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Cancer Immunotherapy: Advances, Challenges, and Future Directions
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ABSTRACT
Cancer immunotherapy represents a novel approach that harnesses the immune system to recognise and 
eliminate malignant cells. Physician must be well versed in this field, not only in treating cancer itself, but also in 
manging immune system-related complications. An additional crucial focus of cancer research is understanding 
how the tumour microenvironment (TME) regulates the rates of tumour growth and metastasis, so that parallel 
tests and proper treatments can be accordingly developed. The presence of TME, together with its immune cells 
infiltrating the tumours, crucially influences the outcome of immunotherapy by sometimes converting the anti-
tumour response into a pro-tumour type. Mass cytometry and single-cell analysis approaches have facilitated 
our understanding of TME by demonstrating the variety of immune cells which might be potential targets of 
treatment. This review covers various types of immunotherapies, including immune checkpoint inhibitors (ICIs), 
Adoptive cell transfer (ACT) and oncolytic viral therapies.  In addition, it discusses novel strategies targeting the 
TME that hold promise for improving outcomes in cancer immunotherapy.
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INTRODUCTION
Cancer management has long posed a significant   therapeutic 
challenge, owing to the limitations of conventional treatments such 
as surgery, chemotherapy, and radiotherapy1. These    conventional 
treatments associated with toxic side effects and inability to prevent 
recurrence and metastatic growth of tumours. Under normal 
physiological conditions, the immune system plays an important role 
in the recognition and destruction of abnormal or malignant cells as a 
natural defence mechanism from tumorigenesis2. 

Cancer immunotherapy, hence, is a promising therapeutic solution. In 
cancer immunotherapy, the immune system of the patient is activated 
to identify and eliminate cancer cells through different modern 
approaches. Such methods may involve targeted therapy either directly 
against tumour cells or non-specifically enhancing immune effector 
mechanisms to foster the antitumor response3. The key aspect about 
immunotherapy is that it's an immunologically active therapy that 
promotes the generation of memory CD8+ T cells; their presence thus 
confers the long-term anti-metastatic protection against any patient 
relapse4. 

Apart from the huge therapeutic promise, it is still a developing area, 
with many questions on the scientific and clinical front still awaiting 
answers. With continuous advancement in immunological research 
and technological advancement, it is only expected to improve 
integration into standard oncological care5. A deeper understanding 
of the barriers preventing current cancer immunotherapy, particularly 
cellular plasticity, complexity, and the antagonism of the tumour 
microenvironment (TME), which consists of numerous tumours, 
immune cells, blood vessels, and metabolic components, is agonized 
to improving the practical efficacies of onco-immunology-based 
therapies. 

TME places a heavy burden on the planning of patient's treatment. TMEs 
influence the effectiveness of treatment strategies and tumorigenesis. 
The enhancement of immune response to fight tumours hence aiding 

in effective cancer treatment is accomplished by putting attention on 
the TME6. The TME is a complex system containing numerous growth 
factors that direct many biological processes in the tumour itself and 
thus have a strong influence on immunotherapy for cancer. Another 
reported application of biomaterials is their use in targeting the tumour 
microenvironment for improved immunotherapeutic efficacy7.

In order to avoid immune-mediated destruction, tumour cells utilize 
immune checkpoints or recruit suppressive cellular components 
in the TME8. An approach that has received much attention in the 
development of next-generation cancer therapies is forcing the 
immune system to target into tumours9. The spectrum of cancer 
immunotherapies has been developed to suppress the mechanisms of 
tumour immune evasion and to stimulate the immune system toward 
antitumor activity. This review considered the main types of cancer 
immunotherapy: immunomodulators, immune checkpoint inhibitors 
(ICIs), adoptive cell-based therapies like CAR-T and CARA-NK 
therapies, and oncolytic virus therapy.

The Tumour Microenvironment
The tumour microenvironment is a dynamic and multifactorial 
ecosystem onto which the genesis of the tumour, immune evasion, and 
resistance to therapies take place. It contains malignant cells and various 
other components such as fibroblasts, endothelial cells, extracellular 
matrix elements, and immune cells as well. Such a complex network 
generates an ever-evolving milieu filled with pro-tumorigenic and anti-
tumorigenic factors that steer cancer in each direction10.

Infiltration of immune cells within the TME is key in modulating 
antitumor and protumour responses. Certain effector populations, 
including CD8⁺ cytotoxic T lymphocytes, CD4⁺ helper T1 (Th1) 
cells, natural killer (NK) cells, dendritic cells (DCs), and M1 
macrophages, are involved in tumour suppression via cytokine release 
(e.g., IFN-γ), antigen presentation, and killing11. On the other hand, 
immunosuppressive subtypes like regulatory T cells (Tregs), Th2 cells, 
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M2 macrophages, and myeloid-derived suppressor cells (MDSCs) 
promote the tumour by inhibiting immune surveillance and creating an 
immunosuppressive TME12.

