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Lung cancer is the leading cause of cancer related deaths globally, making it a major health concern. The lung’s permissive rich microenvironment is ideal for supporting outgrowth of disseminated tumors from pre-existing extra-pulmonary malignancies usually resulting in high mortality. Tumors occurring in the lungs are difficult to treat, necessitating the need for the development of advanced treatment modalities against primary tumors and secondary lung metastasis. In this review, we explore the pulmonary route as an attractive drug delivery approach to treat lung tumors. We also discuss the potential of pulmonary delivery of cancer vaccine vectors to induce mucosal immunity capable of preventing the seeding of tumors in the lung.
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INTRODUCTION
The World Health Organization (WHO) reported lung cancer to be the most common cause of cancer deaths worldwide, contributing to 1.76 million deaths in 2018 alone (Ferlay et al., 2019). In 2020, the United States (US) estimates 228,820 new cases of lung cancer and 135,720 projected deaths; the highest among all cancer related deaths (Siegel, Miller et al., 2020). Despite advances in treatment, the 5-year survival rate for primary lung cancer remains at 19% compared to prostate cancer, melanoma of skin and female breast cancer having 5-year survival rates of 98, 92, and 90%, respectively (Lu et al., 2019, Siegel et al., 2020). The persistent low survivorship among lung cancer patients is in part due to the large proportion of patients (57%) diagnosed with metastatic disease, for which the 5-year relative survival is a meager 5% (Howlader et al., 2020). This suggests a further unmet need to improve treatment strategies that can reduce lung cancer occurrence and prevent metastasis thereby increasing survival rates. Lung cancer is broadly categorized into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). NSCLC is the most prevalent form, accounting for about 85% of all lung cancer cases and has a 5-year survival rate of 24% (Howlader et al., 2020). NSCLC is further classified into adenocarcinoma, squamous cell carcinoma and large cell carcinoma. SCLC represents the most aggressive type of lung cancer with the poorest 5-year survival rate of 6% (Howlader et al., 2020).
In addition to primary lung cancer, extra-pulmonary tumors are capable of remodeling the lung microenvironment to support the establishment and outgrowth of disseminated tumor cells to generate secondary metastatic tumors in the lung (Peinado et al., 2017) (Figure 1). Circulating tumor cells (CTCs) that reach the lungs directly through blood circulation via intravasation or through the lymphatics are termed disseminated tumor cells (DTCs). Successful colonization of the lungs by DTCs require the initial formation of a permissive microenvironment; often referred to as a pre metastatic niche through an interplay between tumor derived components, the rich lung stromal tumor microenvironment and mobilized bone marrow derived cells (BMDCs) (Liu and Cao, 2016). The tumor derived molecular components that govern pre-metastatic niche formation include extracellular vesicles (exosomes, microvesicles and large oncosomes) and tumor derived secreted factors (growth factors, cytokines and chemokines). These induce certain changes in the lung microenvironment leading to the recruitment of BMDCs into the lung, where they act together to support metastasis. Such cross talk among various tumor derived factors, the lung stromal microenvironment and the mobilized BMDCs promotes metastasis by mechanisms including immunosuppression, inflammation, angiogenesis and lymphangiogenesis (Liu and Cao, 2016). For example, lung tropic 4,175 exosomes were identified to co-localized with S100A4-positive fibroblasts and lung epithelial cells expressing the surfactant protein C where they induced the expression of pro-inflammatory and metastatic inducible S100 genes (Hoshino et al., 2015). Small nuclear RNA enriched exosomes were reported to induce chemokine secretion in the lung and promote recruitment of neutrophils to the pre metastatic niche by activating alveolar epithelial TLR3 (Liu et al., 2016). Extracellular vesicles secreted by cancer associated fibroblasts carrying protein cargos have been implicated in the formation of pre metastatic niche in the lung by targeting lung fibroblasts through TGF-B signaling enhancing remodeling of the extracellular matrix (Kong et al., 2019). Furthermore, primary tumor derived chemokine, CCL2 induces the expression of TLR4 ligands, S100A8 and SAA3 by lung club cells to support vascular permeability in the lung and stimulate the migration of myeloid cells (Maru, 2015).
[image: Figure 1]FIGURE 1 | Events of lung metastasis. The primary tumor regulates the development of metastasis in a distal organ such as the lung by secreting factors such as (cytokines and exosomes) that primes pre-metastatic niche formation. Following local invasion by primary tumor cells, the broken away tumor cells intravasate into circulation as circulating tumor cells (CTCs). Upon surviving shear stress as a result of blood and immune surveillance, CTCs that reach a distal organ with a pre metastatic niche extravasate into the organ with the help of the pre metastatic niche where they exist as disseminated tumor cells (DTCs). The pre-metastatic niche promotes the survival of DTCs and remodel the microenvironment by inducing immunosuppression and other events to drive micro-metastasis and eventual colonization of the distal organ by the primary tumor cells.
Lung metastases are identified in 20–54% of all cancer patients and spread to the lungs is usually a marker of advanced malignant disease which is associated with poor survival (Mohammed et al., 2011). Table 1 below lists the leading primary cancers with high risk of lung metastasis and low survival rates. Consequently, prevention or successful treatment of secondary lung metastasis due to an existing primary extrapulmonary tumor is considered the gold standard to improve 5-year survival rates in cancer patients. However, tumors occurring in the lung either as a primary tumor or metastasis from an existing extra pulmonary tumor remain difficult to treat despite advancements in current treatment approaches involving surgery, chemotherapy, radiation and immunotherapy. In this review, we provide a summary of current treatments and prospective future directions to improve the management of tumors that occur in the lungs either as a primary tumor or metastasis from extra-pulmonary tumors. We focus primarily on immunotherapy as an option to prevent the seeding of tumor cells in the lungs following the occurrence of extra pulmonary tumors by highlighting the pulmonary route as an attractive strategy to deliver “prophylactic” cancer vaccines.
TABLE 1 | Leading primary cancers with high risk of lung metastasis.
[image: Table 1]CONVENTIONAL TREATMENTS OF PRIMARY AND SECONDARY METASTATIC LUNG CANCER
Surgical removal is the primary course of treatment for non-metastatic lung cancers where tumors are confined in the lung as seen in stage I and II NSCLC (Lackey and Donington, 2013). The 5-year survival rate in resected stage 1 NSCLC patient is 70%, but this drops to 25% in stage III patients (Imperatori et al., 2010). Thus, surgery becomes ineffective as the tumor progresses, requiring alternative treatment modalities. In cases of lung metastases from distal primary tumors, surgery may be effective in prolonging survival in patients with metastases that is limited to pulmonary parenchyma without the involvement of other organs (Warwick and Page, 2007). By comparison, surgery is rarely an option for SCLC, the most aggressive type of lung cancer (Barnes et al., 2017; Xu et al., 2019).
