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Abstract: Immunotherapies can treat many cancers, including difficult-to-treat cases such as lung
cancer. Due to its tolerability, long-lasting therapeutic responses, and efficacy in a wide spectrum
of patients, immunotherapy can also help to treat lung cancer, which has few treatment choices.
Tumor-specific antigens (TSAs) for cancer vaccinations and T-cell therapies are difficult to discover.
Neoantigens (NeoAgs) from genetic mutations, irregular RNA splicing, protein changes, or viral
genetic sequences in tumor cells provide a solution. NeoAgs, unlike TSAs, are non-self and can
cause an immunological response. Next-generation sequencing (NGS) and bioinformatics can swiftly
detect and forecast tumor-specific NeoAgs. Highly immunogenic NeoAgs provide personalized
or generalized cancer immunotherapies. Dendritic cells (DCs), which originate and regulate T-cell
responses, are widely studied potential immunotherapeutic therapies for lung cancer and other
cancers. DC vaccines are stable, reliable, and safe in clinical trials. The purpose of this article is to
evaluate the current status, limitations, and prospective clinical applications of DC vaccines, as well
as the identification and selection of major histocompatibility complex (MHC) class I and II genes for
NeoAgs. Our goal is to explain DC biology and activate DC manipulation to help researchers create
extremely potent cancer vaccines for patients.
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1. Introduction

Cancer ranks as one of the primary causes of both incidence and mortality in the
current era. In 2020, the number of new cancer cases worldwide was 18.1 million, and
approximately 9.5 million deaths were attributed to cancer. Projections indicate that these
figures will rise to 29.5 million new cases and 16.4 million cancer-related deaths by 2040 [1].
According to GLOBOCAN 2020 estimates, lung cancer was the second greatest cause of
both cancer-related incidence (11.4%; N = 2,206,771) and death (18.0%; N = 1,796,144) in
2020 [1]. Non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) make
up around 85% and 15%, respectively, of all lung cancer cases [2]. Early cancer stages are
treated with surgery, radiation, and chemotherapy, whereas advanced cancer stages are
treated with palliative care [3]. Although these therapeutic treatment procedures have had
some accomplishments, they are not completely appropriate for malignancies that have
spread to places where surgery is not possible, or chemotherapy/radiation is not permitted.
Cancer immunotherapies (CIs) have emerged as a highly promising approach for combating
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cancer, potentially circumventing the limitations associated with conventional therapeutic
modalities [4]. CIs comprise various treatment methods, such as oncolytic viruses, CAR
T-cell therapies, antibody-based drugs, cancer vaccines, and other approaches [5]. Out
of these treatments, cancer vaccines have emerged as a promising and highly effective
approach for leveraging the immune system against cancer.

In the field of immunotherapy, the use of cancer vaccines that trigger T cells to treat
growing tumors has gained more attention [6]. Cancer vaccines present a promising
approach for stimulating a targeted and long-lasting immune response against tumor
antigens (TAs). In malignant cells, TAs are primarily proteins that are overexpressed and
are crucial for the development, growth, and spread of tumors [7,8]. There are two basic
categories of TAs: tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs).
In TAAs, some non-mutated proteins are overexpressed or expressed in an abnormal way
in cancer cells, while TSAs are formed from self-proteins that have undergone mutations
and should not exist in healthy cells [9]. Other TSAs, which are a result of the genetic
instability of cancer cells, may or may not be associated with the growth of tumors. They
are traditionally known as “neoantigens” (Table 1).

Table 1. Tumor-specific antigens (TSAs) and tumor-associated antigens (TAAs) are the two classi-
fications of tumor antigens outlined in this table. There are several distinctions between TSAs and
TAAs. TSAs are exclusively found in tumor cells and do not exhibit immune evasion. They also do
not elicit autoimmune responses and pose minimal risk for vaccine development. Conversely, TAAs
differ from TSAs in that they may show immune escape mechanisms and have a higher likelihood of
triggering autoimmunity.

Properties Tumor-Associated Antigens Tumor-Specific Antigens
P (TAAS) (TSAs)

Normal cell Yes No

Tumor cell Yes Yes
Immune escape Yes No
Autoimmunity Yes No

Risk of vaccines (previous Yes (High) No (Minimum)
experimental studies) &
P53, Ras, Ber-Abl HPV Ee6, E7, Her2 /neu,
Examples (case-specific mutated telomerase, survivin, Gp100,
neoantigen) tyrosinase

Only one therapeutic cancer vaccine, a DC cancer vaccine (Sipuleucel-T), has been
authorized for use in humans thus far. However, this vaccine has shown adverse effects in
patients, prompting extensive research aimed at reducing these negative reactions. DNA,
RNA, and peptide vaccines have been designed and developed to reduce negative adverse
events but are still in the early stages of clinical trials, specifically in either phase I or II [10].

Cancer vaccines have the potential to stimulate the immune system, which in turn
enhances the body’s defenses against cancer cells that express TAs. The effectiveness of
therapeutic cancer vaccines primarily relies on the capacity of DCs to display TAs that
contain CD4* and CD8" T-cell proteins. This is because DCs have the distinct capability to
cross-present external antigens onto MHC I molecules, leading to the binding of cytotoxic
T lymphocytes (CTLs) that specifically target the TAs [11]. Vaccine-based immunotherapy
for cancer revolves around the utilization of DCs as a primary focus [12]. The present
research considers the hurdles associated with immunotherapy and explores various
vaccines produced, with a primary focus on targeting the antigen processing pathway of
DCs to achieve maximum efficacy. Additionally, studies are also underway to examine
the roles of adjuvants and alternate approaches to prevent immune escape mediated by
tumors [13]. Cancer vaccines have the potential to stimulate the immune system, which in
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turn enhances the body’s defenses against cancer cells that express TAs. To accomplish this,
cancer vaccines are designed to administer genes that encode TAs, thereby activating or
boosting the immune system. In addition to activating the adaptive immune system, cancer
vaccines can also stimulate the innate immune system by acting as potent “danger signals”.
This, in turn, triggers multiple immune pathways in the cytosol of transfected cells; once
these signals are detected by DCs, they initiate the uptake of antigens via various endocytic
mechanisms [14]. Consequently, DCs can process foreign NeoAgs through two distinct
pathways: presentation via MHC II to CD4" T cells, or translocation into the cytosol for
entry into the MHC I processing pathway, which enables “cross-presentation” to CD8*
T cells that are specialized for tumor recognition [15]. DCs can naturally acquire TAs in
various forms, such as tumor lysates, dying or dead tumor cells, or immune complexes
containing TAs, within the in vivo setting [16] (Figure 1).
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Figure 1. Schematic view of how tumor-specific antigens (neoantigens) initiate both innate and
adaptive immune responses. Macrophages and natural killer (NK) cells participate in the innate
response, directly targeting tumor cells. DCs present neoantigens via MHC class I molecules to
activate cytotoxic T lymphocytes (CTLs), inducing tumor cell destruction. Simultaneously, DCs
present antigens via MHC class II to T helper lymphocytes, prompting a cytokine release that
amplifies CTL and B-cell activity. This intricate interplay unleashes a robust adaptive immune
response, bolstered by various effectors like cytokines, macrophages, and NK cells. DC vaccines
directly deliver neoantigen to DCs, facilitating antigen presentation to T cells and fostering a vigorous
immune reaction against tumors. This orchestrated immune response, mediated by CTLs, T helper
cells, B cells, and other effectors, underpins effective anti-tumor immunity, crucial for combating
cancer progression(created with BioRender.com).

The advancement of fundamental immunology has allowed for the development
of more potent vaccine formulations, which has facilitated the progress of therapeutic
vaccines designed for the treatment of infections into late-stage clinical trials with promising
results [17]. However, the clinical efficacy of these therapies remains limited due to the
high degree of variability in TAs and poor immune responses [18].

The primary aim of this review is to investigate and highlight the potential of DC-
based vaccines against lung cancer. Additionally, we examined new methods to improve
the presentation of antigens and address issues of low immunogenicity in DNA vaccines
for lung cancer therapy. These strategies involve the use of novel delivery platforms,
molecular adjuvants, and immunomodulatory factors as well as modulation of immune
blockade. Furthermore, we emphasize the current clinical applications of DC vaccines in
the treatment of lung cancer as well as explore the methods currently under investigation
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to overcome the limitations of cancer vaccines, in order to predict future developments in
this area.