Chemokines play crucial roles in shaping how immune cells are 
recruited and distributed spatially within the TME. For instance, 
CX3CL1 assists in the migration of CD8⁺ cytotoxic and memory T 
cells, thereby empowering the antitumor effect3. In contrast, suppressive 
chemokines such as CCL19 and IL-16 recruit and activate Tregs that 
escalate immune evasion mechanisms. MDSCs are often expanded 
under malignant setting and greatly inhibit the activities of effector 
immune cells that contribute to tumour advancement and resistance 
against therapies.

Immune cells performing dual function in tumour biology as shown 
in Figure 1: On another side, immune suppressive cells such as Th2 
cells, regulatory T cells (Tregs), M2 macrophages, myeloid-derived 
suppressor cells (MDSCs), and DC-2 support tumour advancement by 
releasing IL-10, TGF-b, and other immunosuppressive factors13.

The spatial distribution of immune infiltrates, along with the 
intermixed cellular diversity in the tumour microenvironment, 
determines the clinical outcome. Immune cells are differently localized 
in discrete tumour areas-the invasive margin, tumour core, and tertiary 
lymphoid structures (TLSs). These TLSs, which resemble secondary 
lymphoid organs, are often situated near high endothelial venules 
(HEVs) that facilitate immune surveillance and the recruitment of 
lymphocytes from circulation. Elevated densities of CD8⁺ cytotoxic 
T cells and memory T cells within these compartments are generally 
correlated with improved prognosis and enhanced responsiveness to 
immunotherapeutic interventions14.

Angiogenesis is also an important part of TME biology. Tumour-
induced neovascularisation ensures a supply of nutrients and oxygen 
while simultaneously deterring effective immune cell infiltration. The 
abnormal structure and function of tumour-associated vasculature 
often led to hypoxia, thereby biasing the immune response towards 
suppression and promoting tumour growth15.

Figure 2 showed how Fibroblasts are transformed into cancer-associated 
fibroblasts (CAFs) under the influence of TGF-β. Epithelial cancer 
cells adopt a migratory mesenchymal phenotype in response to IL-1β, 
IL-6, and TNF-α, contributing to tumour invasion. VEGF promotes 
angiogenesis by converting normal vasculature into abnormal tumour 
vessels. The illustration highlights how various cytokines (e.g., IL-10, 
IL-35, MCSF-10, TGF-β, VEGF) modulate immune suppression and cell 
recruitment (fibroblasts, endothelial cells), driving tumour progression. 

Recently, single-cell techniques have advanced considerably with 
mass cytometry, scRNA-seq, and spatial transcriptomics being at the 
forefront. These technologies help study the complexities of cellular 
and molecular compositions of the TME as well as how TME dynamics 
respond to ICI-based treatment16. The emergence of these technologies, 
through which unusual immune-subsets and phenotypic deviations of 
T cells, macrophages, and other stromal components were detected, 
which has shed light on potential key players in immune dysfunction 
and therapeutic resistance17. For example, scRNA-seq established 
unequivocal evidence for the presence of various populations of 
functionally heterogeneous T cells undergoing diverse states of 
exhaustion, which could probably respond differently to checkpoint 
blockade therapies18.

Spatial-functional analysis further delineates immune-cell plasticity and 
adaptability within tumours. The functional states of tumour-infiltrating 

lymphocytes, including cytotoxicity and cytokine production, are 
affected by complex interactions with their environment. Therefore, 
a possible approach to improve cancer immunotherapy could be the 
alteration of such interactions, either by reducing the suppressive cells 
such as Tregs and MDSCs or by promoting the ability of CD8⁺ T cells19.

While the tumour vasculature and the stromal compartment were 
extensively investigated, advance immunotherapies such as immune 
checkpoint inhibitors, adoptive T cell transfer, CAR T-cell therapy, and 
cancer vaccines were developed. Immunotherapies targeting the TME 
seek to reprogram it to generate antitumor immune responses or activate 
tumour-protective mechanisms. Thus, TME-targeting therapies are 
potential adjuncts to other cancer immunotherapeutic approaches for 
enhancing the potency and duration of antitumor responses. In contrast, 
immunosuppression causes  tumor progression as the immune system 
opposes tumorigenesis20. A better understanding of the contributions 
and interactions between innate/adaptive immune cells in the TME 
must be deeply investigated  to fully grasp the immunotherapeutic 
mechanisms, , that help in developing predictive biomarkers and new 
therapeutic targets21. 

IMMUNOTHERAPIES
Adoptive cell transfer (ACT) therapy
Within this kind of immunotherapy, the adoptive cell transfer 
involves the infusion of lymphocytes-an autologous type, or one that 
is genetically engineered to enhance the antitumor immune response 
of a host. These transferred cells are considered living drugs and can 
undergo expansion inside the host body and specifically attack tumour 
cells that express their cognate antigens22. ACTs have been among 
the most successful treatments against cancer using cells that may 
be genetically modified: transgenic TCR lymphocytes, or tumour-
infiltrating lymphocytes (TILs). However, an overwhelming majority 
of patients fail to respond to these treatments or at best develop a 
temporary response, since cancer cells can induce mechanisms to confer 
an immunological evasion against them. Researchers identified that 
the larger group of patients with common epithelial cancers contains 
immune cells targeting the proteins formed by their mutagenic cancers, 
igniting efforts to past-adoptive cell transfer immunotherapy for these 
patients23. At present, two classes of genetically altered T cells, namely 
chimeric antigen receptor (CAR) T cells and T-cell receptor (TCR)-
engineered T cells, have been created for adoptive transfer and have 
had major successes in attacking malignant tumours. CAR-T cell and 
CAR-NK will be discussed in detail latter in this review. 

