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Despite treatment advances through immunotherapies, including anti-PD-1/PD-L1 therapies, the overall prognosis of non-small cell lung cancer (NSCLC) patients remains poor, underscoring the need for novel approaches that offer long-term clinical benefit. This review examined the literature on the subject over the past 20 years to provide an update on the evolving landscape of dendritic cell-based immunotherapy to treat NSCLC, highlighting the crucial role of dendritic cells (DCs) in immune response initiation and regulation. These cells encompass heterogeneous subsets like cDC1s, cDC2s, and pDCs, capable of shaping antigen presentation and influencing T cell activation through the balance between the Th1, Th2, and Th17 profiles and the activation of regulatory T lymphocytes (Treg). The intricate interaction between DC subsets and the high density of intratumoral mature DCs shapes tumor-specific immune responses and impacts therapeutic outcomes. DC-based immunotherapy shows promise in overcoming immune resistance in NSCLC treatment. This article review provides an update on key clinical trial results, forming the basis for future studies to characterize the role of different types of DCs in situ and in combination with different therapies, including DC vaccines.
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1 Introduction

Non-small cell lung cancer (NSCLC) places a significant emotional, physical, and financial burden on individuals and their families, healthcare systems, and society in general in terms of lost productivity (1). Because nearly 75% of patients do not receive a diagnosis until stage III or IV, and many recur or progress, long-term outcomes are unfavorable, with only about 19% of patients achieving 5-year overall survival (OS) (2).

Immunotherapies that block the immune checkpoint programmed cell death protein 1 (PD-1) receptor and its ligand (PD-L1) have become the standard backbone therapy in the treatment of NSCLC lacking actionable genetic alterations, improving patients’ outcomes in a range of clinical scenarios (3–5). However, the quest for novel approaches that can enhance the clinical benefits of immunotherapy for the majority of NSCLC patients has driven the evaluation of targeting other co-inhibitory immune blockades (LAG-3, TIGIT) or inhibitory soluble molecules (adenosine) (6).

Despite therapeutic advances, tumor cells inevitably acquire immune resistance through various mechanisms, with non-explicit targets (such as non-druggable receptors or molecules) standing out as significant barriers to treatment due to their ability to establish resistance to known immunotherapy approaches. Inappropriate T-cell priming by antigen-presenting cells (APCs) and/or inadequate tumor-cell recognition via the major histocompatibility complex (MHC) may indeed serve as the Achilles’ heel in establishing robust and long-lasting tumor-immunological responses, posing challenges to overcoming immune resistance (7).

Among APCs from the mononuclear phagocytic system (including DCs, monocytes, and macrophages), DCs are the most adept at promoting the activation of naïve T cells. They are characterized by their ability to produce cytokines in the presence of antigens and pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs). These APCs influence the intensity of the inflammatory response, especially in areas of constant contact between the environment and the host, such as the lung (8–10).

DCs, or professional APCs, are hematopoietic-derived stem cells that infiltrate pathological tissues, searching for antigens to trigger effector lymphocyte responses (7). These cells – so called due to the many cytoplasm projections resembling a “tree”, from the Greek prefix déntro – operate on two fronts, both in the cellular and tumor immune response, through initiation, regulation, and in defense against infections. DCs reside in different tissues and use specialized surface receptors to capture antigens, such as endocytosis receptors, phagocytosis receptors, and C-type lectin receptors (7). After encountering antigens and being exposed to inflammatory stimuli, these cells migrate to the lymph nodes and spleen, where they activate non-sensitized T cells and undergo the maturation process. During this process, they lose their capacity to capture and process antigens and increase the expression of MHC-I and MHC-II molecules and co-stimulatory receptors (CD40, CD80, CD86) (7, 11, 12). DCs help to regulate the immune response mediated by T lymphocytes, determining the balance between the Th1, Th2, and Th17 profiles and the activation of Treg, depending on the nature of the antigens, cell-cell interactions defined by key receptors, and the environmental cytokine milieu within which they are exposed (13).

Every DC originates from a common adult hematopoietic stem cell precursor that differentiates under the influence of the receptor tyrosine kinase Flt3 (CD135) (14) and a distinct set of transcription factors (15, 16). These cells can be found in steady-state conditions or as a consequence of inflammation or microbial stimuli. Steady-state DCs are subclassified as conventional DCs, responsible for orchestrating immune responses to cancer, comprising two major subsets: type-1 cDCs (cDC1s) and type-2 cDCs (cDC2s) (17, 18). The expression of basic leucine zipper transcription factor (BATF3) and IRF8 over IRF4 defines cDC1 lineage, whereas IRF4 expression is crucial for cDC2. The cDC1 cells are devoted to activating CD8+ T cells, whereas cDC2 cells are ontogenically and functionally diverse, focusing on presenting exogenous antigens to CD4+ T cells to initiate helper T cell differentiation. In tumor-specific immune responses, cDC1s are key players, presenting tumor antigens to CD8+ T cells through MHC-I cross-presentation and driving Th1 differentiation among CD4+ T cells (19, 20). Although cDC2s may promote Th2/Th17 responses, their role is less understood (18).




2 Advances in the characterization of pulmonary DCs

The human lung has two unique microenvironments for DC subsets: the airways themselves and the interstitial spaces. However, the exact identities of these subsets are only beginning to be understood based on surface markers and transcriptional profiles. The low frequencies of DC subsets in lung tissues and the difficulty in isolating them have impaired their functional characterization, as a large amount of source tissue is required to obtain enough cells for substantial functional assays. Another factor contributing to this low frequency is the dynamic exclusion of functional DCs by lung cancers from the tumor microenvironment, aiding in malignant progression (21).

Although human DC subsets have traditionally been recognized through a limited selection of markers, such as CD1c+, CD141+, and CD14+ (22), this simplistic phenotypical representation fails to capture the complexity of DC identity in various physiological processes and tumoral microenvironments (TME) (23). Recent advancements in flow cytometry methods have enabled a more detailed analysis of DC subsets, redefining subset-specific phenotypes with greater precision (24). Moreover, integrating surface markers data with transcriptome analysis, mainly through single-cell transcriptome analysis, has allowed for the comprehensive characterization of different DC subsets throughout dynamic processes (25). The single-cell RNA sequencing (scRNAseq) approach offers a valuable framework for exploring how DC transcriptome undergoes reprogramming within the tumor setting, providing a foundation for designing new therapies targeting DCs (26).

Recent scRNAseq experiments using lung tissue have identified a new subset of DCs, termed DC3, which exists on a phenotypic spectrum between monocyte-like and cDC2-like cells (27). This subset arises not from a common hematopoietic stem cell precursor but from granulocyte-macrophage colony-stimulating factor (GM-CSF)-dependent inflammatory precursor cells and is capable of activating the expansion of resident memory T cells (TRM) (28). Targeting TRM may offer a promising strategy to restore T cell exhaustion and enhance the efficacy of immunotherapies (29, 30).

Additionally, single-cell analysis in NSCLC has revealed that pDCs in primary tumor tissues and metastatic lymph nodes exhibit immunosuppressive phenotypes that may influence anti-tumoral responses (31). These pDCs are characterized by the upregulation of leukocyte immunoglobulin-like receptor (LILR) family genes and granzyme B (GZMB) production, while showing a loss of the B7 family immune-regulatory ligands (CD80, CD86), which are essential for T cell activation (31).




3 Dendritic cells and anti-tumoral responses

The ability of DCs to sense and interpret danger signals, traffic to draining lymph nodes, and effectively present antigens is fundamental to developing anti-tumoral immune responses. These processes are closely linked to the maturation of DCs. The initial activation of DCs through Toll-like receptor (TLR) signaling is crucial for releasing proinflammatory cytokines, mainly IL-12, and upregulating MHC Class I and II molecules – hallmarks of DC maturation and activation. Indeed, the administration of exogen TLR ligands can activate DCs within TME, thereby supporting Th1-driven immune responses, CD8+ T cell and NK cell activation, increased IFN production, and enhanced migration of antigen-presenting cells to lymph nodes in response to the chemokine receptor ligand 7 (CCR7) (8, 32). Efficient TLR ligand-therapies, such as imiquimod (a ligand for TLR7 and TLR8) and CpG oligodeoxynucleotides (ligand for TLR9), have been demonstrated to activate immune responses across various cancers (33–35).