2. Immunotherapy in Lung Cancer

Immunotherapy has become a vital form of treatment that plays a crucial role in the
care of patients with lung cancer. Notably, immunotherapy has shown encouraging results
in treating both early and advanced stages of NSCLC and SCLC [19].

In recent years, there has been a renewed interest in the use of immunotherapy-based
vaccines for the treatment of lung cancer. The aim of immunotherapy as a cancer vaccine is
to facilitate tumor regression, eliminate residual malignancy, establish durable anti-tumor
memory, and minimize non-specific or severe adverse effects [20]. Therefore, numerous
delivery systems have been introduced for this purpose, including those utilizing DNA,
RNA, viruses, and dendritic cells (DCs).

2.1. Genetic Vaccine

A genetic vaccine, also known as a gene-based vaccine, is a type of vaccine that utilizes
nucleic acids, specifically DNA and RNA, to facilitate the production of antigen proteins
within cells. DNA, RNA, viral, and DC-based vaccines are all examples of genetic vaccines.

2.1.1. DNA Vaccines

DNA-based cancer vaccines have been proposed as a potentially effective strategy for
activating the immune system to combat cancer. Previous clinical investigations utilizing
DNA vaccines have demonstrated a favorable safety profile as well as the induction
of a robust and targeted immune response. However, due to the immunosuppressive
mechanisms of tumors, these vaccines have often exhibited only modest therapeutic effects
in clinical trials [20]. To harness the full potential of DNA vaccination, an increasing
number of preclinical and clinical studies are being conducted. The modulation of the
immune system using DNA vaccination is a promising approach [21]. The potential of
these substances lies in their ability to enhance the activation of T cells and stimulate
the production of antibodies. Additionally, they offer the advantages of cost-effective
manufacturing and long-term storage, while also exhibiting therapeutic properties [22],
and their drawback is that the DNA molecules must pass through the nuclear membrane
in order to be translated, despite the fact that they typically have low immunogenicity [23].

Various techniques are employed for the introduction of DNA into the nucleus, in-
cluding popular methods such as electroporation and gene-gun vaccine delivery, which are
commonly utilized for DNA vaccine delivery [21]. The electroporation method is employed
to enhance the uptake of DNA by antigen presenting cells (APCs). This technique involves
the application of brief electrical pulses, which cause temporary pores to form in the cell
membrane. While electroporation has shown promise as a delivery approach for DNA
vaccines, it is not without limitations. The injection process can cause significant pain
and anxiety, making it unsuitable for large-scale vaccination programs [24]. A comparable
method entails utilizing a gene gun to deliver DNA that is bundled with heavy metals
(e.g., gold particles) to APCs. This technique has shown promising preclinical results,
leading to phase I and II clinical trials for cervical cancer, and head and neck squamous cell
carcinoma. Notably, this approach has resulted in a significant reduction in the amount of
DNA required, by a factor of 100 to 1000 [24-26]. However, this approach has limitations in
delivering vaccines to a large population, and thus alternative delivery systems are being
explored.

2.1.2. RNA Vaccines

The RNA-based vaccination platform provides several advantages, such as rapid
production, the ability to encode numerous epitopes, and a reduced risk of integration into
the host cell genome, thereby minimizing potential safety concerns [24]. However, these
epitopes are present on TSAs. NeoAgs are a preferred antigenic target for vaccine develop-
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ment as they are exclusively expressed in tumor cells and not in healthy cells. Advanced
formulations, such as liposomal delivery, have enabled intravenous administration, target-
ing APCs in all lymphoid compartments with the vaccine [27]. Due to the susceptibility of
RNA to RNase degradation, various delivery technologies, including nanoparticles and
liposomes, have been employed by many researchers to enhance transfection efficiency
and prevent degradation [24,28,29]. Moreover, RNA has an advantage over DNA in that it
only needs to be transported to the cytoplasm for protein translation, while DNA requires
penetration into the nucleus for transcription.

One additional advantage of using RNA in vaccine development is its relatively
simple and fast production process, which enables efficient scaling and cost-effective
manufacturing within a shorter time frame [24]. Investigations are presently underway
for personalized RNA vaccines that target NeoAgs in different types of tumors, such
as NSCLC and melanoma (NCT03289962, NCT03815058, NCT04267237, NCT03313778,
NCT03897881) [27].

Advancements in clinical trial design, frequency, and management have enabled the
testing of vaccination strategies for cancer and infectious diseases. In response to the
COVID-19 pandemic, national health officials have granted official approval to two RNA
vaccines, namely Tozinameran from Pfizer-BioNTech and mRNA-1273 from Moderna [30].
An investigation was conducted to evaluate the efficacy of a NeoAg-encoding RNA vaccine
in patients with melanoma through a clinical trial. Using a comparative exome analysis,
NeoAgs were detected in the tumors of stage III and IV melanoma patients [24]. Further-
more, after translation into protein, RNA is processed by APCs into long peptides. These
long peptides are then presented on the cell surface via MHC I or II molecules, which
trigger and activate T cells. This mechanism of action is analogous to that of long peptide
vaccines, as RNA vaccines also function in this manner. To minimize the likelihood of single
antigen loss variants, RNA vaccines contain numerous NeoAg epitopes [24,31]. Despite
having some limitations, a DC-based immunization strategy has been developed.

2.2. Virus-Based Vaccines/Recombinant Viral Vectors

In the context of a cancer vaccine initiative, several viruses have been utilized as
vaccine vectors. Virus-based immunogens exploit the remarkable efficacy and adaptability
of the host’s immune system in countering viral threats by synergistically engaging both
innate and adaptive immune responses. This entails activating APCs through pattern-
recognition receptors (PRRs) associated with viral pathogens [32]. Among the commonly
employed viral vaccine vectors, poxviruses, adenoviruses, and alphaviruses stand out,
with a preference for replication-deficient or attenuated variants to ensure safety. Viral
vectors possess a disadvantage in that their efficacy can be impeded by the host’s antiviral
immune response, which reduces or eliminates their efficacy, thereby limiting the efficacy
of subsequent vaccinations. To address this challenge, various approaches are under
investigation, including the heterologous prime-boost strategy. This strategy involves
delivering a cancer antigen through one viral vector initially, then administrating a boost
using a second viral vector, and then administrating a boost using a second viral vector or
vector type (e.g., DNA plasmid) conveying the same TA [33]. To overcome these limitations,
an alternative approach under investigation is RNA vaccination.

2.3. DC-Based Vaccines/Cell-Based Vaccines

DCs are a specialized type of APCs that possess the ability to efficiently capture
both exogenous and endogenous antigens, and subsequently present them to CD8* and
CD4* T cells via the MHC I and MHC II antigen presentation pathways, including the
critical process of cross-presentation [34]. This cross-presentation is fundamental for gen-
erating and sustaining an effective and persistent immune response. DCs’ capacity to
traverse the blood-brain barrier made them a potential therapeutic tool in the active area
of cancer immunotherapy [35]. DCs exhibit their antigenic environment through various
mechanisms such as phagocytosis, micropinocytosis, receptor-mediated endocytosis, and
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lectin-mediated endocytosis. Among these, immature DCs are more proficient in antigen
processing. DCs undergo maturation upon encountering inflammatory mediators, such
as bacterial lipopolysaccharide (LPS) or tumor necrosis factor alpha (TNF-«) [36]. Ad-
ditionally, CD40 ligand interactions with CD40 induces DC maturation in helper T cells.
While mature DCs have reduced antigen uptake and processing machinery, they possess
increased expression of MHC molecules, costimulatory molecules (CD80 and CD86), and
the chemokine receptor CCR?. In addition, mature DCs migrate to lymph nodes to stimu-
late T cells that are capable of recognizing the antigen, thus triggering an immune response
against the presented antigen [37].

In recent years, there has been a growing popularity in the use of DCs that have been
developed with TNF-«, the CD40 ligand, a monocyte-conditioned medium, or cytokine
combinations [38,39]. Clinical trials are underway to test DC vaccinations against cancer.
While several experiments involving DC cancer vaccines have been reported [40].