Chemotherapy is the primary treatment for SCLC due its propensity to spread quickly to distal organs (Ganti et al., 2007; Karim and Zekri, 2012; Yang S. et al., 2019). Initial chemotherapy for SCLC patients usually consists of a combination of etoposide and a platinum agent (either carboplatin or cisplatin) (Ganti et al., 2007; Yang S. et al., 2019). In terms of NSCLC involving the lymph nodes, neoadjuvant chemotherapy given months before surgical resection of tumors in the lung is the standard course of action (McElnay and Lim, 2014). Chemotherapy given months before surgical procedure increases the cure rate in patients with stage III NSCLC (McElnay and Lim, 2014). Chemotherapy can also be given after surgical resection (adjuvant chemotherapy) in patients with NSCLC. This is beneficial because at the time of surgery there may be micrometastasis which may not be detected and removed as part of surgical procedure and may lead to recurrence of the tumor. Pulmonary metastasis is a sign of advanced systemic disease and systemic chemotherapy is usually part of the model of therapy (Chojniak et al., 2006). Depending on the type and nature of primary tumor and extent of lung involvement, it may be combined with surgery either as neoadjuvant or adjuvant chemotherapy to treat lung lesions and the primary tumor. For example, patients with primary osteosarcoma and pulmonary metastases (e.g., Less than eight metastatic lesions) who were treated with neoadjuvant ifosfamide, surgical resection of both primary and metastatic tumors and high dose methotrexate, ifosfamide, doxorubicin and cisplatin had a five-year disease free survival rate of 66.7% (Harris et al., 1998).
In contrast to chemotherapy, radiation therapy is a suitable option for early stage lung cancer especially in cases where the patient is inoperable due to compromised pulmonary function or co-morbid conditions such as hypertension and diabetes (Timmerman et al., 2010). Although conventional radiation therapy in management of early stage lung cancer is disappointing, advancement in the field following the adoption of stereotactic technology has improved treatment outcomes. Stereotactic body radiation therapy (SBRT) enables the delivery of high dose radiation to tumors while sparing healthy tissues. Although radiation is highly targeted, it is not effective in eliminating tumors when it has spread from the lung. SBRT may be effective in treating patients with limited metastatic disease due to high rate of local control and minimal toxicity (Carvajal et al., 2015; Filippi et al., 2016; Rieber et al., 2016; Agolli et al., 2017).
EMERGING IMMUNE-BASED CANCER TREATMENT FOR PRIMARY AND SECONDARY LUNG METASTASIS
The Concept of Immunotherapy
The hallmark of the immune system is the ability to recognize, eradicate and establish memory defenses against pathogenic encounters and foreign substances (Schreiber et al., 2011). The immune defense system is also considered the first line against the genesis and progression of tumors (Davis et al., 2015). During tumor development, mutations occur leading to potentially immunogenic cancer cells that can be recognized and killed by the host immune system (Pandya et al., 2016). For example, non-self-antigens expressed by tumor cells can be presented on MHC-1 molecules and recognized by cytotoxic T-cells leading to T-cell activation and killing of tumors (Speiser and Ohashi, 1998). Hence, infiltration of solid tumors by immune cells (T-cells and B-cells) has been identified as a good prognostic biomarker in most types of cancers as it correlates to favorable clinical outcomes. Therefore, immune surveillance is able to prevent the occurrence of primary tumors as well as the rise of metastasis. Yet, tumors can evade the immune system by suppressing immune cell function through various mechanisms that mimic immune tolerance to escape immune surveillance (Cacan, 2017; Claisse et al., 2017; Noguchi et al., 2017). Tumor cells achieve this through deliberate loss of antigenicity by downregulating the expression of tumor antigens required for initiation of an immune response and through mechanisms that disrupt antigen presentation, such as loss of major histocompatibility complex-1 (Schreiber et al., 2011). Tumor cells again evade immune surveillance by exploiting immune cell intrinsic mechanisms of immune tolerance by expressing PD-L1, where PD-1/PD-L1 interaction between tumors and cytotoxic T-cells have been shown to play a vital role in limiting antitumor immunity (Pardoll, 2012; Sharma and Allison, 2015). Other mechanisms include release of immunosuppressive cytokines by tumors and tumor cell intrinsic aberrations/unique metabolic pathways that lead to impaired T-cell activation and accumulation in the tumor microenvironment aiding in tumor evasion (Spranger et al., 2015; Casey et al., 2016; Koyama et al., 2016; Peng et al., 2016). For example, the activation WNT/B- catenin signaling, PTEN loss, Myc signaling and HIF-1 alpha signaling are known for poor T-cell priming and reduced intratumoral accumulation of cytotoxic T-lymphocytes (Spranger et al., 2015; Zelenay et al., 2015; Casey et al., 2016; Koyama et al., 2016; Peng et al., 2016).
Immunotherapy is aimed at augmenting immune responses and/or inhibiting the suppressive activity by tumors from immune system’s antitumor attack. Earlier immunotherapy drugs, such as recombinant cytokine administration, were used to activate and expand the immune system to fight against tumors. Most notable, was the administration of high dose interleukin-2 (IL-2), which is approved for management of metastatic renal cell carcinoma and melanoma (Schreiber et al., 2011). IFN-alpha is also one of the earliest approved immune-based adjuvant therapies used for patients with resected high-risk melanoma (Hancock et al., 2004). These are less commonly used today because of their toxic effects which warranted the development of newer advanced agents.
Current Advances in Immunotherapy
Recently more advanced approaches have arisen as the immune suppressive mechanisms exploited by tumor cells became clearer. Agents targeting the programmed death -1 receptor and its ligand (PD-1 and PD-L1) axis, termed as immune checkpoint inhibitors (ICIs) have emerged as effective therapeutic approaches in lung tumors because it restores T-cell mediated immunity (Pardoll, 2012). In 2015, nivolumab, an antibody disrupting the PD-1 and PD-L1 pathway was approved as the first immune checkpoint inhibitor for NSCLC (Altorki et al., 2019). Since then, other ICIs have been approved to be used in different stages of lung cancer. Pembrolizumab is the standard treatment for patients having PD-L1 expression greater than 50% whereas nivolumab and atezolizumab are all available options for patients who do not respond to treatment after platinum doublet chemotherapy (Sapalidis et al., 2018; Lim et al., 2020). By extension, the immune check inhibitors may be beneficial in pulmonary metastases if the extra thoracic primary tumor expresses high levels of PD-L1. Other check point inhibitors target the CTLA-4 axis which limits the proliferation and survival of T cells. CTLA-4 antibodies turn off this inhibitory mechanism leading to the activation of cytotoxic T cells involve in killing tumors (Zhao et al., 2018). However, emerging research has shown that, the mechanism behind therapeutic CTLA-4 antibodies is their ability to cause selective depletion of Tregs in the tumor microenvironment (Liu and Zheng, 2018; Hoy et al., 2019). Some examples are ipilimumab and tremelimumab, with ipilimumab being the first drug in this category to be approved for clinical use as part of first line or second line regimen for treating advanced melanoma (Lipson and Drake, 2011; Robert et al., 2011). In May 2020, the FDA approved the combination of nivolumab, an ICI, plus Ipilimumab (anti-CTLA4 antibody) as first line regimen for patients with metastatic NSCLC cancer with PD-L1 tumor expression ≥1%. Thus, CTLA-4 responsive tumors may be efficacious in preventing pulmonary metastasis. An additional immunotherapy recently developed is the chimeric antigen receptor (CAR) T-cells therapy. It has been very successful in treating hematological malignancies but has been disappointing thus far in solid tumors due to lack of antigenic targets (Chen et al., 2019). The identification of some antigenic targets on lung cancers such as mesothelin, disialoganglioside (GD2), MUC 1, NY-ESO-1, human epidermal growth factor and epidermal growth factor receptor has begun research into testing the efficacy of CAR T-cells therapy in lung cancer (Hu et al., 2020). Currently, CAR T-cell therapy targeting the above mentioned antigens are in different stages of clinical trials as potential immunotherapy against thoracic malignancies (Kiesgen et al., 2018; Oliveres et al., 2018).
