Pre prints.org

Review Not peer-reviewed version

Tumor Microenvironment: An Emerging
Landscape for Lung Cancer Therapy

S M Sohag, Sharmin Nur Toma , Md. Al-Imran Imon , Maiweilan Maihemuti , Famim Ahmed ,

Mst. Afsana Mimi , Imran Mahmud i , Md. Mahmudul Hasan i

Posted Date: 13 May 2025
doi: 10.20944/preprints202505.1025.v1

Keywords: tumor microenvironment; lung cancer; matrix metalloproteinase; hypoxia

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4446061
https://sciprofiles.com/profile/3592108
https://sciprofiles.com/profile/4446431
https://sciprofiles.com/profile/4353062
https://sciprofiles.com/profile/4446053
https://sciprofiles.com/profile/3620714
https://sciprofiles.com/profile/4445529
https://sciprofiles.com/profile/2285728

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2025 d0i:10.20944/preprints202505.1025.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

Review

Tumor Microenvironment: An Emerging Landscape
for Lung Cancer Therapy

S M Sohag !, Sharmin Nur Toma 2, Md. Al-Imran Imon , Maiweilan Maihemuti 3,
Famim Ahmed 1, Mst. Afsana Mimi 3, Imran Mahmud 1** and Md. Mahmudul Hasan 4**

1 Department of Pharmacy, Khwaja Yunus Ali University, Sirajganj-6751, Bangladesh;
sohag.shafin75@gmail.com (S.M.S.); alimranimon23@gmail.com (M.A.-L1.); famimahmed kyau@gmail.com (F.A.)
2 Department of Pharmacy, Islamic University, Kushtia, Bangladesh; sharmintoma77@gmail.com
3 Graduate School of Medicine, Hamamatsu University School of Medicine, Hamamatsu, Japan;
maiweilan6@gmail.com (M.M.); afsana.mimichem@gmail.com (M.A.M.)
4 Earth-Life Science Institute, Institute of Science Tokyo, Tokyo 152-8550, Japan
Correspondence: imran.mahmud.pharm@kyau.edu.bd (1.M.); m.hasan@elsi.jp; hasan.mahmudbio@gmail.com (M.M.H.)
t These authors corresponded equally to this work.

Abstract: The tumor microenvironment (TME) plays a pivotal role in the initiation, progression, and therapeutic
resistance of lung cancer. Comprising a complex network of immune cells, fibroblasts, endothelial cells, extra-
cellular matrix components, and signaling molecules, the TME supports tumor survival and metastasis while
suppressing anti-tumor immunity. In lung cancer, tumor-associated macrophages, cancer-associated fibroblasts,
mast cells, and dendritic cells interact through cytokines, chemokines, growth factors, and matrix metallopro-
teinases to shape an immunosuppressive and pro-angiogenic milieu. Hypoxic conditions within the TME further
enhance cancer cell adaptability through hypoxia-inducible factors (HIFs), promoting epithelial-mesenchymal
transition, immune evasion, and metastatic potential. Moreover, microRNAs have emerged as key regulators of
gene expression within the TME, offering novel insights into tumor behavior and potential targets for therapy.
Targeting the dynamic interactions within the TME —especially through modulation of immune responses, an-
giogenesis, and stromal remodeling — offers promising avenues for precision pharmacology. This review sum-
marizes current knowledge of the lung TME, highlighting its impact on cancer pathophysiology and treatment
strategies. Understanding and therapeutically reprogramming the TME may pave the way for personalized and
more effective interventions in lung cancer management.

