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Abstract

The tumor microenvironment (TME) plays a fundamental role in tumor progression. Cancer cells interact with their surroundings to
establish a supportive niche through structural changes and paracrine signaling. Cells around transformed tumor cells contribute to cancer
development, while infiltrating immune cells in this aggressive TME often become exhausted. Solid tumors, especially the most invasive
types such as pancreatic ductal adenocarcinoma, are notably stiff mechanically, with cross-linking enzymes significantly affecting the
survival of cancer cells in both primary tumors and metastatic sites. In this review, we highlight recent key contributions to the field,
focusing on single-cell sequencing of stromal cells, which are increasingly seen as highly heterogeneous yet classifiable into distinct
subtypes. These new insights enable the development of effective co-treatment approaches that could significantly enhance current and
novel therapies against the most aggressive cancers.
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1. Introduction

The tumor microenvironment (TME) is defined as the
sum of acellular components (extracellular matrix (ECM)
plus fluids), and various cells in contact with surrounding
blood and lymph vessels. TME is heterogeneous to such a
high extent that may be viewed upon as a disordered mass.
The cells and ECM are continuously undergoing remodel-
ing, and the cells communicate with each other through di-
rect contacts, paracrine and autocrine secreted factors. In
such communications, extracellular vesicles (EVs) carry-
ing various cargos are recognized as extremely important
for tumor progression and dissemination. There is ongoing
debate about the role of inflammation, particularly regard-
ing the eicosanoid axis involving prostaglandin E2 (PGE2),
which is under intense scrutiny.

Not only are the cancer cells proper (transformed
cells) heterogeneous. The cells that surround them (fre-
quently called stromal cells) are even more diverse, they
differ in properties and their origins; they may be resi-
dent cells or cells that have migrated from other organs.
These cells include–to name themost frequently used types:
cancer-associated fibroblasts (CAFs), tumor-associated
macrophages (TAMs), dendritic cells (DCs), regulatory
T cells (Tregs), cytotoxic T lymphocytes (CTLs), natu-
ral killer (NK) cells, tumor-associated neutrophils (TANs),
myeloid-derived suppressor cells (MDSCs), B cells (in-
cluding plasma cells), mast cells, and others (Fig. 1).

Some of these cells are immunosuppressive, while
others attempt to combat the tumor but may become ex-
hausted, for example, through TGF-β signaling [1]. These
exhausted cells can mechanistically prevent the arrival of
fresh, immune-competent cells. Tumors play different
strategies that may be simplistically classified in two: “hide
and seek”, which characteristic of immunogenically “cold”
tumors, or tumors with poor infiltration by immune cells,
whereas the second one relies on jamming natural anti-
tumor immune signals leading to inactivity of cells with ini-
tial tumor cell killing potential—this is the “hot” or chron-
ically inflamed tumor type, featuring high presence of im-
mune cells, mostly in exhausted states. This distinction is
overly primitive, as there is a continuum of tumor types in
between. Nevertheless, it is helpful, and an attractive thera-
peutic approach is to develop means to convert cold tumors
into hot ones, since the latter type is much more sensitive to
immune checkpoint blockade (ICB) therapies, such as anti-
programmed cell death protein 1 (PD-1) or programmed
cell death ligand 1 (PD-L1) antibodies (Fig. 2). Addition-
ally, numerous attempts are being made to kill not only
the cancer (transformed) cells themselves but also the sur-
rounding cancer-associated cell types, “educated” by can-
cer cells to support them. Indeed, cancer associated cells
greatly impede various treatments, especially cell-based
therapies such as CAR-T.