Other immunotherapy strategies include the use of monoclonal antibodies that target receptors that play crucial roles in the lung microenvironment signaling pathways to support tumor growth in the lung (Hanahan and Coussens, 2012; Pitt et al., 2016). For example, bevacizumab, a VEGF antibody inhibiting tumor angiogenesis has been approved for use in combination with chemotherapy for management of advance, non-squamous NSCLC (Pilotto et al., 2014).
Table 2 provides a list of current immunotherapies used in primary and secondary lung cancers.
TABLE 2 | Current Immunotherapies to combat primary and metastatic lung cancers.
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The Historical Use and Benefit Nasal-Pulmonary Drug Delivery Systems
The pulmonary route, either intranasally or via inhalation is a common form of drug delivery. It has been used in the treatment of respiratory diseases such as asthma, chronic obstructive pulmonary disease (COPD) and viral infections (e.g., influenza) that affect the airways where corticosteroids, beta-2 adrenergic agonist and antiviral agents are administered directly into the lung (Levin et al., 1996; Mossad, 2003; Lee et al., 2010). The advantages are well known including accessibility, efficient high drug concentrations in the lung and hence a minimal amount of the drug is needed to achieve higher efficacy with minimal side effects in the above-mentioned conditions (Rau, 2005). Currently, there is considerable attention in formulation of drugs for pulmonary delivery for substantial reasons. Pulmonary delivery is not affected by first pass metabolism as the lungs exhibit very low metabolic activity (Pilcer and Amighi, 2010). Importantly, the lung's anatomy aids its use as an entryway of drugs. It has a large surface area (100 m2) and thin absorption membrane (0.1–0.2 μm) that supports rapid absorption of substances including drugs and high blood flow (5 L/min) which quickly distributes molecules throughout the body. This supports the reason for the use of pulmonary route to treat systemic diseases such as diabetes (inhaled insulin) (Chan and Cheng-Lai, 2017), making it ideal to be considered as a viable option in the treatment of primary lung cancer and secondary lung metastasis.
Inhaled Chemotherapy
In recent years, pulmonary delivery has been considered an improved drug delivery approach in delivering chemotherapeutic drugs locally to the tumor site in the lungs as it offers several benefits such as increase in the amount of drug deposited in tumors, less drug concentration required to achieve efficacy and minimal toxicity due to limited systemic distribution of drugs (Zarogoulidis et al., 2012b; Zarogoulidis et al., 2012c; Goel et al., 2013; Sardeli et al., 2020). Evaluation of this delivery approach in human subjects has shown promising results. For example, inhaled 5-fluorouracil (5-FU) in human subjects led to higher drug concentrations in tumors than in surrounding tissues (Tatsumura et al., 1993). Zarogoulidis et al. also showed that inhaled carboplatin provided improved anticancer efficacy and prolonged survival of patients with NSCLC compared with patients who received intravenous carboplatin (Zarogoulidis et al., 2012b). However, the physicochemical properties of chemotherapeutics such as molecular weight and solubility, may limit their penetration and accumulation into pulmonary tumors despite improved localization of these drugs in the lung following pulmonary delivery (Minchinton and Tannock, 2006; Zarogoulidis et al., 2012a). Again, the nature of the tumor including size, cellularity and density of interstitial tissues may limit drug penetration following pulmonary administration (Mangal et al., 2017). These characteristics ultimately decrease the anti-tumor efficacy of chemotherapeutics following pulmonary delivery and may lead to unwanted side effects due to the potential exposure of healthy cells in the lung to the toxic effects of chemotherapeutics due to their inability to penetrate and accumulate into tumors.
Nanotechnology has been used to offset similar barriers in the administration of systemic chemotherapy (Senapati et al., 2018). The success of this approach has fomented an interest in exploring the prospects of incorporating chemotherapeutics into nano-based systems such as liposomes, polymeric nanoparticles and micelles capable of pulmonary delivery. Nanoparticles are able to penetrate and accumulate in solid tumors by a phenomenon known as the enhance permeability and retention effect (Mohanty et al., 2012) due to the uniqueness of tumor tissue vasculature (poor fenestrations) and inefficient lymphatic drainage. Also, unlike free drug, nanoparticle encapsulated drug can be taken up directly by tumor cells via endocytosis leading to enhanced accumulation of the drug in tumors (Guo et al., 2018). Importantly, nanoparticle encapsulated chemotherapeutics are more efficacious and safer because they are able to accumulate more in pulmonary tumor tissues, thereby sparing healthy cells due to less systemic drug circulation. Nanoparticle encapsulating chemotherapeutic agents delivered via the pulmonary route have been shown to have increased efficacy in treatment of primary lung tumors and inhibiting metastasis from an existing extra-pulmonary primary tumor. For example, Inhaled lipid coated formulation of 5-FU achieved sustained drug release and enhanced anticancer properties (Hitzman, et al., 2006a; Hitzman, et al., 2006b). Lemarie et al. also showed that pulmonary delivery of nanoparticle encapsulating gemcitabine leads to minimal systemic cytotoxicity due to lower plasma drug concentration (Lemarie et al., 2011). In addition, nanoparticles can be surface functionalized with a targeting moiety such as molecules that are only expressed on the surface of tumors to allow for targeted delivery of drugs (Mout et al., 2012). This receptor ligand conjugation approach further enhances the concentration of drug locally with reduced doses and less cytotoxicity to healthy tissues. However, the adverse effects of pulmonary administration of chemotherapeutic drugs including its effect on the lung parenchyma needs to be properly assessed. Neurotoxicity was noted to be associated with pulmonary delivery of paclitaxel liposome aerosol as treatment to inhibit pulmonary metastasis from an extra-pulmonary tumor (Koshkina et al., 2001). Inhaled doxorubicin has been associated with severe cardiotoxicity (Hershey et al., 1999). Two phase I and phase I/II trials indicated metallic taste, mild bronchospasm and moderate reduction of pulmonary function test as side-effects associated with aerosol treatments (Zarogoulidis et al., 2012a).
Inhaled Immunotherapy
The efficacy of chemotherapeutics administered into the lungs via pulmonary delivery supports the potential for a strategy to be employed for the purpose of immunotherapy delivery approaches via the nasal-pulmonary tract. The potential advantages are a safe and non-invasive alternative to current approaches that require direct injection of immunomodulators into tumors (Hamid et al., 2020) which are typically hard to reach by direct injection such as those located in the lungs. Notwithstanding, in situations that require repeated injection to maintain immune responses, the pulmonary administration offers a noninvasive approach allowing for non-invasive repeated treatment modalities that directly target the lung without the potential for systemic adverse effects. In efforts to reduce toxicities from systemic administration of IL-2, the pulmonary route has been investigated as a viable alternative where low dose IL-2 has shown some efficacy for the treatment of lung metastasis in patients with melanoma and renal carcinoma (Enk et al., 2000; Huland et al., 2003; Posch et al., 2014). Recently in efforts to make ICIs more efficacious while reducing side effects, methods of sustained and tumor targeted delivery of ICIs are being explored. Some of the delivery strategies currently under investigation include: the use of viral vectors, delivery using bacteria and delivery of ICIs as DNA encoded monoclonal antibodies (Engeland et al., 2014; Lin et al., 2017; Perales-Puchalt et al., 2019; Reul et al., 2019; Gurbatri et al., 2020). However, most of the above delivery strategies require intratumoral or intravenous injections requiring hospitalization. This makes pulmonary delivery of ICIs an attractive alternative that requires much attention and research in treating both primary lung cancer and secondary lung metastasis as pulmonary delivery such as inhalation can easily be performed in an outpatient setting.