Chimeric antigen receptor technology has been an important 
advancement in cancer treatment, particularly for adoptive 
immunotherapies. Chimeric antigen receptors are fusion proteins. They 
have an extracellular antigen-binding domain, which most commonly 
comprises single-chain variable fragments (scFv), and intracellular 
signalling domains that activate immune effector functions. The 
first-generation CARs had only the CD3ζ signalling domain. Later 
generations saw the addition of the co-stimulation molecules CD28, 
4-1BB (CD137), OX40 (CD134), and ICOS, greatly enhancing 
the proliferation, persistence, and cytotoxicity of T cells10. Further 
enhancing this platform, fourth-generation CARs or 'armoured CARs' 
gene-engineer T cells to secrete immunomodulatory cytokines in 
response to the TME, which greatly amplifies antitumor immunity24.

Immune Checkpoint Inhibitors
Immune checkpoint inhibitors have greatly impacted the field of 
cancer therapy, especially with melanoma, non-small cell lung cancer, 
renal cell carcinoma, and many others. The drugs interrupt the body's 
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Figure 1. Immune Modulation Within the Tumour Microenvironment (TME)13.

Figure 2. The Role of Cellular Interactions in Tumour Microenvironment Remodelling10.
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regulatory systems that usually keep the immune system check, but the 
tumours utilize their systems to evade immune attack. These substances 
are intended to mainly block three molecules: cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-
1), or its ligand PD-L1. Anti-CTLA-4 antibodies (e.g., ipilimumab) and 
anti-PD-1 antibodies (e.g., nivolumab and pembrolizumab) constitute 
two major classes of immune checkpoint inhibitors currently used in 
clinical practice. These agents have been authorized by the US Food 
and Drug Administration (FDA) for the treatment of different types 
of malignancies. Additionally, some anti-PD-L1 antibodies, namely 
durvalumab, avelumab, and atezolizumab, are currently being used 
clinically or are in an advanced stage of development25.

Cytotoxic T-lymphocyte-associated protein 4, shares an evolutionary 
homology with the co-stimulatory receptor CD28, is an inhibitory 
receptor expressed on T cells and turns off T cell activation. While in 
T cell priming, CD28 binds to the B7 molecules-CD80 or CD86-on the 
surface of antigen-presenting cells in order to deliver a co-stimulatory 
signal required for T cell activation, CTLA-4 with its higher affinity 
for B7 ligands competes with CD28 and suppresses co-stimulatory 
signalling vital for the complete activation of T cells26. Blocking CTLA-
4 with monoclonal antibodies could induce potent antitumor immune 
responses leading to tumour regression in early days, thus laying the 
basis of checkpoint blockade immunotherapy27. Ipilimumab was the 
first ICI to be approved in cancer therapy, and the first monoclonal 
antibody against CTLA-4 because of its effects in sustaining durable T 
cell activation and clinical responses28.

PD-1, on the other hand, is a negative regulator expressed on activated 
T cells. Its ligands are variously induced on cells of hematopoietic 
and non-hematopoietic origin, including tumour cells, to suppress the 
immune reaction for the purpose of pre-empting autoimmune responses 
and maintaining lateral tolerance. However, PD-L1 is expressed in a 
wide variety of hematopoietic and non-hematopoietic cells, whereas 
that of PD-L2 is largely restricted to dendritic cells and macrophages29. 
Tumours exploit this pathway by overexpressing PD-L1, which binds 
to the PD-1 receptor on tumour-infiltrating lymphocytes (TILs), 
thereby inhibiting the effector function of T cells and causing immune 
escape. Therapeutic antibodies that block the PD-1/PD-L1 axis 
clear the way for T-cell activation and, subsequently, for antitumor 
immune responses30. In addition, a good body of evidence indicates 
that signalling through PD-1/PD-L1 promotes regulatory T cell (Treg) 
stability and function, and its blockade could dampen Treg-mediated 
immunosuppression within the tumour microenvironment31.

Mechanistically, each immunotherapy helps at so-called different 
stages of immunogenicity. CTLA-4 blockade enhances T-cell priming 
in the lymphatic organs, while PD-1 inhibition restores T-cell effector 
function in the TME 9. Under broad immunomodulatory effects, CTLA-
4 inhibitors may cause a higher than usual frequency of immune-related 
adverse events32.

There has been an active interest in continuing to find more reliable 
prognostic biomarkers such as PD-L1 expression, tumour mutational 
burden, and TLSs, but none of these really works all the time. 
Mechanisms of resistance include loss of antigen presentation, 
upregulation of alternative immune checkpoints like LAG-3, TIM-3, 
and TIGIT; exclusion, inactivation, or dysfunction of the effector cells; 
and accumulation of suppressive myeloid or stromal components33.

