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  A R T I C L E I N F O                         A B S T R A C T  

Conventional lung cancer therapies—including surgery, chemotherapy, and 

radiotherapy—are often limited by insufficient efficacy and significant adverse 

effects. In response, cancer immunotherapy, particularly vaccine-based approaches, 

has emerged as a promising strategy to improve outcomes. Carbon nanotubes (CNTs) 

represent a versatile nanoplatform capable of efficiently delivering antigens, 

adjuvants, and therapeutic agents, making them attractive candidates for nanovaccine 

development. This review examines the role of CNT-based nanovaccines in lung 

cancer immunotherapy, focusing on their mechanisms of action and therapeutic 

potential. Evidence indicates that CNT nanovaccines enhance antitumor immunity by 

promoting dendritic cell maturation, stimulating robust humoral and cellular immune 

responses, and reprogramming the immunosuppressive tumor microenvironment 

toward an immunopermissive state. Despite these promising preclinical results, 

clinical translation requires further optimization of CNT design and functionalization, 

alongside comprehensive in vivo evaluation of immunogenicity, biodistribution, and 

safety profiles. Overall, CNT-based nanovaccines hold considerable potential to 

advance lung cancer immunotherapy, though targeted research is needed to bridge the 

gap between experimental promise and clinical application. 

 

   

    

INTRODUCTION 

Lung cancer is one of the most common cancers, classified into 

two groups: non-small cell lung cancer (NSCLC; 80%) and small 

cell lung cancer (SCLC; 20%) [1]. The common cancer 

treatments include chemotherapy, surgery, and radiotherapy all 

of which pose different challenges and problems [2]. For 

instance, Chemotherapy drugs operate without cell type 

discrimination because they attack both normal cells and cancer 

cells, which leads to side effects such as hair loss, anemia and 

nausea. Radiotherapy together with surgical procedures create 

dangerous tissue destruction and visible damage to healthy areas 

that surround the treatment site. Because of these, other modes 

of therapy that are less invasive and more targeted were 

developed, including cancer vaccines [2]. 

The human body is designed with defense mechanisms that 

prevent the development of cancerous cells in the body. For 

instance, dendritic cells (DCs)—the most potent antigen-

presenting cells (APCs)—activate the innate immune response 

against tumors by presenting tumor antigens via major 

histocompatibility complex (MHC) class I and II molecules. This 

process stimulates CD8+ and CD4+ T cells, respectively, 

enabling immune-mediated control of tumor growth [3-5]. On 

the other hand, the mutations that take place during the 

development of cancer cells and availability of abundant 

immunosuppressive       regulatory     T-cells    within    the   tumor  

 

 
 

microenvironment (TME), enable them to escape the immune 

system. This can be the reason why recently, immunotherapy 

approaches, including the administration of cancer vaccines, 

have been one of the methods used in cancer treatment today [3, 

4]. Cancer vaccines, just like infection vaccines, are comprised 

of antigens derived from cancer cells, which raise a robust 

immune response against cancerous cells in the whole body [3, 

4, 6]. Furthermore, cancer vaccine techniques can induce long-

lasting memory of T-cells against tumor cells, thus providing 

long-term immunity and long-term survival of patients [3, 4]. 

Vaccine carriers that can effectively deliver antigens to 

professional antigen-presenting cells and induce a strong and 

sustained immune response are of great importance. In this 

context, nanovaccines are a promising solution to enhance the 

immunogenicity of protein antigens. Nanoparticles can deliver 

antigens into the human body and activate the immune system. 

[5]. 