Keywords: tumor microenvironment; lung cancer; matrix metalloproteinase; hypoxia

1. Introduction

The cellular environment in which the tumor exists is called the tumor microenvironment (TME)
[1]. The tumor microenvironment (TME) comprises various cell types, including stromal, mesenchy-
mal, endothelial, cancer-associated fibroblasts, and cancer cells with specific phenotypic and genetic
characteristics [2]. In the lung tumor microenvironment, cellular elements (inflammatory cells, tumor
cells, fibroblasts, vascular, structural, and vascular smooth muscle cells, and pericytic cells, among
others), soluble (proteases, cytokines, and hormones, among others), are the main components [1].
Genetic alteration shifts in the tumour in oncogenes that modulate tumor growth and invasion into
the surrounding tissue orchestrate the entity of anti-inflammatory infiltrates, which vary by size and
form in diverse tumour types and different stages of tumor development. Within the tumors, features
of the complex inflammatory cells have revealed cells involved in both the intrinsic and adaptive
branches of the immunologic response among the infiltrate of lung cancer will help to find their role
in tumour progression. This understanding will be vital to finding novel anticancer therapies, though
the data gathered will take us nearer to individualized medicine, and give particular treatment to
reprogram the tumor microenvironment to control disease [3]. Lung cancer remains the leading cause
of cancer-related fatalities worldwide [4]. NSCLC accounts for approximately 85% of lung cancer
cases [5]. Lung cancer is divided into two types: non-small cell lung cancer (NSCLC, 80-85%) and
small cell lung cancer (10-15%). Adenocarcinoma (45-60%), squamous cell carcinoma (20-25%), and
neuroendocrine carcinoma (10-15%) are all types of non-small cell lung cancer. These subgroups
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differ in treatment and prognosis: NSCLC is treated with targeted medicines and has a 5-year overall
survival rate of 23%, whereas SCLC is treated mostly with platinum-based chemotherapy and has a
median survival of less than one year [6]. Inmune checkpoint blockade (ICB) immunotherapy is the
first-line treatment for advanced non-small cell lung cancer (NSCLC) with no known driver-gene
mutation [7]. Chemokines have emerged as important participants in cancer immunotherapy, coor-
dinating immune cell signaling inside the TME and aiding their recruitment to cancer cells [8]. Co-
herent with their capability to react to local environmental cues, proinflammatory interleukins, and
chemokines are present at high levels in the microenvironment of epithelial tumors [9,10]. The tumor
microenvironment also contains T and B lymphocytes of adaptive immunity, and these phenotypes
of the T and B subsets are regulatory and weaken the immunologic response against the tumor and
evoke a chronic inflammatory state of the tumor microenvironment [11]. Several stimuli-responsive
materials that degrade in the pathological tumor microenvironment (TME) have been produced and
investigated for drug delivery applications employing nanotechnological methods [12]. In the setting
of lung cancer and its complex tumor microenvironment (TME), where conventional treatments fre-
quently confront problems such as drug resistance and immune evasion, traditional plant-based
medicines are gaining popularity. Artocarpus chaplasha, a traditional medicine herb, has demon-
strated promising antioxidant and cytotoxic activities [13]. Despite substantial research, the role of
the tumor microenvironment (TME) in immunotherapy resistance is still unknown. Variable re-
sponses in NSCLC can be attributed to variables such as low MHC-I expression, inadequate neoan-
tigen release, and restricted CD8+ T cell infiltration. Understanding these mechanisms is crucial for
overcoming resistance [14]. In recent years, a growing study has highlighted the tumor microenvi-
ronment (TME), Riera-Domingo et al. offering a complete overview of its metabolic features and hy-
poxia, as well as their impact on immune function and response to immunotherapies [15]. Under-
standing the complicated interactions between tumor cells and TME components, such as immune
and stromal cells, may lead to novel ways for better lung cancer management and therapy [16]. There-
fore, it is crucial to understand the cellular and molecular interplay in the tumor microenvironment
to develop therapeutic strategies. In this review, we focused on the cellular and molecular interplay
in the lung tumor-microenvironment and discussed several cellular and molecular components that
can be focused on while developing any therapeutics.

2. Tumor-Infiltrating Immune Cells

Tumor-infiltrating immune cells are surrounded by infiltrating inflammatory cells, especially
macrophages and lymphocytes [17]. Evidence suggests that cancer malignancy is caused by both tu-
mor-intrinsic characteristics and TME factors, particularly invading immune cells. Lung cancer
avoids immunosurveillance by low antigenicity, decreased MHC I/Il/non-classical expression, a lack
of costimulatory signals, and dysregulated immune cell infiltration [18]. The development of tumor-
specific adaptive immune responses is particularly driven by tumor antigens [19]. The main compo-
nents of tumor-specific cellular adaptive immunity are two types of T lymphocytes (CD4+ and CD8+).
In which tumor cells are attacked by the CD8+ T lymphocytes, introducing tumor-associated antigen
peptide with histocompatibility complex class I (MHC I) by producing interferon-g on their surface.
Mechanisms of Interferon-g-dependent tumor cell cytostasis and killing constitute cell cycle prohibi-
tion, angiostasis, apoptosis, and also induction of antitumorigenic activity of macrophages [20].

Table 1. Major Tumor-infiltrating immune cells observed in the lung cancer tumor microenvironment, their
main roles, and their relationships with clinical outcomes.

Immune cell type Main Function in TME Clinical/Prognostic Association

I d ival, better ICI

CD8+ T cells Cytotoxic killing of tumor cells mproved survival, better IC
response[21],[22]

CD4+ T cells Helper/regulatory roles; coordinate immune responses Variable; subset-dependent [22,23]

Regulatory T cells (Tregs) Suppress anti-tumor immunity Poorer prognosis [22,24]
Mixed; high densit dict HPD

B cells Antibody production, antigen presentation [ 21)(;5]' 167 density may precic

M1: pro-inflammatory/anti-tumor; M2:

Macrophages (M1/M2) immunosuppressive

M1: favorable; M2: poor prognosis [22-24]

Myeloid-derived

T cell functi te t th P is [22
suppressor cells (MDSCs) Suppress T cell function, promote tumor grow oorer prognosis [22]
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Natural Killer (NK) cells  Direct killing of tumor cells (innate immunity) Generally favorable [23]
Dendritic cells (DCs) Antigen presentation, T cell activation It can be immunosuppressive in TME [*]
Mast cells Modulate inflammation, angiogenesis Prognostic value in LUAD [*]

2.1. Tumor-Infiltrating Lymphocytes (TIL)

TIL density, distribution, and phenotypic characteristics are important indicators of responsive-
ness to immune checkpoint inhibitors in lung cancer. TIL subsets (CD4*, CD8*, and CD19/20*) have
both effector (anti-tumor) and suppressive (pro-tumor) roles that are influenced by the tumor envi-
ronment. Their balance ultimately determines disease progression and immunological status.
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Figure 1. The tumor microenvironment of NSCLC. CAF stands for cancer-associated fibroblast; DC is a dendritic
cell; MDSC is a myeloid-derived suppressor cell; NSCLC is a non-small cell lung cancer; and Treg is a regulatory
T cell. The figure is reprinted from Wang, Fen, et al. 2022 with free reuse permission [26].