Immune checkpoint inhibitors (ICIs) provide critically important 
treatment vantage points in cancer care while a whole host of side 
effects—immune-related adverse events (irAEs)—may be caused by 
using them. These toxicities arise from the nonspecific activation of 

the immune system and can almost affect every single organ system. 
It is imperative to recognize that anti-CTLA-4 drugs tend to cause 
irAEs more than do anti-PD-1/PD-L1 drugs. Hypothesizing behind 
this observation, the investigators suggest that CTLA-4 inhibitors stop 
T cell activation at the very early priming phase; hence, a heightened 
systemic immune response is instigated.

Immune checkpoint inhibitors are associated with a distinctive set of 
adverse events known as irAEs, which result from immune activation 
against normal tissues. The most reported irAEs are cutaneous in 
nature and consist of rashes, gastrointestinal toxicities including 
colitis, hepatotoxicity, and a wide variety of endocrine disorders-
from hypothyroidism to adrenal insufficiency to hormone deficiencies 
induced by hypophysitis34. In pooled analysis of 576 patients with 
melanoma on nivolumab, dermatologic toxicities tended to manifest 
early with median onset at around 5 weeks, whereas renal complications 
came in late around 15 weeks after initiation of treatment35.

The management of irAEs depends greatly on their severity. Mild-
to-moderate toxicities usually require just a temporary halt of 
immunotherapy. Severe irAEs (grade ≥3) basically call for systemic 
corticosteroids to be given as immunosuppressors at 1–2 mg/kg 
prednisone equivalent dose while the treatment is interrupted36. Other 
immunosuppressive agents may be employed when steroids are 
ineffective. Infliximab is commonly administered for resistant immune-
mediated colitis, whereas mycophenolate mofetil is the preferred 
option in autoimmune hepatitis, where infliximab is contraindicated. 
Hepatic toxicities may resolve within approximately three weeks, while 
dermatologic adverse events can persist for as long as 29 weeks37.

There are some concerns that the immunosuppressive management of 
irAEs, particularly with corticosteroids, may interfere with the antitumor 
activity of ICIs. Emerging data, however, suggests the opposite. A 
retrospective analysis of 298 patients treated with ipilimumab showed 
that 85% had irAEs, of whom 35% required corticosteroids and 10% 
anti-TNF treatment. No significant difference in the survival rate or 
treatment-effect differences were observed in patients receiving, or not 
receiving, immunosuppressive therapies38. Correspondingly, pooled 
investigations among nivolumab-treated study groups revealed the 
absence of any detrimental impact on response rates or duration of 
response exerted by immunosuppressive interventions35.

The findings, therefore, support the idea that irAEs can be managed 
effectively with immunosuppressive agents without affecting the 
clinical benefits of ICIs. Nevertheless, timely diagnosis and appropriate 
treatment are the mainstay for both patient safety and continuation 
of treatment. From clinical perspective, ICIs have been proven to be 
quite effective against a variety of malignancies and especially those 
with high tumour mutational burden as these are likely to produce 
immunogenic neoantigens that can evoke more vigorous immune 
response39.

Immune Cells and Tumour Immunity
A complicated balance occurs between tumour suppression and 
tumour progression by various immune populations in the TME. The 
immune types that mediate tumour suppression are the M1-polarized 
macrophages, Natural Killer (NK) cells, NKT cells, T helper 1 (Th1) 
cells, CD8⁺ cytotoxic T cells, Th17 cells, T follicular helper (Tfh) cells, 
dendritic cells type 1 (DC-1), and B cells producing tumour-specific 
immunoglobulins. The effector coursing cells perform antitumor 
functions by mechanisms such as the secretion of proinflammatory 
cytokines, interferon-gamma (IFN-γ) and interleukin-21 (IL-21), direct 
cytotoxicity, and presentation of tumour antigens.
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In contrast, the immune cells that tend to promote tumour progression 
include M2 macrophages, Th2 cells, T regulatory cells (Tregs), myeloid-
derived suppressor cells (MDSCs), DC-2 cells, and N2 neutrophils. 
These immunosuppressive cells secrete inhibitory cytokines such as 
IL-10 and transforming growth factor-beta (TGFβ) that exert their 
suppressive effect on antitumor immunity, support immune evasion, 
and stimulate tumour growth and development40 (Figure 3).

This illustration highlights the opposing roles of immune cells in 
modulating tumour development. Tumour-suppressive cells are depicted 
on the left, whereas tumour-promoting cells are illustrated on the right41.

Furthermore, immune cell composition significantly impacts therapeutic 
responses. As shown in Figure 4, the TME of non-responders is 
enriched with regulatory T cells (Tregs), exhausted CD8⁺ T cells, 
M2-like macrophages, immunosuppressive dendritic cells (DCs), and 
cancer-associated fibroblasts (CAFs), which collectively contribute 
to immune evasion and treatment resistance. In contrast, responders 
exhibit a TME enriched with functional CD8⁺ and CD4⁺ T cells, M1-
like macrophages, CXCL9⁺ and CXCL13⁺ dendritic cells, and elevated 
expression of transcription factors such as TCF7, supporting effective 
antitumor immunity and therapeutic efficacy.

