1, or 
engineering exosomes to deliver therapeutic agents, thus enhancing immune responses and 
reducing tumor progression.
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