Here, we aim to review the most recent and important
discoveries in the field of TME features, focusing on differ-
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Fig. 1. Ideogram of the tumor microenvironment: metastasis of pancreatic ductal adenocarcinoma to the liver. Normal tissue with
ducts is depicted in the lower-right corner, with a blood vessel at the top. The tumor includes not only transformed cells (pink) but also
a large number of tumor-associated fibroblasts (spindle-shaped blue cells), tumor-associated macrophages, lymphocytes mainly at the
periphery (green cells), dying cells (brown with segmented nuclei), and others, along with a dense extracellular matrix, shown as tangled
triple spirals of collagen. Created with Adobe Illustrator (version 29.5, Adobe Systems, San Jose, CA, USA). ECM, extracellular matrix;
CAF, cancer-associated fibroblast; TAM, tumor-associated macrophage; MDSC, myeloid-derived suppressor cell.

ent functions such as the re-education of normal cells, im-
mune evasion, immune cell exhaustion, and drug resistance.
The major message of this review is that the cells surround-
ing tumor cells are not mere bystanders in cancer. Classi-
cally, higher densities of CD8+ T cells, conventional den-
dritic cells type 1 (cDC1), and natural killer (NK) cells in-
dicate a better anti-tumor response and improved survival.
But how can we move further from these paradigms? We
also include novel fields of research that previously lacked
attention, such as the issue of the intratumor microbiota,
which usually aggravates the disease but in some cases may
provide significant advantages.

2. Structure of the Tumor Microenvironment
2.1 Extracellular Matrix (ECM) Stiffness

The ECM can form a barrier that impedes T cell infil-
tration into tumors. ECM stiffness is enhanced by the cross-
linking of ECM proteins by protein-protein cross-linking
enzymes such as lysyl oxidase (LOX) and lysyl hydroxylase
(procollagen-lysine,2-oxoglutarate 5-dioxygenase, PLOD).
The latter enzyme’s action helps to form more stable cross-

links, thus it not surprising that PLODs contribute signif-
icantly to stiffness of ECM in TME. The heterogeneous
TME and ECM stiffening affect intratumoral T cell mi-
gration, it has been shown that inhibition of LOX reduces
the number of protein cross-links within the ECM, thereby
decreasing its stiffness, thus tumor stiffness in vivo posi-
tively correlates with tumor growth and negatively corre-
lates with T cell tumor infiltration [2]. High expression
levels of PLOD family genes are associated with poorer
disease-free survival and distant metastasis-free survival.
Indeed, elevated levels of PLOD1 and PLOD3 are linked
to worse overall survival in patients with breast cancer [3],
and in cervical cancer the role of PLOD2 appears to be espe-
cially pronounced [4]. Collagen type IV is usually believed
to be the preferred substrate for PLOD enzymes, however,
other collagens are also important, for example, in prostate
cancer, it has been shown that a collagen VI-rich microen-
vironment reduces the motility of T cells, leading to their
entrapment within the stroma [5]. Recent discoveries indi-
cate that collagen I promotes oncogenic signaling and can-
cer cell proliferation, moreover, the deletion of collagen I
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Fig. 2. Key receptor interactions in the tumor microenvironment. Figure highlights tumor cells, cytotoxic cells, and dendritic
cells, where immune checkpoint mechanisms enable tumors to evade destruction by cytotoxic cells and, vice versa, to develop effective
strategies for ICB therapies. Created with Adobe Illustrator (Adobe Systems). B7, B7 family ligands; CTLA4, cytotoxic T-lymphocyte
associated protein 4; CD28,80,86, cluster of differentiation 28,80,86; MHC, major histocompatibility complex; TCR, T cell receptor;
PD-1, programmed cell death protein 1; PD-L1,2, programmed cell death ligand 1,2.

homotrimers has been found to enhance T cell infiltration
into the tumor microenvironment and improve the efficacy
of anti-PD-1 immunotherapy [6].

Regarding colorectal cancer, the role of ECM stiffness
has been explored in detail. It is proposed that increased
ECM stiffness primarily affects tumors by physically re-
straining immune cells within the dense matrix. This me-
chanical barrier is a major reason why a stiff ECM enables
tumors to escape immune surveillance [7]. Thus, ECM
aging—which can lead to increased stiffness—is an impor-
tant factor in TME.

Not only mechanic properties but continuous remod-
eling of ECM proteins, especially collagens, plays a sig-
nificant role in TME. For example, for pancreatic ductal
adenocarcinoma (PDAC), it has been shown that both ma-
trix metalloprotease-cleaved collagen I (cCol I) and intact
collagen I (iCol I) activate the discoidin domain receptor 1
(DDR1)-NF-κB-p62-NRF2 signaling pathway, which pro-
motes the growth of PDAC [8]. Dynamic changes in the
ECM are crucial in ovarian cancer, particularly in serous
ovarian carcinomas, where the ECM undergoes significant
alterations during cancer progression [9]. In breast cancer,
collagen structure was found be immunosuppressive [10],
perhaps through the interaction of collagen I with LAIR-
1 in association with induction of MMP-9 thus worsening
survival [11].