This figure contrasts immune infiltration patterns between therapy 
responders and non-responders. Immune activation and tumour 
clearance are enhanced in responders, while immunosuppression and 
tumour persistence dominate in non-responders42.

T cells and tumour immunity
Emerging immunotherapeutic strategies that harness T cells to target 
malignant cells are gaining significant momentum. T cells play a central 
role in antitumor immunity and rely on the Major Histocompatibility 
Complex (MHC) for antigen recognition and activation (Figure 5). 
MHC molecules are essential for enabling TCRs to detect tumour-
associated antigens. MHC class I molecules, expressed on all 
nucleated cells, present antigens to cytotoxic T lymphocytes (CD8⁺ T 
cells), whereas MHC class II molecules are restricted to professional 
antigen-presenting cells (APCs) and are involved in the activation of 
helper T cells (CD4⁺ T cells). Effective T cell activation also requires 
costimulatory signals, notably the interaction between CD28 on T cells 
and B7 molecules on APCs, in addition to TCR-MHC engagement43.

T-cell receptor diversity generated by somatic gene rearrangement is a 
technology that grants T-cell recognition of tumour-specific antigens45. 

Figure 3. Dual Roles of Immune Cell Subsets in Tumour Immunity.

Figure 4. Cellular Landscape of Responders vs. Non-Responders in the Tumour Microenvironment.
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Among TILs, cytotoxic cells serve as the first effectors of tumour 
cell apoptosis by releasing cytolytic molecules such as perforin and 
granzymes directly (CD8⁺ cells). T cells also can fight cancers, which 
is why a greater density of T cells in the TME is associated with better 
prognosis46.

Besides CD4⁺ T cells which carry antitumor effects, TH1-type helper 
T cells provide the major constituent of immune defence by secreting 
distinct pro-inflammatory cytokines, such as IFN-γ, thereby assisting 
CD8⁺ cytolysis and the activation of other effector arms of the immune 
system. Tregs achieve regulation of other T response activities and 
promote immune tolerance whilst inhibiting effective antitumor 
immunity. Within the tumour microenvironment, Tregs exert 
suppressive activity against cytotoxic T cells through direct contact and 
secretion of suppressor cytokines such as TGF-β and IL-1047.

ACT is one of the most potent immunotherapy strategies in which 
autologous T lymphocytes are separated from blood, expanded ex-vivo, 
and then infused back into the patient with the aim of strengthening 
antitumor immunity. Among the early and well-established approaches, 
one has involved TILs stimulated with IL-2, which has exhibited 
clinical efficacy, especially in advanced melanoma22.

Carrying the nearest to completion a major step in advance of ACT 
has been for the T cells to be carcinoma antigen-dependent; these T 
cells get genetically modified to express synthetic receptors that detect 
tumour-specific antigens. T cells are first collected from the patient 
by means of apheresis, and then genetically modified to express 
CARs: these are extracellular components of hybrid or fusion proteins 
consisting of a single-chain variable fragment (scFv) that recognizes a 
tumour antigen and intracellular signalling domains such as CD3ζ and 
costimulatory molecules like CD28 or 4-1BB that provide a sustained 
activation signal to the T cells48. After modification, CAR T cells are 
expanded and reinfused into the patient to kill tumour cells in a targeted 
manner (Figure 6). 

CAR T-cell treatment has shown remarkable clinical success, 
particularly in hematologic malignancies. FDA-approved CAR T cells 
directed against CD19 or BCMA have achieved exceedingly high 
remissions in acute lymphoblastic leukaemia (ALL), non-Hodgkin 
lymphomas, and multiple myeloma49. The first-generation CAR T 
cells manifested very little in vivo persistence, and second-generation 
CARs, which gain costimulatory domains from CD28 (Maher et al., 
2002) or 4-1BB50, on the contrary, improved survival and function.

Alongside CAR T-cell development, TCR, engineered T-cell therapy 
(TCR-T) has been created as another powerful ACT modality. The T 
cells are genetically modified in this therapy to express TCRs with 
recognition for tumour antigens in the context of MHC molecules. In 
early experiments, TCR gene transfer has demonstrated the potential 
to induce antitumor specificity in peripheral blood lymphocytes51 and 
has achieved clinical benefit in melanoma patients. TCR-T therapies 
directed against cancer-testis antigens such as NY-ESO-1 have been 
able to produce durable clinical responses in several tumour types52.

Indeed, both CAR T and TCR T-cell therapies have transformed the 
landscape of cancer immunotherapy; they provide highly personalized, 
antigen-specific approaches. Current research is thereby focusing on 
increasing efficacy in solid tumours, ensuring better persistence, and 
bringing down the incidence of adverse effects.

B Cells and Tumour Immunity
B cells are central to humoral immunity as they turn into antibody-
secreting plasma cells. Apart from producing antibodies, B cells shape 
CD4⁺ T cell responses and can act as professional APCs to activate T 
cells into responding to tumour-associated antigens, while by secreting 
cytokines, they influence the adaptive response53.

