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Neoantigen-based cancer vaccine therapy represents a promising precision
oncology strategy that targets unique tumor-specific mutations to elicit a
robust immune response. This therapeutic approach is designed to harness the
host’'s immune response against tumor-specific neoantigens to eliminate cancer
cells. The efficacy of neoantigen vaccines dependents on the coordinated action
of diverse immune cells, including T lymphocytes, dendritic cells, B lymphocytes,
natural killer cells, and macrophages. Each cell type plays a distinct and crucial
role in recognizing, targeting, and destroying malignant cells. Understanding the
mechanisms governing both individual and collective immune cell dynamics is
crucial for therapeutic success. This comprehensive review systematically
explores the mechanisms of neoantigen-specific immune cells, their dynamic
interactions, and clinical application progress, aiming to unveil their potential
value and future development in cancer treatment.
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1 Introduction

Neoantigen-based cancer vaccine therapy represents a cutting-edge approach in
precision oncology, leveraging unique tumor-specific mutations to elicit a robust and
targeted immune response (1-6). Neoantigen-specific immune cells play a pivotal role in
the success of neoantigen-based cancer vaccine therapies. A comprehensive
characterization of these cells and their intricate interplay within the tumor
microenvironment (TME) is essential for optimizing this therapeutic strategy and
enhancing its clinical outcomes (7, 8). Tumor-infiltrating lymphocytes (TILs), a critical
component of the TME, are lymphocytes that have migrated into the tumor tissue and
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consist of diverse subsets of T cells, B cells, and natural killer (NK)
cells (9-13). The composition and functional states of immune cells
within the TME largely determine the immune response to the
tumor as well as patient prognosis (14). Each immune cell subset
plays a distinct yet complementary role in recognizing and
eliminating neoantigen-expressing tumor cells, leading to a potent
and specific anti-tumor response (7, 15, 16).

Neoantigens are unique tumor-specific peptides derived from
somatic mutations or aberrant gene expression in cancer cells (17).
These peptides are recognized as “non-self” by the host immune
system, thereby activating targeted anti-tumor immune responses
(5, 18). Unlike traditional tumor antigens, neoantigens exhibit high
specificity and individualization, providing unique targets for
precision immunotherapy. Neoantigen-directed therapy aims to
overcome the immunosuppressive TME and intratumoral
heterogeneity by selectively activating tumor-specific immune
cells and boosting anti-tumor immunity in vivo (19, 20).
Neoantigen-based cancer vaccines can be developed as synthetic
peptides, mRNA, DNA, or ex vivo-loaded dendritic cell(DC)
formulations. These vaccines are tailored to the individual’s
tumor mutational profile, ensuring a highly specific immune
response (6, 21). Upon administration, these vaccines are
processed by antigen-presenting cells (APCs), such as DC, which
present the neoantigens to T cells, initiating and amplifying the
anti-tumor immune response (22). Clinical trials have
demonstrated the efficacy of neoantigen-based vaccines across
multiple cancer types, particularly in melanoma, lung cancer,
bladder cancer, and pancreatic cancer (23-30).

Despite the promising preclinical and early clinical data of
neoantigen-based therapy, regulatory approval for their use in
cancer patients remains pending. Currently, the majority of
neoantigen-based personalized vaccine therapies are still in early
stages of clinical development, focusing on enhancing vaccine
formulations, delivery methods, and synergistic combination
strategies with other therapies such as checkpoint inhibitors to
improve efficacy (7, 8, 21, 31, 32). Notable progress includes the
combination of V940 (mRNA-4157), a personalized neoantigen
vaccine, with pembrolizumab (KEYTRUDA®) is rapidly advancing
and entering Phase 3 clinical trials to evaluate its safety and efficacy
compared to KEYTRUDA alone in individuals with resected high-
risk (Stage IIB-IV) melanoma (24, 33). Furthermore, a neoantigen-
targeting tumor-infiltrating lymphocyte adoptive cell transfer (TIL-
ACT) approach combined with pembrolizumab demonstrated
favorable effects in a breast cancer patient (34). These clinical
findings have also provided insights into the spectrum of immune
cell populations that respond to neoantigens, unlocking the
potential of neoantigen-directed adoptive cell transfer and cancer
vaccination therapy. The complexity and dynamic nature of the
Tumor Immune Microenvironment (TIME) critically influence
immunotherapy efficacy.

Successful neoantigen-directed immunotherapy relies on the
synergistic interactions among diverse immune cell populations to
overcome tumor immune evasion and achieve an effective anti-
tumor response. Elucidating the phenotypic and functional
characteristics of neoantigen-reactive immune cells is imperative
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for improving the efficacy of neoantigen-driven therapeutics. This
review presents a comprehensive discussion of tumor neoantigen-
activated immune cells, aiming to guide the development of novel
therapeutic strategies and optimize treatment outcomes for
neoantigen vaccines.

2 Neoantigen and tumor
immune microenvironment

The tumor immune microenvironment (TIME) is a highly
complex and dynamically heterogeneous ecosystem that acts as a
“double-edged sword”, profoundly influencing the efficacy of
immunotherapies and other treatments (35-37). The TIME
encompasses neoplastic cells, immune cell populations, stromal
components, an intricate network of signaling molecules, and the
extracellular matrix, collectively influencing the efficacy of neoantigen-
based cancer vaccine therapies (15, 38, 39). Tumor-infiltrating
lymphocytes (TILs), a critical component of the TIME, comprise
heterogeneous populations of lymphocytes that migrate from
circulation into tumor tissue. Their composition varies significantly
among tumor types and patients, directly impacting immune
responses and clinical outcomes (40, 41). TILs encompass a diverse
array of immune cell subsets, including various T cell populations
(CD8+ cytotoxic T cells, CD4+ helper T cells, and regulatory T cells),
B cells, and natural killer (NK) cells (42). The abundance and
functionality of TILs, particularly cytotoxic CD8+ T cells, correlate
strongly with treatment success and patient survival (43-45).