Within the TME, cDC1s play a crucial role in anti-tumor immunity by cross‐presenting tumor antigens to CD8+ T cells via MHC class I molecules (19, 36). Additionally, cDC1s sustain anti-tumor responses by activating CD4+ T cells through the chemokines CXCL9 and CXCL10 (20). Studies have shown that intratumoral DCs expressing the key cDC1 markers, such as CD141+ and BATF3, correlate with improved survival and response to immune checkpoint inhibitors (ICIs) (37, 38). Furthermore, intratumoral DCs exhibiting high expression of lysosomal‐associated membrane protein 3 (LAMP3) and CCR7 are associated with long-term survival in patients with NSCLC and melanoma, respectively (37, 39).

After encountering T cells for antigen presentation, another crucial step in activating T-cell towards anti-tumoral responses involves the engagement of the CD40 receptor on DCs with CD40L on activated T cells (24). This interaction upregulates co-stimulatory molecules, such as CD80 (B7.1) and CD86 (B7.2), on the surface of DCs, further stimulating IL-12 production and activating effector CD8+ T cells with non-exhausted phenotypes and high IFN-γ secretion capacity (24). CD40 signaling also prolongs DC survival by reducing tumor-induced apoptosis (40) and helps counteract the immunosuppressive effects of IL-10 produced by tumors (41).




4 Dendritic cells and immune tolerance

Although DCs are critical in modulating immune responses, their dysfunction can significantly contribute to immune evasion and tumor progression (25). This dysfunction can arise from their poor migration ability into tumors, resulting in low intratumoral DC counts and the expulsion of functional DCs from lung tumor lesions. This expulsion leads to a failure to induce molecular expression necessary for effective immune responses, thereby promoting immunosuppressive environments. Additionally, interactions with various cells and molecules within the TME can further modulate DC function, impacting overall antitumor immunity (26, 42). Identifying these mechanisms is crucial for designing more effective antitumoral immunotherapies, either by enhancing the activity of functional DCs or by blocking the immunosuppression induced by tumor cells. Furthermore, understanding the immune crosstalk and cooperative interactions between DCs and various TME components, such as tumor cells, lymphocytes, innate immune cells, and stroma cells, is essential to unlock the full potential of DC-based treatments (11, 29).

NSCLC cells can orchestrate DCs to secrete immunosuppressive cytokines that stimulate the differentiation and expansion of Tregs, a subset of immune cells known for their potent suppressive activity. Schneider et al. (43) demonstrated that NSCLC recruited immunosuppressive DCs characterized by the expression of B7-H3, a programmed death ligand (PD-L) family member. These cells secreted elevated levels of IL-10 and TGF-β, and reduced levels of IL-12, which critically contributed to the predominance of Tregs within primary lung tumors. In another study, Dumitriu et al. (44) demonstrated that lung carcinoma-induced DCs diminished the manifestation of IL-12, CD86, and HLA-DR, thereby contributing to the generation of Tregs (CD4+CD25+Foxp3+) within the TME, which suppressed the proliferation of T CD8+ lymphocytes. Of note, Schneider et al. (43) showed that antibodies against B7-H3 repair the T cell stimulatory capacity of DCs, while the study by Perrot et al. (32) demonstrated that, in NSCLC, the subset of DCs characterized by CD11chigh expression could reverse from a nonactivated/immature phenotype (impaired IL-12 and IFN-α expression) to a mature phenotype (expressing MHC, IL-12, and IFN-α) after stimulation by the TLR ligands TLR4 and TLR8. Additionally, TLR ligands were shown to upregulate the chemokine receptor CCR7, which plays a crucial role in antigen transport by DCs to draining lymph nodes in order to effectively prime T CD8+ cells through MHC-I cross-priming (32, 45).




5 Dendritic cell vaccine therapy

The basic principles of immunotherapies for cancer can be categorized into active and passive methods. Active cellular immunotherapy targets tumor-associated antigens (TAAs) to stimulate the immune system against cancer (46). On the other hand, passive cellular immunotherapy enhances the activation phase of immune cells by administering cytokines, antibodies, or immune cells to patients, potentially resulting in autoimmunity and adverse toxicity due to its lack of specificity in the immune response (11).

Vaccination of DCs represents a promising approach within active cellular immunotherapy. Two main techniques for obtaining DC vaccines are ex vivo differentiation of DCs and direct targeting of antigens to DCs in vivo. The ex vivo approach uses leukapheresis on the patient to collect CD14+ monocytes or CD34+ hematopoietic stem and progenitor cells (HSPCs). These cells are then differentiated into immature DCs in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) while being pulsed with TAAs or tumor cell lysates, together with stimulation in a maturation cocktail comprising TNF-α, IL-1β, IL-6, and PGE2 (47). Once maturated and loaded with TAAs, these DCs can be administered to the patient via subcutaneous, intravenous, intradermal, intranodular, or intralymphatic routes. However, the effectiveness of these mature DCs may be compromised when inserted into an immunosuppressive in vivo environment (48).

Another strategy to address the limitations of ex vivo manipulation involves directly targeting antigens to endogenous DCs in vivo. This approach leverages the tumor itself as a vaccine to stimulate both local and systemic anti-tumor immune response, and can be achieved through radiotherapy and intratumoral immunization (49) (Figure 1). The effectiveness of this strategy depends on the quality of the antibody-conjugated antigens and the adjuvant used. These adjuvants can include microorganisms (such as viruses or bacteria), synthetic compounds that mimic infectious agents (like pattern recognition receptor agonists), immunomodulatory monoclonal antibodies, cytokines, and chimeric proteins (50). This method aims to reduce the risk of systemic toxicities and achieve higher local concentrations of bioactive agents by ensuring local absorption (51).




Figure 1 | Ex vivo and in vivo DC vaccine scheme. In the ex vivo technique, peripheral blood mononuclear cells such as CD14+ monocytes or CD34+ HSPCs are collected from patients by leukapheresis, differentiated into immature DCs in the presence of GM-CSF and IL-4, and then matured in a maturation cocktail consisting of TNF-α, IL-1β, IL-6 and PGE2, while pulsed with autologous tumor cell lysates or TAAs. Mature DCs loaded with antigen are reinfused into the patient. The in vivo technique is based mainly on radiotherapy and intratumoral injection. For the preparation of intratumoral immunization, there are two divisions: 1) by the mechanism of action which can be divided into pattern recognition receptor (PRR) agonists, ICIs, DCI inducers, tumor antigens, cytokines and others and 2) by the type of preparation which can be divided into pathogens (bacteria, viruses), cells, nucleic acids, proteins (antibodies, small molecule proteins). Radiotherapy induces immunogenic cell death, which is an important step in establishing in situ vaccines. DC, dendritic cells; GM-CSF, granulocytemacrophage colony-stimulating factor; IL-4, interleukin 4; TNF-α, tumor necrosis factor α; PGE2, prostaglandin E2; HSPCs, hematopoietic stem and progenitor cells; IL-1B, interleukin 1-beta; IL-6, interleukin 6.



The primary focus in selecting tumor antigens for vaccine therapy should be on tumor-specific immunogenic antigens that would not be expressed in that cell under standard conditions (52). Various sources of antigens, including tumor cell lysates, exosomes, and TAAs, have been used to produce an efficacious DC vaccine (53). Current clinical trials are exploring using DCs as a means of reactivating the immune system by restoring antigen presentation failure or T-cell co-stimulatory signals and inducing anti-tumor immunity, either by itself or in association with ICIs (2, 54, 55).