2.1.1. Cytotoxic CD8+ T Lymphocytes

CD8+ T cell density is associated with increased overall survival (OS) in lung cancer. CD8* T
cells play a crucial role in lung cancer immunology, and increased intertumoral concentrations cor-
respond with improved survival rates [27]. However, cancers avoid these cytotoxic cells by:

1. MHC-I downregulation inhibits antigen presentation [28].
2. Tregs and myeloid cells produce immunosuppressive cytokines such as TGF-{3, IL-10, and IL-4

[28].

3. Metabolic competition through IDO-mediated tryptophan/arginine depletion and excessive gly-

colysis starves T cells of glucose [29].

4. Upregulated immunological checkpoints (PD-1, CTLA-4, TIM-3, LAG-3) cause T cell "burnout"

despite activation signals [30,31].

Exhausted CD8* TILs expressing multiple checkpoints resist ICI therapy. However, tumors rich
in PD-1"CD8* cells ("hot" TMEs) frequently respond better to PD-1 blocking [32]. Responders have
enhanced gene expression profiles with memory/effector signatures, while non-responders have dys-
function-related genes.
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Figure 2. The tumor microenvironment of NSCLC. CAF stands for cancer-associated fibroblast; DCis a dendritic
cell; MDSC is a myeloid-derived suppressor cell; NSCLC is a non-small cell lung cancer; and Treg is a regulatory
T cell. The figure is reprinted from Wang, Fen, et al. 2022 with free reuse permission.

3. Tumor Expressing Cytokines

Cytokines —membrane-bound or released proteins produced by innate and adaptive immune
cells in response to tumor antigens and pathogens—are responsible for immunological homeostasis.
Their activities are dependent on local concentration, receptor expression, and pathway integration.
Cytokines have an important role in tumor immunity, as evidenced by higher tumor incidence in
animals lacking type I or Il interferon receptors or downstream signaling components [33]. Cytokines
signal through a series of common and shared receptors, there are seven types of Cytokines signal
through a series of common and shared receptors, of which Type I and II, Type III cytokine receptor
families have the most promising clinical potential. Type I includes IL-2, IL-4, IL-7, IL-9, IL-15, and
IL-21; they initiate intracellular signals through the coordinated activity of signal transducers of acti-
vated T molecule and Janus kinases 1 and 3 [34].

Table 2. Basic characteristics and function of Cytokines [33,35].

Cytokine Primary Source Target Cells Primary Function
IL-1 Monocytes, macrophages, fibroblasts T/B cells, endothelium, hypothalamus fC:-estlmulatlon, inflammation,
ver
th and activati f
IL-2 T cells, NK cells T/B/NK cells, monocytes Qrow and activation o
immune cells
L4 T cells /B cells Th? dlfferentlatlon, IgE
switching
Acute ph ,
IL-6 T cells, macrophages T/B cells, liver . cuep a.se response
inflammation
Anti-infl tory,
IL-10 Th2 cells Macrophages, T cells nintammatory, suppresses
APCs
IL-12 Macrophages, NK cells T cells Promotes Th1 differentiation
IL-17 NKT cells, ILCs Epithelial, endothelial cells Inflammation, infection control
IL-21 CD4+ T cells, NKT cells T/B/NK cells Enhances immune responses
IL-23 APCs T cells, NK cells Promotes chronic inflammation

via Th17
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MHC upregulation, macrophage

IFN-vy T, NK, NKT cells Monocytes, endothelial cells L
activation
Infl tion, f te-
TNF-a Macrophages, T cells Immune, endothelial, liver cells nifammation, lever, acute
phase response
TGF-B T cells, macrophages T cells Suppresses immune activation
Immunosuppressive, induces
IL-35 Tregs T cells iTt35
D -
IL-37 Monocytes, DCs Macrophages, B cells . ampens ?xcesswe
inflammation

Contributions of oncostatin receptor and leukemia inhibitory factor receptor to signal transduc-
tion in heterodimeric complexes with glycoprotein 130. Type II Cytokine Receptors include IFN-a/(3,
IFN-v, IL-10, IL-20, IL-22, IL-28; they mediate a signaling chain and a ligand binding chain[36]. Re-
cently-discovered type III family contains IFN-1, IFN-2, and IFN-3 that activate an IL-10 receptor 2
and IL-28 receptor subunit complex[37]. This may be a vital subgroup in the future, but at this time,
there are no established therapeutic uses for Type III IFNs. JAK-STAT pathways lead to the develop-
ment of malignant cell growth, survival, and death and occur by different combinations of JAK ki-
nases and their substrate [38].

4. Lung Tumor Microenvironment

Lung cancer is identified and characterized by uncontrolled proliferation of cells inside the lung;
most commonly, epithelial cells are known as carcinomas. Metastasis is responsible for >70% of
deaths in Europe and the USA, whereas lung cancer is placed in the leading position of cancer-related
death. Most patients with last-stage lung cancer die within 18 months of diagnosis [39]. The lung
tumor microenvironment is characterized by vascularization and oxygenation. Cigarette smoking is
treated as a significant risk factor for the growth of lung cancer. Cigarette smoke results in an inflam-
matory reaction within the alveolar inflammatory cells of the lungs, and the changed secretion of
cytokines predisposes towards lung cancer [40]. The development of lung cancer and tissue prefer-
ences for metastasis result from the interaction between tumor cells and stroma and reflect the mi-
gration of cancer cells to release chemoattractants instead of propagating cancer cells that may have
the power to last in specific tissue microenvironments. Several stages are involved in the metastasis
of epithelial cancers [41], First local tumor invasion through the cellar membrane and stroma [42],
Intravasation into the lymphatic system [43], then the tumor cells survive within the circulation [44],
Grab at the detached tumor site [45], speed up the development of circulating tumor cell microemboli
[46], extravasation into the detached tissue microenvironment which is facilitated by tumor-cell se-
creted factors [47], tumor cells initially survive in the detached tumor stromal environment, respon-
sible for the formation of a ““pre-metastatic niche””[48,49], modifying growth of cancer-cell intrinsic
events at distant sites, and the development of macro metastases [32,50]. The above steps exist as a
barrier to dissemination, making the overall metastatic process inefficient. The substantial latency
period between primary diagnosis and subsequent formation of distant metastasis is a general obser-
vation within epithelial carcinomas. It is proposed that cells that depart the primary tumor are suffi-
ciently well adapted to survive at distinct metastatic sites so that the latency period of the lung does
not exhibit [51]. This may also be considered the relatively late stage of almost all types of lung cancer
diagnosis.