The TIME harbors various immunosuppressive elements,
including malignant cells, cancer-associated fibroblasts (CAFs),
vascular endothelial cells, myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), regulatory T cells (Treg), and
regulatory B cells, which collectively contribute to immune evasion and
tumor progression (46-50). Within the TIME, A complex network of
cytokines and chemokines orchestrates the recruitment, activation,
differentiation, and function of immune cells. Pro-inflammatory
cytokines, such as interferon-gamma (IFN-y) and tumor necrosis
factor-alpha (TNF-o1), can potentiate anti-tumor immunity by
promoting T cell activation, enhancing antigen presentation, and
inducing tumor cell death (51, 52). In contrast, immunosuppressive
cytokines, such as interleukin-10 (IL-10) and transforming growth
factor-beta (TGF-), attenuate immune responses by suppressing T
cell proliferation, inhibiting antigen presentation, and promoting the
development of regulatory T cells (53-57). Strategically modulating
these cytokine and chemokine networks offers a promising approach
to enhance the therapeutic efficacy of neoantigen vaccines and
overcome immune resistance (56, 58, 59). Elucidating the complex
interactions between neoantigen-specific immune cells and the TIME
is fundamental for developing effective neoantigen-based therapies and
predicting treatment outcomes.

Effective anti-tumor immunity depends on the coordinated
response of multiple immune cell subsets within the TIME,
particularly TILs, which critically influence the response to
neoantigen-based cancer vaccine therapy (60). The phenotypic
diversity and functional states of TILs serve as a critical indicator
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of the immune characteristics of the TIME (61). TILs mediate
tumor cell death by recognizing by recognizing neoantigen-MHC
complexes and releasing cytotoxic molecules like perforin and
granzymes (14). They also secrete pro-inflammatory cytokines
like IFN-y and TNF-o that amplify the anti-tumor immune
response and recruit additional immune cells, potentially leading
to tumor regression and long-term remission (9, 62). Furthermore,
TILs regulate tumor angiogenesis, invasion, and metastasis by
modulating vascular endothelial growth factor (VEGF) signaling
and matrix metalloproteinase activity (63). However, the
immunosuppressive effects of the TIME can impair TIL function
and persistence, representing a significant challenge in maintaining
effective anti-tumor immunity (64, 65). High densities of
functionally active CD8+ TILs are generally associated with
improved prognosis, whereas elevated proportions of Tregs may
indicate immunosuppression (66-69).

In conclusion, elucidating the complex interplay between TILs,
the TIME, and neoantigen-based cancer vaccines is crucial for
developing effective and personalized immunotherapeutic
strategies. The success of neoantigen vaccines depends not only
on the precise identification and selection of appropriate
neoantigens but also on the ability to induce and sustain a
favorable immune microenvironment that supports robust anti-
tumor responses (70, 71). Future research should focus on
developing innovative strategies to optimize the TIME, overcome
immune evasion mechanisms, and enhance the efficacy of
neoantigen-based therapies across diverse cancer types and
patient populations. This may involve rational combination
therapies, novel delivery systems, and personalized approaches
that integrate multi-omics data to account for the unique
characteristics of each patient’s tumor and immune landscape,
ultimately paving the way for more effective and durable
cancer treatments.

3 Neoantigen-specific immune cells
3.1 Neoantigen-specific T cells

Neoantigen-specific T cells function as the primary effectors in
neoantigen-based immunotherapies (72-74). Advanced DNA and
RNA sequencing technologies, coupled with sophisticated
bioinformatics algorithms, have deepened our understanding of
these cells (75, 76). Single-cell RNA sequencing (scRNA-seq) and
immune repertoire profiling have revolutionized the
characterization of T cell features and the ability to predict
therapeutic outcomes (77, 78). The integration of paired single-
cell T cell receptor sequencing (scTCR-seq) and scRNA-seq enables
tracking TCR clonotype frequencies before and after vaccination,
while concurrently providing insights into the cellular states and
functions of T cells with specific TCR clonotypes (76, 77, 79-82).
These findings have led to the identification of neoantigen-specific
T cell gene signatures, facilitating the prediction of antitumor
responses and the development of more effective immunotherapies.
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Over 100 clinical trials of personalized neoantigen vaccines have
been registered in ClinicalTrials.gov, with encouraging results in
melanoma, lung cancer, glioblastoma, and pancreatic cancer (6, 26,
30, 83-85). Following administration, these vaccines are processed
by APCs, triggering T cell-mediated anti-tumor immune responses
(86, 87). The resulting neoantigen-reactive T cell clones
demonstrate diverse characteristics, including antigen recognition
specificity, TCR diversity, functional heterogeneity, and HLA
restriction (73, 88, 89). Recent research have revealed the
transcriptome profiles of these neoantigen-reactive T cells (90),
providing insights that validate vaccine efficacy and inform the
development of optimized neoantigen-specific T cell therapies.