Despite the potential of DC vaccines, the lack of standardized methods for obtaining, maturing, loading antigens, and administering DCs represents a significant challenge (47). Future advances lie in combining DC surface targets and selected adjuvants to achieve the desired immunological results, which will require a great deal of research in the coming years (56).




6 Dendritic cell therapy in NSCLC

Initial studies suggest that DC vaccine is efficacious in improving the survival of NSCLC patients. However, despite its well-established immunogenicity, DC-based immunotherapy still offers poor response rates (57).

Takahashi et al. (58) conducted a multicenter clinical trial in Japan, administering intradermal DC vaccines every two weeks to 260 patients with advanced NSCLC. Patients were injected five or more times at sites close to the axillary and/or inguinal lymph nodes, and 0,1 ml of the vaccine was administered on the forearm to assess response to erythema after 24 to 48 hours. The DC vaccines were pulsed with Wilms’ tumor gene 1 (WT1) and/or mucin 1 (MUC1) synthetic peptides, used as tumor antigens in the six participating institutions. The study found that an erythematous reaction at the injection site was a favorable prognostic factor for mean survival time (MST) from the first vaccination. Specifically, an erythematous reaction with a diameter of ≥30 mm was strongly correlated with OS (≥30 vs. < 30 mm: MST 20.4 vs. 8.8 months, P < 0.001). During an era when advanced NSCLC patients were treated solely with chemotherapy, the authors concluded that DC vaccines provided meaningful clinical benefit for a subset of patients, especially those with adenocarcinoma.

Fong et al. (59) performed a study based on serum levels of carcinoembryonic antigen (CEA), an intercellular membrane adhesion glycoprotein overexpressed in various tumors. In this study, patients with metastatic or relapsing NSCLC with elevated or dysregulated CEA levels were identified and received prior dosing with Flt3 ligand, a hematopoietic growth factor known to expand DCs in vivo, before undergoing peripheral blood leukapheresis. DCs were then collected, loaded with a non-peptide derived from a CEA peptide specific to the human leukocyte antigen (HLA)-A0201, and infused intravenously with progressive doses of antigen-exposed DCs. The clinical responses showed a significant relationship with the expansion of CD8+ T cells and promising results, which may justify that several studies have chosen CEA as the standard antigen for active immunotherapy with DCs (59, 60). For studies involving DC vaccination targeting CEA, side effects are minimal, in contrast to the occasional serious side effects seen with checkpoint inhibitors.

Chunlei Ge. et al. (53) conducted an open-label, dose-escalation phase I clinical trial involving 15 patients with resected stage I to IIIA NSCLC. They evaluated a modified autologous DC vaccine pulsed with survivin, a member of the apoptosis-inhibiting protein family, and MUC1, silenced with suppressor of cytokine signaling 1 (SOCS1) and immunostimulated with flagellin, a specific ligand for TLR5. Patients were treated with the vaccine at 1x106, 1x107 up to 8x10×7 on days 7, 14, and 21, with good tolerability even at the highest doses. There was a reduction in the number of CD3 + CD4 + CD25 + Foxp3+ Treg and an increase in TNF-α and IL-6, indicating an improvement in the differentiation of DC and their antigen presentation characteristics. Furthermore, 11 out of 15 patients included had no recurrence in the long-term follow-up.

These new DC-based vaccination strategies are promising therapies for patients with NSCLC, but efficacy and safety still need to be evaluated in larger populations and prospective studies.




7 Exploring combination therapies

DC vaccination has been explored with other cancer treatments to overcome immunotherapy resistance and enhance therapeutic outcomes. These combination strategies aim to boost the immunogenicity of tumors and improve patient responses. The integration of various immunotherapeutic approaches represents a promising frontier in cancer therapy, but it also presents the challenge of effectively combining and optimizing these treatments to achieve maximum efficacy (Table 1).


Table 1 | Use of DCs as adjuvant therapy isolated or in combination with the standard of care in NSCLC. Searching on clinicaltrials.gov (accessed on July 9th, 2024) using the keywords “dendritic cells”, “Non-Small Cell Lung Cancer”, “immunotherapy”, “DC-based vaccine”, “DC-based vaccine against cancer”, “DC-based vaccine and immune checkpoint”, “DC-based vaccine and immune checkpoint blockers” and “DC-based vaccine and CIK”.





7.1 Dendritic cell therapy and chemo/radiotherapy

The clinical effectiveness of traditional chemotherapy in treating tumors may not solely depend on its direct effects against tumor cells, but restoring immunosurveillance can also play a role. Some chemotherapeutic agents induce tumor cell immunogenicity and alter the properties of tumor-infiltrating lymphocytes, thereby supporting immune infiltration (34). Conventional chemotherapeutic drugs that induce immunogenic cell death include cyclophosphamide, temozolomide, and gemcitabine. Furthermore, some chemotherapy drugs are known to induce immunogenic cell death and temporary lymphoablation, reduce immune suppressor cells, and increase anti-tumor T-cell response (61).

Several studies have considered the immunostimulatory potential of chemotherapy. Hu et al. (62) evaluated the effectiveness and safety of co-culturing autologous tumor lysates with pemetrexed plus DCs as second-line therapy for 27 patients with advanced lung adenocarcinoma. Although this study did not use a control group with pemetrexed in monotherapy, it did show promising clinical effects with such a combination, as demonstrated by 4.5 months in median PFS and 10.5 months in median OS (62, 63).

Zhong et al. (56) conducted a phase II, prospective, open-label, single-arm study to evaluate the safety and efficacy of DCVAC/LuCa, which consists of autologous DC pulsed ex vivo with killed NSCLC H522 cell lines, combined with carboplatin/pemetrexed as first-line therapy for 61 patients with advanced non-squamous NSCLC without oncogenic drivers. Patients without progression after two cycles of chemotherapy began receiving subcutaneous DCVAC/LuCa for up to 15 doses. No significant adverse effects related to leukapheresis or vaccination were observed. Survival rates were 52.57% at two years, and progression-free survival was 8.0 months, indicating promising efficacy.

Zemanova et al. (64) conducted a Phase I/II, multicenter, randomized, open-label, three-arm clinical trial to evaluate DCVAC/LuCa combinations for stage IV NSCLC. Patients were divided into three groups: group A (45 patients): DCVAC/LuCa and chemotherapy (carboplatin and paclitaxel); group B (29 patients): DCVAC/LuCa, chemotherapy, pegylated interferon-α2b and hydroxychloroquine (this group was later discontinued); or group C (38 patients): chemotherapy alone. DCVAC/LuCa was administered subcutaneously at 3-6 weeks intervals, with a maximum of 15 doses. The combination of DCVAC/LuCa with carboplatin and paclitaxel showed a median OS of 15.5 months, compared to 11.8 months in the chemotherapy arm. These results demonstrate the efficacy and tolerability of the combined therapy.

Radiotherapy can enhance systemic anti-tumor immune responses through various immunomodulatory mechanisms (65). It acts as a cytotoxic agent that damages DNA, triggers immunogenic cell death, and releases DAMPs and tumor-derived antigens into the tumor microenvironment (Figure 2). This process initiates systemic anti-tumor immune responses by activating DCs, which are then transferred to lymph nodes, thereby inducing anti-tumor immune responses at sites distant from the irradiated site (11). Radiation exposure also leads to the release of type I IFN from cancer and immune cells and activates the complement system, which further activates DCs and T-cells (32). With several studies published, the synergy between radiotherapy and immunotherapeutic agents in NSCLC has garnered considerable interest in developing immunotherapies, particularly ICIs. Although this approach shows promise, combining radiotherapy with DC-based immunotherapy awaits further validation through prospective studies.