5. Cells of the Stroma
5.1. Fibroblast Cells

In the late 19th century, based on the location and the microscopic appearance, fibroblasts were
first described [52]. Fibroblasts are prolonged cells with extensive cell processes that show a fusiform
or spindle-like shape in visibility. Deposition of extracellular matrix (ECM), regulation of epithelial
differentiation, and regulation of inflammation are the crucial functions of fibroblasts [53,54]. Many
of the constituents of the fibrillar ECM, such as type I, type III, and type V collagen, and fibronectin
synthesized by fibroblasts [55]. These cells have a well-perceived role in the carcinogenic process.
Stromal fibroblasts dominate tumor biology, but the exact mechanisms involved are still unclear. Fi-
broblasts in mammals are highly disparate, different sites reflect a substantial topographic diversity
disjunct from those cells [56]. A particular type of stromal cells known as cancer-associated fibroblasts
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(CAFs) are myofibroblasts that express a-smooth muscle actin (a-SMA) and produce collagen and
other ECM proteins. CAFs are now recognized for their function in epithelial tumor progression,
growth, and metastasis by secreting substances that promote angiogenesis, cancer cell proliferation
and invasion, macrophage recruitment, and T-cell-mediated immune suppression [57,58]. The func-
tions of immune cells, tumor cells, and endothelial cells are regulated by CAFs, a poly-functionality
that could be affected by the entity of multiple CAF lineages with distinguished intra-tumoral func-
tions. In support of this decision, lung cancer patient prognosis is improved by the presence of
PDGFR-a/p+ CAFs and aggravated by extracellular matrix (ECM) proteins commonly released by
myofibroblastic CAFs. Because elements released by CAFs can increase tumor cell proliferation and
invasion, encourage angiogenesis, and inhibit anti-tumor immunity, CAFs are a promising target for
cancer prevention and treatment [59]. Inmunotherapy is typically ineffective in some NSCLC pa-
tients, owing to a lack of CD8+ T cell penetration into tumors. CAF-rich tumors contribute to this by
forming a physical barrier and promoting an immunologically cool milieu. CAFs also decrease CD8+
and CD4+ T cell activity, promote Treg differentiation, and recruit MDSCs, all of which aid in tumor
growth and resistance to treatment. Thus, targeting CAFs has potential in improving immunotherapy
responses in solid malignancies [60].

@  Tumorcell N[_(;cel]
QMUMzTAM MDSC @

Figure 3. Stromal cells, including CAFs, MSCs, CAAs, TECs, and PCs, establish complex signaling networks that
regulate tumor development, growth, and resistance to treatment. The figure is reprinted from Zhao, Yan, et al.
2023 with free reuse permission [61].

5.2. Immune Cells

Tumor cells induce angiogenesis and can increase endothelial cell proliferation, supporting tu-
mor growth. Immune cells play a dual role in tumor progression, initially attacking tumor cells via
cytokine production before being co-opted by tumors to boost growth and spread. Infiltrating im-
mune cells are essential components of the tumor microenvironment, which tumor cells can use to
cause immunological dysfunction and pro-inflammatory cytokine production. Exosomal miRNAs
facilitate intercellular communication, which contributes to these activities [62]. Immune cells play a
role in cancer dissemination that was predicted by Ehrlich in 1909; significant research has been con-
ducted to question, re-judge, or approve this theory. In the past century, in vivo and in vitro work
has shown that several types of cancer tissues, along with breast cancer, lung cancer, and colorectal
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cancer tissue, hold higher divides of unmarked immune cells than the normal tissue likeness, sug-
gesting that the immune system acts very closely with the tumor microenvironment [63].

5.2.1. T-Cells

The class of immune cells, which represent the key actors of the adaptive immune response, is
the T-cells. The tumour microenvironment (TME) can bind antitumoural T cell reactions in respective
ways, including immunomodulation and impaired antigen presentation. Several cancer models in
mice, antitumoural T cell responses, and T reg cell depletion have been shown to restrain tumour
growth can be inhibited by T reg cells. T cell-attained Areg, likely by acting on normal cells in the
TME, aided the increase of arising tumors in the lungs. The detected effect on tumor growth was not
related to alterations in the number of intratumoral T cells or their capability to produce proinflamma-
tory cytokines, proposing that neither pan-T cell lack in Areg nor its selective loss in T reg cells had
immunomodulatory effects on the TME [64]. Regulatory T cells (Tregs) can infiltrate the tumor site and
inhibit the function of effector T cells, which identify and destroy cancer cells. Tregs contribute to the
formation of an immunosuppressive environment, allowing tumor cells to elude immune surveillance
and accelerate tumor development. Inflammatory factors serve crucial roles in disease [65,66].