Several phase I clinical trials demonstrate that neoantigens
activate CD8+ T cells fostering long-term immune memory (26, 29,
30, 85, 88). A phase Ib trial of a personalized neoantigen vaccine for
glioblastoma showed that vaccine-induced T cells infiltrate the brain
tumor microenvironment and elicit a robust immune response. CD8+
T cells exhibited cytotoxicity markers (granzymes, perforin) without
CCR7 expression, while some CD4+ T cells displayed regulatory
properties through IL2RA and FOXP3 expression (26). Similar results
in pancreatic ductal adenocarcinoma revealed expanded CD8+ T cells
expressing cytotoxicity genes (PRF1, GZMB) and IFN-y (30).
Remarkably, numerous studies have identified CXCLI13 as a key
marker in neoantigen-recognizing T cells, correlating with immune
checkpoint blockade (ICB) efficacy (25, 90-93). Lung cancer research
has revealed tissue-resident memory T cell programs, including
CD103, CD69, HOBIT, LINC02446, and CXCL13 expression (90).
CXCL13, CD103, and GZMA can serve as markers for neoantigen-
specific CD8+ T cells and show promise as potential predictors of
neoantigen-driven therapy efficacy (91, 92). Researchers have
developed a neoantigen-reactive T cell signature based on clonotype
frequency, CD39 protein, and CXCL13 mRNA expression for
identifying reactive TCRs in non-small cell lung cancer (NSCLC)
(93). Current research indicates that neoantigen-specific CD8+ T cells
express characteristic genes including cytotoxicity genes (PRFI,
GZMB), exhaustion genes (PDCDI1, LAYN, ENTPDI1, TIGIT,
LAG3, HAVCR?2), and specific markers (CD103, CD95, CXCL13).
However, a complete gene profile of neoantigen-specific T cells
remains to be established.

Recent advances in paired scRNA-seq and TCR-seq have
revealed clonotypic T cell signatures, enabling deeper insights
into T cell responses to antigen exposure. A landmark study by
Steven A. Rosenberg’s team in 2022 provided a comprehensive
transcriptome profiling of neoantigen-specific T cells (94). Through
analyzing transcriptomic profiles from CD8+ and CD4+
neoantigen-reactive TILs in 10 metastatic cancer patients, the
study revealed distinct molecular patterns. Both CD4+ and CD8+
TILs with neoantigen-specific TCRs (NeoTCRs) expressed
chemokine-related genes (CXCL13, CXCR6) and inhibitory/
exhaustion markers (TIGIT, PDCDI1, CD39, LAG3, TOX). CD8+
NeoTCR TILs specifically showed cytotoxicity genes (GZMA,
GZMB, GZMK, IEN-y, PRF1) and the tissue-residency marker
ITGAE (CD103). Most notably, the study identified over 200
NeoTCR signature genes specific to neoantigen-specific CD8+
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and CD4+ T cells, opening new possibilities for developing patient-
specific neoantigen-targeting TCR immunotherapies.

Notably, neoantigen-reactive CD8+ T cells from peripheral
blood lymphocytes (PBLs) exhibit distinct features (95). These
rare cells, comprising less than 0.005% of PBLs, express memory
and quiescence markers (SELL, LTB, KLF2, LGALS3) while
showing reduced expression of dysfunction-associated genes
(TOX, CXCL13, PRF1, GZMH, GNLY). The cells show reduced
expression of dysfunctional genes (TOX, CXCL13, PRF1, GZMH,
GNLY) while maintaining higher levels of immune function-related
genes (COTL1, PASK, ALOX5AP, HLA-DRB1, HLA-DPA). The
study also identified specific surface markers (CD8, CD45RO, HLA-
DR, CD39, CD103) for isolating these cells (95). Supporting these
findings, other research groups have identified a minor population
of neoantigen-specific CD8+ T cells in peripheral blood,
characterized by high expression of CD39, PDCDI, and Ki67
(96). While circulating neoantigen-reactive CD8+ T cells share
several markers with their tumor-derived counterparts, including
CD39, CD103, IEN-y, and PDCDI, recent research has uncovered
important distinctions. Notably, Circulating cells express higher
levels of IFN-y and MHC class II-associated genes but lower levels
of exhaustion-related genes (ENTPD1, PDCD1, LAYN) compared
to their tumor-resident counterparts (97).

Despite less extensive study, neoantigen-specific CD4+T cells also
play a crucial role in the anti-tumor response, as demonstrated by
multiple recent studies (25, 98, 99). Research using B16F10 murine
melanoma models has shown that neoantigen-specific CD4+ T cells
induce strong, long-lasting antitumor immune responses. The study
revealed that CD4+ T cells with high or moderate TCR avidity
showed similar in vivo proliferation when exposed to cross-presented
tumor antigens, resulting in comparable therapeutic effects (98). This

10.3389/fimmu.2025.1537947

finding is consistent with previous study in neoantigen-specific CD8+
T cells, where high structural avidity correlates with enhanced tumor
localization and elimination. These findings establish TCR avidity as
a critical determinant of both CD4+ and CD8+ T cell responses in
cancer immunotherapy (100). Recent phenotypic profiling have
revealed diverse characteristics of neoantigen-reactive CD4+ T cells.
In melanoma studies, these cells display CXCL13 expression and can
be categorized into distinct subsets, including those expressing
memory and T follicular helper markers, cytotoxicity markers
(GZMA/K and PRF1), inhibitory receptors (PD1 and TIM3), and
IFN-y (25, 101, 102). Consistent with this, studies of stage IIIB/C or
IVM1a/b melanoma patients demonstrated long-term persistence of
neoantigen-specific T cell responses, with CD4+ T cells exhibiting
both memory and exhaustion phenotypes (27, 101).

These studies have illuminated the genetic characteristics of
neoantigen-specific CD4+ and CD8+ T cells, revealing shared
markers including exhaustion-associated genes, cytotoxicity
markers, and IFN-y expression. As summarized in Table 1, the
comprehensive gene profile of neoantigen-reactive T cells highlights
their potential as both predictive biomarkers for vaccine efficacy
and therapeutic targets for enhancing antitumor responses.