PULMONARY DELIVERY OF THERAPEUTIC LUNG CANCER VACCINE AS PART OF INHALED IMMUNOTHERAPY
Dendritic Cell-Based Cancer Vaccines
The immune system does not only recognize and eliminate substances that are non-self but also generates memory after eliminating these substances (Schreiber et al., 2011). This forms the basis of vaccination; the ability of the immune system to mount a robust and specific immune response upon exposure to a previously eliminated antigen. This approach of inducing immunity is being used to mobilize antitumor immunity to help patients that do not benefit enough from current immunotherapies such as checkpoint inhibitors. The direct induction of antitumor immunity by vaccination relies on dendritic cells (DC) because of the unique role they play as part of the immune system where they serve as a bridge between the innate and adaptive immunity by initiation and directing the adaptive immune response (Harari et al., 2020). There are two broad strategies in which DCs are being used to promote anticancer immunity. The first approach involves the release of tumor antigens into the body either through in situ vaccination approaches or direct introduction of tumor antigen carried by a vaccine vector and the ex-vivo approach, which relies on loading patients DCs with tumor antigen in vitro followed by administration of those DCs back to the patient (Disis, 2014). Although studies have shown less clinical benefits, DC-based vaccines could still be an essential part of an integrated anticancer strategy in managing tumors occurring in the lungs. This will require the identification of a suitable tumor antigen capable of invoking robust anticancer immunity, an appropriate vaccine vector for delivery of the antigen and an appropriate delivery strategy into the body.
Cancer Vaccine Antigens
Therapeutic cancer vaccines either employs whole tumor cells or lysates which contains a broad range of antigenic repertoire or a single/few selected and validated cancer antigens in the form of peptide or recombinant proteins. Most cancer vaccines target tumor associated antigens (TAAs), which are abnormally or overexpressed proteins by cancer cells due to mutations in proteins that drive their transcription. TAAs include cancer germline antigens which are normally expressed only in trophoblast tissue and germline cells (e.g., MAGE- A1, MAGE A3, and NY-ESO-1), cell lineage differentiation antigen, which are normally expressed by cells early in life but usually absent during adulthood (e.g., prostate specific antigen (PSA) and prostate acid phosphatase (PAP) and antigens that are present at relatively low levels on normal cells but overexpressed by cancer cells (e.g., HER2 and MUC-1). Because they are not exclusively expressed by cancer cell but are expressed by certain normal cells early on in life or at relatively low levels, immune activation to these antigens is low because T cells and B cells that strongly recognize these antigens are clonally deleted from the repertoire during negative selection. Vaccination with TAAs therefore require strong vaccine adjuvants and repeated vaccination to generate robust immune response capable of immunological memory. However, this may lead to the expansion of self-reactive T cells causing autoimmune disease. For instance, Palmer et al., showed that adoptive transfer of CD8+ T cells specific for melanoma associated antigen triggered severe ocular autoimmunity in mice as this antigen is also expressed in eye melanoma cells (Palmer et al., 2008). The potency and off target effects of vaccines must be critically evaluated when it involves TAAs. The etiology of approximately 10% of human cancers is viral infection. This means that vaccination to prevent or treat viral infection that induces the cancer can lead to cancer prevention. For example, vaccination against Hepatitis B Virus, a known cause of hepatocellular carcinoma is known to decrease both the rate of infection and incidence of hepatocellular carcinoma.
Neoantigens are non-self-proteins that arise due to cancer specific mutations. They could specifically be recognized by T-cell receptors specific for the antigen in the groove of MHC molecules. In this regard, neoantigens are potentially ideal targets for the construction of therapeutic cancer vaccines. Unlike TAAs, neoantigens are unlikely to mediate immune tolerance and autoimmunity when used with strong vaccine adjuvants. The expression of neoantigens is driven by mutations hence they differ in patients having same type of tumor. The benefit of neoantigen as a cancer vaccine is fully realized when personalized for each patient type where the patient tumor genome is sequenced to identify mutations from which neoantigens are expressed. The identified neoantigen can then be delivered to the patient to induce immune response (Castle et al., 2019). The advantage of using a selected few of validate cancer antigens is the generation of a more focused immune response. However, the ability of tumors to downregulate the expression of antigenic targets may render such vaccines ineffective (Odunsi et al., 2007). This can be corrected with the use of whole tumor cell lysate that generates a strong and broad polyclonal T cell responses from its polyvalent antigens hence preventing the emergence of tumors that are immune-resistant because of their ability to downregulate the expression of some antigenic targets (Chiang et al., 2015). In addition, the use of whole tumor cell lysate does not require prior knowledge of the patient’s HLA haplotype and allows for the induction of both CD4+ and CD8+ T cells (González et al., 2014). However, such mechanisms cannot be guaranteed with the use of peptides and recombinant proteins. The disadvantage of using whole tumor cell lysate is that they contain self-antigen that can mediate tolerance and immunoregulatory cytokines and factors that dampens immune response. Whole tumor cell lysate may contain IL-10 and transforming growth factor which inhibits the expression of MHC molecules and co stimulatory molecules by APCs and inhibits T-cell proliferation (Loercher et al., 1999), major histocompatibility complex class 1 related proteins A and B (MICA and MICB) that inhibits killing of tumors mediated by immune cells expression of NKG2D (Groh et al., 2002), Fas ligand which may cause lymphocyte death (Rabinowich et al., 1998) and VEGF which suppresses DCs function (Dikov et al., 2005). Inducing immunogenic cell death (ICD) in tumor cells through irradiation, HOCl oxidation and hyperthermia treatments prior to extraction of whole tumor cell lysate have been found to increase the immunogenicity of the lysate (Vandenberk et al., 2015). ICD leads to the expression of NKG2D ligands, heat shock proteins and calreticulin on the surface of cells and release of immunostimulatory factors that can stimulate immune effectors (Zhou et al., 2019). The priming and boost approach can also help derive the full benefit from whole tumor cell lysate (Harari et al., 2020). In this approach, cancer specific T-cell responses are first induced by administration of whole tumor cell lysate in the priming phase. The patient’s immunological response is then analyzed to identify and characterize effective cancer epitopes. The validated cancer antigens are then used to prepare a personalized synthetic vaccine which is administered to the patient to sustain T cell responses in the boosting phase. Therapeutic cancer vaccine against lung cancer in the form of pulsing patients’ dendritic cells in vitro with whole tumor cell lysate followed by administration of the dendritic cells to the patients showed mixed responses in patients (Um et al., 2010; Kamigaki et al., 2013).