Figure 2 | Immunomodulatory effects of chemoradiotherapy on immune activation and immunogenic cell death. Schematic representation of the immunogenic cell death cycle, with the release of DAMPs, neoantigens and cytokines from a dying tumor cell, leading to the maturation of a DC and the activation of CD4+ and CD8+ T cells, which in turn trigger the death of the remaining living tumor cells. Combination strategies to maximize the therapeutic efficacy of DC-based immunotherapy and their underlying mechanisms of action. DAMPs, danger-associated molecular patterns; IFN type-I, type-I interferons; MHC I, major histocompatibility complex I; MHC II, major histocompatibility complex II.






7.2 Dendritic cell therapy and immune checkpoint inhibitors

The potential synergistic effect of combining DC-based vaccines and ICIs offers significant hope for NSCLC patients. Therapies that stimulate DCs are considered ideal complements to ICIs, analogous to “pressing the gas pedal” and “losing the brakes” simultaneously (66, 67).

Recent studies provide valuable insights concerning the synergistic effect of DC-based therapies and ICIs. One highlighted the role of Batf3-dependent DCs in cross-priming tumor antigens to CTLs, which up-regulates PD-1 in immune cells. Consequently, the expansion and activation of Batf3-dependent DCs and anti-ICIs offer promising combined antitumor therapy (38). Other studies have also shown that therapies focused on stimulating DC activity, such as Flt3L and TLR3 agonists, can restore the efficacy of anti-PD1 therapy (68).

In a preclinical experiment, Garris et al. (69) demonstrated the possibility of improving anti-tumor immunity through cross-talk between T cells and DCs using non-canonical NF-kB agonism alongside PD-1 therapy. Employing single-cell RNA sequencing (scRNAseq), the researchers discovered that a subset of DCs must infiltrate the tumor and produce interleukin-12 (IL-12) to enable an effective anti-tumor response. Although these DCs did not bind to anti-PD-1, they could recognize interferon γ (IFN-γ) secreted by adjacent T cells to produce IL-12. Thus, complete activation of anti-tumor T cells requires both IFN-γ and IL-12, which are essential immunological agents for tissue-specific destruction (69).

Laheurte et al. (70) investigated the interaction between the intratumoral signature of pDCs and the efficacy of ICIs. Compared to healthy donors, NSCLC patients exhibited a low-activated pDC phenotype. The study found that patients with high levels of pDC, NSCLC in stages I to III, and without metastatic disease, had better OS than patients with low pDC levels, with a mean OS of 30.4 versus 20.7 months (P = 0.013). It was also concluded that the best clinical outcomes were observed in patients with high levels of pDC in the tumor microenvironment who had undergone treatment with anti-PD-L1.

Dalil Hannani et al. (67) developed a cell line based on allogeneic plasmacytoid dendritic cells (PDC*line) from the blood of a patient with plasmacytoid DC leukemia to demonstrate a cytotoxic T-cell response against tumors in the presence Pembrolizumab. The PDC*line cells were loaded with peptides that induce robust T-cell responses (NY-ESO-1, CAMEL, MAGE-A2, MAGE-A3, and MAGE-A9). It was observed that MAGE-A3 specific T cells increased threefold in the presence of ICI. This study, involving 26 patients, highlighted advancements in combining ICI with PDC*line cells, demonstrating an improvement in the breadth and scope of the specific T-cell response in NSCLC.

Lee et al. (71) conducted a clinical study to evaluate the safety, efficacy, and anti-tumor immune response in patients with stage IIIB/IV NSCLC who received intratumoral vaccination with autologous DCs transduced with an adenoviral vector expressing CCL21 gene (Ad-CCL21-DC). The study found no evidence of virus dissemination or unintended antibody formation. It demonstrated a marked infiltration of CD8+ T cells into the tumor, indicating a robust local immune response. Additionally, there was a notable enhancement in systemic immune responses against tumor-specific antigens and an increase in PD-L1 expression on tumor cells, suggesting a potential for ICIs efficacy. This clinical trial highlighted that combining DC-based intratumoral vaccination with ICIs could synergistically boost immune responses in NSCLC patients.

These recent researches aim to provide predictive biomarkers for the efficacy of DC-based therapies combined with ICIs, as cross-priming against tumor neoantigens appears to be a key determinant of the efficacy of these treatments. Enhanced vaccine effectiveness may be achieved through immune screening, targeting cross-primed DC populations, or differentiating these cells from precursors in culture (38).




7.3 Dendritic cell therapy and cytokine-induced killer cells

First identified in the 1990s, Cytokine-Induced Killer (CIK) cells are a mixture of T-cell and NK-like phenotypes (72). It is now understood that these cells undergo significant proliferation and possess the ability to suppress tumors. They are considered safe, are not restricted to a single MHC molecule, and are effective anti-tumor agents, making them a promising candidate for cancer immunotherapy (73). The CIK cells consist of a combination of T cells (CD3 + CD56-), NKT cells (CD3 + CD56+), and NK cells (CD3 - CD56+). Among these, the CD3+ CD56+ phenotype has the highest amount of granzymes, making them responsible for most of the antitumor activity and cytotoxicity (72, 74).

Research has demonstrated that DCs, as professional APCs, can compensate for the lack of tumor antigen specificity of CIK cells. This combination of DC-CIK cells has shown potent lytic and anti-tumor activities, effectively preventing tumor cell growth (74).

Zhu et al. (75) conducted a study involving 63 patients diagnosed with stage IIIB NSCLC, randomly assigned to either a study or control group, to evaluate the effectiveness of DC-CIK combined with concurrent radiochemotherapy. The study group of 30 patients was given DC-CIK therapy alongside conformal radiotherapy and docetaxel-cisplatin chemotherapy, while the control group of 33 patients received the same therapy but without DC-CIK. The study group showed a significantly higher Karnofsky performance score (KPS) (83.3% vs. 54.5%; p = 0.014), improved T-cell subsets, and a higher 12-month survival rate compared to the control group, indicating notable benefits of the combination therapy in enhancing patient quality of life and survival.

Yang et al. (76) enrolled 122 advanced NSCLC patients. Of these, 61 received chemotherapy alone, while another 61 received chemotherapy along with DC-CIK cells. The treatment group displayed a significantly higher OS rate than the control group (57.2 vs. 37.3). The researchers evaluated the immunologic reactions in 10 patients pre- and post-treatment but found no change in T lymphocytes with CD3+ and CD3+ CD8+ phenotypes. Nevertheless, therapy led to an expansion of CD3+ CD56+ cells, and no severe side effects like high fever, chills, or anemia were reported, suggesting that DC-CIK therapy is superior to standard chemotherapy.

Additionally, combining DC vaccination with immunotherapy and CIK cells has been shown to reduce the rate of Tregs and cancer recurrence among NSCLC patients, indicating that this combined approach effectively enhances anti-tumor immunity and improves patient outcomes (42).





8 Conclusion and future perspectives

DC-based chemoimmunotherapy has established itself as a significant treatment model in cancer immunotherapy over recent decades (77), and current immunotherapy approaches focus mainly on increasing the antigen-presenting activity of DCs (72). However, as established in this review, published studies have several common limitations: the low number of patients subjected to the study, the absence of a control group in most cases, lack of a standardized method (including the differentiation of the maturation state of DCs after vaccination), the different use of concomitant immunostimulants, and the different routes and frequencies of DC infusion (78). Optimizing each of these issues could improve the clinical performance of DC-based treatments.

A significant advancement is the evidence that DC vaccination, as a cellular and self-activated immunotherapy, has proven effective in treating some solid tumors (56). However, despite the significant advances, there are major challenges to overcome. A notable obstacle is the lack of reliable biomarkers for pre-selecting patients to guide the application of DC-based vaccines, such as tumor mutational load or PD-L1 positivity for ICBs (79).