5.2.2. Macrophages

Macrophages account for the majority of the inflammatory infiltration in malignancies [67]. In
inflammatory cells and the wound healing process, macrophages are the main component, which are
derived from the monocytes later on, and they go into the tissue from the circulation. Macrophages
are a significant part of the body’s primary immune response to infection and have also manifested
antitumour action under normal conditions. TAM signaling promotes vascularization, invasiveness,
growth, cell survival, and immunosuppression, all resulting in continued tumor progression, when
an immune injury-healing response is misplaced [68]. The macrophages that infiltrate into the TME
are known as TAMs. TAMs are often observed in close proximity to CAFs in various tumor types,
proposing interactions between these two cell types. The cleavage of type I collagen by FAP derived
from CAFs can activate macrophages [69]. Most malignancies have a high proportion of TAMs with
the M2 phenotype, which is associated with a poor prognosis. These M2-like TAMs help tumors sur-
vive, grow, and spread by encouraging angiogenesis, epithelial-to-mesenchymal transition, and im-
mune suppression [70,71]. Although M1 macrophage infiltration is uncommon in malignancies, it
has been observed in colorectal cancer, where their presence is associated with a better prognosis,
even when M2 macrophages are more plentiful. (TAMs) is modified by the tumor's developmental
stage as well as the microenvironment. Tumor advancement may result from the interaction of in-
trinsic (genetic) and extrinsic (microenvironmental) mechanisms, in which one initiates tumorigene-
sis and then drives the other to advance malignancy [72,73].
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Figure 4. The tumor microenvironment (TME) provides a dynamic and supportive environment in which vari-
ous cell types constantly modify their phenotypic and functions. It is made up of a complex mix of mesenchymal
stromal/stem cells (MSCs), tumor-associated fibroblasts (TAFs), and a variety of immune cells, including mac-
rophages, regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), natural killer (NK) cells,
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dendritic cells (DCs), monocytes, neutrophils, T lymphocytes, and B cells, as well as a diverse population of
tumor cells. The figure is reprinted from Trivanovi¢, Drenka, et al. 2016 with free reuse permission [74].

5.2.3. Mast Cells

Paul Ehrlich first described mast cells (MCs) as versatile, tissue-homing secretory cells. He re-
ported that MC was enhanced in chronically inflamed tissues, assuming they were providing nutri-
tional aid to damaged cells [75]. Their distribution all over vascularized tissues, revealed to the exte-
rior environment, including the lungs, provides interaction with environmental antigens, invading
pathogens, or toxins [76]. Mast cells (MCs) are innate immune cells that reside at tumor edges and in
the tumor microenvironment (TME), frequently near blood vessels. MCs, which differ from bone
marrow progenitors, circulate in the blood and are guided to certain organs by chemoattractive sig-
nals. Several cytokines, including stem cell factor (SCF), CXCL12, IL-3, IL-4, IL-9, IL-10, IL-33, and
TGF-B, influence their survival and proliferation. While MCs have generally been examined in the
context of allergy reactions, current research has revealed that they can operate as proinflammatory
and angiogenic mediators in malignancies. When activated, MCs produce mediators that attract im-
mune cells such as neutrophils, macrophages, eosinophils, and B and T cells, thereby contributing to
antitumor immune responses [77]. Mast cells (MCs), with their dual involvement in inducing inflam-
mation and angiogenesis inside the tumor microenvironment (TME), are intriguing targets for adjuvant
cancer therapy. Strategies may include suppressing angiogenesis and tissue remodeling, restricting the
production of tumor-promoting proteins, and reversing MC-driven immune suppression—all while
increasing their ability to produce cytotoxic cytokines, which boosts anticancer effectiveness [78].

Figure 5. Mast cells (MCs) engage with tumor cells by releasing mediators and making direct cell-to-cell contact.
MC-derived mediators can have dual effects: some promote tumor growth (e.g., histamine, VEGF, IL-10—shown
in red) while others repress tumors (e.g., TNF-a, IL-1, granzyme B—shown in green). Furthermore, direct inter-
actions with immune and tumor cells can either activate or repress cellular responses, impacting tumor
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development or immunological activation, depending on the situation. The figure is reprinted from Komi &
Redegeld et al. 2020 with free reuse permission [77].

5.2.4. Dendpritic Cells

Dendritic cells (DCs) are responsible for starting, maintaining, and directing anti-tumor immune
responses. They detect DAMPs generated by dying tumor cells, which cause cytokine production
and T-cell activation [79]. Dendritic cells (DCs) take up antigens and move to lymph nodes to deliver
them to CD8* T lymphocytes. DCs are divided into two types: cDC1s, which deliver antigens to CD8*
T cells, and ¢cDC2s, which trigger CD4* T cell responses [80,81]. Dendritic cells (DCs) are classified as
conventional type 1 (cDCls) or type 2 (cDC2s). cDC1s promote anti-tumor immunity by delivering
antigens to CD8* T cells, while cDC2s focus on priming CD4* T cell responses. cDC2s are classed as
anti-inflammatory cDC2A (T-bet*) or pro-inflammatory cDC2B (T-bet") based on their transcriptional
and chromatin patterns. High ¢cDC1 infiltration correlates with increased T cell presence and better
patient outcomes. Tumors may avoid immune recognition by preventing cDC1 penetration into the
tumor microenvironment [82,83]. cDCl1s use the C-type lectin receptor DNGR-1 to identify F-actin on
necrotic cells, which activates CD8* T lymphocytes by antigen absorption and cross-presentation.
However, tumor-secreted gelsolin (sGSN) can disrupt this mechanism by preventing DNGR-1-de-
pendent cross-presentation, reducing the immune response [84,85]. Plasmacytoid dendritic cells
(pDCs) produce significant quantities of interferon-a (IFN-a), similar to plasma cells. In breast and
ovarian cancer patients, malfunctioning pDCs produce less type I IFN and enhance regulatory T cell
(Treg) development, which contributes to tumor progression. Understanding how DCs differentiate
in the tumor microenvironment is still an active topic of research, with important implications for
future immunotherapies [86].