Monoclonal antibodies have, nowadays, been the cornerstone of 
immunotherapeutic approaches, while therapies that centre on B 
cells stand as a promising alternative for cancer treatment54. Bregs or 
regulatory B cells, a rare and highly immunosuppressive subset that 
enable tumour immune evasion through processes such as interactions 
with immune cells and release of inhibitory cytokines like IL-10 and 
TGF-β55. B cells have also been implicated in the progression of a 
variety of cancers, including melanoma and breast and lung cancers-if 
we consider such a role-in contrast to their anti-tumorigenic role that 
varies depending on their activation state and interaction with various 
other cells in the TME56.

According to the current beliefs, infiltrating B cells may inhibit 
cytotoxic T cell responses in the tumour microenvironment or may be 
immunosuppressive by the production of anti-inflammatory cytokines. 
On the contrary, the presence of CD20⁺ B cells have been associated 
with good clinical outcomes in other cancers such as ovarian and non-
small cell lung cancers. The B lymphocytes might be exerting their 
antitumor effects against the formation of tumour-specific antibodies 
and stimulation of T cell-mediated immunity (Figure 7).

Figure 5. The stimulation of T cells (Adopted from BioRender44)
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Tertiary lymphoid structures (TLSs) are ectopic lymphoid aggregates 
in escape of secondary lymphoid organs of orderly array of B and 
T cells located in or near tumours. Their presence is often linked to 
better patient prognosis and a better response to treatment with immune 
checkpoint inhibitors and other immunotherapies across several tumour 
types57. Activated B cells hosted on TLSs can assist tumour response 
by antigen presentation to T cells and production of antibodies directed 
against tumour-associated antigens. In addition, cytokines secreted by 
B cells, including IFN-γ and IL-6, form a pro-inflammatory TME that 
endorses immune activation and tumour clearance58.

Natural killer (NK) cells and cancer therapies 
Natural killer (NK) cells serve mechanical functions in the innate 
immune system to recognize and eliminate malignant cells without 
having the previous sensitization. They perform cytotoxicity largely by 
displaying perforin and granzymes to facilitate the apoptotic death of 
target cells and also secrete pro-inflammatory cytokines such as IFN-γ 
and TNF-α, which help promote antitumor immune responses59. The 
undesired, suppressive conditions set by the TME, resulting from such 
factors as prostaglandin E2 and elevations in inhibitory receptors such 
as KIRs, can really interfere with NK cell functions60.

Figure 6. CAR T Cell Therapy

Figure 7. The Role of B cells in immunity.
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in the TME depending on their state of functional polarization into N1 
antitumorigenic and N2 pro-tumorigenic phenotypes71.

Mononuclear phagocyte cells comprising monocytes, macrophages, 
and dendritic cells (DCs) serve in the immune response, both innate 
and adaptive. Plasmacytoid DCs (pDCs) make most type I interferons 
and could induce immune activation or promote immune tolerance via 
Treg recruitment and immunosuppressive cytokine release72. The cDCs 
are further divided into cDC1s, which activate CD8⁺ T cells through 
cross-presentation and produce CXCL9/10 to recruit effector cells73; 
and cDC2s, which mainly interact with CD4⁺ T cells and are currently 
being investigated for their role in shaping TME immunity74.

Tumour-associated macrophages exhibit an incredible degree of 
plasticity: in certain cases, they kill tumour cells through phagocytosis or 
antigen presentation; while in others, they may aid tumour progression 
by stimulating mechanisms such as angiogenesis, fibrosis, and immune 
suppression. Tumour-associated macrophages secrete VEGF during 
vascular remodelling75; they influence fibrosis through remodelling of the 
matrix76; and they affect T cell activity participating in both stimulatory 
(IL-12, CD86) and inhibitory (IL-10, PD-L1) pathways77.

Dissecting Immune Heterogeneity with Single-Cell 
Technologies
Tumour-infiltrating lymphocytes (TILs) are sub-divided 
phenotypically-i.e., CD8⁺ T cells, helper T cells (Th1, Th2, Th17), 
and Tregs-with each possessing different functional states of operation 
and spatial distribution within the TME78. Yet, traditional techniques 
cannot explain this heterogeneity.

Understanding TILs changed with the advent of single-cell screens. 
Mass cytometry (CyTOF) measures the presence of >40 proteins 
for each cell simultaneously using metal-conjugated antibodies79, 
while scRNA-seq enables the gross profiling of transcriptomes, rare-
population identification, and tracking cell lineages80. Targeting and 
mapping the tumour immune landscape are now pressing concerns that 
researchers can attempt to address using such techniques81.