Importantly, ECM stiffness greatly influences the
epithelial-mesenchymal transition (EMT) of cancer cells,
and for this process, particularly important molecules in-

clude integrins, selectins, and cadherins, etc. The func-
tional role of vimentin—a key intermediate filament protein
associated with EMT—has been examined in detail, and it
was found that topographical patterning of such proteins
influences EMT [12], thus it is clear that physical prop-
erties of TME govern many properties of cancer cells in-
cluding their motility. Vice versa, EMT induces changes
in the mechanics and composition of the ECM, creating a
feedback loop that perpetuates these processes [13]. Since
EMT is tightly regulated by a complex network orchestrated
by various intrinsic and extrinsic factors, including multi-
ple transcription factors, post-translational modifications,
epigenetic changes, and noncoding RNA-mediated regula-
tion [14], any increase in ECM stiffness can impact cellu-
lar signaling pathways through mechanotransduction, pro-
moting carcinoma cells to undergo EMT. This suggests that
mechanical forces, being dependent on the ECM structure,
play a critical role in tumor invasion and metastasis [15].

2.2 Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) are cells of dif-
ferent origins (thus CAFs is a collective term), moreover,
transition of normal cells into CAFs, i.e., cells programed
(educated) by tumor cells into CAFs, usually continues
throughout tumor growth and dissemination: even stellate
cells and pericytes can be transformed into CAFs. CAFs
can be either resting or activated, with distinct morpholo-
gies and marker expressions. Activated fibroblasts express
α-SMA, FAP, and PDGFRβ, while resting CAFs express
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FSP1 and α1β integrins. The major pro-tumor activity of
CAFs is the production of ECM components, such as vi-
mentin, desmin, collagen, and fibronectin, as well as tumor-
derived exosomes that educate other normal cells in a vi-
cious cycle of tumor volume expansion. Also, EMT pro-
motes the formation of CAFs from epithelial cells, and
endothelial-to-mesenchymal transition (EndMT) generates
CAFs from endothelial cells. A pan-cancer analysis, in-
cluding patients receiving anti-PD-1 treatment, revealed
that CAFs at the tumor boundary form a physical barrier to
immune cells [16]. Conversion of normal cells into CAFs
is a perplexing process, for example, mesenchymal stem
cells (MSCs) can transform into CAFs under the influence
of TGF-β. The diverse origins of CAFs can be shown by
the findings that adipocytes can also convert into CAFs, or
function similarly to CAFs. For example, it was reported
that in omental adipose tissue adiponectin expression tends
to decrease with subserosal or serosal invasion of gastric
cancer, whereas co-culturing adipocytes with gastric can-
cer cells causes adipocytes to dedifferentiate, significantly
increasing CAF markers like FSP-1 [17].

It is not surprising that CAFs are heterogeneous, and
this is proved by recent breakthroughs in understanding the
role of CAFs obtained from single-cell sequencing (SCS)
data. Pan-cancer SCS indicate that CAFs have distinct ori-
gins (including not only normal fibroblasts but also en-
dothelial cells, peripheral nerves, and macrophages) and
may be classified into three subtypes correlating with prog-
nosis [18]. For example, in chordoma, it has been shown
that a subset of inflammatory CAFs (iCAFs) correlates
strongly with tumor aggressiveness and impacts patient
morbidity and mortality [19]. In bladder cancer, a unique
CAF signature (PDGFRα+ITGA11+) has been identified,
which highly stimulates metastasis to lymph nodes [20]. In
prostate cancer, SCS revealed that ECM-associated tumor-
resident CAFs promote collagen deposition and cancer pro-
gression. In contrast, migrated CAFs (Lym-CAFs) exhibit
an antitumor phenotype and induce CD8+ T cell activation.
This switch to Lym-CAFs is promoted by YAP1 silencing,
and YAP1 activation is beneficial in terms of survival [21].
In contrast, in small cell lung cancer YAP1 activation sup-
port tumor-promoting role of CAFs [22]. In esophageal
carcinomas SCS indicates that CAFs appear through re-
programming by cancer cells exploiting JAG1-NOTCH1
signaling, importantly active at the boundary of the tu-
mor, so that normal epithelial cells cooperate with CAFs in
tumor-supporting mode [23]. In serous ovarian carcinoma,
SCS allowed identification of a new CAF subtype, termed
steroidogenic acute regulatory protein-positive (STAR+),
and these STAR+ cells may improve responsiveness to plat-
inum based cytostatics [24].