3.2 Neoantigen-specific B cells

B cells contribute to neoantigen-specific immune responses through
dual mechanisms: generating antibodies against tumor-specific antigens
and serving as APCs (103). These antibodies can mediate antibody-
dependent cellular cytotoxicity (ADCC) and opsonization, resulting in
the destruction of tumor cells (12, 104-106). In the meanwhile, B cells
function as APCs, presenting neoantigens to T cells and facilitating their

TABLE 1 Differential gene expression profiles of neoantigen-reactive T cells isolated from TIL and PBMC.

Neoantigen signature genes

HOPX,ADGRG1,CXCL13,BHLHE40,GZMA/K,PRF1,PD1,TIM3,GZMA,GNLY,CST7,CCL4,CCL5,TOX,CXCR6,HMOX1,

ETV7,CCDC50,TIGIT,TNFRSF18,LAG3,CCDC50,CD4,NMB,MYL6B,AHI1,MAF,CXCR6,IGFLR1,DUSP4,ACP5,
LINC01943,LIMS1,BATE,PCED1B,ITGAL,YPEL2,MAL,PPT1,ELMO1,MIS18BP1,TMEM173,ADI1,SLA,GALM,LBH,
SECISBP2L,CTSB,C170rf49,CORO1B,CARHSP1,EPS15,SRPK2,ARL3,PTMS,CD82,HNRNPLL,CTSC,LINC01871,

SMC3,PPM1G,ORMDL3,VPS25,BST2, TRAF31P3,NAP1L4,HLA-DPA1,PIM2,SH2D1A,RILPL2,CCNDBP1,CDC42EP3,

MCUB,GSTP1,IMPDH2,LDHA,JUN,ZFP36L2,TNFAIP3,ZYX,CAST,FAM162A,DUSP1,ARL4C,IL7R,ANXA2

PRF1,INFy,CD39,CD103,CD95,CD69,HOBIT,LINC02446,FASL,GZMA,GZMB,GZMK,CXCL13,PD-1,CTLA-4,TIM3,

TIGIT,TOX,CXCR6,ITGAE,ATP10D, KIR2DL4, LAYN, HTRA1,TRBV7-9,CD70,HMOX1,ADGRG1,LRRN3,ACP5,

ASB2,ITGB7,PTMS,CD8A,GPR68,NSMCE1,ABI3,SLC1A4,PLEKHF1,CD8B,LINC01871,CCL4,NKG7,CLIC3,NDFIP2,
PLPP1,PCEDIB,HLA-DMA,GPR25, CD9, HLA-DRB5,SYTL3,SLF1,NEK1,CASP1,SMC4,TSEN54,PLSCR1,GNPTAB,HLA-
DPB1,PLEKHA1,ARHGAP9,ALOX5AP, SH3BP1, NCF4, NELL2, GATA3, PPM1M, TNFRSF1A, AC022706.1, MCMS5,
HLA-DRB1,TNFSF10,TRIM21,HDLBP,ERN1,CALHM2,SASH3,ACTA2,MAST4,CAPG,MPST,IGFLR1,CD27

CXCR6, CXCL13, TIGIT, PD1, CD39, LAG3, TOX, ADGRG1, HMOX1, LINC01871, DUSP4, ACP5, LAG3

Cell resource Cell type
TIL NeoCD4+
CCDC167,
RPL27A,ZFAS1,TAGLN2,XBP1,
NeoCD8+
CTSW,GALNT2,LINC01480,CARS,PTPRCAP,
Shared genes
PBMC NeoCD8+

IL7R,SELL,PABPC,1SESN3L,GALS3,JUN,TCF7,LTB,NELL2,GPR183,RPLP0,AC008105.3,TPT1,RPS16,CD55,PPP1R15A,

EEF1B2,NSG1,EZR,TAB2,CCR7,RPS2,TSC22D3,SNX9,RCAN3,ADK,RPS12,DUSP1,RPL13,RPL9,COTL1,PASK,
ALOX5AP,HLA-DRB1,HLA-DPA1,HLA-DRA,CD103, TIGIT, PD-1,CD39

NeoCD4+, neoantigen-specific CD4+ T cell; NeoCD8+, neoantigen-specific CD8+ T cell;, Shared genes, The co-expressed genes in NeoCD4+ and NeoCD8+; TIL, tumor-infiltrating

lymphocytes; PBMC, peripheral blood mononuclear cells.
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activation. The role of B cells in neoantigen vaccine responses represents
an emerging area of research, holding significant potential for enhancing
vaccine efficacy (11, 107).

Within the tumor microenvironment, various B cell populations
orchestrate anti-tumor immunity, including follicular B cells,
germinal center B cells, and plasma cells. Among them, follicular B
cells of the B2 lineage with bimodal IgD expression predominate
among tumor-infiltrating B cells (11, 105, 108-111). Different B cell
subsets exhibit distinct roles in tumor neoantigen-driven immune
responses (11). Specifically, follicular B cells and marginal zone B cells
have been implicated in the production of antibodies against tumor
neoantigens (103, 112). Furthermore, germinal center (GC) B cells
posse the ability to identify neoantigens and actively enhance anti-
tumor immunity by orchestrating the activation of autologous CD8+
T cells (113). Essentially, the recognition of neoantigens by B cells
triggers tumor-specific responses involving both B cells and T
follicular helper (TFH) cells, which subsequently amplify CD8+ T
cell anti-tumor immunity via the cytokine IL-21. This mechanism
highlights the pivotal role of B cell recognition of neoantigens in
eliciting effective anti-tumor responses by CD8+ T cells (113).
Further evidence of B cell functionality come from a murine
glioblastoma model, where By,, derived from GBM patients
induced the generation of 4-1BBL+ B cells, successfully triggering
autologous CD8+ T cell activation through CD40/CD40L interaction
and IFN-y stimulation (114). Moreover, B cells can differentiate into
memory B cells following neoantigen exposure, providing long-term
immunity through their prolonged lifespan and ability to rapidly
generate antibodies upon subsequent antigen encounters (115, 116).
The clinical significance of these mechanisms is supported by recent
findings showing that renal cell carcinoma patients with tumor cells
bearing IgG antibodies demonstrate higher response rates to immune
checkpoint inhibitors and experience prolonged progression-free
survival (PFS) (117).