Recently, the use of DCs that have been developed with TNF-«, the CD40 ligand, a
monocyte-conditioned medium, or cytokine combinations has become increasingly popu-
lar for anticancer DC vaccinations, which are currently undergoing clinical trials. Several
studies have reported on DC cancer vaccine experiments, including those conducted by
Steinman et al. (2001) [38] and Nestle et al. (2000) [39]. Although several DC cancer vaccine
experiments have been discussed in the literature, the first DC vaccination research was
reported by Hsu et al. (1996) [40]. However, this strategy still needs to overcome several
technical challenges before it can be directly compared to other vaccine delivery systems.
The use of therapeutic cancer vaccination with DCs shows potential in overcoming mecha-
nisms used by cancers to evade the immune system [37]. Currently, various combinations of
chemotherapies, checkpoint inhibitors, TLR agonists, tyrosine kinase inhibitors, and many
more combined with DC-based vaccine delivery are being researched (e.g., NCT02688686,
NCT03987867, NCT03360630, NCT01294306, NCT02766348). Although all of these strate-
gies require some form of stimulus for the administration of the vaccine, several delivery
system techniques have been developed, such as adjuvants, nanoparticles, and peptides.

3. Current Progress in Cancer Vaccine Delivery Systems

The delivery mechanism for cancer vaccines has undergone substantial progress,
as it assists in enhancing vaccine immunogenicity and preventing degradation [41]. To
achieve long-lasting effects, various adjuvant vaccines, nanoparticle vaccines, peptide-
based vaccines, antigen delivery methods, adjuvants targeting toll-like receptors, and
cytokines are required.

3.1. Antigen Delivery Systems

Studies conducted prior to clinical trials have shown that using incomplete Freund’s
adjuvant (IFA) as a vaccine adjuvant can negatively impact the effector function, tumor
localization, and survivability of vaccination-induced tumor specific T lymphocytes due
to prolonged antigen presentation [42]. In acute pathogen infections, the primary wave of
antigen typically dissipates within a week after priming T cell effectors, although smaller
amounts of antigen can be stored in APCs for a longer period. It would be intriguing to
explore whether this concept is widespread and whether it can enhance the efficacy and
potency of peptide-based cancer vaccines [43].

3.2. Nanoparticles as Vaccine Delivery Systems

The delivery of drugs and antigens via nanoparticles is an intriguing approach. First,
these particles can extend the in vivo half-life of encapsulated antigens and immunomodu-
lators by shielding them from serum/tissue peptidases/proteases and other potentially
damaging agents. Second, nanoparticles can be genetically modified to selectively target
particular cell types or organs, including lymph nodes [44]. Incorporating drugs and anti-
gens into nanoparticles has the potential to reduce off-target negative effects and lower the
required dosage. Specifically, polylactic-co-glycolic acid (PLGA) particles encapsulating
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antigen (Ag) have shown to elicit a comparable T-cell response with a 1000-fold lower dose
than free Ag [43,45].

Since the advent of nanotechnology, peptides coupled with nanoparticles have ex-
hibited significant potential for treating diseases, especially cancer. The use of a synthetic
substance (LFC131-DOX NPs) consisting of doxorubicin, PLGA nanoparticles, and a pep-
tide (LFC131, a CXCR4 inhibitor) demonstrated a strong binding affinity towards human
lung cancer cell line “A549” [46]. These findings suggest that LFC131-DOX NPs could be
used as a drug delivery system for treating cancer. In a recent study, it was reported that
nanoparticles loaded with docetaxel and attached to the TH10 peptide (TH10-DTX-NP)
may be a promising therapeutic for cancer treatment in the rat lung metastasis model,
specifically targeting vascular pericytes [47]. Similarly, chitosan microparticles containing
bradykinin potentiating peptide (BPP) were investigated and found to increase vascular per-
meability in tumors, leading to enhanced drug accumulation and prolonged effects [48,49].
Furthermore, lipid nanoparticles (LNPs) have been shown to influence DC maturation
based on the context, with nonadjuvanted LNPs promoting tolerogenic maturation and
adjuvanted LNPs inducing immunogenic maturation, highlighting the adjuvant properties
of the delivery system in shaping DC responses [50].

3.3. Immune Blockade

Immune checkpoint blockades use medications to block proteins that regulate the
immune system. By inhibiting these proteins, the immune system can better identify
and fight cancer cells. In cancer immunotherapy, the most common immune blockades
are PD-1 inhibitors: Pembrolizumab (Keytruda), nivolumab (Opdivo) [51]; PD-L1 in-
hibitors: Atezolizumab (Tecentriq), durvalumab (Imfinzi) [52]; CTLA-4 inhibitors: Ipili-
mumab (Yervoy) [53]; TIM-3 inhibitors: LY3321367 [54]; LAG-3 inhibitors; TIGIT inhibitors:
Tiragolumab, vibostolimab, etigilimab [55]; and VISTA inhibitors: JNJ-61610588 [56]. These
medications boost immune responses against tumors by inhibiting the interaction be-
tween immune cells” inhibitory checkpoint molecules and their ligands on tumor cells or
other cells in the tumor microenvironment (TME). Immune blockades, ligands, and their
mechanisms of action are listed in Table 2.

These blockades and other factors enhance the efficacy of DC therapy. On the other
hand, excessive activation of immune checkpoints can lead to the suppression of DC
function and the inhibition of anti-tumor immune responses. Different factors like immune
blockades and other factors affect the DC therapy. Other factors that can contribute to
the failure and suppression of DC therapy include the tumor microenvironment (TME),
immune tolerance, DC maturation, route of administration, and patient selection (Figure 2).

Table 2. The table shows the most recent types of immune blockades used in cancer immunotherapy,
with a focus on how their ligands work and how they can be used to treat lung cancer. It gives an
outline of the different kinds of immune checkpoint inhibitors that have been made to boost the
body’s natural immune response against cancer cells.

Immune Blockade

Ligand Mechanism of Action Lung Cancer Indication Research Paper Citation

PD-1

PD-1 inhibition blocks the interaction
between PD-1 on T cells and PD-L1 on

PD-L1 cancer cells, thereby restoring T-cell Non-small cell lung cancer Reck et al., 2016 [57]

function and promoting anti-tumor
immune responses.

CTLA-4

CTLA-4 inhibition enhances T-cell
activation and proliferation by blocking
the interaction between CTLA-4 on T
cells and B7 on antigen-presenting cells,
leading to increased anti-tumor
immune responses.

B7 Non-small cell lung cancer Hellmann et al., 2018 [58]
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Table 2. Cont.

Immune Blockade

Ligand Mechanism of Action

Lung Cancer Indication Research Paper Citation

TIM-3

Galectin-9, CEACAM] and its ligands on cancer cells, leading

TIM-3 inhibition prevents the
interaction between TIM-3 on T cells
to improved T-cell function and Non-small cell lung cancer Harding et al., 2021 [54]
enhanced anti-tumor immune
responses.

LAG-3

MHC
class IT

LAG-3 inhibition blocks the interaction
between LAG-3 on T cells and MHC
class I on antigen-presenting cells, Non-small cell lung cancer
leading to enhanced T-cell activation
and anti-tumor immune responses.

Eng et al., 2019 [59]

TIGIT

CD155, and its ligands on cancer cells, leading
CD112 to improved T-cell function and

TIGIT inhibition prevents the

interaction between TIGIT on T cells
Non-small cell lung cancer Hung et al., 2018 [60]

enhanced anti-tumor immune
responses.

VISTA

VISTA inhibition blocks the interaction

PSGL-1, between VISTA on cancer cells and its
C-type lectin domain ligands on T cells, leading to enhanced Non-small cell lung cancer
family 1 member B

Qin et al., 2019 [61]
T-cell activation and anti-tumor
immune responses.

