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ABSTRACT

Introduction: Fundamental knowledge from tumor immunology, including tumor antigenicity, mechanisms of
immune evasion, and the tumor microenvironment, is informing the clinical development of immunotherapy
strategies.

Methodology: Databases searched include Scopus, PubMed, Embase, Web of Science.

Foundations of Tumor Immunology: Tumors develop via mutagenesis, and mutations may lead to
alterations in coding and non-coding sequences, eventually producing neoantigens that can trigger T-cell
recognition.

Mechanisms Linking Immunology to Therapeutic Outcomes: Immunoediting, a process viewed as an
adaptation driven equally by the immune system and tumor, leads to tumor heterogeneity. The establishment
of preclinical models that adequately recapitulate the interplay between the immune system, the tumor, and the
therapeutic options employed.

Translational Approaches in Oncology: Translational approaches encompass biomarker discovery, patient
stratification, preclinical modelling, and clinical trial design. Successful translation of preclinical observations
into routinely used clinical applications depends on data demonstrating a clear association between the putative
biomarker and the desired patient benefit.

Clinical Outcomes of Immuno-Oncology Therapies: Immuno-oncology therapy has created a paradigm shift
in the treatment of some advanced-stage cancers and, in certain situations, has become the standard of care.
Checkpoint blockade agents can produce long-lasting responses in a subset of patients.

Challenges and Future Directions: Immune evasion appears as an important mechanism for resisting
immune-mediated therapies.

Conclusion: Translational immunology seeks to integrate mechanistic knowledge of antitumor immunity with
clinical outcomes following therapeutic intervention in cancer patients. Biomedical research is often divided
into basic vs applied domains, but translational work crosses freely between both. Translational immunology
aims to pave the way for basic to bidirectional exploration around antitumor immunity and therapy.
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INTRODUCTION

Translational immunology contributes to understanding the relationship between antitumor immunity and
therapeutic outcomes (1). Fundamental knowledge from tumor immunology, including tumor antigenicity,
mechanisms of immune evasion, and the tumor microenvironment, is informing the clinical development of
immunotherapy strategies. Tumors expressing diverse neoantigen and established tumor-specific shared
antigens, such as mutated onco-viruses, mutant p53, or mutated protein kinases, remain targets of persistent
immune responses. Immune recognition of such antigens is influenced by tumor-intrinsic properties, including
mutation burden, antigen processing and presentation, T cell receptor (TCR) repertoire diversity, major
histocompatibility complex (MHC; also known as human leukocyte antigen [HLA]) diversity, and interferon-
gamma (IFN) signaling. Factors extrinsic to the tumor, including biomolecules produced by intratumoral
CD8+ T cells, can modulate the expression of immune checkpoints or neoantigen-processing machinery genes.
Immune checkpoints (e.g., PD-1/PD-L1, CTLA-4), T cell effector functions, the innate immune
microenvironment (e.g., natural killer [NK] cells, macrophages), the gut microbiome, and tumor cell
metabolism have all been implicated in the control of immunotherapy response (2). These factors constitute
candidate biomarkers to identify patients likely to benefit from immuno-oncological (I-O) therapies and to
guide treatment regimens (3, 4, 5, 6, 7, 8, 10, and 11).

METHODOLOGY

Databases searched include Scopus, PubMed, Embase, and Web of Science.

Inclusion and exclusion criteria: included for all peer-reviewed original research articles, clinical trials
(phase I-III), meta-analyses, and high-quality narrative/systematic reviews. Exclude conference abstracts,
editorials, or non-peer-reviewed sources unless they provide unique insights and studies not focused on cancer
immunotherapy.

FOUNDATIONS OF TUMOR IMMUNOLOGY

The successful introduction of immune-based therapies to address an unmet need in cancer treatment has
spurred renewed interest in classic principles of tumor immunology put forward by Burnet & Williams (1974)
and again emphasized by Dunn et al (12). Translational approaches are now being pursued to link the immune
system to treatment response, resistance, and clinical outcomes (13, 14, 15, 16, 17, 18, 19 and 20).

The immune system recognizes tumors via antigens, a term coined by Paul Ehrlich in 1909. Antigens stimulate
the immune system and elicit adaptive immune responses (innate immunity represents the first barrier and
consists of a diverse array of cells) (21). Tumor antigens can be categorized into two groups: shared and
neoantigens. Shared antigens are expressed by tumor cells and healthy tissues, the latter at low levels in the
case of oncofetal or tissue-specific antigens. Proteins expressed only by tumor cells, however, are of particular
interest and these correspond to mutated proteins, which range from 5 to 60 per tumor, depending on tumor
type and mutagen exposure (22). Beyond mutations, tumor-specific antigens can also arise as a consequence of
abnormal splicing, gene fusions, or the expression of viral proteins due to infection. Neoantigens have been
examined in preclinical studies, and translation into the clinic is actively pursued (23, 24, 25, 26, 27, and 28).

Although tumors can be effectively recognized, they can also evade recognition. Tumor-inflamed tissues
feature immunogenic tumor cells, a competent antigen-presenting machinery, a diverse repertoire of neo- and
shared antigens, and a pro-inflammatory cytokine milieu. Despite this, T cell infiltration remains shallow due
to molecules that inhibit T-cell activation or promote T-cell apoptosis. Intermediate stages of tumor evolution
yield variable recognition, lying beyond the pole of complete unrecognition but below that of complete
tolerance, a process known as immunoediting (29, 30, 31, 32, 33, 34, 35, and 36).

