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SUMMARY

The tumor microenvironment (TME) represents a complex ecosystem composed not only of cancer
cells but also stromal and immune cells, extracellular matrix, and intricate signaling networks. Recent
advances have highlighted the pivotal role of the TME in cancer progression, metastasis, and therapeutic
response. Tumor immunology has elucidated mechanisms of immune surveillance and immune eva-
sion, leading to the emergence of immunotherapies in clinical practice. Immune checkpoint inhibitors,
adoptive cell therapies, and tumor vaccines have now become integral parts of standard treatment in
various malignancies. This review summarizes the biological basis of the TME and its interactions with

immune responses, while also discussing current clinical applications and future perspectives.
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INTRODUCTION

Cancer biology has long been studied by focusing
solely on the genetic and epigenetic characteris-
tics of tumor cells. However, research over the last
twenty years has revealed that the tumor is not just
composed of transformed cells; it exists within a dy-
namic ecosystem made up of stromal elements, im-
mune cells, vascular structures, and the extracellular
matrix. This structure is called the “tumor microen-
vironment (TME)” and today plays a critical role in
determining tumor progression, metastatic potential,
and response to therapy.[1-3]

The relationship between the TME and the im-
mune system has led to a paradigmatic shift in on-
cology. Although cancer was traditionally defined as
a disease that can evade immune surveillance, new
therapeutic approaches have been developed thanks to
molecular-level elucidation of immune escape mecha-
nisms. Immune checkpoint inhibitors, adoptive cell

therapies, and tumor vaccines have become key clini-
cal tools emerging from this process.[4,5] The survival
advantage provided by immunotherapies, especially in
tumors with poor prognosis such as metastatic mela-
noma and non-small cell lung cancer (NSCLC), has
provided strong evidence for the clinical importance
of the TME. However, the variable efficacy of immu-
notherapies among patients indicates the heterogeneity
of the tumor microenvironment and the complexity of
immune suppressive mechanisms.[6-8]

COMPONENTS OF THE TUMOR
MICROENVIRONMENT

The TME is a dynamic and heterogeneous ecosystem
composed of various elements, including cancer cells,
stromal cells, immune cells, vascular structures, and
the extracellular matrix (ECM). Interactions among
these components directly affect tumor growth rate,
metastatic potential, and response to treatment.[9-11]
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o Stromal cells: One of the most important stro-
mal elements in the tumor microenvironment are
cancer-associated fibroblasts (CAFs). Unlike nor-
mal fibroblasts, CAFs remain continuously active,
secreting growth factors, cytokines, and matrix
metalloproteinases (MMPs) that support tumor de-
velopment. This process facilitates tumor cell inva-
sion and contributes to the formation of metastatic
niches.[12] Additionally, endothelial cells provide
nutrients and oxygen to tumor cells through new
blood vessel formation (angiogenesis) and regulate
immune cell infiltration.[13]

o Immune cells: Immune cells in the TME play a
dual role. Cytotoxic T lymphocytes (CD8* T cells)
and natural killer (NK) cells are fundamental actors
of the antitumor immune response. In contrast, tu-
mor-associated macrophages (TAMs), regulatory T
cells (Tregs), and myeloid-derived suppressor cells
(MDSCs) facilitate tumor growth through their im-
munosuppressive properties.[14] M2 phenotype
macrophages, in particular, secrete VEGF to sup-
port angiogenesis and play a critical role in immune
escape mechanisms.[15]

o Extracellular matrix (ECM) and hypoxia: The
ECM is composed of an extracellular protein net-
work that serves as a structural scaffold for cells.
However, in the tumor environment, the composi-
tion and density of the ECM change; this both im-
pedes drug penetration and facilitates tumor cell
migration.[16] Furthermore, hypoxia, commonly
observed in the TME, triggers angiogenesis and
metabolic adaptations via HIF-1a, creating an im-
munosuppressive environment.[17]

o Cytokines and chemokines: The TME is shaped
by numerous cytokines and chemokines that regu-
late immune cell behavior. For example, IL-10 and
TGF-B reduce T cell activity through inhibitory
signals, while proinflammatory cytokines such as
IL-6 and TNF-a trigger chronic inflammation that
supports tumor progression.[18] This molecular
network is also one of the most important determi-
nants of response to immunotherapy.