Immune blockade and others factors affecting DC
immunotherapy

Tumor microenvironment,
immunological tolerance, DC
maturation, method of
administration, and patient
selection

Figure 2. Blockades of immune checkpoints such as PD1, CTLA-4, TIM-3, LAG-3, and TIGIT have
been shown to improve the effectiveness of DC therapy. However, excessive activation of these
checkpoints can actually hinder the function of DCs and dampen the anti-tumor immune responses.
Various factors, including immune blockades and other elements, have an impact on the efficacy of
DC therapy. Additionally, the failure and suppression of DC therapy can be influenced by factors like
the tumor microenvironment (TME), immune tolerance, DC maturation, route of administration, and
patient selection.

4. Ongoing Challenges in the Development of Lung Cancer Immunotherapy and
Therapeutic Cancer Vaccines

Multiple NeoAg-specific immunotherapeutic clinical trials are currently underway
worldwide to evaluate the effectiveness of various existing and novel immunotherapeu-
tic agents for managing lung cancer. Table 3 highlights several recent trials that have
been conducted on NSCLC and SCLC patients. However, creating a NeoAg-specific im-
munotherapeutic cancer vaccine poses specific challenges [62]. The limitation in NeoAg
prediction accuracy poses a significant challenge for the extensive implementation of
tailored immunotherapies.
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Table 3. Ongoing clinical trials testing DC immunotherapy in patients affected by lung cancer (NSCLC and SCLC) (https://clinicaltrials.gov /).
. - . . OS and PFS
NCT Number Study Title Conditions Interventions Study Phases Start Date Completion Date (Months) References
NCT02956551 Personalized DC Vaceine o ma, NSCLC BIOLOGICAL: DC PHASE1 November 2016 January 2020 0S=7.9; PFS=55 [63]
for Lung Cancer vaccine
: ; ™
First Line IRESSA DRUG: Gefitinib | DRUG:
NCT00322452 versus NSCLC Carboplatin | DRUG: PHASE3 March 2006 June 2010 NA [64]
Carboplatin/Paclitaxel in :
: Paclitaxel
Asia
CCL21-Gene Modified oG Stage BIOLOGICAL:
- ung Cancer AJCC
DC Vaccine and Autologous
DC-based . ; v8lStage IVA Lung .
immunotherapy i NCT03546361 Pembrolizumab in DC-Adenovirus CCL21 PHASE1 July 2019 June 2025 NA [65]
py In . . N Cancer AJCC .
Treating Patients With vaccine | BIOLOGICAL:
NSCLC Stage IV NSCLC v8|Stage IVB Lung Pembrolizumab
& Cancer AJCC v8
BIOLOGICAL:
Personalized DC Vaccines Autologous DC vaccine
NCT05195619 . NSCLC loaded with personalized PHASE1 December 2021 September 2024 OS=2;PFS=2 [66]
in NSCLC ;
peptides | DRUG: Low
dose cyclophosphamide
First Line IRESSA™ OS = 18.1 (gefitinib)
Versus DRUG: Gefitinib, vs. 18.3 months (car-
NCT00322452 Carboplatin/Paclitaxel in NSCLC Carboplatin, Paclitaxel PHASE3 March 2006 June 2010 boplatin/paclitaxel); (671
Asia PFS=6.8
Gastric Cancer |
Personalized DC Vaccine Hepatocellular BIOLOGICAL: DC
NCT04147078 for Postoperative Cancer Carcinoma vaccine subcutaneous PHASE1 June 2019 June 2026 NA [68]
i3 INSCLC | Colon administration
Rectal Cancer
Study of ?;ﬁﬁg;‘;pcym BIOLOGICAL: CIK cell |
R . BIOLOGICAL: Sintilimab
NCT03987867 Combination With PD-1 NSCLC Cancer | injection| DRUG: PHASE1 June 2019 June 2021 PFS=193 [69]
Inhibitor and First-line Treatment .
Chemotherapy in the Pemetrexed, Liposome
DC/CIK Cell Advanced NSCLC Paclitaxel, Carboplatin
Therapy
Anti-PD-1 Alone or BIOLOGICAL: Anti-PD-1
NCT03360630 Combined With Lﬁeg Cﬁ“ﬁfr ! lus PHASE1 | PHASE2 November 2016 June 2023 0S =24 [70]
Autologous Cell Therapy NecLe DC-CIK | BIOLOGICAL: ve N =
in Advanced NSCLC Anti-PD-1 alone
CIK Cell Transfusion Plus . X
Gefitinib As Second Or c &Rﬁgi'n %ﬁ;‘;}; ‘ﬁi'uer
NCT01871480 Third-Line Treatment for NSCLC }Il fitinib | K PHASE2 May 2013 May 2016 OS=3;PFS=2 [71]
‘Advanced cell + Gefitinib | DRUG:

Adenocarcinoma NSCLC

Group B: Gefitinib
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Table 3. Cont.
. " . . OS and PFS
NCT Number Study Title Conditions Interventions Study Phases Start Date Completion Date (Months) References
Adenosquamous
MK?2206 and Erlotinib Lung Carcinoma DRUG: Akt inhibitor
Hydrochloride in Treating | Bronchioloalveolar MK2206 | DRUG:
AKT Therapy in Patients With Advanced Carcinoma | Large Erlotinib hydrochloride
Py NCT01294306 NSCLC Who Have Cell Lung | OTHER: Laboratory PHASE2 February 2011 August 2015 PFS=4.4;4.6 [72]
NSCLC - - . .
Progressed After Previous Carcinomal Lung biomarker analysis
Response to Erlotinib Adenocarcinoma | |OTHER:
Hydrochloride Therapy Recurrent NSCLC | Pharmacological study
SCLC
BIOLOGICAL:
Safety and Efficacy of Genetically modified DCs
DC-CIK in Patients With NSCLC With Bone + CIK
NCT02688686 Advanced NSCLC Cancer Metastases BIOLOGICAL: PHASE1 | PHASE2 February 2016 NA NA [73]
With Bone Metastases Neoantigen-loaded DC
vaccine
Neoantigen-primed DC BIOLOGICAL:
NCT03871205 Vaccines Therapy for NSCLC| SCLC Neoantigen-loaded DC PHASE1 April 2019 December 2020 NA [74]
Refractory Lung Cancer vaccine
Combination N
Immunotherapy- SCLCI Lung ]gll'{{[Ing . }\I iﬁi‘;ﬂibb ||
NCT03406715 Ipilimumab-Nivolumab- Cancer | Relapsed - LT PHASE2 March 2018 December 2023 OS=3,PFS=3 [75]
. BIOLOGICAL: DC-based
DC p53 Vac—Patients SCLC 53 .
DC-based therapy in With SCLC p53 vaccine
SCLC - -
NCT02956551 Personalized DC Vaceine ¢, inoma, NSCLC BIOLOGICAL: DC PHASE1 November 2016 June 2020 08 =7.9; [76]
for Lung Cancer vaccine PFS=55
NSCLC Carcinoma |
CCL21-Gene Modified Stage IV Lung BIOLOGICAL:
DC Vaccine and Cancer AJCC Autologous
NCT03546361 Pembrolizumab in v8|Stage IVA Lung DC-Adenovirus CCL21 PHASE1 July 2019 June 2025 NA [65]
Treating Patients With Cancer AJCC Vaccine | BIOLOGICAL:
Stage IV NSCLC v8|Stage IVB Lung Pembrolizumab
Cancer AJCC v8
BIOLOGICAL:
Autologous DC vaccine
NCT05195619 Personalized DC Vaccines NSCLC loaded with personalized PHASE1 December 2021 September 2024 0S=2; PFS =2 [66]

in NSCLC

peptides (PEP-DC
vaccine) | DRUG: Low
dose cyclophosphamide

Abbreviations: DC, dendritic cell; NA, not available; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; CIK, Cytokine-induced killer cells; CTL, Cytotoxic T lymphocytes;
PEP, personalized peptides; AJCC, American Joint Committee on Cancer; v8, Version 8; CCL21, C-C Motif Chemokine Ligand 21; NCT, National Clinical Trial.
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This is due to the inadequate identification of tumor-specific cancer NeoAgs caused
by the variations in mutational loads and divergent NeoAg presentation patterns observed
across different tumor types [77]. The ability of cancers to avoid immune system identifica-
tion is one of the obstacles to employing NeoAg-based immunotherapies [78]. The absence
of NeoAg modifications to the way antigen peptides are delivered and the development
of immunosuppressive milieus within the tumor are just a few of the mechanisms by
which this evasion might take place [79]. In addition, tumors have the ability to modulate
protein turnover, which can affect NeoAg presentation. Mutated proteins are prone to
misfolding and quick degradation by the proteasome, which can result in an increase in the
presentation of antigens [80]. Elimination of the entire sub clonal cell population through
CD8+ T cell-mediated eradication can lead to the elimination of NeoAgs. Patients’ T cells
recognize several deletion mutations, and tumors with substantial immune cell infiltration
are less likely to generate genes encoding NeoAgs, suggesting that the immune system
may preferentially eliminate NeoAg-expressing tumor subclones [81,82].