Tertiary lymphoid structures (TLS) act as sites for the maturation
of B cells in situ, resulting in the generation of immunoglobulins (Ig)-
producing plasma cells (118, 119). These Ig-producing plasma cells
are often found in association with IgG antibodies bound to apoptotic
tumor cells, correlating with a positive response to immunotherapy
(117, 119, 120). Scientists hypothesize that this correlation stems
from the direct anti-tumor effects of these cells, ultimately enhancing
treatment efficacy (118). Recent advances in understanding B cell-
specific checkpoint molecules have revealed their role in engaging
adaptive immunity to promote anti-tumor responses and control
tumor growth. Particularly significant is the discovery by Vijay K.
Kuchroo’s team that B cell subsets expressing T cell immunoglobulin
and mucin domain 1 (TIM-1, encoded by Havcrl) specifically
proliferate in draining lymph nodes and enhance anti-tumor CD8+
and CD4+ T cell responses (121). A breakthrough study by Gao and
colleagues has provided comprehensive insights into the pan-cancer
B cell landscape, establishing a clear connection between TLS
maturation, GC B cells, and favorable immunotherapy outcomes.
Their work has identified two distinct B cell differentiation pathways
in human cancers, with memory B cells (Bm) correlating with
improved treatment responses and survival, while atypical memory
(AtM) cells are associated with treatment resistance and an
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exhaustion phenotype developing independently of germinal
centers (122). These collective findings highlight B cells as crucial
players in neoantigen-driven antitumor immune responses, offering
promising opportunities for cancer prevention and treatment.
Continued advancement in our understanding of B cell biology and
their interactions with other immune cells opens new avenues for
developing effective cancer immunotherapies.

3.3 DCs-based neoantigen cancer vaccines

DCs, as highly specialized professional APCs, play a
fundamental role in orchestrating cancer immunity (123). These
cells are not only integral components of the TME but also possess
the distinctive ability to cross-present tumor-associated antigens to
T cells, thereby initiating specific antitumor immune responses
(124, 125). A remarkable feature of DCs is their capacity to activate
between 100 and 3000 T cells individually, demonstrating an
efficiency 100-1000 fold higher than that of macrophages and B
cells (126, 127).

The DC population exhibit significant heterogeneity and can be
classified into different subsets based on their anatomical location,
phenotypic characteristics, and functional properties. The principal
subsets of DCs encompass conventional DCs (cDCs), plasmacytoid
DCs (pDCs), and monocyte-derived DCs (moDCs) (128, 129).
cDCs are further delineated into two main subsets: ¢cDCI1 and
cDC2. Each subset serves distinct functions: cDCls specialized in
cross-presenting antigens to CD8+ T cells, while ¢cDC2s present
MHC II-associated antigens to CD4+ T cells, promoting Th1, Th2,
and Th17 polarization (129-131). pDCs, predominantly present in
the blood and lymphoid organs, are characterized by their
production of type I interferons, which are essential for antiviral
immune responses. Additionally, pDCs contribute to the activation
of other immune cells, including NK cells, and B cells (132). In
contrast, moDCs arise through differentiation from monocytes and
predominantly reside in inflamed tissues, particularly within the
TME. These cells share functional similarities with ¢DCs in their
ability to capture antigens and present them to CD8+ T cells. Of
particular significance is their crucial role in neoantigen-driven
therapeutic strategies, where they effectively present tumor-specific
neoantigens to T cells, thereby initiating and sustaining immune
responses against cancer cells (125, 133-135).

Recent research has extensively mapped tumor-infiltrating DC
characteristics across various cancer types, such as melanoma,
hepatocellular carcinoma, head and neck squamous cell carcinoma,
non-small cell lung cancer, cutaneous squamous cell carcinoma,
ovarian cancer, breast cancer, and colorectal cancer (136, 137). Of
particular interest is the identification of LAMP3+ DC clusters in
multiple tumor types, which may originate from ¢DCI and cDC2 and
migrate to lymph nodes (136, 138, 139). Additionally, scientists have
identified a conserved DC cluster enriched in immunoregulatory
molecules (CD274, Pdcdllg2, and CD200) and maturation genes
(CD40, CCR7, and ILI2b) in non-small-cell lung cancers (140).
This DC cluster represents a molecular state acquired by both
cDCls and ¢DC2s upon sensing or uptake of cell-associated
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antigens, encompassing the induction of molecular programs
specialized in antigen presentation and associated with the induction
of regulatory, immunogenic, and migratory gene programs. Recent
advances have led to the reclassification of certain cDC2s as ‘DC3s’,
which show distinctive capabilities in priming naive CD8+ T cells into
tissue-homing CD103+ T cells. DC3s have also been further
characterized, and their development has been shown to be
dependent on GM-CSF (141, 142).

The development of neoantigen-based DC vaccines has shown
remarkable progress, with extensive evidence supporting their
efficacy across various cancer types. These highly personalized
vaccines utilize DCs derived from autologous peripheral blood
monocytes. Multiple clinical studies have demonstrated promising
results (143-145). Yang, Li et al. successfully developed a
personalized neoantigen peptide-pulsed autologous DC vaccine
for lung cancer treatment, demonstrating both safety and efficacy
in eliciting neoantigen-specific T-cell responses (134). Similar
success has been observed in breast cancer, where neoantigen-
pulsed DCs effectively induced cytotoxic T lymphocyte responses
when co-cultured with autologous peripheral lymphocytes (146,
147). Studies have explored the combination of personalized
neoantigen-loaded DC vaccines with T-cell therapy for
hepatocellular carcinoma, while further research demonstrated
promising results by combining anti-PD1 with Neo-MoDC
vaccines, achieving complete tumor regression in metastatic
gastric cancer patients for over 25 months (135, 148).