Carbon nanotubes (CNTs) include three types such as single-

walled carbon nanotubes (SWCNTs), double-walled carbon 

nanotubes (DWCNTs), and multi-walled carbon nanotubes 

(MWCNTs)  .[2]  Recently, CNTs have been used in cancer 

diagnosis and treatment, including the delivery of tumor antigens 

to intracellular compartments, due to their compatibility with 

biological systems and unique properties. [2, 3]. Furthermore, 

CNTs can play the role of adjuvants, enhance the immune 
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response, and be taken up by immune cells and induce a specific 

protective immune response [7]. Due to the challenges of 

conventional therapies, including chemotherapy and 

radiotherapy, and in order to enhance the efficacy of 

immunotherapy, various studies have focused on CNTs-based 

nanovaccines. CNTs-based nanovaccines are able to deliver 

immunoadjuvant to DCs and enhance their maturation, which 

leads to the activation of CD8+, CD4+, B-cell differentiation, 

tumor-specific antibody production, and ultimately modulation 

of TME [8]. A summary is shown in Figure. 1. 

Previous studies have indicated the efficacy of this system in the 

treatment of lung cancer. To illustrate, CNTs were effectively 

delivered tumor antigens and other immunoadjuvant to lung 

cancer cells, enhancing immunogenicity and inducing apoptosis 

[1, 9]. Also, studies on various cancers, such as melanoma, show 

that these vaccines are able to induce strong antitumor immune 

responses, increase survival, as well as tumor regression [10]. In 

breast and colorectal cancer, nanovaccines modulate the TME, 

increase the presence of cytotoxic T-cells, and have synergistic 

therapeutic outcomes by modulating the response to immune 

checkpoint inhibitors [10]. Moreover, the use of CpG-SWNTs 

improved the immune response, activated macrophages, NK 

cells, and microglia, and induced long-term immunity in the 

brain tumor model [7]. Overall, nanovaccines are a revolutionary 

development in cancer treatment and, despite the need for further 

research for optimization and clinical application, promising 

results have been presented in various types of cancer [10]. 

Due to the lack of comprehensive and thorough studies on the 

application of CNTs in the treatment of lung cancer, this 

narrative review explores the emerging role of CNTs in the use 

of nanovaccines in lung cancer immunotherapy. Furthermore, 

the challenges of clinical application and future prospects of 

CNTs-based nanovaccines are discussed to evaluate their 

potential as a next-generation therapeutic strategy for lung 

cancer.

Fig 1. CNT-based nanovaccines, by delivering adjuvants, activate DCs and stimulate cytotoxic T and B cells, which can kill cancer cells directly 

or by producing antitumor antibodies. Finally, they modulate the TME by increasing the infiltration of immune cells into the tumor. 

Literature Search Strategy 

To prepare this review, a search for relevant articles from 

PubMed, Google Scholar, Scopus, and Since Direct databases 

from 2010 to 2025 was conducted using the keywords CNT, 

nanovaccine, lung cancer, and immunotherapy. After removing 

irrelevant studies, 29 articles remained, which were divided into 

three sections, namely, mechanism of action and induction of 

immune response, preclinical studies in lung cancer models, and 

advantages and challenges of CNT-based nanovaccines. 

I- Mechanism of Action and Induction of Immune 

Response 

Nanovaccines enhance antitumor immune responses by 

delivering tumor-specific antigens or antigenic peptides, 

activating immune cells, and modulating the TME. Besides that, 

nanovaccines can be loaded with adjuvants represented by 

agonists of TLRs, cytokines like TNF-α and IL-12, or other 

immune modulators capable of potent activation of APCs, 

resulting in endocytosis and processing of antigens with 

presentation on MHC molecules. This results the activation and 

priming of CD8+ T-cells against recognition and killing of cancer 

cells expressing the same antigen [10]. Hassan et al. in 2016 [3] 

used MWCNTs to deliver antigen ovalbumin and two immune 

adjuvants (CpG and αCD40) which demonstrated improved 

cancer immunotherapy results and tumor growth suppression. 