3.1. Tumor Antigens and Immune Recognition

Microbial dysbiosis can promote resistance to immunotherapy, highlighting the microbiome’s regulatory role
during cancer. Metabolic checkpoints, such as IDO, arginase, and lactate accumulation, inhibit effector T cells
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and correlate with therapy resistance. Tumor-infiltrating species vary across cancers, and specific microbial
signatures associate with tumor mutation burden and response to immune checkpoint blockade (37, 38, 39, 40,
41,42, 43, and 44)

Tumor antigens are crucial for immune recognition and an inciting signal for adaptive immunity in cancer. The
origin of tumor antigens differs substantially from that of antigens produced by pathogens. Tumor neoantigens
arise from mutations uniquely present in tumor cells, while shared antigens are encoded by unmutated genomic
sequences and originate from ectopic gene expression, modification of canonical transcripts, or aberrant
splicing (45, 46, and 47). Cancer/testis antigens are the most comprehensively characterized cancer-associated
antigens; these antigens are not expressed in normal differentiated tissues outside the testis and are associated
with T-cell-mediated immune responses. They have been extensively studied as vaccine antigens. Tumor
antigens originating from intronic sequences or via cryptic splicing have also been described; these antigens
can be targeted by T cells. Immunoediting shapes and molds the malignant phenotype during tumor evolution,
including loss of or mutation in genes encoding tumor antigens (48, 49, 50, 51).

3.2. Immune Suppression in the Tumor Microenvironment

The tumor microenvironment (TME) recruits diverse immunosuppressive cell types and alters the local
cytokine milieu to blunt antitumor responses through multiple mechanisms. Myeloid-derived suppressor cells
(MDSCs), regulatory T cells (Tregs), and tumor-associated macrophages (TAMs) infiltrate various human
tumors (52). TGF-B produced by Tregs and MDSCs, along with IL-10 released by Tregs and TAMs, dampens
effector T-cell expansion and functional activity. A prominent T-cell checkpoint is also expressed by Tregs,
while MDSCs inhibit T-cell activation via different pathways. Tumor-secreted factors increase Treg influx and
MDSC production in the bone marrow, which promote unresponsiveness and tolerance in tumor-draining
lymph nodes. Other properties of the TME, including acidity, nutrient scarcity, and adenosine accumulation,
further impair T-cell activation (53, 54, and 55). The resultant residual immune activation underlies the poor
efficacy of standalone immune checkpoint inhibitors or costimulation-based therapies in most indications.
Additional characterization genes, signatures enriched in pre-infiltrated tumor specimens, temporal dynamics,
and flow cytometry translatability toward circulating counterparts could enhance the extensive immune
landscape. A comprehensive atlas spanning cell types, granular surface markers, and immune regulatory
interactions in preclinical models of solid tumors is pivotal to decipher the dynamics of immune component
remodeling elicited by therapeutics, benchmark cross-modulatory responses interplaying between innate and
adaptive modalities, pinpointing standardized signatures for an early readout of triggering events and
ultimately steering translational insights to human oncology (56, 57, 58, and 59).

3.3. Immune Editing and Tumor Evolution

Tumors develop via mutagenesis, and mutations may lead to alterations in coding and non-coding sequences,
eventually producing neoantigens that can trigger T-cell recognition. Such antigens are exclusively unique to
the tumor, contrasting with shared neoantigens, which include mutated antigens formed by missense
mutations, fusion antigens generated from chromosomal rearrangement, and viral antigens resulting from
integrated viral DNA into the host genome—antigens present not only on cancer cells but also on normal cells
in the organism (60, 61, 62, and 63). Tumor cells expressing elevated and/or aberrant levels of associated
antigens may elicit immune recognition. Additional immunogenicity evinced by “strongest allergopeptide”
criteria confers greater susceptibility to immune surveillance (64, 65, 66, 67, and 68).

Tumor cells may escape from immune recognition through several mechanisms: a decrease in the major
histocompatibility complex (MHC) class I expression level, or mutations and loss of the MHC (II) locus; a
drop in co-stimulatory molecules, such as B7 family proteins; an up-regulation of coinhibitory ligands, such as
programmed death ligand-1 (PD-L1) on tumor cells; and alterations that eliminate or drastically reduce the
expression of the antigenic protein. Such diverse escape strategies may induce and drive heterogeneous tactics
for tumor evolution. Immune editing that ultimately bypasses or fails tumor immune-evasion determines clonal
proliferation and represents escape mechanisms toward high-frequency passenger mutations and/or low-
frequency driver mutations, analogous to broad resistance (69, 70, and 71). Consequently, activation of the
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anticancer immune system and elimination of tumor cells by immune checkpoint blockade enable further
release-deletion-acquisition dynamics and may consequently accelerate clonal evolution (72, 73, 74, and 75).

MECHANISMS LINKING IMMUNOLOGY TO THERAPEUTIC OUTCOMES

The investigation of biomarkers capable of predicting therapeutic efficacy is crucial. In preclinical studies and
analyses of biological samples from clinical trials, distinct molecular signatures associated with the response to
regimens such as anti-PD-1, anti-PD-L1, anti-CTLA-4, and oncolytic viruses have been identified (76, 77, and
78). Immune checkpoint inhibitors represent the most successful category of immuno-oncology therapies to
date, having demonstrated efficacy across various malignancies and treatment lines. Nevertheless, only a
minority of patients exhibit an objective response, and in some indications, a significant proportion of
responders later relapse, either acquiring new resistance mechanisms or reverting to pre-existing ones. These
critical clinical issues underscore the importance of characterizing both incremental and acquired resistance
mechanisms and synergistic combinations capable of overcoming them (79, 80, 81, 82, 83, and 84)