However, despite these promising results, autologous DC-based
vaccines face significant challenges, including limited
reproducibility and manufacturing constraints. To overcome these
limitations, researchers have developed alternative approaches
using allogeneic dendritic cells. A notable breakthrough emerged
with the development of an innovative allogeneic plasmacytoid
dendritic cell (pDC) line platform. This system was specifically
engineered to enhance the priming and expansion of neoantigen-
specific T cells for cancer vaccines, offering advantages in both
scalability and consistency of production (149). The eftectiveness of
this novel approach was demonstrated in a phase Ib clinical trial
involving nine patients with metastatic stage IV melanoma, where
the vaccine successfully primed antitumor CD8+ responses without
triggering allogeneic reactions. Particularly encouraging was the
observation that two patients showed significant increases in
circulating anti-tumor-specific T lymphocytes, with a beneficial
transition from naive to memory phenotype (150). These
comprehensive findings support the potential of pDC line-based
vaccines, particularly when used in conjunction with immune
checkpoint inhibitors, representing a significant advancement in
cancer immunotherapy strategies.

3.4 Neoantigen and NK cells

Natural killer (NK) cells represent essential components of the
innate immune system, demonstrating remarkable efficacy in
cancer immunotherapy, particularly in treating advanced-stage
leukemia (151, 152). Their therapeutic value stems from their
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unique ability to recognize stressed cells independently of
neoantigen presentation, enabling them to target tumor cells that
have lost MHC class I expression, which represents a common
mechanism of tumor immune evasion (153, 154). With the growing
recognition of tumor neoantigens as potential immunotherapy
targets, research has increasingly focused on understanding NK
cell characteristics in neoantigen-driven immune responses.
Current investigations are exploring the interactions between NK
cells and tumor neoantigens, as well as strategies to enhance NK cell
activity for improved cancer treatment outcomes (155, 156). This
chapter aims to understand the mechanisms by which NK cells
recognize and eliminate neoantigens-presenting tumor cells,
ultimately working toward developing strategies to fully harness
the potential of NK cells in cancer immunotherapy.

NK cell function is primarily mediated through their
recognition of HLA molecules via specific receptors, notably killer
cell immunoglobulin-like receptors (KIRs) and natural killer group
2 A (NKG2A). Studies have shown that the interaction affinity
between HLA and KIR is peptide-dependent and can influence NK
cell effector function (157, 158). Therefore, the altered peptide
repertoire displayed by MHC molecules in cancer cells may
significantly influence NK cell activity. Supporting this concept, a
study has demonstrated that NK cells’ cytotoxic effects on tumor
cells are modulated by the binding affinity of KIR peptide-MHC
interactions (159). A significant advancement in this field emerged
with the development of a cancer vaccine targeting MICA and
MICB (MICA/B). This innovative approach induces a coordinated
attack by both T cell and NK cell populations, maintaining
effectiveness against MHC class I-deficient tumors through the
combined action of NK cells and CD4+ T cells (160).

Natural killer T (NKT) cells represent a distinctive cell subset of
the innate immune system, characterized by CD1d restriction and
lipid antigen reactivity, serving as immunoregulatory T
lymphocytes (161, 162). While sharing many phenotypic and
functional similarities with conventional T cells in anti-tumor
immunity, NKT cells are unique in their ability to recognize
lipid-based antigens presented on CD1d molecules rather than
peptide-MHC complexes (162-164). The therapeutic potential of
this pathway was demonstrated by a single-domain antibody
targeting CD1d, which successfully induced robust NKT cell
activation and enhanced anti-tumor responses, as validated in
multiple myeloma and acute myeloid leukemia models (165).
Further supporting their therapeutic relevance, strong evidence
indicates that tumor cells generate specific lipid species that
function as activating antigens for NKT cells via CD1d
presentation, playing a crucial role in cancer immune
surveillance (166).

These tumor-associated lipid antigens are unique to tumor cells
and can be recognized as foreign by the immune system,
particularly through NKT cell-mediated responses.These lipid
antigens play a role in the participation of NKT cells in cancer
immune surveillance (167). Up to now, various tumor-associated
lipid antigens have been identified, such as glycolipids (Globo H,
Globo A, Lewis Y, and GM2), phospholipids (phosphatidylinositol
and phosphatidylglycerol), glycosphingolipids (GM3, GD2, and
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GD3), and phosphatidylethanolamines (including PE and PG).
Several of these antigens have emerged as promising candidates
for cancer vaccine development, owing to their distinctive
immunogenic properties (167-169). This recognition mechanism
offers potential avenues for immunotherapy and cancer treatment.
While scientists are working to harness these antigens to enhance
anti-tumor immune responses and overcome immune evasion
mechanisms, significant research is still needed to fully
understand their role in tumor immunity and optimize
therapeutic approaches.

In conclusion, NK cells have shown great potential in cancer
immunotherapy due to their ability to recognize and eliminate
tumor cells. However, crucial questions remains to be learned about
NK cell characteristics and their interactions with neoantigen.
Further research is needed to understand the factors that regulate
NK cell activation and function within the tumor
microenvironment. As our understanding of these processes
deepens, it will likely lead to the development of more effective
and targeted immunotherapies for cancer treatment.