5.2.5. Vascular Cells

To meet the metabolic and nutritional demands for growth, Tumors require the formation of a
complex vascular network. VEGF is the main component involved in the formation of tumor vessels.
It is released by the tumor cells directly and by fibroblasts and inflammatory cells in the stroma and
is responsible for the “angiogenic switch”” where new vasculature is shaped to provide the tumor
with nutrients. Tumor vessels formed as a result of VEGF are abnormal; they are non-uniformly dis-
tributed and irregularly formed, unsuitably branched and tortuous, often terminating blindly. They
do not have the classic hierarchical placement of arterioles, venules, and capillaries and often form
arteriovenous shunts. These vessels are variably fenestrated and leaky, leading to high interstitial
pressures, further exacerbating tissue hypoxia and stimulating additional VEGF production [87,88].
Under the dominance of VEGF, tumour vessels are shaped by one of various mechanisms, including
the beginning of being vascular networks, recruitment of vascular progenitor cells to form new vas-
cular channels, or “vascular mimicry””—a process by which tumor cell-lined channels contribute to
the blood tributaries supplying the tumor [89].

6. Extracellular Molecules
6.1. Cytokines

Given the limits of current lung cancer treatments, developing immune-based alternatives is
critical. TILs in the tumor microenvironment (TME), including lymphocytes and macrophages, re-
lease low-molecular-weight cytokines and chemokines (<30 kDa) that govern cellular activities like
metabolism, proliferation, tissue repair, and chemotaxis. These chemicals act on specific cell receptors
to facilitate intercellular communication via autocrine, paracrine, and endocrine signaling [90,91].
Not only do cytokines and chemokines orchestrate immune responses, but they also drive local and
systemic inflammation. They have a substantial impact on tumor growth, metastasis, and therapeutic
resistance in the tumor microenvironment (TME). Several cytokines, including IL-6, IL-10, IL-17, IL-
27,1L-35, TNF-a, IEN-y, and TGF-3, and chemokines, such as CCL-2, CCL-5, CCL-18, CCR4, CXCR4,
CX3CL1, CXCL-1, CXCL-5, CXCL-8, and CXCL-13, are extensively explored as therapeutic targets
and biomarkers in lung cancer therapy techniques [92]. Lung tumor-derived prostaglandin E2 (PGE2)
regulates immunological responses by increasing IL-10 synthesis from lymphocytes and macro-
phages while decreasing IL-12 production by macrophages. An immunohistochemical examination
of human non-small cell lung cancer (NSCLC) tissues showed cytoplasmic COX-2 expression within
tumor cells. This is the first report of functional COX-2 expression by NSCLC cells, and it identifies a
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method via which high COX-2 and PGE2 levels affect cytokine balance, changing the immunological
landscape of the lung cancer microenvironment [93].

Table 3. Cytokines with their source and functions [94].

Cytokine Source Functions
IL-6 T-cells, macrophages, adipocytes Proinﬂa.mmatory action, promotes differentiation and cytokine
production
IL-8 Epithelial cells, macrophages, Proinflammatory action, promotes angiogenesis and
endothelial cells chemotaxis
IL-10 Monocytes, B-cells, T-cells Anti-inflammatory action, inhibits proinflammatory cytokines
IL-17 Th17 cells Proinﬂa.mmatory ‘action, enhaﬁces cy’fokine a.nd chemokine
production, contributes to antitumor immunity
IL-27 Antigen-presenting cells (APCs)  Anti-inflammatory action, induces IL-10 production
IL-35 Regulatory T-cells (Tregs) Anti-inflammatory action, promotes Treg proliferation,
suppresses Th17 cells
IL-37 NK cells, monocytes, epithelial cells, Anti-inflammatory, antimicrobial, and contributes to antitumor
B-cells immunity
TNF-a Macrophages, CD4+ lymphocytes, Proinflammatory action, induces cell proliferation, cytokine
adipocytes, NK cells production, and apoptosis
IFN-y NK cells, T-cells Antiviral and proinflammatory action
TGF-p T-cells, macrophages Anti-inflammatory action, suppresses proinflammatory

cytokine production

Granulocyte-macrophage . . .
Y P35 Proinflammatory action, enhances neutrophil and monocyte

colony-stimulating factor T-cells, macrophages, fibroblasts function, activates macrophages

(GM-CSF) ’

Vascular endothelial growth Macrophages, endothelial cells, Promotes vasculogenesis, angiogenesis, endothelial chemotaxis,
factor (VEGF) platelets and migration

6.2. Growth Factors

Epidermal growth factor is a transmembrane glycoprotein. The growth of cultured benign and
malignant cells is promoted by the epidermal growth factor (EGF). Recent studies have manifested
that the amount of EGF receptor, when compared with normal epidermal cells, is increased in squa-
mous cell carcinoma cells in tissue culture [95]. Epidermal growth factor (EGFR) is a receptor tyrosine
kinase recognized as being highly expressed in cancer cells, including lung cancers. These trans-
membrane proteins are activated complying binding with peptide growth factors of the EGF-family
of proteins. It has been distinguished that mechanisms might contribute to amplifying the signal ob-
structed by growth factors, as expression of a high number of receptors on the surface of tumour cells
can increase their sensitivity to low concentrations of host or tumour-derived growth factors. A direct
correlation also exists between growth factors and cellular proto-oncogenes [96]. Many lines of man-
ifest suggest that EGFR has relevance to patients with NSCLC and thus may serve as a potential
therapeutic target. Expression of EGFR has been observed by immunohistochemistry testing in from
62% to 93% of resected primary tumors, and EGFR mRNA has been found in 100%. The overexpres-
sion of EGFR has been variably correlated with clinical outcomes [97].