Immunoediting, a process viewed as an adaptation driven equally by the immune system and tumor, leads to
tumor heterogeneity. The establishment of preclinical models that adequately recapitulate the interplay
between the immune system, the tumor, and the therapeutic options employed, however, remains a daunting
challenge in translational cancer immunology (85, 86). Approximately five oncoimmunology therapies have
been found capable of mediating a cure in a wide range of human tumors, attesting to the possibility of
immunological rejection despite tumor heterogeneity. Thus, three hallmark questions in oncoimmunology
clinical trials inquiry continue to arise: what mechanisms govern escape from the immune system after the
initial therapeutic success achieved by anti-PD-L1, oncolytic viruses, or other agents? Which therapeutic
interventions can re-enable the immune system to promote tumor regression? Which biomarkers would permit
early identification of patients able to reject the tumor after therapeutic administration of a given agent? (87,
88, 89, and 90)

4.1. Immune Checkpoints and Receptor-Ligand Dynamics

The global-oncology community is fully aware that tumor-associated immunogenicity is critical to the success
of immunotherapy. Accumulating data from the literature and from clinical practice support the view that
tumor immunogenicity comprises two distinct components: immune checkpoint and T cell effector function.
Two prominent immune checkpoint pathways, PD-1/PD-L1 and CTLA-4, play key roles in shaping the degree
of antitumor immunity and have been particularly useful in the clinic in stratifying cancer patients according to
the likelihood of receiving meaningful clinical benefit from monotherapy with checkpoint-blocking agents (91,
92, 93, 94, 95 and 96). The presence of specific T cell effector functions further augments the ability of the
immune system to reject tumors. The markers of such effector functions that have been most widely examined
in preclinical and clinical studies are the cytotoxic molecules granzyme B and perforin, the T cell cytokines
IFN-1, TNF-a, and IL-2, and the progressively expressed markers of T cell exhaustion ( 97, 98, 99, 100, and
101)

4.2. Effector Functions of T Cells in Tumor Rejection

The importance of T cells in immuno-oncology has long been recognized, yet simple enumeration or
characterization of specific T-cell populations can be misleading. An extensive literature documents the critical
role of effector functions in antitumor activity, and studies of cancer models with transgenic TCRs or
fluorescent reporters indicate strong correlations between overall effector function and tumor rejection (102,
103 and 104). Immune checkpoint blockade boosts TCL numbers, yet insufficient effector function remains an
obstacle to full therapeutic efficacy across many cancers. A large body of work documents T-cell exhaustion
and dysfunctional CD8 T-cell states. T cells from tumors or peripheral tissues exhibit various exhaustion
markers. Surprisingly, analysis of both mouse and human tumors shows upregulation of select surface
receptors among tumor-specific CD4 and CD8 T cells without a concurrent rise in common exhaustion
markers (105). The degree of effector activity defines the T-cell fate and postulates a novel dependency of TIL
maturation on local intratumor conditions. These findings suggest that immune therapy could benefit from a
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deeper understanding of TIL-effector characterization, beyond broad definitions of “exhaustion.” (106, 107,
108, and 109)

Recent studies have proposed the notion of T-loops operating within the tumor microenvironment and
transferred TCR-transgenic CD8 T-cell fate as immune checkpoints modulating tumor protection following
tumor-specific vaccination. Here, work establishing a robust framework for monitoring T-cell activity and
intratumoral localization addresses critical aspects of immunotherapy response correlates, notably the
specification of TIL functionality. CD8 TIL populations characterized as naive to effector prime or polarize
toward diverse T-effector subtypes pervade diverse tumor types both during spontaneous development and
after immunotherapeutic intervention. Direct tumor eradication in some systems requires either the full
complement of T-effector subsets or, in other contexts; regulation still unfolds T-cell protection without direct
targeting (110, 111 and 112). Tumor engraftment enhances the induction of multiple effector type CD8 TCR-
T-cell transgenic and Polyfunctionality remains operative even during chronic antigen stimulation. Transferred
T-cell activity remains severely curtailed by diverse TGF-B-related mechanisms, indicating a persisting TGF-
B-fueled polarization evident in preclinical models of checkpoint therapy. The characterization framework
meets extensive evidentiary support in favor of earlier immune-intervention administration and stimulates T-
cell protection concepts during extended T-cell retention therapy, with broader implications for combinatorial
therapeutic strategies (113, 114, 115 and 116)

4.3. Innate Immunity and Antitumor Inflammation

Tumors co-opt immune mechanisms to thrive, starting from early stages. Yet, while inflammation can drive
early immunoediting, chronic inflammatory cues can trigger pro-tumoral polarization of macrophages and
myeloid-derived suppressor cells (MDSCs) that facilitate tumor growth (117, 118, 119, and 120). Accelerated
tumor growth can be tracked in preclinical settings, where inhibitory antibodies against checkpoint molecules
become less effective. During this pro-tumor phase, Type2 inflammation (the hallmark of allergies) causes
immune changes, including new T cell clones and CTLA-4 upregulation (121, 122, and 123). Pro-state
myeloid cells have distinct ontogenies and recipients of specific signals as lessons learned in the ongoing
design of clinical trials (124, 125, and 126).