Utility of the Pulmonary Route for Delivery of Cancer Vaccine Vectors—A Case for the use of Nanoparticles
The selection of an appropriate vaccine vector capable of pulmonary delivery of antigens to dendritic cells in the lung and regional lymph nodes may be helpful in generating a robust mucosal immunity in the lung that can eliminate a primary lung tumor or prevent the seeding of an existing extra-primary tumor to the lung. Although some works have been done with regards to respiratory infections where the pulmonary administration of vaccines has been shown to induce robust mucosal immunity against infections when studied using influenza, tuberculosis and more recently Covid-19 models (Bhide et al., 2018; Hassan et al., 2020; Jiang et al., 2020), the pulmonary route has so far not been considered in delivering vaccines against lung tumors although it offers a promising alternative for generating robust respiratory antitumor immunity capable of restricting the growth of primary lung tumors and preventing the seeding of extra pulmonary tumors in the lung. So far, DC—based vaccines have been delivered to individuals through intravenous, subcutaneous, intradermal, intralymphaitc and intratumoral route (Fong et al., 2001; Dohnal et al., 2007; West et al., 2009). For lung occurring tumors, the intravenous and subcutaneous route have been exploited as a way of vaccine delivery into the body to combat lung lesions (Um et al., 2010; Wurz et al., 2014). The pulmonary delivery of DCs that have been primed in vitro by a tumor antigen or administration of antigens to prime DCs in the lungs can lead to the sensitization of a large percentage of T-cells in the lungs. Easy accessibility, non-invasiveness and the potential of administration in the out-patient setting are advantages of vaccine delivery by the pulmonary route.
Currently, cancer vaccine vectors that have been studied include cellular vaccines, virus vector vaccine and molecular vaccine (Hollingsworth and Jansen, 2019). Cellular vaccines include the use of killed tumor cells or adoptive transfer of antigen presenting cells (APCs) from the cancer patient loaded with tumor antigens. Bacteria and yeast can be used as vectors in the formulation of cellular vaccine to deliver tumor antigens (Nascimento and Leite, 2012). Viral vaccine vectors involve the use of viruses that encode a tumor antigen to stimulate immune response against the tumor antigen (Choi and Chang, 2013). Molecular vaccine has to do with the administration of a peptide derived from the tumor antigen or DNA/RNA that encodes a tumor antigen or peptide to drive immune response. Pulmonary delivery of these vaccine vectors to induce lung specific immunity have so far been tested against respiratory infections in mice. For example, Jiang et al. showed that there was generation of specific lung and localized immune response against mycobacterium tuberculosis following intranasal administration of mycobacterium antigens carried by the vector Listeria ivanovii (Jiang et al., 2020). Intranasal delivery of peptides and DNA vaccine have also been proven to induce lung specific immune response in mice (Tesoro Cruz et al., 2008; Yang J. et al., 2019). Immune response against vectors (viral or bacterial) carrying a tumor antigen can neutralize the vector, limiting repeated vaccination which is required to generate immune response capable of immunological memory (Saxena et al., 2013). This can be a drawback with the use of vectors (viral or bacterial) for pulmonary vaccine delivery. Again, the administration of naked proteins, peptides and DNA are easily cleared by mucosal ciliary movement before they are able to induce immune response.
In view of this, nanotechnology is emerging as an approach to target anticancer therapies to the lung including their potential use in activation of immune responses in the lung (Marasini et al., 2017; Al-Halifa et al., 2019; Alshweiat et al., 2019). Nanotechnology have been used to target antigens to dendritic cells either in vivo or ex vivo as a way of improving the clinical outcomes of therapeutic cancer vaccines as summarized in Table 3. Nanoparticles protect antigens susceptible to degradation by proteases and enhance their cellular uptake by antigen presenting cells (APCs), they allow for co-loading and co-delivery of antigens and adjuvants in a sustained released manner enhancing the priming of cytosolic T-lymphocytes (CTL) (Goldberg, 2015). During active targeting, the surface of nanoparticles can be decorated with DC receptor ligands such as ligands for Fc receptors and the C-type lectin receptor family leading to the induction of strong immune response compared to non-targeted nanoparticles conjugates encapsulating antigens (Tacken et al., 2007). These therapeutic cancer vaccines based on nano formulations can be targeted to dendritic cells in the lung via pulmonary delivery. Besides the potential to generate potent mucosal immunity due to the direct delivery of antigens and adjuvants into the lungs where proteolytic activity is low, it offers a noninvasive alternative route to deliver vaccines (Al-Halifa et al., 2019). These advantages of pulmonary deliver of nano-based vaccines make it ideal to considered as a viable model in the management of lung occurring tumors where it can serve as adjunct treatment for primary lung cancer to mobilize the body’s immune system to fight the tumor following chemotherapy and/or radiation treatment especially in cases where the tumor has not spread beyond the lung draining lymph nodes. Again, protection against secondary lung metastasis from an existing primary tumor can be achieved following pulmonary administration of a nano-based vaccine against the primary tumor.
TABLE 3 | Nanoparticle platforms used in targeting tumor antigens to dendritic cells.
[image: Table 3]The deposition of particles in the respiratory tract following inhalation is size dependent such that particles smaller than the average mesh spacing of the airway mucus are able to penetrate it, escaping physiological mucus clearance to be deposited in the alveolar spaces of the lung parenchyma where their clearance is delayed (Schneider et al., 2017). Once particles get in the gas exchange region, the main mechanism of clearance is by alveolar macrophages. Particles less than 200 nm are less efficiently cleared increasing their retention time in the lung parenchyma compared to larger particles (Blank, et al., 2013). These make nanoparticles ideal for targeting antigens to dendritic cells in the lung parenchyma. Following the deposition of antigens, these antigens are required to be picked up by resident dendritic cells and migrate to a regional lymph node where they can activate naïve T-cells to induce anti-tumor immunity. Smaller particles, however, can easily traffic to the lymph nodes from the site of delivery where they will encounter a high proportion of antigen presenting and naïve T-lymphocytes that can be activated to generate anti-tumor immunity (Choi et al., 2010). For nanoparticles targeting dendritic cells in the lungs, size is important to ensure effective antitumor immunity. Nanoparticle size ranging from 20 to 50 nm are detected in higher quantities in the lung draining lymph node compared to larger nanoparticles (Blank et al., 2013). Again, higher frequencies of nanoparticles ranging from 20 to 50 nm are trafficked by lung parenchyma dendritic cells to regional lymph nodes where they induce stronger antigen specific CD4 T -cell proliferation compared to larger nanoparticle size (Nochi et al., 2010; Blank et al., 2013). However, intranasal administration of cationic liposome-hyaluronic acid hybrid with average size of 250 nm was able to induce antigen specific immunity (Fan et al., 2015).