The future of cancer immunotherapy will likely be based on a dual approach: the first focuses on interrupting the immunosuppression triggered by the tumor, while the second aims to stimulate anti-tumor immunity. CD-based immunotherapy has already been integrated with other cancer treatments, such as chemotherapy, radiotherapy, and ICIs. This integration is crucial in treating NSCLC (80) and is already part of several ongoing clinical trials. However, phase III clinical trials completed in the field are still limited and, to date, have failed to show a significant advantage gained through DC-based vaccines (79).

Although there is still much work to be done to achieve the ideal universal or personalized immunotherapy based on DCs, it is hoped that recent advances and upcoming clinical trials will encourage the therapeutic implementation of DC-based vaccines in the near future.





Author contributions

JO: Conceptualization, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. SS: Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, Writing – review & editing. IF: Software, Validation, Visualization, Writing – original draft, Writing – review & editing. SB: Validation, Visualization, Writing – original draft, Writing – review & editing. AH: Validation, Visualization, Writing – original draft, Writing – review & editing. AC: Validation, Visualization, Writing – original draft, Writing – review & editing. AF: Conceptualization, Methodology, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Part of the publication of this work was supported by São Paulo Research Foundation (FAPESP) (grant number: 22/02821-0, 23/10186-6, 23/10184-3) and the Teaching, Research and Assistance Foundation (FAEPA) (grant number: 1146/2024).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Korfage, IJ, Polinder, S, Preston, N, van Delden, JJ, Geraerds, SAJ, Dunleavy, L, et al. Healthcare use and healthcare costs for patients with advanced cancer; the international ACTION cluster-randomised trial on advance care planning. Palliat Med. (2023) 37:707–18. doi: 10.1177/02692163221142950

2. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2020. CA Cancer J Clin. (2020) 70:7–30. doi: 10.3322/caac.21590

3. Punekar, SR, Shum, E, Grello, CM, Lau, SC, and Velcheti, V. Immunotherapy in non-small cell lung cancer: Past, present, and future directions. Front Oncol. (2022) 12:877594. doi: 10.3389/fonc.2022.877594

4. Reck, M, Rodriguez-Abreu, D, Robinson, AG, Hui, R, Csoszi, T, Fulop, A, et al. Five-year outcomes with pembrolizumab versus chemotherapy for metastatic non-small-cell lung cancer with PD-L1 tumor proportion score >/= 50. J Clin Oncol. (2021) 39:2339–49. doi: 10.1200/JCO.21.00174

5. Shields, MD, Marin-Acevedo, JA, and Pellini, B. Immunotherapy for advanced non-small cell lung cancer: A decade of progress. Am Soc Clin Oncol Educ Book. (2021) 41:1–23. doi: 10.1200/EDBK_321483

6. Desai, A, and Peters, S. Immunotherapy-based combinations in metastatic NSCLC. Cancer Treat Rev. (2023) 116:102545. doi: 10.1016/j.ctrv.2023.102545

7. Balan, S, Saxena, M, and Bhardwaj, N. Dendritic cell subsets and locations. Int Rev Cell Mol Biol. (2019) 348:1–68. doi: 10.1016/bs.ircmb.2019.07.004

8. Banchereau, J, Briere, F, Caux, C, Davoust, J, Lebecque, S, Liu, YJ, et al. Immunobiology of dendritic cells. Annu Rev Immunol. (2000) 18:767–811. doi: 10.1146/annurev.immunol.18.1.767

9. Oh, SA, Wu, DC, Cheung, J, Navarro, A, Xiong, H, Cubas, R, et al. PD-L1 expression by dendritic cells is a key regulator of T-cell immunity in cancer. Nat Cancer. (2020) 1:681–91. doi: 10.1038/s43018-020-0075-x

10. Patel, VI, and Metcalf, JP. Identification and characterization of human dendritic cell subsets in the steady state: a review of our current knowledge. J Investig Med. (2016) 64:833–47. doi: 10.1136/jim-2016-000072

11. Sadeghzadeh, M, Bornehdeli, S, Mohahammadrezakhani, H, Abolghasemi, M, Poursaei, E, Asadi, M, et al. Dendritic cell therapy in cancer treatment; the state-of-the-art. Life Sci. (2020) 254:117580. doi: 10.1016/j.lfs.2020.117580

12. Stankovic, B, Bjorhovde, HAK, Skarshaug, R, Aamodt, H, Frafjord, A, Muller, E, et al. Immune cell composition in human non-small cell lung cancer. Front Immunol. (2018) 9:3101. doi: 10.3389/fimmu.2018.03101

13. Ito, T, Liu, YJ, and Kadowaki, N. Functional diversity and plasticity of human dendritic cell subsets. Int J Hematol. (2005) 81:188–96. doi: 10.1532/IJH97.05012

14. Waskow, C, Liu, K, Darrasse-Jeze, G, Guermonprez, P, Ginhoux, F, Merad, M, et al. The receptor tyrosine kinase Flt3 is required for dendritic cell development in peripheral lymphoid tissues. Nat Immunol. (2008) 9:676–83. doi: 10.1038/ni.1615

15. Guilliams, M, Ginhoux, F, Jakubzick, C, Naik, SH, Onai, N, Schraml, BU, et al. Dendritic cells, monocytes and macrophages: a unified nomenclature based on ontogeny. Nat Rev Immunol. (2014) 14:571–8. doi: 10.1038/nri3712

16. Lee, J, Zhou, YJ, Ma, W, Zhang, W, Aljoufi, A, Luh, T, et al. Lineage specification of human dendritic cells is marked by IRF8 expression in hematopoietic stem cells and multipotent progenitors. Nat Immunol. (2017) 18:877–88. doi: 10.1038/ni.3789

17. Granot, T, Senda, T, Carpenter, DJ, Matsuoka, N, Weiner, J, Gordon, CL, et al. Dendritic cells display subset and tissue-specific maturation dynamics over human life. Immunity. (2017) 46:504–15. doi: 10.1016/j.immuni.2017.02.019

18. Saito, Y, Komori, S, Kotani, T, Murata, Y, and Matozaki, T. The role of type-2 conventional dendritic cells in the regulation of tumor immunity. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14081976

19. Hildner, K, Edelson, BT, Purtha, WE, Diamond, M, Matsushita, H, Kohyama, M, et al. Batf3 deficiency reveals a critical role for CD8alpha+ dendritic cells in cytotoxic T cell immunity. Science. (2008) 322:1097–100. doi: 10.1126/science.1164206

20. Ferris, ST, Durai, V, Wu, R, Theisen, DJ, Ward, JP, Bern, MD, et al. cDC1 prime and are licensed by CD4(+) T cells to induce anti-tumour immunity. Nature. (2020) 584:624–9. doi: 10.1038/s41586-020-2611-3

21. Cook, PC, and MacDonald, AS. Dendritic cells in lung immunopathology. Semin Immunopathol. (2016) 38:449–60. doi: 10.1007/s00281-016-0571-3

22. Collin, M, and Bigley, V. Human dendritic cell subsets: an update. Immunology. (2018) 154:3–20. doi: 10.1111/imm.12888

23. Heger, L, Hofer, TP, Bigley, V, de Vries, IJM, Dalod, M, Dudziak, D, et al. Subsets of CD1c(+) DCs: dendritic cell versus monocyte lineage. Front Immunol. (2020) 11:559166. doi: 10.3389/fimmu.2020.559166

24. Bachem, A, Guttler, S, Hartung, E, Ebstein, F, Schaefer, M, Tannert, A, et al. Superior antigen cross-presentation and XCR1 expression define human CD11c+CD141+ cells as homologues of mouse CD8+ dendritic cells. J Exp Med. (2010) 207:1273–81. doi: 10.1084/jem.20100348

25. Villani, AC, Satija, R, Reynolds, G, Sarkizova, S, Shekhar, K, Fletcher, J, et al. Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and progenitors. Science. (2017) 356. doi: 10.1126/science.aah4573

26. Varma, SK, and D, SP. Dendritic cell therapy: a proactive approach against cancer immunotherapy. J Stem Cell Res Ther. (2016) 1:205–207. doi: 10.15406/jsrt.2016.01.00036