FUNDAMENTAL CONCEPTS OF TUMOR
IMMUNOLOGY

The relationship between cancer and the immune
system is explained by the concept of “immune sur-
veillance” According to this, the immune system has
the capacity to recognize and eliminate malignantly
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transformed cells. However, tumor cells can develop

various escape mechanisms over time to evade this

surveillance.[19,20]

o Immune surveillance: CD8* cytotoxic T cells, NK
cells, and dendritic cells are the main actors in this
process. Cytotoxic T cells recognize tumor cells via
specific antigens and induce apoptosis, while NK cells
eliminate tumor cells with low MHC class I expres-
sion. Dendritic cells play a critical role by recognizing
tumor antigens and initiating the T cell response.[21]

+ Immune escape mechanisms: Tumor cells evade
the immune system through various strategies,
including immune checkpoints (PD-1/PD-L1,
CTLA-4), immunosuppressive cells (Tregs, TAMs,
MDSCs), impaired antigen presentation (loss of
MHC class I), and excessive secretion of immuno-
suppressive cytokines (IL-10, TGF-p).[22,23]

+ Emergence of immunotherapies: Understanding
these mechanisms has paved the way for the de-
velopment of modern immunotherapies. Immune
checkpoint inhibitors (anti-PD-1, anti-PD-L1, an-
ti-CTLA-4), adoptive cell therapies (CAR-T, TIL),
tumor vaccines, and oncolytic viruses have become
part of clinical practice.[24,25]

These data show that the relationship between the
immune system and the tumor has consequences not
only in basic science but also directly reflected in clini-
cal applications.

CLINICAL IMPLICATIONS

Immune Checkpoint Inhibitors

Immune checkpoints physiologically prevent excessive

immune activation and autoimmunity. However, tu-

mor cells exploit these molecules to suppress immune
responses. Therefore, immune checkpoint inhibitors

(ICIs) have revolutionized cancer treatment by reacti-

vating T cells.[26]

o CTLA-4 inhibitors: CTLA-4 is a receptor that
suppresses costimulatory signals during early T
cell activation. Ipilimumab was the first approved
CTLA-4 inhibitor and showed survival benefits in
metastatic melanoma but requires careful patient
selection due to autoimmune side effects such as
colitis, hypophysitis, and hepatitis.[27]

o PD-1 inhibitors: PD-1 is expressed on activated
T cells and inhibits their function when binding
to PD-L1/PD-L2. Nivolumab and pembrolizumab
are the most widely used agents in this class. They
are approved by the FDA and EMA for melanoma,
NSCLC, renal cell carcinoma, head and neck squa-
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mous cell carcinoma, classical Hodgkin lympho-
ma, hepatocellular carcinoma, and MSI-H/dMMR
solid tumors.[28]

o PD-L1 inhibitors: Agents targeting PD-L1 include
atezolizumab, durvalumab, and avelumab. Dur-
valumab has become a standard maintenance ther-
apy after chemoradiotherapy in NSCLC following
the PACIFIC trial. PD-L1 inhibitors also provide
important treatment options in bladder cancer and
triple-negative breast cancer.[29,30]

o Combination immunotherapy approaches: The
combined use of CTLA-4 and PD-1 inhibitors
has significantly improved survival, especially in
metastatic melanoma (CheckMate-067 trial). How-
ever, combination therapies are associated with
increased immune-related adverse events, making
toxicity management a clinical priority.[31]

« Clinical limitations: Although ICIs have shown re-
markable results in some tumors, they are effective
only in specific patient groups. Response rates are
limited in “cold tumors” with low immune infiltra-
tion, such as pancreatic adenocarcinoma. Immune-
related adverse events (irAEs) can be life-threaten-
ing, requiring multidisciplinary management.[32]

Adoptive Cell Therapies

Adoptive cell therapies (ACT) involve isolating or ge-

netically modifying immune cells from the patient and

reinfusing them.

o CAR-T cells: These have revolutionized B-cell he-
matologic malignancies (ALL, DLBCL, MM). Their
efficacy in solid tumors is limited, but next-genera-
tion CAR-T cells are being developed to overcome
immunosuppressive signals in the TME.[33]

o TIL (Tumor-infiltrating lymphocyte) therapy:
Provides the best results in melanoma. Lympho-
cytes isolated from tumor tissue are expanded ex
vivo with IL-2 and reinfused. Clinical trials are on-
going in cervical, lung, and head-neck tumors. The
key advantage is the use of naturally tumor-reactive
T cells.[34]

o CIK (Cytokine-induced killer) cell therapy: Pe-
ripheral blood mononuclear cells from patients are
cultured with IFN-y, IL-2, and anti-CD3 antibody.
CIK cells have both T cell and NK cell properties.
Preclinical studies show strong antitumor activity,
and phase I/1I trials indicate safety and efficacy.[35]

o NKcell therapies: Allogeneic NK cells show prom-
ise particularly in hematologic malignancies. Clini-
cal success in solid tumors is limited due to the im-
munosuppressive TME.