Tumors can experience mutations that impact not only the production of NeoAgs but
also the diversity of the HLA molecules and the stability of the MHC complexes. These
alterations can lead to impaired processing and presentation of NeoAgs, resulting in a
reduction in T-cell recognition and impaired tumor elimination [83,84]. The immunosup-
pressive TME represents an additional challenge, which includes the inhibition of immune
checkpoints, the immunosuppressive effects of various TME cells, and the release of ions or
proteins from necrotic tumor cells. All of these factors can impede NeoAg recognition and
T-cell activation [85]. Ultimately, a reliable immune surveillance system will be necessary
to evaluate NeoAg-based immunotherapy [78].

5. Common Cancer Antigens in Lung Cancer
5.1. Personalized Vaccines Targeting Neoantigens

Extensive whole exome sequencing studies have shown that NSCLC has the highest
mutational load among all types of cancers, with hundreds of non-synonymous somatic
mutations present in each patient [86,87]. Even though NeoAgs are considered to be the
ideal tumor-specific target antigens, their identification for personalized therapy presents
significant challenges. These challenges include (i) the lack of evidence regarding the im-
munogenicity of the target peptide and/or TA presentation, (ii) a restricted comprehension
of the exact binding characteristics of most human leukocyte antigen (HLA) class I and
class II molecules with NeoAg peptides, and (iii) the prevalence of non-essential passenger
or “branch” mutations in comparison to driver mutations, such as KRAS or TP53, which
exhibit more “truncal” features that make them more attractive as NeoAg targets [88,89].

HLA class I peptide-binding prediction methods can generate a substantially higher
number of potential neoantigen peptides than can be included in a multiepitope peptide
vaccination protocol based on mutational profiling [90]. Neoantigens are a promising
option for immunotherapy as they are not produced in healthy tissues and are not subject
to thymic central tolerance mechanisms, which prevent the development of autoimmunity.
These antigens have long been recognized as important targets for tumor therapy [91],
and their significance has increased due to the availability and cost-effectiveness of next-
generation sequencing [92-94]. Passenger mutations, which are usually not relevant for
tumor growth, account for the vast majority of neoantigens. Nonetheless, they can also be
highly immunogenic. Therefore, an individualized approach that selects target neoanti-
gens based on the mutational profile of a patient’s tumor can utilize a broader range of
neoantigens and tailor treatment to those with the highest potential for immunogenicity in
that patient.

5.1.1. Target Selection and Validation

In the clinical oncology field, identifying vaccine targets from small tumor samples is
a critical task. With the advancement of next-generation sequencing technologies, it has
become possible to target particular tumor mutations in cancer patients quickly and in cost-
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effective ways [95]. Although whole exome sequencing (WES) data from a cancer sample
and sequencing data from identical normal cells can help identify targetable mutations
in a patient, there are limitations. This is especially true when using tumor samples
obtained from metastatic sites, chosen for therapeutic convenience. The presence of intra-
and intertumoral heterogeneity is the primary reason for these limitations [96,97]. The
presence of intra-tumor clonal heterogeneity and tumor growth are significant factors in
the evolution of tumors. This evolution can result in subclones that are resistant to selection
pressures, such as the immune response of the host [98].

Studies suggest that immunotherapy can modify the range of neoepitopes produced
by cancer cells, leading to a decrease in the expression of highly expressed NeoAgs. Studies
suggest that immunotherapy can modify the range of neoepitopes produced by cancer
cells, leading to a decrease in the expression of highly expressed neoantigens. As a result,
the immune system’s ability to identify and attack tumors is reduced, leading to immune
evasion [99-101]. However, customized vaccination focusing on multiple neoepitopes
rather than a single antigen can help to alleviate these issues. Due to the clonal evolution of
tumors, there exists regional or geographic heterogeneity as well as clonal heterogeneity
within tumors [102].

5.1.2. Identifying Immunogenic Neoantigens

There were several broad similarities based on computational algorithm methods
used for neoantigen identification and prioritization employed in investigations of im-
munotherapy [95,103,104]. To detect tumor-specific mutations, i.e., neoantigens, tumor
biopsy samples and normal tissue samples were collected from the subject of interest. These
samples were then subjected to whole exome sequencing to evaluate the DNA of both the
tumor and the germline [95].

Depending on the type of tumor, a variety of tumor-specific mutations can be identified,
but not all of these mutations produce neoepitopes that are recognizable by the immune
system due to HLA restriction [105]. Computational approaches have been useful in
identifying MHC molecules, such as MHC I-binding epitopes, that are more likely to
elicit CD8+ T-cell responses [106]. Multiple algorithms have been developed to predict
MHC I-presented epitopes, and mass spectrometry (MS) studies have been employed
to improve prediction algorithms based on peptides eluted from MHC [107,108]. More
research is needed to fully understand the mechanisms that govern neoantigen expression,
presentation, and immunogenicity. The position of a mutant residue inside the peptide-
binding groove, according to data, can aid in the development of neoantigens [109].

The effectiveness of therapeutic cancer vaccines is now being improved by enhancing
tumor specific CD4* T-cell responses. As previously mentioned, prediction algorithms are
constantly improving, but other factors may impact the immunogenicity of the projected
epitopes. Examples of these patterns include gene expression, RNA splicing, proteosomal
processing, and most significantly, peptide loading and presentation by MHC [95]. Fur-
thermore, due to T cells’ capacity to distinguish them from self-epitopes, NeoAg sequences
that are identical to pathogen-derived epitopes may exhibit higher immunogenicity.

The incorporation of computational approaches in neoantigen-based therapies is
expected to enhance their effectiveness, and the consideration of various parameters will
result in more potent therapeutic T-cell vaccines [110]. There are different computational
methods that can be used to induce neoantigen-specific immune responses. One of these
methods involves taking autologous APCs, typically DCs, from a patient and exposing them
to tumor lysates in vitro before re-injecting them into the patient. This approach does not
require sequencing or computational analysis to identify patient-specific neoantigens [110].
However, tumor antigens are less likely to be immunogenic due to the presence of a
larger quantity of nonimmunogenic self-antigens. This may limit the potential of relevant
neoepitopes to elicit immunological responses. DC-based immune systems can be used to
identify these neoepitopes (neoantigens), leading to increased immunization and activation
of T cells.
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6. DC-Based Immunotherapy in Lung Cancer

Lung cancer remains the most prevalent type of cancer-associated mortality world-
wide. In an effort to explore potential immunotherapeutic strategies for various cancers,
DCs have been studied due to their distinct ability to elicit and regulate T-cell responses.
However, the course of treatment is determined by the tumor’s stage at the time of di-
agnosis and may include early-stage surgery, radiation, and chemotherapy, as well as
palliative care for metastatic cancer. Despite improvements in cancer treatment, the outlook
for patients remains poor, with a projected 5-year survival rate of only 18% [111]. Cancer
vaccines present a specialized collection of antigenic targets to the immune system of the
patient, resulting in a highly focused immune response against the tumor. The efficacy
of such immunizations in activating a patient’s T cells is dependent on the level of local
DC activation. However, advanced cancer patients often experience compromised DC
activation, which can negatively impact the effectiveness of cancer vaccines [112-116].