IDO1 as an Immune Modulator Therapy
Indoleamine 2,3-dioxygenase 1 is an intracellular cytoplasmic enzyme 
that contains a prosthetic heme group and it enable tumours to evade 
immune destruction82. IDO1 enzyme commences and controls the 
catabolism of tryptophan. It is the main enzyme of the kynurenine 
pathway catabolizing tryptophan. It is required to synthesise protein 
and niacin and serves also as a precursor for serotonin and melatonin. 
IDO1 is mostly found in mucosal tissues of the lung and placenta, where 
endothelial cells produce it; in the female genital tract, epithelial cells 
produce it; and in lymphoid tissues under normal conditions. When it 
is overexpressed, the kynurenine/tryptophan ratio goes up, which can 
be used to predict how cancer will grow and spread. The depletion 
of tryptophan and the production of kynurenine help many types of 
tumours suppress the immune system. Tryptophan depletion ultimately 
reduces T-cell proliferation, given that T-cells are particularly sensitive 
to tryptophan deficiency. Toxic downstream products of IDO1 can also 
cause macrophages and dendritic cells to become immunosuppressive83. 
Many studies have demonstrated the presence of IDO in breast cancer, 
colorectal cancer, and prostate cancer. Cancer cells can express IDO7, 
either autonomously or in response to inflammatory cytokines, such 
as IFN-γ13, secreted by tumour-infiltrating immune cells. Several 
immunological factors are believed to influence IDO1 expression. 
One of the most important factors influencing IDO function in various 
human cells is IFN-γ.

Owing to recent advances in NK cell-based immunotherapies, adoptive 
NK cell transfer presents itself an attractive, less toxic alternative to 
T-cell-based strategies. These methodologies include genetically 
modifying NK cells with CARs to detect tumour antigens in an MHC-
independent manner. CAR-NK cells outperform CAR-T cells in 
certain ways, including having a diminished probability of CRS and 
GvHD, being safer in an allogeneic context, and harbouring natural 
antitumor ability61.

Several mechanisms allow NK cells to enact cytotoxicity through 
direct lysis via perforin and granzymes, through cytokine production, 
and ADCC through CD1662. Genetic modification to generate CAR-
NK cells normally involves retrovirus or lentiviral-based vectors. 
While retroviruses provide stable integration within the genome, they 
carry the chance of insertional mutagenesis that might also impair 
NK cell viability. Lentiviral vectors are safer, however, due to low 
transduction efficiency, one must repeat the process several times to 
achieve complete transduction62. For the non-viral ways of delivering, 
transient gene expression through electroporation or liposome-based 
transfection is chosen to reduce the risk of mutagenesis; unfortunately, 
it remains impeded by expression duration. In contrast, DNA transposon 
systems (Sleeping Beauty, PiggyBac) are trying to support the triplet of 
safety, integration capacity, and gene cargo size, and still require some 
assistance in increasing efficiency and cell viability10.

The immunosuppressive nature of the TME renders CAR-NK therapies 
into several challenges when dealing with the solid tumour. Hypoxia, 
lack of nutrients, suppressive cytokines, and inhibitory receptor-ligand 
interactions are some of the causes for NK-cell dysfunction. To counter 
these challenges, literature put forward the strategies of the NK cells 
themselves expressing cytokines such as IL-2 or IL-15 to promote 
their survival63, metabolic reprogramming interventions to circumvent 
TME-imposed metabolic limitations64, and checkpoint blockade with 
an emphasis on PD-L1, LAG-3, and TIGIT molecules65. On top of 
these approaches, CAR-NK cells can also be engineered to express 
chemokine receptors to increase their trafficking capacity toward the 
tumour66.

NK cell receptor signal modulation is expected to increase therapeutic 
efficacy. Several monoclonal antibodies against inhibitory receptors 
such as KIRs and NKG2A have shown promise, especially with 
Monalizumab (anti-NKG2A) undergoing clinical investigation67. On 
the other hand, strong emphasis and an increase in activating receptor 
expression through binding of the NKG2D receptor to the stress 
ligands, such as MICA/MICB, are being studied67. Therefore, CAR-
NK therapy offers the most promising, adaptable, and safer alternative 
to cancer treatment, particularly for refractory or advanced solid 
tumours. Its safety profile and alternate means of cytotoxicity make 
it an attractive option against CAR-T therapies; however, in curing 
cases of patients, there is a need to handle the shortcomings inherent 
in current techniques and biologics, especially in the TME. There is 
ongoing research that focuses on CAR modification, prolonged NK 
cell persistence, and alteration of the tumour milieu to establish wider 
clinical implementation of CAR-NK strategies (Figure 8).

Myeloid cells and tumour immunity
Within the myeloid lineage, granulocytes and mononuclear phagocytes 
perform several tasks relating to immunity in cancer. Neutrophils have 
been the cells most associated with defence against microorganisms; 
yet, their behaviour with respect to tumours is contradictory68. They 
help in the metastasis of tumour cells by helping CTCs69, whereas an 
alternative pathway helps neutrophils promote T cell polarization and 
therefore, assist antitumor immunity70. They can have opposing effects 
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IDO1 is an important immune checkpoint modulator that helps tumours 
escape the immune system. It is also a crucial target for treating cancer. 
Blocking IDO is a great way to bring back or improve the body's ability 
to fight cancer. IDO1 inhibitors have been effective when used together 
with immunotherapy, radiotherapy, or chemotherapy, even in cancers 
that usually don't respond well to these treatments84. Natural chemicals 
are important places to find drugs. Before 2010, when scientists started 
looking for IDO1 inhibitors, natural chemicals gave them important 
structural information that helped them make IDO1 inhibitors in a 
logical way85.