The behavior of inhaled particles (aerodynamic behavior) is guided by their aerodynamic diameter which is the diameter of a sphere of unit density and affects how they are deposited in the lungs. Particles with aerodynamic diameter >5 μm are deposited predominately in the upper airways by inertial impaction due their inability to change their trajectory with tidal air (Sturm and Hofmann, 2009). Particles with aerodynamic diameter between 1 and 5 μm are predominately deposited in the lower airways involving the bronchioles and alveoli by gravitational sedimentation (Rissler et al., 2017). Particles with aerodynamic diameter to be less than 1 μm do not get deposited but remain suspended in the airstream leading to their likelihood to be exhaled following inhalation (Mangal et al., 2017; Rissler et al., 2017). Because nanoparticles have the tendency to aggregate to form uncontrolled sizes leading to inconsistent and unpredictable aerosolization, nanoparticles are often administered as particles/droplets with an aerodynamic diameter of 1–5 μm (Desai, 2012) to enhance their delivery in the lung parenchyma. This is facilitated with the use of nebulizers and metered dose inhalers (MDIs) that are able to convert nanoparticle suspensions into inhalable droplets.
Although the surface charge of nanoparticles does not impact their distribution in the lung, it influences their interaction with lung dendritic cells. Positively charged nanoparticles are preferentially taken up by lung dendritic cells whiles their negatively charged counterparts are engulfed by alveolar macrophages leading to their clearance (Fromen et al., 2016). This means that cationic nanoparticles are more successful at inducing stronger adaptive immune response following pulmonary delivery.
The use of nanoparticle-based vaccines for pulmonary delivery continues to show promise. For example, Nochi et al. created an adjuvant free intranasal vaccine from nanogels made from self-assembly pullulan polymers modified with cholesteryl and clostridium botulinum type A neurotoxin that was able to induce both IgG and IgA antibodies response (Nochi et al., 2010). Fan et al. induced potent humoral immune responses through the intranasal delivery of cationic liposome-hyaluronic acid hybrid nanoparticles made to deliver antigens against Yersinia pestis (Fan et al., 2015). Li et al. have developed carbon dots nanoparticles capable of intranasal delivery that enhanced immunization efficacy by significantly increasing humoral immunity and memory T-cell formation (Li S. et al., 2018). These examples together with the recent study by Zhao and his coworkers where they synthesized an inhalable phosphatidylserine coated liposome loaded with immunostimulants (STING agonist cyclic guanosine monophosphate-adenosine monophosphate—cGAMP) that stimulated APCs activation and cross presentation and synergizes with radiation treatment to protect against secondary lung metastasis following the occurrence of a primary breast tumor after intranasal administration (Liu et al., 2019) show that nanoparticles can be used to deliver tumor antigens to induce antitumor respiratory immunity following pulmonary delivery.
Host derived extracellular vehicles (EVs) such as exosomes are also emerging as attractive vehicles to target antigens to dendritic cells. Exosomes are nano-sized EVs (size ranging from 30 to 100 nm) that play important roles in cell-to-cell communication (Meng et al., 2019). Endogenous drug delivery systems such as exosomes have advantage over synthetic nano formulations because of their native biocompatibility in vivo which helps them enhance drug delivery and therapeutic efficiency (Batrakova and Kim, 2015; Peng and Mu, 2016). Tumor derived exosomes are rich sources of tumor rejection antigen capable of inducing tumor specific immunity (Luan et al., 2017). However, tumor cell derived exosomes can also contain immunosuppressive proteins that dampens immune response enabling tumor cells to escape immune surveillance (Xu et al., 2020). Antigen presenting cells such as dendritic cells derived exosomes have shown great promise in delivery of tumor antigens to induce antitumor immunity (Whiteside, 2016). They have the capacity to transfer peptide -MHC complexes that have been exposed to an antigen to other DCs that have not encountered similar antigens (Wahlund et al., 2017). The pulmonary delivery of exosomes loaded with a tumor antigen can serve as an appropriate drug delivery platform to treat lung tumors.
THE CONCEPTUAL FRAMEWORK
Therapeutic cancer vaccines have been used to treat tumors and prevent metastasis by targeting the primary tumor. If the seed soil hypothesis by Stephen Paget that explains metastasis is anything to go by, then targeting the soil (future metastatic sites) may serve as a means to prevent metastasis. The seed soil hypothesis proposes that, the primary tumor secreted factors prepares the soil (future metastatic sites) for colonization by detached cells form the primary tumor (seed) that reach the distal organ either through circulation or the lymphatics. As stated in the introduction one of the events that occurs in the future metastatic sites as a result of molecular and cellular changes fashioned by the tumor derived factors is immune suppression. For the seed to successfully colonize future metastatic sites they have to evade immune surveillance by CD8+ T-cells and NK cells that directly kill tumor cells. Tumor cells derived chemokines and cytokines recruits suppressive and regulatory immune cells such myeloid derived suppressor cells (MDSCs), tumor associated macrophages (TAMs), Tumor associated neutrophils and Tregs into distal organs to support metastasis by inducing immunosuppression. Pulmonary Tregs, MDSCs and alveolar macrophages have been shown to restrain antitumor T-cells response. Targeted induction of respiratory immunity can reverse the immunosuppression induced in the lung prior to lung metastasis from an extra pulmonary malignancy by creating an immune protective microenvironment to prevent and/or minimize the seeding of tumors in the lungs. This has great potential to serve as a prophylactic approach to preclude immune evasion by CTCs that reach the lungs. Although many studies have demonstrated the promise of mobilizing antitumor immunity using vaccination strategies, its efficacy in the protection against lung metastases, particularly in the context of existing extra pulmonary primary tumor development has not been tested. The design of an appropriate vaccine capable of intranasal administration may serve as a prophylactic cancer vaccine to prevent lung metastasis from extra pulmonary malignancies by generating robust mucosal anti-tumor immunity in the lungs. Its success will have a significant impact on the number of deaths caused by extra-pulmonary malignancies. The ease of administration, as such therapy can be self-administered will be an added advantage (Figure 2).
[image: Figure 2]FIGURE 2 | Conceptual framework. Pulmonary administration of immunostimulant coated nanoparticles encapsulating tumor antigens induced lung specific anti-tumor immunity capable of forestalling immunosuppression by the premetastatic niche leading to the ability of immunosurveillance mediated by cytotoxic T-cells and antibodies to clear disseminated tumor cells and prevent the colonization of the lung by the existing extra-pulmonary tumor.
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GLOSSARY
NSCLC Non-small cell lung cancer
SCLC Small cell lung cancer
CTCs Circulating tumor cells
DTCs Disseminated tumor cells
BMDCs Bone marrow derived cells
MHC Major histocompatibility complex
PD-L1 Programmed death-ligand 1
PD-1 Programmed cell death protein 1
WNT Wingless-related integration site
B-catenin Beta-catenin
PTEN Phosphate and tensin homolog
HIF-1 alpha Hypoxia-inducible factor 1-alpha
IFN-alpha Interferon-alpha
ICIs Immune check point inhibitors
CTLA4 Cytotoxic T-lymphocyte-associated protein 4
Tregs Regulatory T cells
VEGF Vascular endothelial growth factor
CAR T-Cells Chimeric antigen receptor T cells
HER-2 Human epidermal growth factor receptor-2
EGFR Epidermal growth factor receptor
ALK Anaplastic lymphoma kinase
IL-2 Interleukin-2
TAA Tumor associated antigen
MAGE-A1 Melanoma-associated antigen 1
MAGE-A3 Melanoma-associated antigen 3
NY-ESO-1 New York esophageal squamous cell carcinoma 1
PSA Prostate-specific antigen
PAP Papanicolaou test
ICD Immunogenic cell death
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Use