Ex vivo-produced APCs, such as DC-based vaccines, represent one of the most ad-
vanced forms of cancer immunotherapy that obviates the need for endogenous APCs from
patients [117]. DCs were first identified by Ralph Steinman as highly effective APCs in
1973 [118]. DCs have a critical function in the activation, control, and development of
immune responses that target tumors [16,118,119]. DCs can be found in all organs, and
they continually scan their environment for danger signals and antigens, including those
that are released during cancer formation. DCs are unique in their capacity to create new
immune responses by breaking down acquired antigens into peptides and displaying them
to inactivated T cells in lymphoid tissues through MHC molecules [119] (Figure 3).
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Figure 3. Schematic illustration of NeoAg lung cancer immunotherapy. The NeoAgs are isolated from
lung cancer patient blood cells and tumor tissue. In silico methods identify major population NeoAgs.
Immunotherapies like cancer vaccines use NeoAgs. Peptides, DNA, RNA, and DCs make up these
cancer vaccines. In silico-generated NeoAgs are given to lung cancer patients, but personalized
NeoAgs are given to the same patient. Cytokines, monoclonal antibodies against CD3 and CD28,
and other reagents induce T-cell proliferation from a patient’s peripheral blood or tumor tissues.
Co-culturing T cells with primed APCs and genetically engineering immune cells with TCRs or CARs
produces NeoAgs-specific T lymphocytes. After T-cell expansion, lymphodepleted patients receive
T-cell products to stimulate an immune response against tumors.



Vaccines 2024, 12, 498

14 of 26

The established role of DC-based immunotherapy in lung cancer treatment remains
uncertain. For a DC vaccine approach, two key factors significantly affect its effectiveness:
the careful choice of the appropriate DC subset and the selection of the right maturation
state for the DCs. DC subsets, including conventional type I DCs (cDC1s), conventional
type II DCs (cDC2s), plasmacytoid DCs (pDCs), and monocyte-derived dendritic cells
(Mo-DCs) [120], have unique functions and impact immune responses differently. The
decision on which DC subset to use depends on the specific objectives of the vaccine.

While in the field, cDC1s have been shown to be excellent at cross-presenting Ags
to CD8+ T cells, recent publications also highlight that cDC2s could induce T-cell re-
sponses [121]. As such, other DC types have recently been assessed in clinical trials [122],
though not yet in lung cancer. A series of non-randomized clinical studies utilizing DC
immunotherapy have been conducted since the early 2000s. Despite the small sample
sizes and divergent methodologies utilized in each study, the landscape of lung cancer
treatment has undergone significant transformation during this period. Additionally, the
maturation state of DCs significantly affects their ability to activate T cells and initiate
immune responses [123]. DCs can be either immature or mature, and their maturation
state influences how effectively they present antigens [123,124]. Mature DCs are skilled at
presenting antigens to T cells and triggering a robust immune response [120]. However,
the timing and degree of maturation are critical considerations. Premature or excessive
maturation may lead to immune tolerance rather than activation [125]. Hence, careful
thought about the timing and conditions that promote the appropriate maturation state
is vital for maximizing the vaccine’s efficacy. Furthermore, optimizing the success of DC-
based vaccines requires thoughtful consideration of both the specific DC subset chosen
and the maturation state of the DCs. These factors ensure that the vaccine induces the
desired immune response, establishing it as a powerful tool in therapeutic interventions
and immunization strategies.

Presently, DC-based immunotherapy stands out as one of the most efficacious modali-
ties available. Accordingly, this review aims to classify DC-based immunotherapy for lung
cancer into four distinct subtypes [121,122,126].

6.1. Dendritic Cell-Based Therapy in NSCLC

The initial investigations in this area focused on individuals with metastatic or recur-
rent cancer who exhibited abnormal or elevated levels of carcinoembryonic antigen (CEA)
in their serum [127]. CEA is a glycoprotein that plays a role in intercellular adhesion and is
located in the membrane, with increased levels observed in various malignancies, such as
NSCLC.

Twelve patients diagnosed with either CRC or NSCLC were enrolled in a study where
they received the FIt3 ligand, a hematopoietic growth factor known to increase DCs in vivo.
Following this treatment, the patients underwent peripheral blood leukapheresis [128].
Subsequently, DCs were isolated and enriched with a supplementary protein referred to
as KLH, which is not only capable of monitoring the immunological responses elicited by
therapy but can also be utilized for the same purpose. Moreover, the DCs were also loaded
with a nonapeptide synthesized from the CEA-specific HLA-A0201 peptide [128].

A total of 109 antigen-exposed DCs were intravenously (IV) administered to the pa-
tients, resulting in moderate diarrhea (5/12), self-limiting rigors, and fever (7/12) as the
most common adverse effects. Of the twelve patients, seven exhibited a CEA-specific im-
mune response following vaccination. One patient experienced a mixed response, while two
demonstrated stable disease (SD), and two experienced significant tumor shrinkage. Fur-
thermore, clinical responses were found to be associated with the expansion of CD8+ T cells.
Itoh and Ueda et al. adopted a similar CEA-targeted DC immunization technique [128,129].

Another study conducted comprised 10 HLA-A24 patients with advanced lung or
digestive tract cancer expressing CEA652. DCs were produced from peripheral blood
mononuclear cells (PBMCs) by mobilizing plastic-adherent monocytes with granulocyte
colony-stimulating factor (G-CSF) in the presence of granulocyte/macrophage colony-
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stimulating factor (GM-CSF) and interleukin 4 (IL-4). The immature DCs contained the
CEA652 nonapeptide. During the immunization period, patients received numerous in-
jections administered via the intradermal and subcutaneous routes. In addition, seven
patients received adjuvant interferon alpha (IFN-«) and TNF-o twice weekly. The vaccine
was well tolerated, and no severe side effects were reported. The delayed-type hypersensi-
tivity skin test showed that two patients exhibited a positive response to peptide-pulsed
DCs following vaccination, while none of the patients displayed such a response before
vaccination [128]. Most of patients who experienced clinically beneficial treatment showed
cutaneous responses to CEA652-pulsed DCs and in vitro CTL responses to CEA652 pep-
tide. The study emphasizes how important it is for T cells, specifically those targeting the
CEAG652 peptide, to stick around for a while to keep fighting off tumors effectively. But, to
really understand how long they hang in there and how that affects patients in the long
run, more research is necessary. As for overall survival (OS) and progression-free survival
(PFS), while the study did not dive into those specifics, it is promising to see that patients
with a positive immune response showed stable disease. This suggests that revving up
the immune system could potentially improve clinical outcomes, but we will need bigger
studies with longer follow-ups to confirm [128].

In several studies, CEA has been identified as the antigen of choice for DC-based
active immunotherapy. The administration of CEA resulted in the elicitation of both CEA-
and tumor-specific cytotoxic T-lymphocyte responses, with the latter exhibiting superior
potency. Further investigations into MUC1-targeted immunization strategies in NSCLC
demonstrated similar clinical effectiveness [113,130].

A study involved 16 patients with stages IA-IIIB NSCLC who received autologous DC
vaccinations that were matured using DC/T cell-derived maturation factor (DCTCMF) [131].
Seven patients had undergone surgical resection (stage I/1I) either with or without adjuvant
therapy, and the remaining seven patients with unresectable stage III disease were managed
solely with chemoradiation. The researchers used pulsed autologous DCs combined with
apoptotic bodies obtained from an allogeneic NSCLC cell line. This allogeneic NSCLC cell
line upregulated several proteins such as Her2/neu, CEA, WT1, Mage2, and survivin, and
did not involve any maturational stimulation. The resultant immunological responses were
noted in four out of seven individuals with unresectable stage III disease, six out of seven
patients who had undergone surgical resection for stage I/1I cancer, and all three surgically
resected patients who had undergone adjuvant chemotherapy and radiotherapy. Notably,
no adverse events were recorded.

Among the surgically resected patients, only one out of seven experienced a relapse,
whereas four out of seven individuals with stage III cancer experienced disease progression.
Interestingly, three out of five patients with advancing illness displayed no discernible
immune response. These findings imply that DCs in an immature state that were pulsed
with apoptotic tumor cells have a biological activity that is comparable to that of DCs
matured with DCTCMF and administered using a similar clinical regimen [131]. The
study did not explicitly report the duration of T-cell persistence post-vaccination. Vaccine-
induced immune responses, including T-cell responses, commonly wane over time without
continuous stimulation. While the study emphasized immunological responses, it lacked
detailed data on OS and PFS for both surgically resected (stage I/II) and unresectable stage
III patients, making it difficult to assess the vaccine’s impact on these clinical outcomes.