27. Leader, AM, Grout, JA, Maier, BB, Nabet, BY, Park, MD, Tabachnikova, A, et al. Single-cell analysis of human non-small cell lung cancer lesions refines tumor classification and patient stratification. Cancer Cell. (2021) 39:1594–609.e1512. doi: 10.1016/j.ccell.2021.10.009

28. Bourdely, P, Anselmi, G, Vaivode, K, Ramos, RN, Missolo-Koussou, Y, Hidalgo, S, et al. Transcriptional and functional analysis of CD1c(+) human dendritic cells identifies a CD163(+) subset priming CD8(+)CD103(+) T cells. Immunity. (2020) 53:335–52.e338. doi: 10.1016/j.immuni.2020.06.002

29. Mami-Chouaib, F, Blanc, C, Corgnac, S, Hans, S, Malenica, I, Granier, C, et al. Resident memory T cells, critical components in tumor immunology. J Immunother Cancer. (2018) 6:87. doi: 10.1186/s40425-018-0399-6

30. Marceaux, C, Weeden, CE, Gordon, CL, and Asselin-Labat, ML. Holding our breath: the promise of tissue-resident memory T cells in lung cancer. Transl Lung Cancer Res. (2021) 10:2819–29. doi: 10.21037/tlcr-20-819

31. Kim, N, Kim, HK, Lee, K, Hong, Y, Cho, JH, Choi, JW, et al. Single-cell RNA sequencing demonstrates the molecular and cellular reprogramming of metastatic lung adenocarcinoma. Nat Commun. (2020) 11:2285. doi: 10.1038/s41467-020-16164-1

32. Perrot, I, Blanchard, D, Freymond, N, Isaac, S, Guibert, B, Pacheco, Y, et al. Dendritic cells infiltrating human non-small cell lung cancer are blocked at immature stage. J Immunol. (2007) 178:2763–9. doi: 10.4049/jimmunol.178.5.2763

33. Bonehill, A, Van Nuffel, AM, Corthals, J, Tuyaerts, S, Heirman, C, Francois, V, et al. Single-step antigen loading and activation of dendritic cells by mRNA electroporation for the purpose of therapeutic vaccination in melanoma patients. Clin Cancer Res. (2009) 15:3366–75. doi: 10.1158/1078-0432.CCR-08-2982

34. Harari, A, Graciotti, M, Bassani-Sternberg, M, and Kandalaft, LE. Antitumour dendritic cell vaccination in a priming and boosting approach. Nat Rev Drug Discovery. (2020) 19:635–52. doi: 10.1038/s41573-020-0074-8

35. Okada, H, Kalinski, P, Ueda, R, Hoji, A, Kohanbash, G, Donegan, TE, et al. Induction of CD8+ T-cell responses against novel glioma-associated antigen peptides and clinical activity by vaccinations with alpha-type 1 polarized dendritic cells and polyinosinic-polycytidylic acid stabilized by lysine and carboxymethylcellulose in patients with recurrent Malignant glioma. J Clin Oncol. (2011) 29:330–6. doi: 10.1200/JCO.2010.30.7744

36. Theisen, DJ, Davidson, J, Briseno, CG, Gargaro, M, Lauron, EJ, Wang, Q, et al. WDFY4 is required for cross-presentation in response to viral and tumor antigens. Science. (2018) 362:694–9. doi: 10.1126/science.aat5030

37. Roberts, EW, Broz, ML, Binnewies, M, Headley, MB, Nelson, AE, Wolf, DM, et al. Critical role for CD103(+)/CD141(+) dendritic cells bearing CCR7 for tumor antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell. (2016) 30:324–36. doi: 10.1016/j.ccell.2016.06.003

38. Sanchez-Paulete, AR, Cueto, FJ, Martinez-Lopez, M, Labiano, S, Morales-Kastresana, A, Rodriguez-Ruiz, ME, et al. Cancer immunotherapy with immunomodulatory anti-CD137 and anti-PD-1 monoclonal antibodies requires BATF3-dependent dendritic cells. Cancer Discovery. (2016) 6:71–9. doi: 10.1158/2159-8290.CD-15-0510

39. Dieu-Nosjean, MC, Antoine, M, Danel, C, Heudes, D, Wislez, M, Poulot, V, et al. Long-term survival for patients with non-small-cell lung cancer with intratumoral lymphoid structures. J Clin Oncol. (2008) 26:4410–7. doi: 10.1200/JCO.2007.15.0284

40. Esche, C, Gambotto, A, Satoh, Y, Gerein, V, Robbins, PD, Watkins, SC, et al. CD154 inhibits tumor-induced apoptosis in dendritic cells and tumor growth. Eur J Immunol. (1999) 29:2148–55. doi: 10.1002/(SICI)1521-4141(199907)29:07<2148::AID-IMMU2148>3.0.CO;2-F

41. Buelens, C, Verhasselt, V, De Groote, D, Thielemans, K, Goldman, M, and Willems, F. Human dendritic cell responses to lipopolysaccharide and CD40 ligation are differentially regulated by interleukin-10. Eur J Immunol. (1997) 27:1848–52. doi: 10.1002/eji.1830270805

42. Wang, JB, Huang, X, and Li, FR. Impaired dendritic cell functions in lung cancer: a review of recent advances and future perspectives. Cancer Commun (Lond). (2019) 39:43. doi: 10.1186/s40880-019-0387-3

43. Schneider, T, Hoffmann, H, Dienemann, H, Schnabel, PA, Enk, AH, Ring, S, et al. Non-small cell lung cancer induces an immunosuppressive phenotype of dendritic cells in tumor microenvironment by upregulating B7-H3. J Thorac Oncol. (2011) 6:1162–8. doi: 10.1097/JTO.0b013e31821c421d

44. Dumitriu, IE, Dunbar, DR, Howie, SE, Sethi, T, and Gregory, CD. Human dendritic cells produce TGF-beta 1 under the influence of lung carcinoma cells and prime the differentiation of CD4+CD25+Foxp3+ regulatory T cells. J Immunol. (2009) 182:2795–807. doi: 10.4049/jimmunol.0712671

45. Topalian, SL, Taube, JM, and Pardoll, DM. Neoadjuvant checkpoint blockade for cancer immunotherapy. Science. (2020) 367. doi: 10.1126/science.aax0182

46. Butterfield, LH. Dendritic cells in cancer immunotherapy clinical trials: are we making progress? Front Immunol. (2013) 4:454. doi: 10.3389/fimmu.2013.00454

47. Lee, KW, Yam, JWP, and Mao, X. Dendritic cell vaccines: A shift from conventional approach to new generations. Cells. (2023) 12. doi: 10.3390/cells12172147

48. Mastelic-Gavillet, B, Balint, K, Boudousquie, C, Gannon, PO, and Kandalaft, LE. Personalized dendritic cell vaccines-recent breakthroughs and encouraging clinical results. Front Immunol. (2019) 10:766. doi: 10.3389/fimmu.2019.00766

49. Melero, I, Castanon, E, Alvarez, M, Champiat, S, and Marabelle, A. Intratumoural administration and tumour tissue targeting of cancer immunotherapies. Nat Rev Clin Oncol. (2021) 18:558–76. doi: 10.1038/s41571-021-00507-y

50. Bo, Y, and Wang, H. Biomaterial-based in situ cancer vaccines. Adv Mater. (2023):e2210452. doi: 10.1002/adma.202210452

51. Lurje, I, Werner, W, Mohr, R, Roderburg, C, Tacke, F, and Hammerich, L. In situ vaccination as a strategy to modulate the immune microenvironment of hepatocellular carcinoma. Front Immunol. (2021) 12:650486. doi: 10.3389/fimmu.2021.650486

52. Cancel, JC, Crozat, K, Dalod, M, and Mattiuz, R. Are conventional type 1 dendritic cells critical for protective antitumor immunity and how? Front Immunol. (2019) 10:9. doi: 10.3389/fimmu.2019.00009