AUNP were used to deliver antigens to dendritic cells
by decorating the surface with a red fluorescent
protein that served as a model antigen and CpG as a
vaccine adjuvant. This construct exhibited significant
antitumor efficacy in RFP expressing melanoma
tumor model and allowed for vaccine tracking and
detection by CT imaging

Superparamagnetic iron oxide nanoparticles coated
with zinc oxide (ZnO) carrying a ZnO binding peptide
were linked to a tumor antigen (carcinoembryonic
antigens). This modified nanoparticle led to tumor
growth attenuation whiles allowing for the in vivo
monitoring of dendritic cell migration when tumor
bearing mice were immunized with denditic cells that
were pulsed with the nanoparticle-CEA complex

In an interesting approach, perica et al., synthesized
nano-scale artificial antigen presenting cells (nano-
aApc) by conjugating MHC-peptide complex and co-
stimulatory anti CD 28 to a paramagnetic iron-dextran
nanoparticle. The iron based aAPC induced antigen
specific T-cell prolferation and restricted tumor
growth in-vivo

DC vaccination based on human epidermal growth
factor receptor 2 (HER-2) loaded MSN produced a
strong anti-tumor immunity by inducing cross
presentation and elciting type 1 interferon production
MSN with extra-large pores that carried antigenic
OVA and CpG ODNs delivered them efficiently to
dendritic cells to induce strong anticancer immunity
against OVA expressing tumors