Recently, SCS revealed that in PDAC there are more
than three distinct types of CAFs: myofibroblasts (my-
CAFs), inflammatory CAFs (iCAFs), and others such as
POSTN-CAFs, and antigen-presenting CAFs (apCAFs).

Among these, myCAFs are especially important for PDAC
progression, possibly due to their physical proximity to the
PDAC cells. In contrast, iCAFs, marked by PDPN and
COL14A1, are more distant and may share SASP char-
acteristics with senescent CAFs. MyCAFs are classically
characterized by TGF-β1-induced CAFG [25]. Antigen-
presenting CAFs (apCAFs), likely originating from nor-
mal fibroblasts, promote the activation of CD4+ effector
T cells [26], whereas myCAFs suppress CD8+ cells [27].
In PDAC, different collagen isoforms are expressed in dis-
tinct patterns, and some of them are specific to myCAFs
or iCAFs. Notably, myCAFs secrete collagens COL10A1
and COL11A1, the latter playing a significant role in PDAC
resilience [28]. MyCAFs express α-smooth muscle actin
(α-SMA), platelet-derived growth factor-α (PDGFR-α),
fibroblast-activated protein (FAP), and vimentin, but they
are themselves heterogeneous and affect cancer cells dif-
ferently [29]. Another study identified a senescent popula-
tion of myCAFs putatively important in survival worsening
[30]. Reprogramming from iCAFs to myCAFs is associ-
ated with poor prognosis, possibly involving secreted pro-
teins like MMP11 [31]. It should be emphasized that TGF-
β is a key driver of myCAFs: it induces epidermal growth
factor receptor/Erb-B2 receptor (EGFR/ERBB2) signaling
in myCAFs through an autocrine mechanism. Further-
more, EGFR-activated myCAFs promote PDAC metasta-
sis at least in murine models of PDAC [32]. While my-
CAFs require TGF-β1 for myofibroblastic differentiation
[27], iCAF differentiation is mediated by IL-1, also, fibrob-
last migration is important for early pancreatic carcinogen-
esis and this requires complex mechanisms including the
ARP2/3 complex [33].

In various skin cancers, including basal cell car-
cinoma, squamous cell carcinoma, and melanoma, pre-
viously unrecognized CAF types have been identified:
myofibroblast-like RGS5+ CAFs, matrix CAFs, and im-
munomodulatory CAFs. Thematrix CAFs actively produce
novel ECM and restrict T cell invasion in low-grade tumors
through a mechanical barrier, whereas high-grade tumors
have abundant immunomodulatory CAFs that actively se-
crete various cytokines and chemokines [34].

In GBM, immature CAFs evolve into distinct sub-
types, with mature CAFs expressing ACTA2. These CAFs
are in contact with mesenchymal glioblastoma stem cells
(GSCs), endothelial cells, andM2macrophages, and are in-
volved in PDGF and TGF-β-mediated effects of GSCs on
CAFs [35].

In clear cell renal cell carcinoma (ccRCC), SCS un-
covered the spatial relatedness ofmesenchymal-like ccRCC
cells and myCAFs at the tumor-NAT interface. Also, a high
presence of myCAFs was linked to primary resistance to
ICB therapy [36].