Tumor Vaccines and Oncolytic Viruses

These approaches aim to re-sensitize the immune sys-

tem to tumor antigens and have gained momentum

recently.

o Dendritic cell (DC) vaccines: Dendritic cells iso-
lated from the patient are loaded with tumor anti-
gens and reinfused. Sipuleucel-T is the first FDA-
approved DC vaccine, showing survival benefit in
prostate cancer.[36]

o Peptide vaccines: Peptide-based vaccines targeting
tumor antigens such as MAGE-A3, NY-ESO-1 are
under phase II/III trials, but immune responses do
not always translate into clinical benefit.

o Oncolytic viruses: Genetically modified viruses
(e.g., talimogene laherparepvec, T-VEC) lyse tumor
cells while activating the immune system. They are
especially used clinically in melanoma.[37]

COMBINATION APPROACHES

The efficacy of immunotherapies can be increased
when combined with chemotherapy, radiotherapy, and
targeted therapies. Chemotherapy and radiotherapy
expose tumor antigens, facilitating immune activation.
Therefore, KT + immunotherapy or RT + immunother-
apy combinations are extensively researched in clinical
trials. The PACIFIC trial, showing survival benefits of
durvalumab maintenance post-chemoradiotherapy in
NSCLC, is a key example.[29]

Biomarkers and Patient Selection

The success of immunotherapies is directly related to

appropriate patient selection. The main biomarkers

translated into clinical practice are:

o PD-L1 expression: Guides treatment decisions es-
pecially in NSCLC and bladder cancer.

o Microsatellite instability (MSI-H/dMMR): The
first FDA-approved tumor-agnostic biomarker for
solid tumors.

o Tumor mutation burden (TMB): Tumors with
high mutation burden show stronger responses to
immunotherapy.

o Next-generation biomarkers: Studies on LAG-3,
TIGIT, metabolic signatures, and immune infiltra-
tion profiles continue.[38]

Clinical Limitations and Future Perspectives

Although immunotherapies have yielded groundbreak-
ing results in some tumors, resistance mechanisms,
immune-related toxicities, and high treatment costs are
major clinical limitations. In the future, personalized



treatment approaches, combined biomarker panels,

and strategies to reprogram the tumor microenviron-

ment will play key roles in overcoming these challenges.

Better understanding of tumor microenvironment
and immune system interactions will guide the devel-
opment of new treatment strategies. Current research
focuses on:

o New checkpoints: Agents targeting LAG-3, TIM-3,
TIGIT show promising results in phase II/III trials.
(39]

« Combined biomarkers: The limitations of PD-L1
alone have increased interest in multi-biomarker
panels (TMB + PD-L1 + immune infiltration pro-
files).

o Microenvironment modulation: Agents target-
ing hypoxia, metabolic regulators (e.g., IDO in-
hibitors), and stromal cell reprogramming thera-
pies are in focus.

o Personalized immunotherapies: Patient-specific
neoantigen vaccines, autologous TIL and CIK ther-
apies will gain prominence.

+ Integration of digital biotechnology: AI-support-
ed imaging and genomic analyses will more pre-
cisely characterize TME heterogeneity and guide
treatment selection.[40]

These developments will enable immunotherapies
to reach wider patient populations and improve treat-
ment efficacy in the coming years.

CONCLUSION

The tumor microenvironment and immunology have
led to a profound paradigm shift not only at the funda-
mental scientific level in understanding cancer biology
but also in clinical oncology. Cancer is now considered
not only as a result of mutational events but also as a
product of the dynamic balance between the immune
system and the tumor microenvironment.

Over the past decade, the introduction of immune
checkpoint inhibitors (anti-PD-1, anti-PD-LI, anti-
CTLA-4) into clinical practice has significantly extend-
ed survival in many advanced cancer types. However,
the fact that not all patients benefit from these treat-
ments highlights the need for a better understanding of
resistance mechanisms and microenvironmental sup-
pressive factors. Particularly, insufficient immune infil-
tration in “cold tumors” is one of the most important
factors limiting response rates.

Adoptive cell therapies (CAR-T, TIL, CIK) and tumor
vaccines are other emerging areas of immuno-oncology.
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Although CAR-T cells have produced groundbreaking
results in hematological malignancies, their efficacy has
been limited in solid tumors due to the immunosup-
pressive effects of the tumor microenvironment (TME).
Therefore, strategies aimed at reprogramming the TME
(hypoxia modulation, stromal targeting, metabolic reg-
ulators) will be the focus of future research.

With the widespread use of immunotherapies in
the clinic, the management of immune-related adverse
events (irAE) has also become a distinct discipline. Mul-
tidisciplinary approaches are critically important, espe-
cially in controlling endocrinopathies, colitis, pneumo-
nitis, and dermatologic toxicities. In this context, the
need for biomarker panels that can predict immune re-
sponses in a personalized manner is growing day by day.

In the future, therapies targeting molecules beyond
PD-1/PD-L1 and CTLA-4 (such as LAG-3, TIGIT,
TIM-3), neoantigen vaccines, personalized TIL/CIK
transfers, and artificial intelligence-based bioinformat-
ics approaches will be central to cancer treatment. These
developments will enable immunotherapies to be used
more effectively and safely in broader patient groups.

In conclusion, a deeper understanding of the re-
lationship between the tumor microenvironment and
the immune system will open new horizons in cancer
treatment. In the coming period, immuno-oncology
will not only shape the fundamental treatment para-
digm in specific cancer types but will also lead the de-
velopment of personalized, effective, and sustainable
treatment strategies across the entire field of oncology.
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