4.4. Microbiome, Metabolism, and Immunotherapy Response

Immunotherapy leverages the ability of the immune system to induce an efficient removal of tumors; yet, only
a subset of patients benefits from this treatment. Different tumor types have shown distinct responses to
immunotherapy; in melanoma, for instance, some antigens involved in the recognition of tumor neoepitopes
acquired mutations in responders, suggesting a change in the parameters regulating the immune-tumor
dynamics and the immune-checkpoint blockade mechanisms (127, 128, and 129). The composition of the
microbiome affects multiple aspects related to the immune system, directly influencing antitumor immunity
and impacting the general metabolic state of the hosts. Indeed, components of the microbiome can directly
modulate the tumor microenvironment through the production of metabolites or other signaling molecules that
commute between resident immune cells or reach distinct distant tissues and organs; microbiota-derived
metabolites influence important immunotherapeutic responsiveness parameters; some of these metabolites
have been shown to be positively correlated to immune-checkpoint blockade responses or responsiveness to
anti-CD20 treatment while others are responsible for restoring anti-tumor T-cell immunity (130, 131).
Furthermore, even the entire microbiome composition has been shown to directly impact immune-checkpoint
blockade therapy responsiveness (132, 133, and 134).

TRANSLATIONAL APPROACHES IN ONCOLOGY

Translational approaches encompass biomarker discovery, patient stratification, preclinical modelling, and
clinical trial design. Successful translation of preclinical observations into routinely used clinical applications
depends on data demonstrating a clear association between the putative biomarker and the desired patient
benefit, taking into consideration analytical, clinical, and regulatory perspectives (135, 136, and 137). The
paralogous MET and RON receptor tyrosine kinases have been investigated extensively as potential drivers of
metaphyseal prostate cancer in both preclinical and clinical studies. Both MET and RON have been targeted
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therapeutically in animal models, notably via bispecific antibodies, with evidence of enduring activity. Several
studies have then sought to evaluate the clinical relevance of MET and/or RON in human metastatic prostatic
disease, but the findings remain inconclusive. Integration of biomarker discovery and therapeutic development
along with incorporation of robust patient stratification into clinical trials provides a paradigm for preclinical
exploration of therapeutically tractable targets (138, 139, 140, 141, and 142)

5.1. Biomarker Discovery and Validation

Biomarkers are used in oncology to identify the biological characteristics of a patient’s cancer for which
targeted drugs or specific therapies may be available. Criteria have been developed for cancer biomarkers,
which are based on the complexity of human tumor biology (143, 144, and 145). These criteria, summarized
according to the tumor-somatic mutation—analyzing pipelines, are expected to contribute to the sensible use of
biomarkers in drug discovery and trial design. Moreover, molecular profiling studies, which are currently
being widely pursued both within and outside the field of oncology, largely use a set of biological material
references (146, 147, and 148). Such guidelines, aimed at the standardization of biosamples and concomitant
animal, biological, and storage profiling, are essential for the rapid detection of the effective use of therapy and
of the identification of biomarkers against any set of targeted drugs (149, 150, and 151)

Biomarkers have been found to predict the response of tumors to several cancer-attributable infections when
the measures of outer populations influence cell growth. The cell-growing capability typically is itself
exceeded by intracellular deformations, and indicators have been assembled that may correlate cells’ risks of
arrangement with outside multi-competitive sources. Therefore, an accurate description of cellular capability
may even go against single tagging by tumor markers from different disturbing scenarios (152, 153, 154 and
155).A certain type of models, called universality models, well known in either communication or
bioengineering, is therefore considered to analyse cell-change—alluring information on multi-cells for either
long- or short-term sample-studying is massively-shortened. A large set of widely-used biomedical approaches

indeed strongly sticks on one cell/one tagging or separate-tagging protocols for the detection of cancer (156,
157, 158, 159, and 160).

5.2. Patient Stratification and Companion Diagnostics

Immunotherapies targeting immune checkpoint receptors like CTLA-4, PD-1, and LAG-3 have revolutionized
the treatment of certain cancers; however, long-term response rates remain low. Some tumours possess
intrinsic features—a phenotype, genotype, or a set of regulatory mechanisms—that strongly predict
nonresponse. Identifying and measuring these predictors in the patient population before treatment enables
rational patient stratification for clinical trials (161, 162, 163, 164 and 165). Predictive markers can therefore
be defined as factors whose presence (or absence) indicates a significantly greater (or lesser) chance of a pre-
specified pharmacological effect occurring in a group of patients. Their use allows the design of ultra-
permitted first-in-human trials in which the likelihood of systemic pharmacological activity is significantly
maximized and uninterpretable safety events avoided (166, 167, 168, and 169)

As tumours evolve during disease progression under therapeutic pressure, such trial designs are possible for
either de novo or acquired resistance mechanisms without prior knowledge of the genetic factor(s) involved.
Predictive markers for nonresponse are of two major types: bona fide predictive markers for immune
checkpoint blockers (cantreat markers such as IDO1 or PTEN) and generic drug-associated factors (unrelated
to the pharmacology of the product under study) that pertain to multikine combinatorial regimens (170, 171,
172,173,174, 175, 176, 177, 178, and 179)

Use of companion diagnostic tests measuring bona fide predictive markers to calibrate patient access to next-
generation immunotherapies and avoid erroneous rejection decisions is also being integrated. Lastly,
therapeutic MRI systems responding to genomic and cellular conformational changes or to plaque-inducing
treatments represent possible modifications of existing therapeutic approaches that, while still in laboratory
development, offer promise for a non-companion-diagnostic approach to surveillance in standard-of-care
treatment (180, 181, 182, 183, 184, 185, 186, 187, and 188)
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5.3. Preclinical Models and Their Predictive Value

The success of investigational therapies depends on preclinical studies that reliably recapitulate clinical
outcomes. Immune-oncology agents have nonetheless made their way into clinical trials without a thorough
preclinical assessment of safety and efficacy. Preclinical models thus represent an attractive opportunity for the
field of translational cancer immunology (189, 190, and 191). In vitro systems permit dissection of specific
mechanistic aspects, but nonclinical animal models remain essential for prediction of safety and efficacy.
Murine models remain the most widely used, though humanized models are becoming increasingly valuable
for immuno-oncology agents. Capturing the substantial interpatient variability is another important
consideration in preclinical studies (192, 193).