For colorectal cancer, SCS allowed stratification of
samples into three subtypes with different distribution of
cancer cell supporting SFRP2+ CAFs [37].
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In non-small cell lung cancer (NSCLC), CAFs de-
posit collagen fibers at tumor boundaries, creating a bar-
rier that prevents T cells from entering TME. SCS reve-
lead a novel CAF group called antigen-presenting CAFs
(apCAFs) [38]. Recently, another study on primary hu-
man NSCLC identified at least five CAF types, including
a new type, CAF-S5 [39]. This previously undescribed
population is FAP+ and PDPN+, but αSMA−, and is as-
sociated with worse survival outcomes in NSCLC [39].
A different research project lead to the identification in
NSCLC of two novel CAF subsets, termed by the authors
as CAF7 (PDGFRA−/PDGFRB+/FAP+/αSMA+) and
CAF13 (PDGFRA+/PDGFRB+/FAP−/αSMA+), which
apparently have opposing roles [40].

Interleukins play a decisive role in communication be-
tween CAFs and other cells, as some interleukins may also
induce senescence in iCAFs. Senescent iCAFs can make
tumors more resistant to therapies, so inhibiting them could
increase tumor sensitivity to treatments, at least in colorec-
tal cancer [41]. To add complexity, CAFs use various cy-
tokines to communicate with cancer cells and other cells of
TME, for example, in HCC, a study showed that the IL-6-
IGF-1 axis is crucial for communication between HCC and
CAFs [42]. A novel regulatory axis was found in gastric
cancer where IL-8 from CAFs, under the control of ser-
glycin secreted by tumor cells, plays a significant role in
these cell-cell communications [43]. Highlymetastatic can-
cer cells mobilize periostin-expressing CAFs at the primary
tumor site—such CAFs promote collagen remodeling and
facilitate collective cell invasion into lymphatic vessels and
nodes [44].

Recent discoveries pose the major question: how can
interactions between CAFs and cancer cells be disrupted?
Recently, the small molecule ketotifen was found to re-
duce the contractile activity of TGF-β-activated fibroblasts.
Given the importance of TGF-β in TME formation, this
provide great promise for pharmacological interventions
[45].

At least in head and neck squamous cell carcinoma,
SCS allowed dissection of CAFs in two major subtypes,
myCAFs (without notable LOX expression) and LOX+

iCAFs, and the latter subtype was noted to be actively sup-
porting cancer cell proliferation and migration [46], also
indicating that cross-linking enzymes secreted from cancer-
associated cells may bemore important than those produced
in the so called cancer cell autonomous manner.

2.3 Tumor-Associated Macrophages

CAFs affect monocytes and tissue-resident
macrophages through signals like SDF-1, MCP-1,
and CXCL12/14 to promote their differentiation into
tumor-associated macrophages (TAMs). CAFs and TAMs
engage in reciprocal communication with tumor cells
within TME [47]. The classical understanding of the
inactivity of TAMs (phagocytes with cancer cell killing

capability) is that cancer cells evade macrophage attack by
overexpressing anti-phagocytic surface proteins, known as
“don’t eat me” signals, such as CD47, PD-L1, and the β-2
microglobulin subunit of the MHC class I complex (B2M).
Blocking these signals with monoclonal antibodies can
potentially enable immune cells to target and destroy tumor
cells. Recently, it has been found that macrophages lacking
β2 integrins or their downstream effectors, Talin1 and
Vinculin, show specific defects in phagocytosis, indicating
a mechanical checkpoint crucial during this process. This
may also explain why ECM stiffness intensely affects
TAMs properties [48]. The PD-1 and PD-L1 interaction
exemplifies immunosuppression in TME, illustrating
the mutual influence between tumor cells and their sur-
roundings. An important aspect of TAMs is their role in
macrophage-mediated programmed cell removal (PrCR),
vital for identifying and eliminating unnecessary cells to
maintain tissue homeostasis. Again, the effectiveness of
PrCR relies on the balance between pro-phagocytic “eat
me” signals and anti-phagocytic “don’t eat me” signals.
Tumorigenesis and progression are closely linked to PrCR,
as the “eat me” signals in the tumor microenvironment are
countered by the “don’t eat me” signal from CD47/SIRPα,
facilitating tumor immune escape. PrCR-activating sig-
nals include CRT, PS, Annexin1, and SLAMF7, while
inhibiting signals include CD47/SIRPα, MHC-I/LILRB1,
CD24/Siglec-10, SLAMF3, SLAMF4, PD-1/PD-L1,
CD31, GD2, and VCAM1 [49]. In ovarian cancer, another
important checkpoint is CD24, which binds to Siglec-10
expressed by TAMs [50].