3.5 Neoantigen-driven tumor-
associated macrophages

Tumor-Associated Macrophages (TAMs), a heterogeneous
population of myeloid cells infiltrating neoplastic tissues, play a
critical role in tumor development and progression. TAMs
accumulate within tumor tissues and predominantly exhibit
tumor-promoting activity, promoting angiogenesis and immune
evasion (170-173). With advancing understanding of tumor
neoantigens, research has increasingly focused on characterizing
macrophages in neoantigen-driven immune responses.

Macrophages employ multiple mechanisms to recognize tumor
cells, including direct recognition through receptors such as CD11c,
CD14, and CD40, and indirect recognition via DC presentation.
This recognition enables macrophages to interact with various
immune cell types, including T cells, B cells, and NK cells,
coordinating the immune response against tumors (174-176).
Recent experimental studies have validated the antigen-presenting
function of MHC II-expressing tumor-associated macrophages
(TAMs) to tumor-infiltrating CD4 T cells (177, 178). In a bladder
carcinoma mouse model, TAM-mediated antigen presentation to
effector CD4 T cells was demonstrated to be crucial for tumor
rejection. These immunologically active TAMs exhibited a
distinctive immunophenotype characterized by CD11b+, MHCII,
F4/80, CD11C, CD80, CD86, CD64, and PD-L1 expression. The
antitumor response was found to be dependent on IFN-y
production by CD4 T cells (177).

Macrophages have established themselves as crucial players
in tumor neoantigen-driven immune responses. However,
significant challenges persist in understanding their complete
characteristics within the context of neoantigen-based
cancer immunotherapy. Key obstacles include the inherent
heterogeneity and plasticity of macrophages within the tumor
microenvironment, which complicate effective targeting and
manipulation strategies. Moreover, the precise mechanisms
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governing their recruitment and activation in response to
neoantigens require further elucidation.

The collective evidence demonstrates that tumor neoantigens
initiate a complex, multifaceted immune response, orchestrated
through the coordinated actions of T cells, DCs, B cells, NK cells,
NKT cells, and macrophages (Figure 1). While these diverse
immune cell populations utilize distinct recognition patterns and
mechanistic pathways to mount a comprehensive systemic immune
response, several critical challenges remain unresolved. These
include gaining a deeper understanding of macrophage
heterogeneity and plasticity within the tumor microenvironment,
and fully characterizing the mechanisms controlling their
recruitment and activation in response to neoantigens.

4 The clinical application of
neoantigen-specific immune
cell strategy

The emergence of neoantigen-driven TILs has shifted research
focus towards neoantigen-specific immune cell therapeutic
approaches, offering a personalized treatment modality that
harnesses tumor-specific mutations to elicit targeted immune
responses. Neoantigen-reactive T-cell therapy has emerged as a
prosperous branch of adoptive cellular immunotherapy.
Neoantigen-reactive T cells can specifically recognize neoantigens
expressed by tumor cells and mediate the destruction of these
cancer cells (179). This approach involves several critical steps:
identifying neoantigens from the patient, developing neoantigen-
based vaccines, isolating and expanding neoantigen-reactive T cells
in vitro, and ultimately reintroducing the neoantigen-reactive T cell
product back into the patient’s body to target and destroy cancer
cells. Early clinical trials have demonstrated the feasibility and
potential efficacy of this approach in various cancer types,
including hepatocellular carcinoma and peripheral T-cell
lymphoma (148, 180, 181).

TIL Therapy, pioneered by the Rosenberg research group in
1988, has evolved into a groundbreaking cancer immunotherapy
approach, recently culminating in the FDA approval of lifileucel
(Amtagvi) for advanced melanoma. This innovative treatment
modality involves isolating and expanding TILs from patients’
tumor tissues before reinfusing them back following
lymphodepletion, effectively harnessing the patient’s own immune
system to combat cancer (182, 183). Clinical implementation of TIL
therapy has shown remarkable progress, with studies reporting
overall response rates of up to 49% in various cancers, particularly
in advanced melanoma, lung cancer, and cervical cancer. Research
has demonstrated that TILs play a crucial role in enhancing the
efficacy of immune checkpoint blockade (ICB) therapy, with higher
TIL infiltration correlating with improved treatment outcomes (60,
184, 185). The therapy’s potential extends beyond direct treatment,
as TIL analysis serves as a valuable tool for predicting treatment
response and monitoring disease progression, contributing to the
advancement of personalized cancer medicine (68). While TIL
therapy offers significant advantages, including its highly
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personalized nature and ability to target multiple tumor antigens
simultaneously, several challenges persist. These include the
complex and time-consuming manufacturing process, substantial
production costs, and potential limitations in efficacy due to the
immunosuppressive tumor microenvironment. Despite these
challenges, ongoing research focuses on optimizing production
protocols, enhancing cell persistence, and developing combination
strategies with other therapeutic modalities.

DC vaccines, particularly those loaded with neoantigens, have
demonstrated promising results in cancer immunotherapy. Recent
clinical studies have shown significant progress across various cancer
types, utilizing DCs derived from autologous peripheral blood
monocytes (23). Notable successes include a personalized neoantigen
peptide-pulsed autologous DC vaccine for lung cancer, which
demonstrated both safety and efficacy in eliciting neoantigen-specific
T-cell responses. Notable successes include a phase II trial
(NCT03067493) combining personalized neoantigen-loaded DC
vaccine with neoantigen-activated T-cell therapy in 10 patients with
HCC who had undergone curative resection or radiofrequency
ablation, showing increased DCs and T-cells infiltration and durable
neoantigen-specific T-cell responses (23, 148). Similarly, a phase I
clinical trial reported that neoantigen-activated haploidentical T cell
therapy for peripheral T-cell lymphoma showing promising
preliminary results (ChiCTR1800017440) (180). A remarkable
breakthrough was achieved in metastatic gastric cancer, where the
combination of anti-PD1 with Neo-MoDC vaccines resulted in
complete tumor regression lasting over 25 months. However,
challenges persist, including the complex and time-consuming
manufacturing process, limited reproducibility of autologous DCs,
and high production costs. Innovative approaches, such as allogeneic
plasmacytoid DC cell lines and reprogrammed conventional DCI1 cells,
show therapeutic potential but require further optimization for
clinical implementation.