5.4. From Bench to Bedside: Clinical Trial Design

Research and development in the field of immuno-oncology have been growing rapidly, uncovering critical
biological mechanisms governing the efficacy and safety of these therapies and at the same time opening the
door for new treatments. An essential area of translational immunology in oncology aims to create clinical trial
designs capable of incorporating biological/biochemical parameters in multiple timeframes without
compromising trial integrity, patient safety, operational aspects, or resource utilization. While new agents are
developed, earlier phases may employ a biomarker-embedded design to pair maximal biologically active doses
with standard endpoints in exploratory large-cohort trials (194, 195 196, 197 and 198). Late stage studies
would benefit from designs flexibly accommodating bench-to-bedside dimensions, and from tools elaborating
links between biologic effects and clinical endpoints or framework-based adaptive strategies, especially when
information is gathered from outside the trial (199, 200, 201, 202, 203, 204, and 205)

CLINICAL OUTCOMES OF IMMUNO-ONCOLOGY THERAPIES

Immuno-oncology therapy has created a paradigm shift in the treatment of some advanced-stage cancers and,
in certain situations, has become the standard of care. Checkpoint blockade agents can produce long-lasting
responses in a subset of patients, but response rates as monotherapies in the general population remain
modestly effective at best. The immunological microenvironment of a patient's tumor has emerged as a critical
factor influencing treatment outcomes; the so-called "immunoscore" signature has been shown to be prognostic
for outcomes in several malignancies, including melanoma and colorectal cancer (206, 207, and 208). Tumors
can generally be classified as “hot,” with robust pre-existing tumor-infiltrating CD8+ T cells and NK cells;
“cold,” with scarce or no T cell infiltration, or “immunosuppressive,” with elevated proportions of suppressive
myeloid cells. Greater tumor infiltration with CD8+ T cells correlates with clinical responses across different
types of immune checkpoint inhibitors. In non-small cell lung cancer patients undergoing PD-L1-targeting
therapy, high tumor IFNy mRNA and PD-L1 protein expression are associated with positive treatment
outcome. The strategic incorporation of complementary biomarkers, including tumor mutational burden, tumor
microenvironment characteristics, and alterations in host immune system accessibility, has the potential to
improve pre-therapeutic prediction of response to various immuno-oncology modalities and combination
strategies ( 209, 210, and 211)

The landscape of early phase oncology trials is evolving with the emergence of novel immune-therapies that
possess the potential to drastically improve the rate and efficiency of drug development globally. Although
traditional definitions referring to dose-limiting toxicity and maximum tolerated dose remain valid, a key
feature of the majority of immuno-oncology trials is that the recommended phase II dose is often based on the
maximum administered dose or supporting pharmacokinetic data rather than the conventional consideration of
toxicity (212, 213, 214, 215, and 216. Furthermore, enrollment at the end of phase I trials frequently
incorporates expansion cohorts that have expanded from original size ranges of 10—15 to upwards of 1000
patients in a proportion of cases. Accordingly, early phase programs increasingly benefit from integration
within subspecialty clinics attuned to the management of the distinctive toxicities associated with such
treatments. The possibility of dramatic responses in the first-in-human setting also challenges the traditional
consecutive phase I/II/IIl approach, further complicating development pathways due to the introduction of
additional combinations and different models of immune response (217, 218, 219, 220, and 221)
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Emerging immunotherapeutic developments across a broad spectrum of cancer types have increased the
collective hopes of the scientific community to enhance treatment responses. A growing number of patients
appear to benefit from single-agent or combination immunotherapy regimens; however, the vast majority of
patients have yet to achieve any measurable clinical gain (222, 223,224, and 225). Many of the currently
available immunotherapies exhibit appreciable toxicity profiles, and serious adverse effects and complications
remain common. Consensus is beginning to form around the need to design novel immunotherapies that are
carefully tailored to patients’ genetic characteristics and to prioritize the selection of individuals most likely to
experience deep, durable therapeutic responses (226, 227, 228, and 229)

6.1. Checkpoint Inhibitors: Efficacy Across Cancers

Immune checkpoint inhibitors have transformed the treatment of advanced malignancies by leveraging the
host’s immune system against the tumor (230, 231, and 232). In 2011, the anti-CTLA-4 antibody ipilimumab
showed durable antitumor activity in metastatic melanoma, leading to the first FDA approval for an immune
checkpoint inhibitor. The approval of a PD-1 or PD-L1-targeted agent followed in 2015, with subsequent
expansion to several tumor types (233, 234, 235, and 236). Landmark studies with these agents have
demonstrated substantial growth in overall survival across solid tumor types, and durable treatment responses
lasting beyond the cessation of therapy can occur in over one-third of patients. (237, 238, 239, 240, and 241)

Surprisingly, the percentage of patients responding to immune checkpoint blockade in different tumor types is
similar at even the first clinical steps. Current models and studies suggest that antifungal immunity,
recognition of virus-induced tumor, and other mechanisms by the innate immune system plus biological
phenomena in Cancer Hallmarks may serve as linking mechanisms for about 9 cancers, including breast
cancer, prostate cancer and even acute leukaemia. The immune system collectively constructs a complex
system. Without innate immune systems, other type of immune systems such as adaptive immunity will be
severely affected. Understanding these mechanisms that help link solid tumor cases with elicited immune
checkpoint inhibitors plus added on mechanisms in the form of temporal ordering may open many further
cancers to pursue immunotherapy options (242, 243, 244, 245, and 246).