53. Ge, C, Li, R, Song, H, Geng, T, Yang, J, Tan, Q, et al. Phase I clinical trial of a novel autologous modified-DC vaccine in patients with resected NSCLC. BMC Cancer. (2017) 17:884. doi: 10.1186/s12885-017-3859-3

54. Liu, SY, and Wu, YL. An immunological storm for cancer therapy: 2018 Nobel Prize in Physiology or Medicine. Sci Bull (Beijing). (2018) 63:1608–10. doi: 10.1016/j.scib.2018.11.023

55. Thomas, A, and Giaccone, G. Why has active immunotherapy not worked in lung cancer? Ann Oncol. (2015) 26:2213–20. doi: 10.1093/annonc/mdv323

56. Zhong, R, Ling, X, Cao, S, Xu, J, Zhang, B, Zhang, X, et al. Safety and efficacy of dendritic cell-based immunotherapy (DCVAC/LuCa) combined with carboplatin/pemetrexed for patients with advanced non-squamous non-small-cell lung cancer without oncogenic drivers. ESMO Open. (2022) 7:100334. doi: 10.1016/j.esmoop.2021.100334

57. Palucka, K, and Banchereau, J. Cancer immunotherapy via dendritic cells. Nat Rev Cancer. (2012) 12:265–77. doi: 10.1038/nrc3258

58. Takahashi, H, Shimodaira, S, Ogasawara, M, Ota, S, Kobayashi, M, Abe, H, et al. Lung adenocarcinoma may be a more susceptive subtype to a dendritic cell-based cancer vaccine than other subtypes of non-small cell lung cancers: a multicenter retrospective analysis. Cancer Immunol Immunother. (2016) 65:1099–111. doi: 10.1007/s00262-016-1872-z

59. Fong, L, Hou, Y, Rivas, A, Benike, C, Yuen, A, Fisher, GA, et al. Altered peptide ligand vaccination with Flt3 ligand expanded dendritic cells for tumor immunotherapy. Proc Natl Acad Sci U.S.A. (2001) 98:8809–14. doi: 10.1073/pnas.141226398

60. Thistlethwaite, FC, Gilham, DE, Guest, RD, Rothwell, DG, Pillai, M, Burt, DJ, et al. The clinical efficacy of first-generation carcinoembryonic antigen (CEACAM5)-specific CAR T cells is limited by poor persistence and transient pre-conditioning-dependent respiratory toxicity. Cancer Immunol Immunother. (2017) 66:1425–36. doi: 10.1007/s00262-017-2034-7

61. van Gulijk, M, Dammeijer, F, Aerts, J, and Vroman, H. Combination strategies to optimize efficacy of dendritic cell-based immunotherapy. Front Immunol. (2018) 9:2759. doi: 10.3389/fimmu.2018.02759

62. Hu, RH, Shi, SB, Qi, JL, Tian, J, Tang, XY, Liu, GF, et al. Pemetrexed plus dendritic cells as second-line treatment for patients with stage IIIB/IV non-small cell lung cancer who had treatment with TKI. Med Oncol. (2014) 31:63. doi: 10.1007/s12032-014-0063-z

63. Hald, SM, Bremnes, RM, Al-Shibli, K, Al-Saad, S, Andersen, S, Stenvold, H, et al. CD4/CD8 co-expression shows independent prognostic impact in resected non-small cell lung cancer patients treated with adjuvant radiotherapy. Lung Cancer. (2013) 80:209–15. doi: 10.1016/j.lungcan.2012.12.026

64. Zemanova, M, Cernovska, M, Havel, L, Bartek, T, Lukesova, S, Jakesova, J, et al. Autologous dendritic cell-based immunotherapy (DCVAC/LuCa) and carboplatin/paclitaxel in advanced non-small cell lung cancer: A randomized, open-label, phase I/II trial. Cancer Treat Res Commun. (2021) 28:100427. doi: 10.1016/j.ctarc.2021.100427

65. Zhang, L, Xu, Y, Shen, J, He, F, Zhang, D, Chen, Z, et al. Feasibility study of DCs/CIKs combined with thoracic radiotherapy for patients with locally advanced or metastatic non-small-cell lung cancer. Radiat Oncol. (2016) 11:60. doi: 10.1186/s13014-016-0635-5

66. Versteven, M, Van den Bergh, JMJ, Marcq, E, Smits, ELJ, Van Tendeloo, VFI, Hobo, W, et al. Dendritic cells and programmed death-1 blockade: A joint venture to combat cancer. Front Immunol. (2018) 9:394. doi: 10.3389/fimmu.2018.00394

67. Hannani, D, Leplus, E, Laurin, D, Caulier, B, Aspord, C, Madelon, N, et al. A new plasmacytoid dendritic cell-based vaccine in combination with anti-PD-1 expands the tumor-specific CD8+ T cells of lung cancer patients. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms24031897

68. Hammerich, L, Marron, TU, Upadhyay, R, Svensson-Arvelund, J, Dhainaut, M, Hussein, S, et al. Systemic clinical tumor regressions and potentiation of PD1 blockade with in situ vaccination. Nat Med. (2019) 25:814–24. doi: 10.1038/s41591-019-0410-x

69. Garris, CS, Arlauckas, SP, Kohler, RH, Trefny, MP, Garren, S, Piot, C, et al. Successful anti-PD-1 cancer immunotherapy requires T cell-dendritic cell crosstalk involving the cytokines IFN-gamma and IL-12. Immunity. (2018) 49:1148–61.e1147. doi: 10.1016/j.immuni.2018.09.024

70. Laheurte, C, Seffar, E, Gravelin, E, Lecuelle, J, Renaudin, A, Boullerot, L, et al. Interplay between plasmacytoid dendritic cells and tumor-specific T cells in peripheral blood influences long-term survival in non-small cell lung carcinoma. Cancer Immunol Immunother. (2023) 72:579–89. doi: 10.1007/s00262-022-03271-9

71. Lee, JM, Lee, MH, Garon, E, Goldman, JW, Salehi-Rad, R, Baratelli, FE, et al. Phase I trial of intratumoral injection of CCL21 gene-modified dendritic cells in lung cancer elicits tumor-specific immune responses and CD8(+) T-cell infiltration. Clin Cancer Res. (2017) 23:4556–68. doi: 10.1158/1078-0432.CCR-16-2821

72. Mohsenzadegan, M, Peng, RW, and Roudi, R. Dendritic cell/cytokine-induced killer cell-based immunotherapy in lung cancer: What we know and future landscape. J Cell Physiol. (2020) 235:74–86. doi: 10.1002/jcp.28977

73. Bosnjak, B, Do, KTH, Forster, R, and Hammerschmidt, SI. Imaging dendritic cell functions. Immunol Rev. (2022) 306:137–63. doi: 10.1111/imr.13050

74. Ma, Y, Zhang, Z, Tang, L, Xu, YC, Xie, ZM, Gu, XF, et al. Cytokine-induced killer cells in the treatment of patients with solid carcinomas: a systematic review and pooled analysis. Cytotherapy. (2012) 14:483–93. doi: 10.3109/14653249.2011.649185

75. Zhu, XP, Xu, YH, Zhou, J, and Pan, XF. A clinical study evaluating dendritic and cytokine-induced killer cells combined with concurrent radiochemotherapy for stage IIIB non-small cell lung cancer. Genet Mol Res. (2015) 14:10228–35. doi: 10.4238/2015.August.28.6

76. Yang, L, Ren, B, Li, H, Yu, J, Cao, S, Hao, X, et al. Enhanced antitumor effects of DC-activated CIKs to chemotherapy treatment in a single cohort of advanced non-small-cell lung cancer patients. Cancer Immunol Immunother. (2013) 62:65–73. doi: 10.1007/s00262-012-1311-8