Despite these advances, significant challenges persist, including
the need for more comprehensive profiling of neoantigen-specific
immune cells, improved clinical trial designs, and better
understanding of non-T cell immune populations. While six
strategies for neoantigen-reactive T cell therapy have been
documented, research on neoantigen-driven B cells, NK cells, and
macrophages remains limited (186). As our understanding grows,
it’s becoming clear that neoantigen vaccines likely stimulate a
complex antitumor immune response involving multiple cell
types, pointing towards more effective and personalized
future immunotherapies.

5 Perspectives

Neoantigen cancer vaccines represent a promising
immunotherapeutic approach that activates diverse immune cells
against tumor-specific mutations. While this field shows great
potential, comprehensive understanding of neoantigen-specific
immune responses remains limited. Current clinical trials
predominantly focus on assessing treatment efficacy, often
neglecting crucial aspects of post-vaccination immune cell
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dynamics. This gap in knowledge highlights the need for more
detailed investigation into the precise mechanisms and
characteristics of neoantigen-specific immune cell responses.

Recent transcriptomic analyses have unveiled complex patterns
in neoantigen-driven T cells, including exhaustion markers,
memory phenotypes, and cytotoxicity genes (e.g., GZMA, GZMB,
GZMK, and IFN-y). However, a comprehensive understanding of
these T cell profiles across various cancer types remains elusive,
highlighting the need for broader investigation.

Although T cells are the primary focus, the role of neoantigen-
specific B cells, NK cells, and macrophages remain largely
underexplored. These cells likely contribute significantly to
antitumor response, meriting further research. Some studies suggest
neoantigen vaccines may activate these immune cell types, but their
characteristics and functions in the immune response to neoantigens
are not well-defined. While DCs are studied have been extensively for
presenting neoantigens to T cells, the limited availability and
reproducibility of autologous DCs have hindered their widespread
use in clinical settings. Innovative approaches, including allogeneic
plasmacytoid DC (pDC) cell lines and reprogrammed conventional
DC1 (cDC1) cells, show therapeutic potential but require further
optimization for clinical use.

A critical challenge in neoantigen-based immunotherapy is
the presence of immunosuppressive cells within the tumor
microenvironment. Tregs, MDSCs, and TAMs can significantly
impair therapeutic efficacy by dampening immune responses. Recent
findings suggest that combining immunotherapy with strategically
dosed chemotherapy may offer a solution. As demonstrated by
Wang and Xu, sub-maximal doses of chemotherapeutic agents can
selectively eliminate immunosuppressive cells, enhancing the
effectiveness of combined immunotherapy approaches, particularly
with PD-1 inhibition (37). Understanding and addressing these
immunosuppressive mechanisms remains crucial for optimizing
neoantigen cancer vaccine outcomes.

In summary, neoantigen vaccine therapy orchestrate complex
antitumor immune responses beyond T cells, involving B cells, NK
cells, and macrophages. The effectiveness of these responses depends on
both the characteristics of neoantigen-reactive immune cells and the
immunosuppressive tumor microenvironment. To advance this field,
several key aspects need attention: first, deeper investigation of spatial
dynamics and molecular profiles of immune cells within the TIME using
high-resolution transcriptomics and proteomics techniques; second,
optimization of clinical trial designs with systematic immune
monitoring at critical time points; and third, development of
combination treatment strategies to overcome immunosuppression.
Future research must embrace this complexity, studying the interplay
between these immune cells. To advance this field further, it is important
to consider various factors such as the spatial dynamics of T cells within
TIME, high-resolution transcriptomics and proteomics techniques, as
well as cancer-specific immune responses when investigating the
features of neoantigen-reactive T cells. Looking ahead, continued
advances in neoantigen prediction algorithms and delivery platforms,
coupled with improved understanding of immune cell interactions, will
enhance our ability to design more effective and personalized
neoantigen-based cancer immunotherapies.
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FIGURE 1

Neoantigen-reactive immune cells orchestrate antitumor responses.

This figure illustrates the complex interactions between tumor
cells, immune cells, and neoantigens in the TME, highlighting
various neoantigen presentation mechanisms involved in the anti-
tumor immune response. The figure is divided into three main
sections demonstrating different aspects of neoantigen-mediated
immune responses. Left: The tumor microenvironment (TME),
depicting various immune cells interacting with tumor cells and a
blood vessel containing circulating immune cells. Center: A cluster
of tumor cells releasing neoantigens (represented by red dots) and
lipid neoantigens (represented by purple dots). Right: Multiple
neoantigen presentation pathways within different immune cells,
including (1): Within the Tertiary Lymphoid Structure (TLS),
Germinal Center B cells (GCB) presenting to T Follicular Helper
cells (TFH) via MHC II/TCR and CD40/CD40L interactions; (2)
Type 2 Dendritic Cells (DC2) presenting to CD4+ T cells via MHC
II/TCR; (3) Type 1 Dendritic Cells (DC1) presenting to CD8+ T
cells via MHC I/TCR; (4) Macrophages presenting to CD4+ T cells
via MHC II/TCR; and (5) Dendritic Cells (DC) presenting lipid
neoantigens to Natural Killer (NK) cells via CD1d. This figure was
created with BioRender (https://www.biorender.com).
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