6.2. Adoptive Cell Therapies and Cellular Engineering

Adoptive cell therapy mobilizes and expands anti-tumor lymphocytes ex vivo for intravenous reinfusion.
Depending on the provenance and engineering of these cells, the specificity of the anti-tumor activity can be
pre-defined or adjusted to suit a patient’s tumor burden. Products of this therapy include TCR-engineered T
cell therapies targeting shared and mutated antigens and engineered CAR T cells targeting associated ligands.
Either method exposes the cells to a high-dose anti-PD-1 antibody prior to infusion to enhance reinvigoration
(247, 248, 249, 250, 251, 252, 253, 254 and 255)

Unlike CARs, T cell therapy relies on TCR specificity for the selection of the targeted tumor. The attention
given to these innovative strategies has often eclipsed the substantial advances achieved with traditional CAR
T cells, especially in patients with hematologic cancers, where case removal of malignant cells was established
over a decade ago (256, 257 and 258). The community has therefore begun emphasizing enhancements to
identify and attack tumor cells effectively in hematologic cancer and solid tumors. (259, 260, 261, 262 and
263)

6.3. Cancer Vaccines and Oncolytic Virotherapy

Proteins derived from mutated DNA sequence, termed neoantigens, may constitute a major class of T-cell-
stimulating antigens found in human and murine tumors (264, 265, and 266). Tumor-associated antigens,
derived from normal cellular genes overexpressed in tumors, or from viral proteins expressed only in tumor
cells, can also elicit T-cell-mediated protective immune responses (267, 268, and 269). Cancer vaccines
provide in principle an attractive therapy directed at neoantigens, which may be individualized. Unfortunately,
with currently available platforms, identification of neoantigen candidates requires extensive characterization
of each tumor. Oncolytic viruses such as vaccinia, adenoviruses, and vesicular stomatitis virus engineered for
selective infection of cancer cells can stimulate an immune response to shared and tumor-specific antigens, and
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hence are called immune-oncolytic viruses (270, 271). Such viruses have shown efficacy against hematological
malignancies, including both acute and chronic lymphocytic leukemia, multiple myeloma, and T-cell
lymphomas. Additional studies of an oncolytic virus targeting hematopoietic malignancies were performed in a
rigorously disabled humanized mouse model of leukemia. In this model, an oncolytic virus engineered for
tumor-selective replication and expressing the membrane-destabilizing immune-oncolytic protein can cure
murine leukemia and impacts human patient-derived leukemias (272, 273 and 274)

6.4. Combination Strategies and Sequencing

Combining immuno-oncology agents with standard-of-care therapies harbors the promise of improved clinical
outcomes without requiring heightened agent doses that would enhance toxicity (275, 276, 277 and 278).
Theoretical synergy can stem from enhancing anti-tumor immunity or counteracting additional immune
evasion mechanisms. Among the >800 combination strategies with clinical milestones, the greatest activity
thus far stems from blocking immune checkpoints in combination with oncolytic viruses, epigenetic modifiers,
and chemotherapy. Combinations of genetically engineered T-cell therapies with immune-checkpoint
inhibitors, oncolytic viruses, and various non-cytotoxic agents engender preclinical synergy (279, 280).
Combinations of tumor-targeted monoclonal antibodies with immune-checkpoint blockade are either
synergistic or independently active across >50 preclinical tumor models; however, indolent antibody
combinations can accelerate checkpoint-inhibitor-mediated T-cell infiltration into tumors. Co-administration of
hydrophilic and hydrophobic anti-PD-1 antibodies has demonstrated therapeutic benefit without elevating
overall exposure (281, 282 and 283).

6.5. Safety, Toxicity, and Management of Imnmune-Related Adverse Events

Immune-related adverse events (irAEs) refer to a heterogeneous category of autoimmune-like toxicities
associated with immuno-oncology therapies. The increasing use of immune checkpoint inhibitors (ICIs) has
elevated interest in these phenomena; treatment with anti-PD-1 and anti-CTLA-4 monoclonal antibodies can
elicit both predictable and unpredictable irAEs (284, 285 and 286). These may affect virtually any organ in the
body, with the skin, gastrointestinal tract, endocrine organs, and liver among the most commonly involved.
Generally, the development of rAEs has been linked to therapeutic efficacy; extensive studies have described
their clinical features, proposed underlying mechanisms, and provided clinical guidelines for management
(287, 288 and 289). In conjunction with preclinical data, these observations inform an evolving understanding
of how IClIs alter the immune system (290, 291, and 292).

Immune-related adverse events associated with immuno-oncology therapy emerges as a prominent topic in
clinical translational research owing to the increase in indications. Recognizing the statistical prevalence of
irAEs in the clinical setting has enabled the implementation of guidelines for mitigation and adjustment in
patient monitoring frequency. The general grading framework for irAEs primarily reflects the toxicity level of
the event and allows the determination of a symptom-specific mitigation strategy to retain maximal patient
benefit (293, 294 and 295). Several studies have examined the role of substances commonly regarded as drugs
of abuse and of the precise guidelines for checkpoint inhibitor use in patient populations with a high
background rate for the various events of interest. This correspondence highlights a determination of whether
the abrogation of careful monitoring mitigates potentially serious adverse health consequences (296, 297 and
298).