In the tumour microenvironment, TILs are the major source of 
IFN-γ release86. Upon IFN-γ receptor activation, Jak kinases are 
phosphorylated. Phosphorylated JAK acts further to phosphorylate the 
signal transducer and activator of transcription protein 1 (STAT1)87. 
The IDO1 promoter contains several IFN-γ-responsive regions, 
including the interferon-stimulated response element (ISRE) and the 

IFN-γ activation sequence (GAS). IFN-γ activates the IDO1 through 
the JAK/STAT1 signalling pathway by activating the ISRE and GAS 
sequence elements88. IFN-γ also induces the production of IFN-γ-
regulated factor 1 (IRF1) through NF-kB and STAT-1-dependent 
pathways. IRF1 binds to the ISRE in the promoter of the IDO1 gene, 
contributing to the transcription of IDO1 (Figure 9)89.

Oncolytic Viruses and Tumour Immunity
Oncolytic virotherapy is one of the exciting enzymes in cancer 
immunotherapy, wherein genetically engineered viruses target tumour 
cells selectively with their dissolution, while generating secondary 
antitumor immune responses. These oncolytic viruses (OVs) replicate 
in malignant cells to induce immunogenic cell death or ICD and 
systemic immunity against them without injuring normal tissues91,92.

As OVs thrombolize and lyse tumour cells in the process of the 
replication of tumour cells, the release of tumour-associated antigens 

Figure 8. CAR-NK Therapy

Figure 9. IDO mechanism90.
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(TAAs) together with disorder signals, i.e., damage-associated 
molecular patterns (DAMPs), such as ATP, calreticulin (CRT), and 
HMGB1, constitutes seriously stimulating signals to activate dendritic 
cells and to initiate adaptive immune responses92. Meanwhile, not only 
local tumour invasion goes on, but also systemic immunity mediated 
by the CD8⁺ cytotoxic T cells, CD4⁺ helper T cells, and NK cells is 
stimulated so that immunological memory is enhanced and metastasis 
is prevented.

Perhaps most predominantly, these OVs were created to multiply 
selectively within tumour cells by exploiting cancer-specific mutations 
or signalling pathways. As infection proceeds, newest viral progeny 
spreads within the tumour microenvironment, increasing oncolysis and 
recruiting immune effectors to the site of the disease93.

One of the most clinically advanced oncolytic viruses is Talimogene 
laherparepvec (T-VEC), a modified herpes simplex virus type 1 
(HSV-1) engineered to express granulocyte-macrophage colony-
stimulating factor (GM-CSF). T-VEC not only lyses tumour cells but, 
also promotes antigen presentation and T cell priming through the 
recruitment and activation of dendritic cells. Its efficacy in patients 
with unresectable metastatic melanoma has been validated in multiple 
clinical trials, leading to its FDA approval94.

CONCLUSION
Cancer immunotherapy represents a paradigm shift in oncology, 
establishing a novel and potent treatment model. Over the past 
decade, immune checkpoint inhibitors (ICIs), adoptive T cell 
therapies encompassing CAR-T and CAR-NK, and oncolytic 
virus therapies have emerged as potent treatment options 
against several malignancies. Despite remarkable progress in 
immunotherapies, the immunosuppressive TME, interpatient 
variability in therapeutic responses, and treatment-associated 
toxicities remain major challenge and requiring further innovation. 
Nevertheless, the field is advancing rapidly driven by the single-
cell technologies, high-dimensional profiling, and deeper insights 
into immune cell heterogeneity within the TME. Furthermore, 
combinations of immunotherapies with conventional treatments 
and immunotherapies with each other exhibit great potential 
for improving efficacy and overcoming resistance. Personalized 
immunotherapy guided by genomic and proteomic data and 
integrated with AI-powered diagnostics, has the potential to 
challenge and redefine the classic paradigm of cancer treatment. 
A great insight into immune regulation, tumour evolution, and cell 
therapy engineering needs to be harnessed to yield durable and safe 
responses across a large population of patients. Immunotherapy 
is a big step forward in the treatment of cancer because it gives 
patients with cancers that have been difficult to treat with the usual 
modalities hope for curing their disease. TMEs include different 
kinds of immune cells: T cells, B cells, NK cells, and myeloid cells. 
This is very important for tumour growth, immune evasion by the 
tumours, and the efficacy of immunotherapy. Emerging cancer 
therapies such as immunomodulators, oncolytic viruses, ACT, 
and ICIs harness the immune system to combat malignancies. 
Unlike conventional modalities such as surgery, chemotherapy 
and radiotherapy which are often limited by systemic toxicity, 
resistance, and poor efficacy in advanced disease This therapeutic 
evolution has transformed traditional therapeutic models in 
oncology to precision immunomodulation aimed at restoring 
effective antitumor immunity.
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