77. Anguille, S, Smits, EL, Lion, E, van Tendeloo, VF, and Berneman, ZN. Clinical use of dendritic cells for cancer therapy. Lancet Oncol. (2014) 15:e257–267. doi: 10.1016/S1470-2045(13)70585-0

78. Pyfferoen, L, Brabants, E, Everaert, C, De Cabooter, N, Heyns, K, Deswarte, K, et al. The transcriptome of lung tumor-infiltrating dendritic cells reveals a tumor-supporting phenotype and a microRNA signature with negative impact on clinical outcome. Oncoimmunology. (2017) 6:e1253655. doi: 10.1080/2162402X.2016.1253655

79. aureano, RS, Sprooten, J, Vanmeerbeerk, I, Borras, DM, Govaerts, J, Naulaerts, S, et al. Trial watch: Dendritic cell (DC)-based immunotherapy for cancer. Oncoimmunology. (2022) 11:2096363. doi: 10.1080/2162402X.2022.2096363

80. Kumar, C, Kohli, S, Bapsy, PP, Vaid, AK, Jain, M, Attili, VS, et al. Immune modulation by dendritic-cell-based cancer vaccines. J Biosci. (2017) 42:161–73. doi: 10.1007/s12038-017-9665-x




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Oliveira, Silva, Fernandes, Batah, Herrera, Cetlin and Fabro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2024.1376704_cover.jpg
& frontiers | Frontiers in Immunology

Dendritic cell-based immunotherapy in non-
small cell lung cancer: a comprehensive
critical review





OEBPS/Images/fimmu-15-1376704-g001.jpg
In situ vaccine ) Ex vivo vaccine
Cytotoxic T cell

® .
Macrophage (@ - *'Mature DC
T @

. Immune cg-stli(mu_la;[(_) _rg_g)lecule agonists

« Immune checkpoint inhibitors

« Pattern recognition receptors EEpkrss CD34+ HSPCs
e {\/Ilcroorganlllsm Intratumoral

« Immune cells i izati Radiothera

- Cytokines immunization e py

« Nucleic acid drugs
« Small molecule proteins

*
X

Distant tumors

- ‘ elutriation/ @‘
purification

CD14+ Monocyte . i
y Differentiation
GM-CSF
eptides, proteins I
BI\?A, virus, mRNA,
lysate, tumor cells

Inflamed tumor enviroment

[
-
LW}
/

Administration:

T
intradermal
intravenous .
intranodal Antigen load Immature DCs
intralymphatic

Induce tumor-specific T cells

Antigen releases

DCs maturation

Maturation cocktail
(TNF-a, IL-1B, IL-6, PGE2)
Lymph node Antigen-pulsed-maturated DCs

Priming and activation






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dendritic cell-based immunotherapy in non-small cell lung cancer: a comprehensive critical review

      

        		

          1 Introduction

        



        		

          2 Advances in the characterization of pulmonary DCs

        



        		

          3 Dendritic cells and anti-tumoral responses

        



        		

          4 Dendritic cells and immune tolerance

        



        		

          5 Dendritic cell vaccine therapy

        



        		

          6 Dendritic cell therapy in NSCLC

        



        		

          7 Exploring combination therapies

        

          		

            7.1 Dendritic cell therapy and chemo/radiotherapy

          



          		

            7.2 Dendritic cell therapy and immune checkpoint inhibitors

          



          		

            7.3 Dendritic cell therapy and cytokine-induced killer cells

          



        



        



        		

          8 Conclusion and future perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1376704-g002.jpg
Immunogenic cell death

DAMPs, neoantige

Chemotherapy drugs: .
By e cytoklnes (type- IqFN)

Gencitabine
Temozolomide

Cyclophosphamide \/ :

Tumour
Irradiation

Cytotoxic T cell

Naive CD8+ cell





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Clinical trials testing DC vaccine-based immunotherapy in NSCLC patients

Life Expectancy/

Strategy Phase Status Elassification Performance @isscciated Reference
tumor s treatment

Anti-PD-1/PD-L1 Treatment +/-

UV1 Vaccination s Recruiting TIIB/IIC, IV n.i/ECOG 0-2 Sagramostim NCT05344209
AST-VAGD (Allogeneic Dendritc 1 Completed advanced >12 wk/ECOG 0-2 na. NCT03371485
Cell Vaccine)
Auplogors DCdentvirys COL2L 1 Terminated T n.i/ECOG 0-2 na. NCT01574222
| intratumoral vaccine or recurrent
) ) ) IIIB, 1V, )
Autologous DC adenovirus CCL21 vaccine I Terminated n.i/ECOG 0-2 na. NCT01574222
or recurrent
Active,
Autologous DC adenovirus CCL21 vaccine 1 not v n.i/ECOG 0-1 Pembrolizumab NCT03546361
recruiting
. . 1B, 1V, .
Autologous DC adenovirus CCL21 vaccine I Completed n.i/ECOG 0-2 na. NCT00601094
or recurrent
Active,
Autologous DC adenovirus CCL21 vaccine I not v n.i/ECOG 0-1 Pembrolizumab NCT03546361
recruiting
Autologous DC vaccine i Completed LIL 11 n.i/ECOG 0-1 na. NCT00103116
Autologous DC vaccine loaded with
Ib Recruiti TIIA, IVB Li./ECOG 0-1 Cyclophosphamid NCT05195619
personalized peptides (PEP-DC vaccine) FEEing) ad Ul
Autologous dendritic cells pulsed with antigen . .
peptides ID /I Unknown progression > 6 mo./ECOG 0-1 Nivolumab IV NCT04199559
Combination of Y3 T cells/DC-CIK I Completed ILILIV 3 Cryosurgery B 100405748
ombination of Y5 T cel - omplete I >3 mo. Teells/DC-CIK
DC vaccine subcutaneous administration I Recruiting postoperative > 3 mo./ECOG 0-1 n.a. NCT04147078
. Chemotherapy,
DCVAC/LuCa s Completed v n.i/ECOG 0-1 2 NCT02470468
immune enhancers
Pemetrexed,
DCVAC/LuCa added to Chemotherapy 1 Unknown v ni/ECOG 0-1 cmetrexe NCT02669719
carboplatin
Intratumorally-administered Ilixadencel in
I Terminated Li./ECOG 0-1 Pembroli b NCT03735290
Combination With Checkpoint Inhibitor erminate i ni/ embrotizuma
P n . Durvalumab,
mRNA Vaccine vt Completed metastatic n.i/ECOG 0-2 . NCT03164772
tremelimumab
PDClung0! vacei iated or not with vy
e Psnfo RS CERRISE m not Ila/Iib, lla, IV ni/ECOG 0-1 Keytruda, Alimta  NCT03970746
recruiting
Recomb.mant H\fman PEGEPSAK TI/1I1 Terminated bV n.i/ECOG 0-2 na. NCT00516685
Montanide Vaccine
Active,
Therapeutic Cancer Vaccine, PDC*lung01, . "
Associated or Not With Anti-PD-1 uts no‘t‘ 1la/11b/11Ia, IV n.i/ECOG 0-1 Keytruda, Alimta NCT03970746
recruiting
Vaccination With Autologous DC pulsed with ) . Cox-2 inhibitor
i leted d d/metastati LiL/nu. NCT00442754
Allogeneic Tumor Lysate (MelCancerVac) Completed | advenced/metastatic ni/o of celecoxib c
Vaccination With T Antij loaded d d Metronomic
accination With tumor Antigen-ioa I Completed advance ni/ni. cyclophosphamide NCT01159288
Dendritic Cell-derived Exosomes unresectable
(mCTX)
Vaccine Therapy, Tretinoin, 5 Cyclophosphamide,
) Co leted v Li./ECOG 0-1 NCT00601796
and Cyclophosphamide omplete o4l ATRA

ECOG, Eastern Cooperative Oncologic Group; n.i., not informed; n.a., not applicable; wk., week; mo., month.