Conjugates designed to co-deliver antigens and adjuvants to 

dendritic cells (DCs) can more effectively induce cytotoxic T 

lymphocyte (CTL) responses and promote antitumor immunity 

[11]. Since the TME is immunosuppressive, nanovaccines can 

contain agents such as regulatory T-cells and myeloid-derived 

suppressor cells that target immunosuppressive cells. The 

antitumor response becomes more powerful when nanovaccines 

eliminate suppressor cells from the body. In addition, some 

nanovaccines can increase the penetration of immune cells into 

the tumor and improve immune surveillance and recognition of 

cancer cells [10]. Therefore, enhanced antigen presentation and 

T-cell priming are promising for targeting poorly immunogenic 

tumors such as NSCLC in order to break immune tolerance. 

II- Preclinical Studies in Lung Cancer Models 

The study by Villa et al. [9] showed that SWNTs can serve as 

effective carriers for weak tumor antigens in lung cancer. By 

binding Wilms tumor protein, which is overexpressed in lung 

cancers, to SWNTs, they were taken up by APCs and induced a 

strong and specific IgG antibody response [9]. In 2025 [1], 

Sheikhpour et al used polyethylenimine-functionalized 

MWCNT as a nanodelivery system for microRNA-146a to A549 

lung cancer cells, which targeted the TNF receptor associated 

factor (TRAF6) gene through the NF-κB pathway. This system 

increased apoptosis and decreased expression of BCL-2, IL-6, 
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and TNF-α genes. Another study showed that CNTs are 

intrinsically able to act as adjuvants by activating the innate 

immune system and inducing inflammatory cytokines such as IL-

6, TNF-α, and IL-1β [7]. These mechanisms provide evidence of 

the outstanding potential of CNTs as a promising carrier in 

therapeutic vaccine and immunotherapy strategies in lung cancer 

with the aim of inducing programmed cell death of cancer cells 

and modulating the inflammatory response [12]. Several studies 

have confirmed the potential of CNTs as efficient carriers in lung 

cancer immunotherapy. Cationic MWCNT (MWCNT-NH₃⁺) can 

effectively deliver small interfering RNA (siRNA) to tumor 

cells, which inhibits the PLK1 gene, induces apoptosis, and 

increases survival in animal models [13]. These findings, 

alongside studies reporting the ability of CNTs in dual targeting 

and simultaneous drug and gene delivery, highlight the 

prominent role of these nanostructures in the development of 

novel lung cancer vaccines based on RNA mechanisms and 

inhibition of tumor antigens [13]. Coccini et al. [14] found that 

highly functionalized MWCNT (MWCNT-NH2) have desirable 

properties, including water solubility, high dispersibility, and 

low tendency to aggregate, and are less toxic than 

unfunctionalized or crude nanotubes. These nanotubes, even at 

relatively high doses (100 μg/ml), only cause a modest reduction 

in the viability of A549 lung cells. In contrast, poorly 

functionalized CNTs tend to aggregate and form large 

aggregates, leading to false-positive responses in standard 

cytotoxicity assays such as MTT and to unwanted inflammatory 

responses in lung tissue [14]. In Madkour’s study [15], C57BL/6 

mice were infected intravenously with OVA-expressing B16F10 

melanoma cells to induce metastatic-like tumors in the lung. 

They were then treated with a CNT-based nanovaccine (S–

/+(OVA–CpG)) as well as a more advanced formulation 

containing αCD40 as a second adjuvant. The results showed that 

these vaccines significantly reduced tumor growth in the lung 

and reduced lung weight, indicating the induction of a strong 

immune response against lung tumors [15]. CNTs, together with 

other nanocarriers such as polymeric nanoparticles, liposomes, 

and gold nanoparticles, have been proposed as promising 

delivery systems for DNA vaccines [16]. Moreover, lung cancer-

specific antigens like tumor-associated antigens (TAAs), tumor-

specific antigens (TSAs), and adjuvants such as cytokines, TLRs, 

and stimulator of interferon genes (STING represents an ideal 

approach to be loaded onto CNTs [16, 17]. Therefore, 

functionalized CNTs as antigen carriers which serve as 

fundamental tools to create lung cancer vaccines that reduce 

toxicity while improving safety and effectiveness. 