The study (NCT02956551) involving 12 patients who received personalized neoantigen-
pulsed DC vaccines for advanced lung cancer showed promising results. The treatment
included 85 vaccine doses, averaging five doses per person, with each patient receiving
between 12 and 30 neoantigens. Adverse events were mostly mild to moderate (grade 1-2),
and there were no treatment delays due to toxicity. The treatment achieved an objective
effectiveness rate of 25% and a disease control rate of 75%. The median PFS was 5.5
months, while the median OS was 7.9 months, indicating positive outcomes for lung cancer
patients [63]. Nonetheless, these clinical studies have demonstrated limited efficacy and
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anecdotal outcomes. As a result, alternative strategies have been devised to overcome these
substantial obstacles.

6.2. DC/Cytokine-Induced Killer (CIK) Cells Therapy in NSCLC

Numerous clinical trials have been conducted in recent years to investigate the efficacy
of autologous DCs and CIK cells in the treatment of NSCLC [132]. In the study, DC-CIK
immunotherapy involves the activation and expansion of CIK cells by DCs, which are capa-
ble of recognizing and killing tumor cells. The study found that DC-CIK immunotherapy
significantly improved the PFS and OS in NSCLC patients compared to control therapies.
The hazard ratio (HR) for PFS was 0.528 (95% confidence interval: 0.390-0.715), and for
OS, it was 0.619 (95% CI: 0.487-0.786). Additionally, the disease control rate (DCR) was
significantly improved with DC-CIK immunotherapy, with a relative risk (RR) of 1.250 (95%
CI: 1.058-1.477). However, the objective response rate (ORR) did not show a significant
improvement with DC-CIK immunotherapy (RR: 1.190, 95% CI: 0.561-2.526) [132].

CIK cells, a non-MHC-restricted subset of natural killer T lymphocytes, exhibit potent
cytolytic activity against cancerous cells and can be rapidly expanded in vitro [133]. In
DC/CIK therapy, mononuclear cells obtained through leukapheresis are first converted
into DCs, which are subsequently loaded with antigens in a conventional GM-CSF/IL-
4-supplemented medium. Meanwhile, CIK cells are generated by culturing PBMCs in a
medium supplemented with anti-CD3 antibody, recombinant human IL-1«, IFN-y, and
IL-2 [134]. A range of disease scenarios have been investigated using DC/CIK cell therapy,
including adjuvant therapy for resectable cancer, first-line therapy for patients with stages
IIIB and IV, and maintenance therapy after first-line chemotherapy [135-137].

In a particular study, DC-CIK therapy was administered to 135 patients with advanced
NSCLC, either in combination with chemotherapy or as a monotherapy [138]. The median
progression-free survival (PFS) was 5.7 months, and the median overall survival (OS) was
17.5 months. The 1-year PFS and OS rates were 29.4 and 58.8 percent, respectively, with a
significant improvement observed in the combination group compared to the monotherapy
groups. The quantity of infused DC—CIK cells was positively correlated with clinical efficacy,
and both DC-CIK plus chemotherapy and the quantity of infused CIKs were independent
predictors of PFS and OS. A significant alteration in T-cell subsets was observed across
all groups, with CD8+CD28+ and CD8+CD28- T cells showing significant changes. CD3+
T cells increased, while CD3-CD16+CD56 T cells decreased in the chemotherapy plus
immunotherapy and immunotherapy-alone groups. The clinical activity observed in this
trial is encouraging [138]. While the study did not directly address the duration of T-cell
persistence after vaccination, the combination of DC-CIK with CT showed promising
results in terms of PFS and OS in advanced NSCLC patients. Further research is needed to
explore the optimal vaccine strategies and their impact on T-cell persistence and long-term
treatment outcomes in cancer immunotherapy [138].

In recent years, the unique concept of combining thoracic radiation (TRT) or chemora-
diotherapy (CRT) with DC/CIK cell therapy has emerged. The underlying principle is
that radiation-killed tumor cells release TAAs/TSAs and “danger-associated molecular
patterns,” which may attract DCs to initiate TAA /TSA-specific CD8+ T-cell responses,
thus enhancing objective responses and improving survival outcomes [136,139]. However,
despite their potential benefits, these methods have certain limitations.

6.3. Activated Killer T Cells (AKT)—DC Therapy in NSCLC

Unlike the therapies mentioned earlier, a unique form of adoptive immunotherapy
employs autologous activated killer T cells and DCs (AKT-DC) obtained from the tissue
cultures of tumor-draining lymph nodes in primary lung tumors. According to Kimura and
his team, these lymph nodes can be a reliable source of mature DCs and killer T cells that are
specific to the patient’s tumor cells when incubated with low doses of IL-2. For the study,
31 patients were eligible, but three were excluded due to patient refusal after receiving
1-2 rounds of immunotherapy. Out of the 28 treated cases, a total of 313 immunotherapy



Vaccines 2024, 12, 498

17 of 26

courses were administered. Common toxicities included fever (78.0%), chills (83.4%),
fatigue (23.0%), and nausea (17.0%) on the day of cell transfer. The survival rates at 2 and
5 years were 88.9% (95.9-81.9; 95% confidence interval) and 52.9% (76.4-29.4; confidence
interval), respectively. They also demonstrated that the T-cell proliferation in vitro can
persist for a duration of up to two months [140]. An investigation of the effectiveness and
safety of chemo-immunotherapy employing these AKT-DCs in postoperative N2 NSCLC
patients was performed in a phase II trial based on this mechanism [140].

Twenty-eight participants received four cycles of chemotherapy every two months for
two years along with AKT-DC immunotherapy. The most frequently observed adverse
events were fever and chills. A phase III randomized controlled trial was conducted by the
same team to evaluate the effectiveness of adjuvant chemo-immunotherapy with AKT-DC
targeting residual micro metastases in 103 patients with resected NSCLC. The two-year and
five-year OS rates were found to be 88.9% and 52.9%, respectively [141]. In another study,
103 patients with post-surgical lung cancer were randomly assigned to receive AKT and
DCs administered with CT or monotherapy. Patients in the immunotherapy arm (group
A) received chemo-immunotherapy, while those in the control arm (group B) received
chemotherapy. The study involved administering activated AKT-DCs as a treatment.
Group A, which received chemo-immunotherapy, had 2 and 5 year OS rates of 96.0% and
69.4%, respectively, while group B, which received chemotherapy, had rates of 64.7% and
45.9%, respectively. A multivariable analysis showed a risk ratio of 0.439%. Group A had
2 and 5 year recurrence-free survival rates of 70.0% and 57.9%, respectively, compared
to 43.1% and 31.4% for group B. An immunological examination of cell surface markers
in regional lymph nodes of immunotherapy recipients revealed an increased ratio of
CD8*/CD4" T cells in survivors. The study suggests that adoptive cellular immunotherapy
may be a beneficial adjunct to surgery for NSCLC patients. However, the study has
limitations, such as the absence of a heterogeneous population study, even though the data
demonstrate clinical significance for patients with lung cancer [141].

6.4. DC-Based Therapy in SCLC

Studies in the treatment of SCLC have shown limited responses to immune checkpoint
suppression compared to NSCLC, likely due to the immunological and pathological differ-
ences between the two types of cancer [142,143]. Additionally, there are not many SCLC
immunotherapy trials using DCs. One approach that has been investigated involves using
DCs transduced with an adenovirus expressing p53 (Ad. p53) in patients with advanced
SCLC [144,145]. However, about 90% of SCLC patients have p53 tumor suppressor gene
mutations that regulate cell division and proliferation [145].

In a phase II study, patients with extensive-stage SCLC who had undergone chemother-
apy were given DCs transfected with wild-type TP53 (vaccine) [144,145]. The vaccinations
were administered with a 2-week interval for the first three doses and a 4-week interval
for the subsequent doses. Each vaccination had a maximum dose of 5 x 10 cells [144].
Notably, it indicates that T-cell proliferation in vitro was observed to persist for up to 2—4
weeks following vaccination.