Traditionally, the usual M1 and M2 classification of
TAM is still employed, where M1 is the pro-inflammatory
phenotype, that produces NO, whereas M2 is immunosup-
pressive, producing arginase among other cues supporting
tumor persistence and growth. This distinction is now rec-
ognized as overly simplistic [51], but remains quite useful
for identifying new important molecular markers. In con-
trast, this binary paradigm may not be necessarily aligned
with traditional views on particular molecular players, for
example, CD206, once considered a marker of immuno-
suppressive TAMs, actually shows a more complex rela-
tionship with immune suppression, since CD206+ TAMs
have been found to correlate with better immune responses
and improved survival [52]. Integrins α5β1 and αvβ3 play
an important role in the recruitment, polarization, and tran-
sition of TAMs from inflammatory to immunosuppressive
types [53]. M2 TAMs were also found to be promoted
through tumor-secreted protein S (PROS1) ligand and exo-
somes in FMRP RNA binding protein positive tumors [54].

In breast cancer, TAMs form a network throughout
the tumor, similar to resident macrophages of the normal
breast [55]. There, TAMs are mostly M2, they have spe-
cific mechanisms of polarization, markers, and functions.
Also, macrophages specifically expressing CD68 may be
typical for TAMs in breast cancer [56]. The major pro-
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cancer functions of TAMs include producing TGF-β (in-
volved in EMT and T-reg regulation), VEGF (angiogene-
sis), and cytokines like IL-1, IL-6, and IL-12 (chronic in-
flammation). TAM-secreted molecules significantly influ-
ence tumor aggressiveness; for instance, soluble TREM2
enhances this effect in a murine breast cancer model (4T1
cells). Additionally, the deletion of neutral ceramidase
in female mouse breast cancer models accelerates tumor
growth, since myeloid neutral ceramidase is crucial for
generating lipid droplets and inducing lipolysis, important
for regulation of the macrophage metabolism [57]. Lipid-
associated macrophages (LAMs) are an important subset
of TAMs that are affected by cancer-associated fibroblasts
(CAFs) in TNBC. SCS helped to define amonocyte-derived
LAM subpopulation (STAB1+, high TREM2) with im-
munosuppressive capacities, which expands in patients who
are resistant to ICB therapy. These findings underscore the
significance of the inflammatory axes in CAF-myeloid cell
cross-talk their roles in attracting of monocytes to tumors
[58].

TAMs promote primary tumors andmetastasis by sup-
pressing tumor immune surveillance, but the metabolic re-
quirements for this were largely unknown. It turns out
that long-chain fatty acid metabolism, particularly with
unsaturated fatty acids like oleic acid, leads to the for-
mation of lipid droplets. This process can inhibit the in
vitro polarization of TAMs and reduce tumor growth in
vivo. In human colon cancer, myeloid cells have been
found to accumulate lipid droplets [59]. Using SCS, di-
verse subsets of macrophages with links to lipidmetabolism
were observed in the mice bearing orthotopic mammary
tumors. Among seven distinct macrophage clusters iden-
tified, one demonstrated a profile consistent with lipid-
associated macrophages (expressing LGALS3 and TREM2)
and exhibited a reduced capacity for phagocytosis [60].
Also, it has been proposed recently that active TAMs in
breast cancer enhance stiffness by collagen synthesis, and
also negatively affect CD8+ cells by depletion of arginine,
and secretion of ornithine [61].

In bladder cancer TAMs promote BC cell migration
and invasion, and this can be elegantly modeled by co-
culturing bladder cancer cell lines with THP-1 cells, where
the latter show M2-like features (e.g., a decrease in CD68
and an increase in CD206 expression) under this influence
[62].

The significance of tissue-resident, embryonically de-
rived macrophages has increasingly been recognized in re-
cent years. Resident TAMs may prime the premetastatic
niches to enable the growth of metastases and then support
secondary tumor growth [63]. In gastric cancer, a prolifera-
tive cell lineage known as C1QC+MKI67+ TAMs has been
identified, exhibiting high immunosuppressive capabilities
[64].