PEGylated CDs carrying tumor antigens enhanced
antigen uptake and maturation of dendritic cells
leading to potent activation of T-cells that significantly
restricted tumor growth in a melanoma tumor model

PLGA have been used to demonstrate effective
targeting to solid tumors. PLGA nanoparticles
developed to deliver antigenic peptides (TRP2 and
GP100) with Freud's complete adjuvant induced
potent cytotoxic T lymphocyte in melanoma
burdened mice

In a recent development, min et al., developed PLGA
nanoparticles with motifs able to selectively capture
disseminated tumor antigens following tumor
irradiation for dendritic cell uptake. Rutika et al.,
formulated a tumor antigen encapsulated
nanoparticle from PLGA polymer which was surface
functionalized with CpG, a vaccine adjuvant. This
construct restricted the growth of primary breast
tumor by inducing a potent T-cell immunity

PLGA nanoparticle encapsulating adjuvants coated
with cell membrane derived from cancer cells
effectively delivered membrane proteins to dendritic
cells leading to the generation of antitumor immunity
against cancer membrane antigens

Pluronic -stabilized poly (propylene) sulfide (PPS)
nanoparticles used to target adjuvants to tumor
draining lymph node, presumably already bathed in
tumor antigens promoted anti-tumor immunity and
restricted tumor growth by faciltating uptake of
antigens by denditic cells

Multi-functionalized LCP nanoparticles used to co
deliver the peptide antigen TRP2 and vaccine
adjuvant, GpG induced robust T-cell antitumor
immunity against primary melanoma and its
associated secondary lung metastasis

Liposomes have been used to deliver peptide antigen
consisting gonadotropin releasing hormone to
denditic cels for the generation of tumor specific
cytosolic T-ymphocytes against prostate cancer
Liposomes coupled with the TAA—glypican -3
(GPC3) and CpG ODN as vaccine adjuvant on its
surface effectively induced GPC3 specific CTLs that
restricted the growth of GPC3 expressing
hepatocelular carcinoma in mice following
intradermal administration

Cationic liposomes have been used to deiiver RNA
encoding neoantigens to dendritic cells to elicit robust
tumor speific CTL response against melanoma

Carbon-based nanostructures

Carbon nanotubes.
(CNTs)

Multiwalled CNTs were synthesized to deliver
ovalbumin (OVA), anti-CD40 and CpG ODN to
dendritic celss that led to the induction of ova-speciic
anti-tumor immunity

Properties

AuNPs have dual ability to serve as carriers for
biomolecules as well as imaging agents to track
and detect these biomolecules, it is nontoxic and
biocompatible, its size can easiy be manipulated to
adapt to different applications and the surface can
be easiy be functionalized

Have dual abilty to serve as carries for
biomolecules and imaging agents

Easy to synthesize, have large and tunable pore
size making it deal to incorporate various biological
agents. They are ideal for immunotherapy because
they possess an intrinsic adjuvant property

Have good water solubllty, chemicaly stable, ease
of surface conjugation and large-scale production

AnFDAapproved polymer, itis both biodegradable
and biocompatible, safe and easy to synthesize

Resistant to degradation by most stimul except
reactive oxygen species (ROS) making it ideal for
degradation i tissues proclucing high amount

of ROS.

Has high endosomal escape faciitating cross
presentation. Has the abilty to encapsulate
phosphorylated moisties. These make them
attractive vehicles for immunotherapy

Their cell membrane like structure enables efficient
cell affinity and increases cellular uptake. They can
be loaded with both hydrophobic and hydrophilic
molecules

Nontoxic and easiy taken up by phagocytic cells
making them ideal for immunotherapy. Their high
surface areas are easly accessible to attach high
densities of adjuvants and antigens which
increases their interactions with antigen presenting
calls
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Neuroblastoma
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Wilms tumor

Incidence

Itis the 10th most common cancer, accounting for 2.1% of
all cancer-related deaths worldwide

Approximately 12% of women in the U.S. will develop
invasive breast cancer over the course of their lifetime
which makes up 30% of all newly diagnosed cancer in
wormen

Second most common cause of cancer deaths in the U.S.
Itis estimated to contribute to over 53,000 deaths in 2020
Renal cell carcinoma, the most common type of kidney
cancer makes up approximately 2% of all tumors
Melanoma orly makes up approximately 1% of skin
cancers but most skin cancer deaths are attributed to
melanoma. It is estimated to affect about some 100,350
people in the U.S. in 2020

Most common malignant disease in childrenless than one-
year old accounting for 6% of cancers that ocour in chidren
Approximately 1in every 9 men will have prostate cancer. It
is the second leading cause of cancer death among men
inUS.

Most common kind of kidney cancer in chidren.
Approximately 500-600 chidren are diagnosed with
Wilms's tumor in the U.S. each year

Lung metastasis prevalence

The lung i the third most common site of metastasis after
the lymph node and bone

21-829% of patients with breast cancer develop lung
lesions with a median survival of only 25 months

10-15% of patients with systemic metastasis have
lesions in the lung

Lung lesions are the most common and are identified in
about 45% of kidney cancer patients

Lung metastasis is common especially in advanced
stages. 89% of patients with stage IV melanoma as.
described by the American Joint Committee on cancer
have metastatic lung lesions

The bone marrow, bone, lymph nodes, CNS, liver and
lung are all sites of metastases

More than 40% of patients are diagnosed with secondary
lung metastasis

Lung is the most common site of metastasis
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Category

Oytokine therapy

Cytokine therapy

Monocional antibody targeting HER2
protein
Radiolabeled monoclonal antibody

Monocional antibody that targets
EGFR

Monocional antibody targeting VEGF

Chemo labeled monocional antibody
targeting HER2 protein
PD-1 inhibitor

PD-1 inhibitor

PD-L1 inhibitor
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Indication

Inhaled form has been shown to have some activity against
secondary lung metastass in patients with melanoma and renal cell
carcinoma

Subcutaneous injection of IFN-alpha in combination with S-1 was
effective against secondary lung metastasis from hepatocelular
carcinoma

Went into phase Il clinical tril to test efficacy against HER-2 positive
non-small cell lung cancer

Effective against pulmonary metastasis in non-Hodgkin's lymphoma
where the burden of lung metastasis is not high. Tositumomab was
more effective

Cetuximab plus chemotherapy improved overall survival in patients
with advanced EGFR positive NSCLC compared with chemotherapy
alone in a phase Ill clinical trial

Bevacizumab has been approved to be used with standard
chemotherapy as first line treatment in patients with advanced or
recurrent non squamous NSCLC.

In aphase Il ciinical trial, ado-transtuzumab ematasine was effective
in patients with HER2-mutant lung cancers

Pembrolizumab has supplanted cytotoxic chemotherapy as first line
therapy for patients with advanced NSCLC whose tumor proportion
score of programmed death ligand 1 (PD-L1) is 50% or more.
Currently, its efficacy and safety as a combined regimen together
with chemotherapy is being investigated in metastatic non-small cell
carcinoma

Nivolumab has been approved by the FDA as second line treatment
in patients with advanced NSCLC

Atezolizumab has been approved as part of a second drug
ccombination for the management of people with non-squamous
NSCLC with no alteration in the EGFR or ALK genes

The FDA has approved the combination of ipilimumab and
nivolumab as first line regimen for patients with metastatic non-small
el lung cancer with PD-L1 tumor expression 1%
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