6.3. Matrix Metalloproteinase

Growing evidence indicates that extracellular proteinases, notably matrix metalloproteinases
(MMPs), play an important role in mediating microenvironmental alterations during tumor growth.
These enzymes govern a wide range of physiological activities and signaling pathways, making them
critical to the molecular interactions that occur between tumor cells and the stroma [42]. Matrix met-
alloproteinases (MMPs) are a class of zinc-dependent endopeptidases discovered about 50 years ago.
They are required for a variety of physiological activities, including tissue remodeling, wound heal-
ing, and organ development, as they degrade extracellular matrix components and modulate cell
activity [98,99]. Certain MMPs have tumor-suppressive roles, explaining the limited success of broad-
spectrum MMP inhibitors (MPIs) in cancer therapy. For example, MMP-8 deficiency increases cancer
risk, and macrophage-derived MMP-12 suppresses lung metastases by modulating tumor
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vasculature. Additionally, MMPs can exert non-proteolytic effects via domains like hemopexin,
which are not targeted by typical MPIs, reducing their therapeutic efficacy [42].

7. Inmune Regulation by Stroma

Immune system dysfunction is strongly associated with NSCLC, and immune checkpoint inhib-
itors are currently important second-line treatments following chemotherapy failure. Treatments for
lung cancer that target CTLA-4, PD-1, and PD-L1 have demonstrated efficacy. Pembrolizumab in-
creased progression-free and overall survival in NSCLC patients, but TG4010 with chemotherapy
improved PFS in advanced cases [100]. Immune cells of a stoma include monocytes/macrophages,
neutrophils, and lymphocytes, which enter into and occupy the tumor stroma. Monocytes are actively
recruited into tumors along defined chemotactic gradients. Once in the tumor, they differentiate into
tumor-associated macrophages (TAMs). TAMs seem to be preferentially pulled to and continued in
areas of necrosis and hypoxia, where they become phenotypically changed and upregulate hypoxia-
induced transcription factors. Macrophages also release several factors that influence endothelial cell
behavior, including VEGF, HGF, MMP2, and IL-8. Neutrophils are distinguished as angiogenesis
stimulators by releasing VEGF, HGF, MMP2, and IL-8. Additional immune cell populations have a
less well-authenticated part in carcinogenesis and are not consistent occupants of stroma, with their
presence limited to specific types of tumors. These include myeloid suppressor cells, which have the
phenotypic features of some macrophages and granulocytes and various consequences of immune
suppression, a product of MMP9 and VEGF, and the extra power to immediately incorporate into
vessel walls [101,102].

8. Hypoxia and Tumour Microenvironment

Hypoxia is a common and significant characteristic of solid tumors. Hypoxic tissue is defined as
having an oxygen tension of less than 10 mmHg, as opposed to 40- 60 mmHg in most normal tissue
[103]. Cancer-related inflammation contributes to tumor initiation and progression by boosting ge-
nomic instability, cell proliferation, angiogenesis, apoptosis resistance, and metastasis. Hypoxia also
contributes by allowing tumor cells to evade immune attack and avoid immunosurveillance. Hy-
poxia-inducible factors (HIFs), which are essential for hypoxic signaling, control genes implicated in
tumor immune responses in low-oxygen environments [104]. Often achieved by induction of the hy-
poxia-inducible factor (HIF) family of transcription factors is the mechanism behind these effects.
This family includes three members, HIF-1, -2, and -3, which act to govern cellular processes involved
in glucose metabolism, angiogenesis, cell proliferation, and tissue remodeling in response to low ox-
ygen levels. A group of prolyl-4-hydroxylases (PHDs) hydroxylate HIF-1a on two maintained resi-
dues, proline 402 and proline 564, under normal oxygen conditions [105-107]. One strategy is to ame-
liorate drug delivery, thus enhancing drug accumulation within the tumor. Several treatment tech-
niques for hypoxia have been developed. One technique is to directly provide oxygen to the tumor
using technologies such as the catalytic breakdown of endogenous hydrogen peroxide (H202) and
light-triggered water splitting [108]. Several ongoing clinical trials are investigating hypoxia-targeted
therapeutics employing a variety of medicines with distinct mechanisms. HIF inhibitors, including
PX-478 and LW6, constitute an important class of therapeutic medicines. Studies have revealed that
HIF inhibitors, either alone or in conjunction with other therapies, offer promising anti-tumor prop-
erties [104].