III- Advantages and Challenges 

Nanoparticles in nanovaccines increase their uptake and 

processing by APCs, resulting in higher immune responses and 

efficacy.[18-21]. This leads to better maturation of APCs and 

cross-presentation of antigen on MHC class I to cytotoxic CD8+, 

which is essential for killing cancer cells [10]. Furthermore, the 

size of nanoparticles has a direct impact on their uptake, tumor 

vascular permeability, and nanovaccine efficacy. For instance, 

smaller nanoparticles (20–30 nm) are endocytosed by DCs and 

can be degraded and excreted via exocytosis [10, 21, 22].  

Positively charged nanoparticles show higher uptake efficiency 

by APCs because of the electrostatic interaction with negatively 

charged cell membranes, and help to escape from lysosomes 

[10]. 

Compared to conventional vaccines, nanovaccines induce a 

stronger and longer-lasting immune response by carrying, 

delivering, and releasing antigen and adjuvants over a sustained 

period of time [10]. An important advantage of nanovaccines is 

their specific ability to simultaneously deliver antigen and 

adjuvant to lymph nodes and protect those molecules from 

degradation [18-21]. Other advantages of this technology include 

the possibility of lower doses, more precise targeting, improved 

antigen delivery, increased cytokine production, and induction of 

long-lasting humoral and cellular immune responses [18-24]. 

CNTs are capable of biodegradation by various enzymes in 

neutrophils and macrophages, like myeloperoxidase. This 

procedure involves the attack and degradation of the nanotube 

walls by the reactive oxygen species (ROS) being produced into 

substances such as carbon dioxide [21]. Due to their needle-like 

structure and long length, unfunctionalized CNTs are not 

completely phagocytosed by pulmonary macrophages and can be 

toxic, accumulate in the lung, cause pulmonary inflammation, 

fibrosis, and granuloma formation upon inhalation or systemic 

administration [25, 26]. CNTs induce fibrogenic differentiation 

in the lungs by inducing myofibroblast differentiation, which 

causes interstitial, bronchial, and pleural fibrosis, characterized 

by excessive deposition of collagen fibers and scarring of the 

involved tissues [25]. Also, these nanomaterials can cause severe 

oxidative stress and provide a suppressive environment for the 

immune system by damaging DNA and inducing 

proinflammatory pathways [27, 28]. Therefore, their appropriate 

functionalization with suitable polymers or biomolecules 

improves solubility and biocompatibility, reduces toxicity, and 

are gradually excreted in urine and feces [29]. Raw CNT may 

inadvertently induce immunosuppressive responses in dendritic 

cells; however by functionalization, they can be engineered to 

provide controlled immune stimulation [7]. Consequently, CNTs 

are desirable for use in lung cancer immunotherapy if properly 

functionalized. 

CONCLUSION AND FUTURE PERSPECTIVES 

CNT-based nanovaccines represent a significant advancement in 

cancer immunotherapy, particularly for lung cancer. By 

efficiently establish connections between antigen-presenting 

cells and cytotoxic T-cells, CNTs bridge innate and adaptive 

immunity, promoting robust humoral and cellular immune 

responses against tumors. This targeted immunomodulatory 

strategy offers a promising therapeutic avenue for challenging 

cases, including metastatic and refractory lung cancer. To 

facilitate clinical translation, future research must systematically 

address key translational questions, including the long-term in 

vivo biodistribution, toxicity, optimal dosing, and 

immunogenicity profiles of CNT nanovaccines. Additionally, a 

deeper understanding of immune activation kinetics and 

potential autoimmune risks will be essential to ensure both 

efficacy and safety. With continued optimization, CNT-based 

nanovaccines hold considerable potential to reshape the 

therapeutic landscape of lung cancer immunotherapy. 
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