Concerning pro-cancer activities of TAMs, novel reg-
ulatory pathways continue to be discovered. For ex-

ample, a new axis involving THBS2-positive myCAFs
(THBS2+ mCAFs) has been found to facilitate the re-
cruitment and conversion of peritoneum-specific tissue-
resident macrophages into SPP1-positive tumor-associated
macrophages (SPP1+ TAMs). This process leads to the for-
mation of a protumoral stroma-myeloid niche in the peri-
toneum [65].

A recent discovery found that sepsis survivors have a
lower cumulative incidence of cancer, attributed to sepsis-
trained resident macrophages. These macrophages promote
tissue residency of T cells via CCR2 and CXCR6. The
accumulation of CXCR6 tissue-resident T cells in humans
with history of sepsis has been associated with prolonged
survival in cancer patients [66].

Some researchers propose that TAMs hold greater
promise than T cells in cancer therapies, since TAMs and
other myeloid-origin cells extensively infiltrate tumors, un-
fortunately usually in immunosuppressive states. It has
been shown that IgM-induced signaling in murine TAMs
leads to the secretion of lytic granules, promoting tumor
cell death. Additionally, the incorporation of chimeric re-
ceptors featuring high-affinity FcγRI for IgG to activate
macrophages may induce tumor cell death along with the
production of reactive oxygen species and Granzyme B
[67].

2.4 Dendritic Cells and Cancer

Dendritic cells (DC), the most important among the
professional antigen-presenting cells, play a huge role both
in suppressing tumors and supporting those that evade the
immune system. Two main types are found in tumors: pre-
viously known as myeloid DCs, now referred to as cDCs
(CD141+, CD1c+). These are further divided into cDC-
1 cells, which activate cytotoxic lymphocytes, and cDC-
2, which support T-helper cells. The second type, plasma-
cytoid DCs (pDCs), marked as CD303+, actively produce
IFN-α when stimulated. Understanding the roles of DCs in
cancer definitely relies on mechanism of their migration to
tumor-affected sites, where the role of CCR7 is now recog-
nized as imminent. SCS in NSCLC revealed that both type-
smay convert to immunosuppressive subtypes upon satura-
tion by tumor antigens [68].

The paradigm “no effector T cell without dendritic
cell” underscores the essential role of DCs in initiating
T cell responses [69]. The presentation of antigens—
including cancer neoantigens—and the impact of cancer
cell heterogeneity in real tumors on these processes re-
main matters of debate. The multiplicity of neoantigens—
their diverse varieties and numbers—is so vast that T cells
may struggle to prioritize which antigens are most impor-
tant to target [70], thus the role of DCs in tumors is im-
mense, for example, therapeutic RNA-based vaccination
that targets immune-suppressed T-cell responses has been
shown to synergize with ICB, enabling control of tumors
with subclonal neoantigen expression [71]. On one hand,
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DCs have anti-tumor functions: they produce chemokines
CXCL9 and CXCL10, which attract cytotoxic T lympho-
cytes (CTLs) and Th1 cells—with BATF3 expression—to
the tumors. On the other hand, certain dendritic cell subsets
can recruit regulatory T cells (Tregs), thereby promoting tu-
morigenesis. Tumor cells can also reprogram DCs through
tumor-derived factors and metabolites [72].

Breast cancer immunosurveillance requires the in-
volvement of cDC1, natural killer (NK) and NKT cells (nat-
ural killer T cells), conventional CD4+ T helper cells, and
CD8+ cytotoxic T lymphocytes (CTLs), where cDC1s are
essential for T-cell priming. Within tumors, cDC1 interact
with CD4+ T cells and tumor-specific CTLs to initiate ef-
fective immune responses. Both cDC1 and interferons are
necessary for anti-tumor activity, mediated through cDC1
signaling via IFN-γ, but not type I interferons (IFN-I). This
signaling promotes the infiltration of CD4+ and CD8+ T
cells into the tumor microenvironment. Indeed, in breast
cancer patients, high intratumoral expression of genes spe-
cific to cDC1, CTLs, CD4+ T cells, or IFN responses is
associated with a better prognosis, underscoring the cru-
cial role of IFN-γ [73]. In a new study, cDC2s cells were
specifically addressed, they were shown to support the en-
richment of suppressive T-cell populations rather than pro-
inflammatory ones [74].