CHALLENGES AND FUTURE DIRECTIONS

Immune evasion appears as an important mechanism for resisting immune-mediated therapies. Acquired and
intrinsic resistance models have been proposed to explain how tumors can evolve mechanisms to escape
immune detection and to address detoxification mechanisms of standard therapies, such as literature defining
how epigenetic modifiers can promote immune evasion (299, 300). Acquired resistance can trigger alternative
tumorigenesis drivers, such as phenotypic rewiring and activating feedback properties associated with
immunoediting (301, 302). For instance, over-activation of oncogenic bypass signaling induced cancer-
intrinsic tolerance to naive T-cell recognition, while therapeutic reactivation of this bypass signaling promoted
re-sensitization towards immunetolerance ( 303, 304). Clonal evolution, whether through neutral processes or
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selection, requires alternative mechanisms acting subsequently to guarantee the preservation of early fitness
trade-offs of disappearance (305, 306 and 307).

Although different types of resistance are increasingly characterized, corresponding countermeasures remain
limited. Strategies focusing on restoration of immunity against tumors undergoing evolution but only for early
stages have been proposed; for late-stage resistance, boosting off-target immunity counteracting the alternate
drivers of tumor-protective immunoediting appears critical (308, 309 and 310). Mathematical frameworks, by
identifying stages of resistance and potential cross-immunogenic pro-grammes, enable prioritisation of viable
combinations (311, 312, 313, 314, 315 and 316).

7.1. Resistance Mechanisms and Escaping the Immune System

In a neoantigen and immune checkpoint model, coincident mutations or shared non-synonymous mutations
collectively enable the development of intrinsic and adaptive resistance strategies, delineating opportunities for
therapeutic intervention and immune restoration (317, 318, and 319). During the selective pressures of tumor
development, the majority of mutations, including neoantigens, are lost as a consequence of tolerization (320,
321). Tumors learn to suppress lymphocyte activation through the enhanced expression of checkpoint ligands
on tumor cells or through the recruitment of checkpoint-bearing regulatory T cells and myeloid-derived
suppressor cells, limiting the secretion of IL-2 and TNF-a and promoting the secretion of IL-10 instead (322,
323, and 324). Such results reflect that many tumor cells undergo a selective loss of HLA-1 and class II
receptors alongside the loss of immunogenic neoantigens, supporting the model that, as immunity serves as an
essential selective pressure during tumor evolution; tumor cells evolve through a differentiative immunoediting
process to escape immune destruction (325, 326 and 327).

7.2. Personalization of Imnmunotherapy

Immune responses to tumors and therapy-induced immune modifications impact clinical outcomes. Tumor
recognition by the immune system hinges on the presence of tumor-associated and tumor-specific antigens,
termed neoantigens (328, 329). Although cancer neoantigens have limited immunogenicity compared to
chronic infections and do not fully account for response heterogeneity, they remain important biomarkers for
immuno-oncology and immunotherapy. Advances have focused on methods of tumor antigen detection, from
genome to protein analysis, enabling better patient stratification (330 331). Tumor progression occurs in
tandem with immune evasive changes or "immunoediting," which are influenced by the tumor
microenvironment (TME) and therapeutic intervention; on-treatment changes between pre— and post-therapy
biopsies can signal new therapeutic response mechanisms. Immuno-oncology and immunotherapy demand the
elucidation of fundamental immuno-oncology mechanisms and careful examination of treatment changes,
tumor antigen profiling, and TME analysis (332, 333, and 334)

Immune checkpoints, including programmed cell death protein-1 (PD-1) and cytotoxic T lymphocyte antigen-4
(CTLA-4), represent well-defined immuno-oncology mechanisms and correlates of therapeutic outcome. The
PD-1/PD-L1 and CTLA-4 immune checkpoint axes govern antitumor immunity and control primary resistance
to immuno-oncology therapies and anticancer interventions, with extensive data characterizing their roles in
resistance to immune checkpoint inhibitors (335, 328, and 329). The generation of effector memory T cells
after immune checkpoint blockade in preclinical cancer models demonstrates a mechanistic foundation linking
initiation of the anticancer immune response to durable long-term therapeutic benefits (327, 318). Additional
immune checkpoints, such as LAG-3 and TIM-3, have emerged that regulate T cell differentiation into distinct
effector subsets and represent clinically relevant dimensions of immuno-oncology regulation. In preclinical
studies and a large cohort of cancer patients, activated resident memory T (Trm) cells increasing in tumors
during therapy with immune checkpoint blockers correlate with a positive clinical response. Inverse TCF-
I/TOX (thymocyte selection-associated high mobility group box) expression fine-tunes effector T cell
differentiation and prevents T cell exhaustion under stimulation by tumor neoantigens, providing a connection
linking antigen recognition to T cell clonal expansion, differentiation, and sustained therapy efficacy (239
140).
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The innate immune system and signals generated through precursors of macrophages and dendritic cells play
significant roles in the initiation and regulation of adaptive immunity. Macrophages influencing the effector
function and phenotype of tumor-specific lymphocytes represent important mechanisms of antitumor
immunity correlating with treatment outcome in human cancer models (301, 322 and 243). The capacity of
TLR4-expressing tumors to activate innate defense pathways and shape the adaptive immune compartment,
influencing therapeutic sensitivity across a range of anticancer modalities, illustrates an avenue for expanding
the clinical efficacy of cancer therapies. Active Tumor-Associated Macrophage Signaling Systems (aTAMSS)
in mouse tumor models analyze the macrophage contribution to anticancer immunity and drive clinical drug
development (44, 45). Signals derived from tumor-infiltrating bacterial microbiota have emerged as additional
initiators of innate and subsequent adaptive antitumor immunity spanning multiple cancer types in diverse
murine contexts. Collectively, the initiation, propagation, and maintenance of antitumor immunity at the level
of both the innate and adaptive immune systems shape therapeutic response, therapeutic activity, and
mechanisms of resistance (146, 47 and 328).