Participants were randomly assigned to one of three arms: arm A (observation), arm
B (vaccine alone), or arm C (1:1:1) (vaccine plus all-trans-retinoic acid). The study used
a 2-stage Simon minimax design, with 55 patients treated in stage 1 (18 in arm A, 20 in
arm B, and 17 in arm C) and 14 in stage 2 (only in arm C), out of the 69 patients enrolled
(median age 62 years, performance status 0/1). Although the vaccine was safe, with mostly
grade 1/2 toxicities, one patient in arm B reported grade 3 fatigue and eight patients
in arm C experienced grade 3 toxicities. Despite the vaccine not improving the OS rate
to second-line chemotherapy;, it displayed a safe profile and therapeutic immunological
potential, suggesting that it could be combined with other immunotherapeutic drugs. In
a subsequent randomized phase II trial, the same team enrolled 69 patients with severe
SCLC who were responsive to treatment or had non-progressive disease after first-line
conventional chemotherapy [146,147].
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In a previous trial, the Ad. p53-DC vaccine was found to be safe and able to induce
a cytotoxic T cell response in 20-40% of patients with advanced SCLC, but this did not
translate into significant clinical benefit. However, a subsequent trial showed a higher-
than-expected response rate to second-line paclitaxel, providing promise for combination
treatments that combine chemotherapy with immunotherapy to improve efficacy [148].
Another study involved repeated vaccination at 2-week intervals in 29 SCLC patients.
The evaluation of clinical response was conducted to assess the effects of vaccination and
subsequent chemotherapy, where 57.1% of patients displayed p53-specific T-cell responses
to immunization. Notably, a significant proportion of patients (61.9%) exhibited objec-
tive clinical responses immediately following vaccination, and this response was highly
correlated with the immunological response induced by vaccination. These findings pro-
vide clinical evidence supporting a new paradigm in cancer immunotherapy, wherein
vaccination may prove more effective in combination with chemotherapy rather than as a
standalone modality [145].

7. Limitations of Vaccines Based on Neoantigens

Immunotherapeutic DC vaccines for lung cancer have several limitations. One of
the limitations of the vaccination protocol was the utilization of immature DCs. Despite
their role as potent inducers of immunological tolerance, immature DCs demonstrated
low efficacy in generating immune responses, which is not desirable in the context of
cancer immunotherapy. To address this issue, it is possible to expose DCs to a diverse
array of chemical combinations to promote maturation. Nevertheless, due to concerns
regarding stability, not all of these combinations can be readily incorporated into a clinical-
grade production process [148]. An additional limitation, which has received insufficient
attention, pertains to the injection method utilized for DCs. Intradermal or subcutaneous
(s.c.) injections have been employed in several clinical trials due to their safety and ease
of use. However, the bulk of DCs administered via these methods tend to remain at
the injection site, and do not effectively migrate to lymph nodes that are abundant in T
cells [149].

The optimal dosage and injection schedule for DC therapy remain unknown. As
the mechanism of action of DC therapy is indirect and immunological responses are
insufficient surrogates for clinical outcomes, appropriate dose—effect models are yet to
be established [148]. Furthermore, there are challenges in scaling up autologous cell
treatments like DC-based immunotherapies to cater to a larger number of patients, requiring
manufacturers and healthcare professionals to address affordability concerns [21]. In
cellular therapy, generating an immune response against tumors is challenging due to
toxicity, the lack of TSAs, and the hostile TME. By disrupting the immune suppressive
mechanisms orchestrated by these cells, the TME can be reprogrammed to support anti-
tumor immune responses and enhance the effectiveness of cancer vaccines.

NeoAgs have garnered attention as promising TSAs, but accurate prediction is limited
due to genetic heterogeneity, including variations in somatic mutations among cancer
types, individuals, and tumor subclones. Tumors employ mechanisms, such as NeoAg loss,
altered antigen presentation, and an immunosuppressive TME, to evade NeoAg-based
immunotherapies [148].

8. Conclusions

In recent years, significant improvements have been made in our understanding
of the molecular and cellular pathways involved in the spontaneous recognition and
elimination of both premalignant and malignant cells by the immune system. The advent of
immunotherapy has brought about a paradigm shift in lung cancer treatment, and this field
is continually evolving. This knowledge has been crucial in the development of various
therapeutic approaches that target the restoration of anti-cancer immune surveillance, such
as DC-based immunization. Immunotherapy using DCs has been shown to be a safe and
well-tolerated treatment that can induce anti-tumor immune responses in patients with
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lung cancer. Combining DC-based immunotherapy with other cancer treatments, such
as chemotherapy, radiation, and/or checkpoint blockade, has the potential to increase
their effectiveness. Choosing antigens based on neoepitopes expressed by tumor cells may
stimulate immune responses and lead to clinical responses. These concepts are currently
being tested in clinical trials, and their results are eagerly awaited. Overcoming challenges
such as establishing the appropriate dose, frequency, and duration of treatment, enhancing
target antigen selection, and identifying biomarkers for early recognition of potential
responders are imperative for the future advancement of DC therapy. Ultimately, the
identification of the most synergistic combination regimen with tumor antigens (NeoAgs)
is crucial for achieving long-term disease control and improving the survival of patients
with this life-threatening ailment.

9. Future Perspectives

Future investigations could focus on studying how antigen characterization and DC
maturation impact immunological responses. Another important aspect to consider is
the immunosuppressive cytokine release and tumor escape from immune surveillance
via antigen and MHC downregulation. Although cellular treatment is promising, it is
challenging due to the lack of TSAs, toxicity, and a hostile TME. To reduce the hostility of
the TME and enhance the efficacy of cancer vaccines using neoantigens as DC vaccines,
a multifaceted approach is essential. First, optimizing the selection and presentation of
neoantigens is crucial. Advanced genomic and proteomic techniques can identify tumor-
specific neoantigens that are more likely to elicit a strong immune response. Coupling these
antigens with potent adjuvants can further enhance the immunogenicity of DC vaccines,
making them more effective at initiating and sustaining anti-tumor immune responses.
And, to modulate the hostility of the TME and enhance the efficacy of cancer vaccines,
future strategies can focus on targeting immune-suppressive cells (i.e., Tregs and MDSCs)
within the TME. Clinical trials, such as NCT03927105, NCT01596751, NCT03153410, and
others, are investigating drugs specifically designed to counteract these cells to improve
treatment outcomes. Modulating the TME to overcome its immunosuppressive nature is
another critical strategy. The TME often harbors cells and factors that suppress immune
responses, such as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs),
along with immunosuppressive cytokines. Targeting these components through the use of
checkpoint inhibitors, cytokine blockers, or cell depletion strategies can help in creating a
more favorable environment for the DC vaccine-induced immune response to act against
the tumor cells.

Additionally, dosage, immunization regimens, and modes of delivery are also difficult
to optimize in this field. Although convenient and safe intradermal or subcutaneous
injections are frequently utilized in clinical trials, a large fraction of given DCs remain
localized at the injection site instead of moving to T cell-rich lymph nodes. Radiation
therapy, which stimulates DC migration to lymph nodes, can be used in concert with other
therapies to overcome this obstacle. DCs can then interact with T cells to start adaptive
immunological responses.

Another approach is to overcome these limitations, and extracellular vesicles (EVs)
have emerged as a promising candidate. Research has demonstrated that EVs derived
from tumor cells can serve as a promising vaccination strategy that boosts DC maturation
and the presentation of NeoAgs. This allows for the cross-presentation of these NeoAgs
to immune cells. Additionally, EVs derived from DCs themselves can act as presenting
units for neoantigens, offering an alternative framework for neoantigen-focused cancer
vaccines. Recent studies have demonstrated that EV-based vaccination can modulate the
TME and systemic immune responses, thus transforming a “cold” tumor into a “hot” tumor.
This approach may enable the administration of neoantigen-based cancer vaccines orally.
The field of anti-cancer vaccines is poised for evolution, with a focus on personalization
through NeoAg targeting. While DC-based immunotherapy remains significant, newer
modalities such as mRNA /NeoAg-loaded LNPs have gained attention. LNPs, tailored
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to individual tumor profiles, hold promise for more effective cancer immunotherapy. In
summary, anti-cancer vaccine development is entering an exciting phase of diversification
and innovation, offering great potential for enhanced personalized cancer treatment.
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