9. Role of microRNAs in Regulating Tumor Microenvironment

MicroRNAs (miRNAs) are tiny, noncoding RNAs that control gene expression by degrading
mRNA or impeding translation. Dysregulated miRNA expression is associated with cancer initiation,
progression, and metastasis. Some upregulated miRNAs serve as oncogenic drivers (oncomiRs),
whereas downregulated miRNAs operate as tumor suppressors. Aberrant miRNA expression can
interfere with cellular processes such as apoptosis, cell proliferation, invasion, metastasis, and treat-
ment sensitivity, all of which contribute to tumor development [109]. According to studies, a single
miRNA can bind to over 200 target genes, altering processes such as transcription, receptor activation,
and transport. This intricacy makes it difficult to determine the exact transcripts and pathways con-
trolled by individual miRNAs [110]. MicroRNAs have been depicted to be involved in several cellular
processes, including proliferation, development, metabolism, differentiation, and apoptosis. Most
importantly, pathological conditions involving cancer have been associated with deregulation of
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microRNA expression and role [111,112]. In cancer, microRNAs have been separated into oncogenic
or tumor suppressor miRNAs. In the first instance, microRNAs assume an oncogenic function by
post-transcriptionally lowering mRNA and, subsequently, protein levels of molecules with tumor
suppressor functions. Despite the enormous quantity of knowledge we already have on microRNAs,
new publications continue appearing, depicting yet other novel purposes, making us wonder about
the wide-reaching possibility of these small molecules. In summary, microRNAs seem to be a very
promising research target; however, the complexity of their activities makes keeping this promise
challenging [113].

Table 4. microRNA expression status in lung cancer.

Expression status

microRNA Targets (Under-expressed/Over-expressed/ Co.m ments Reference
(if any)
Unchanged)
miR-487b SUZ;AZ;{BCMH, Over-expressed Tumour suppressor Xi et al, 2013 [114]

. AM Rusek et
miR-449 HDAC1 Over-expressed al;2015 [113]

] AM Rusek et
miR-101 EZH2 Over-expressed 212015 [113]

; C M. Croce et
miR-486 IGF1R Under-expressed NSCLC-Tumour suppressor 212013 [115]

] AM Rusek et
miR-9 MHC 1 gene Over-expressed 212015 [113]

. A Lujambio et
miR-124a CDK6 Over-expressed Tumour suppressor al:2007 [116]

] AM Rusek et
miR-221 TIMP3 Over-expressed 212015 [113]

] AM Rusek et
miR-222 TIMP3 Over-expressed 212015 [113]
miR-429 ZEB1)2 Over-expressed NSCLC- Oncogenic " C; flt%mlg

. EGFR in Becker-Santos DD
miR-128b NSCLC Under-expressed Tumour Suppressor et al 2012 [118]

. SK-LU-1, RBX1 SM Noor et al;2018
miR-1827 in NSCLC Under-expressed NSCLC- Tumour suppressor [119]
miR-378 RBXl\ll,SgIEIéL m Over-expressed NSCLC- Tumour suppressor SM NO([)lr 1egt] al;2018

. Mut-Bcl-2-3'- Huei Lee et al;2018
miR-630 UTR Unchanged NSCLC- Tumour suppressor [120]
miR-31 LATSZ/APPP2R2 Overexpressed NSCLC -Oncogenic Liu et al;2010 [121]

miR-221/222 PUMA Overexpressed NSCLC -Oncogenic Zha“g[ 1?2?1;2014
miR-197 PD-L1 Overexpressed NSCLC -Oncogenic Fuj 1ta[<;t2;}; 2015

hen et al; 201
microRNA-146a EGFR Overexpressed NSCLC- Tumour suppressor ¢ en[i 2?1], 013

10. Targeting the Tumor Microenvironment for Cancer Therapy

The malignant features of cancer cells cannot be proved without a crucial interplay between
cancer cells and their local environment. Angiogenic vascular cells, lymphatic endothelial cells, im-
mune cells, and cancer-associated fibroblastic cells are the composition of the tumor infiltrate, which
actively leads to cancer progression. The efficiency to alter these surroundings is a crucial feature by
which tumor cells are capable of gaining some of the hallmark functions necessary for tumor devel-
opment and metastatic dissemination. Targeting the tumor microenvironment to encapsulate or de-
stroy cancer cells in their local environment has become compulsory. The difference in stromal cells,
the complexity of the molecular elements of the tumor stroma, and the resemblance with normal
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tissue present huge challenges for therapies targeting the tumor microenvironment. Most recent in-
vestigations have shed light on the significant role in cancer progression played by the noncellular
stromal compartment composed of the extracellular matrix [125].

This TME will influence the therapeutic effect/response and has an impact on the explicit surface
receptors and activated or silenced signaling pathways. To deal with troubles such as no response to
therapy or tumor resistance, and aiming to attain a personalized medicine in oncology, each tumor
must be considered as a complex disease, different in each patient, and thus demanding a different
strategy concerning therapeutics, especially centered on combinations. Hence, to formulate new ther-
apeutic strategies towards a more effective targeting of TME, a big attempt has been made, which
centers on (i) therapeutic strategies that target TME components and (ii) the development of models
that exactly correspond to the TME for bench investigations [126]. It is now progressively accepted
that cancer cells interact intimately with the extracellular matrix (ECM) and stromal cells, which to-
gether form the major construct of TME, instead of working alone [127].
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Abbreviations

The following abbreviations are used in this manuscript:

NSCLCNon-small cell lung cancer
SCLC Small cell lung cancer

TME Tumor-microenvironment

ICB  Immune checkpoint blockade
MSCs Mesenchymal stromal/stem cells
TAFs Tumor-associated fibroblasts
Tregs Regulatory T-cells
MDSCsMyeloid-derived suppressor cells
NK  Natural killer cells

DCs  Dendritic cells

ECM Extracellular matrix

HIFs Hypoxia-inducible factors
MMPs Matrix metalloproteinases
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