The microbiome comprises trillions of microorganisms residing in symbiosis on and within the human body
and influences human health. Microbial signatures play direct and indirect roles in shaping sustained antitumor
immune responses and have emerged as additional biomarkers for patient stratification and prediction of
therapeutic outcome across immuno-oncology strategies (149, 250 and 301). Metabolism governs basic
cellular processes and generates specialized metabolites that modulate the epigenome and transcriptional
programs of both immune and tumor cells. Numerous metabolic checkpoints and associated therapeutic
combinations influencing both tumor and immune metabolism shape the response to a range of cancer
therapies and represent an avenue for expanding the impact of immuno-oncology (52 and 53). These immune
and tumor checkpoints, together with the microbiome and metabolism, constitute a framework for defining the
state of germline and adaptive immunity to therapeutic intervention and shaping the patient-specific
therapeutic response to cancer treatment (154, 255 and 256).

7.3. Health Disparities and Access to Immunotherapies

To achieve equitable access to immuno-oncology therapies, it is essential to understand the extent of these
disparities across cancer types. Information on how the socioeconomic, geographic, and regulatory dimensions
of disparities in access to immunotherapy differ between cancer types and Early Assessment Consortium
(EAC)-qualified immuno-oncology therapies remains limited (157, 258 and 309). Without such knowledge,
directed efforts to address disparities by interventions that target the specific dimensions of disparity present
for a given immuno-oncology therapy would be compromised. Strategies that could influence eligibility for
immuno-oncology therapies include segmenting underwriting questions by cancer type and therapy. Of certain
importance, the role of economic factors in the observed disparities remains uncertain. Economic incentives
and disincentives have not yet been examined (60, 301 and 332).

Geographic disparities in access to immuno-oncology therapies also need to be characterized, as weighty
restrictions on such therapies have been documented in naturalistic settings compared with their EAC
qualification (313, 334, and 335). These disparities are liable to be most pronounced in cancers for which only
one type of EAC-qualified immunotherapy is available. Information on the gap between naturalistic and EAC-
qualified availability is scant. Moreover, in precisely those cancers where geographic disparities remain remote
or absent, a deeper understanding of the nature of the disparities at EAC-qualified approval would provide
insight into whether a separate evaluation of geographic disparities might be warranted (66, 167 and 308).
Potential geographic dimensions of cancer inequality that might inhibit access to the EAC-qualified
designation and impede system-wide equity efforts include those linked to population density, regulatory body
density, regulatory budget, and available review time. (9, 70, 271, 332 and 333)

CONCLUSION

Translational immunology seeks to integrate mechanistic knowledge of antitumor immunity with clinical
outcomes following therapeutic intervention in cancer patients. Progresses in the immuno-oncology landscape
demonstrate the real importance of elucidating such connection to ensure the future advancement of the new
paradygm.

Page 851 www.rsisinternational.org


https://rsisinternational.org/journals/ijrsi
https://rsisinternational.org/journals/ijrsi

INTERNATIONAL JOURNAL OF RESEARCH AND SCIENTIFIC INNOVATION (IJRSI)
ISSN No. 2321-2705 | DOI: 10.51244/1JRSI [Volume XIII Issue VII July 2026

Understanding the full repertoire of tumor antigens and their associated immune recognition is a requisite first
step towards improving therapeutic efficacy. Antigens produced by tumor-specific mutations—neoantigens—
have gained increasing attention given their association with an objective clinical response to CheckPoint
inhibitors. The directions of tumor immune editing, describing a shadowing interplay of recognition and
evasion—and immune checkpoint-dependent inhibition of Tcell activity, remain the most investigated
determinants of effectiveness. Major lesions impinging on innate signaling and effector T cell functionality
emerge as crucial factors across diverse treatment contexts, Translational immunology is expected to deepen
the understanding of the mutual inter-relationship between molecular basis of tumorigenesis and immune
sufficiency.

Biomedical research is often divided into basic vs applied domains, but translational work crosses freely
between both. Translational immunology aims to pave the way for basic to bidirectional exploration around
antitumor immunity and therapy.

LIMITATIONS AND FUTURE DIRECTIONS

Limitations of this Review

e Scope and coverage: Although this review aimed to provide a comprehensive overview of
Immunology in Oncology, the breadth of the field means that some relevant studies may have been
inadvertently excluded.

e Selection bias: The inclusion criteria focused on peer-reviewed literature in English, which may limit
representation of findings published in other languages or in non-indexed journals.

o Rapidly evolving field: Immunotherapy is advancing at a pace that outstrips the publication cycle;
consequently, some emerging therapies or trial results may not be captured.

o Narrative synthesis: As a narrative review, the analysis is interpretive rather than systematic, which
introduces potential bias in how evidence is weighted and contextualized.

Future Research Priorities

o Biomarker development: Greater emphasis on validating predictive biomarkers to guide patient
selection and optimize therapeutic outcomes.

o Combination strategies: Rigorous evaluation of rational combinations (e.g., checkpoint inhibitors
with targeted therapies or radiotherapy) to overcome resistance mechanisms.

o Translational pipelines: Improved alignment between preclinical models and clinical trial design to
reduce attrition of promising therapies during translation.

e Real-world evidence: Expansion of registries and post-marketing surveillance to capture long-term
safety and efficacy data across diverse patient populations.

e Equity and accessibility: Research into cost-effectiveness, global access, and disparities in
immunotherapy delivery to ensure broader impact.

o Next-generation modalities: Continued exploration of novel approaches such as personalized
neoantigen vaccines, engineered TCR therapies, and bispecific antibodies.
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