In vitro experimentation with cultured DCs presents
significant challenges, particularly concerning the timing of
DC maturation. The temporal aspect of maturation is vital,
especially at the critical point when DCs interact with re-
sponding T cells or after CD40-Ligand restimulation. Un-
expectedly, prolonged maturation periods may lead to over-
stimulation of DCs, whereas shorter maturation timesmight
be more advantageous [75]. It is important that cDC2s are
abundant in tumors. In three-dimensional (3D) DC-tumor
co-cultures, ECM, including collagen, plays an important
role in supporting DC function and tumor interaction. Ad-
ditionally, the participation and interaction of PGE2 and IL-
6 are significant in this context [76] .

One of the most important recent findings is the obser-
vation of functional diversity among DCs in TME. For ex-
ample, at least one population of CCR7-positive (CCR7+)
DCs migrates to the tumor-draining lymph nodes (dLNs),
while another CCR7+ subset remains resident within the tu-
mor tissue. These tumor-resident CCR7+ DCs differ from
those that migrate to the dLNs. Notably, the tumor-retained
DCs perform poorly in antigen presentation and maintain
contact with PD-1+ CD8+ T cells. As a result, these tumor-
resident DCs appear exhausted [77].

In the past, there were great hopes for simple manip-
ulations using cancer cell lysates and DCs to better present
cancer neoepitopes from DCs to T cells. However, this ap-
proach now appears to be a dead end [78], perhaps due to
the fact that the presence of neoantigens do not guarantee T
cell infiltration [79].

2.5 Tumor-Infiltrating Lymphocytes (TILs): CTLs, and
Tregs, etc.

Lymphocytes, including CD8+ cytotoxic and CD4+
helper lymphocytes, are key components of adaptive immu-
nity and are crucial for targeting malignant cells express-
ing neoantigens. Also, cancer vaccines primarily rely on
these lymphocytes. However, “cold” tumors evade detec-
tion by reducing HLA expression, while “hot” tumors fo-
cus on ICB and inducing immune exhaustion. The role
of tumor-infiltrating lymphocytes (TILs) in tumorigenesis,
coupled to inflammation, and control of tumor growth and
dissemination is immense, unfortunately, mechanisms of
evading their cytotoxic actions may be diverse, not limited
to HLA repression, for example, PDACwithmutatedKRAS
epigenetically silence promoter of FAS death receptor gene
[80,81].

The heterogeneity of TILs is now studied using novel
in-depth methods such as SCS. For example, in HCC, SCS
indicated that abundant non-exhausted CD4+ T cells corre-
late with a better prognosis, including increased sensitivity
to immunotherapy. In contrast, an immune “desert” phe-
notype was associated with the worst survival outcomes,
mechanistically linked to spindle assembly abnormal pro-
tein 6 homolog (SASS6) as a new therapeutic target [82].
In a murine model of head and neck squamous cell carcino-
mas (HNSCCs), SCS revealed important differences in the
T-cell receptor (TCR) repertoire of CD8+ TILs and the var-
ious TCR clonotypes, indicating that antitumor immune re-
sponses are highly individualized, with different hosts em-
ploying different TCR specificities against the same tumors
[83]. In gastric cancer, SCS allowed classification of infil-
trating CD8+ T cell into several subsets, namely progen-
itor, intermediate, proliferative, and terminally differenti-
ated [84], putatively, this may be pertinent for other cancer
types.

In biliary tract cancer (BTC), two specific cancer
cell subtypes were identified by SCS—extrahepatic cholan-
giocarcinoma (ECC) and intrahepatic cholangiocarcinoma
(ICC). ECC exhibited a unique immune profile character-
ized by T cell exhaustion, elevated CXCL13 expression in
CD4+ T helper-like cells and CD8+CXCL13+ exhausted T
cells, more mature TLS, and fewer “desert” immunopheno-
types. In contrast, ICC displayed an inflamed immunophe-
notype with an enrichment of interferon-related pathways
and high expression of LGALS1 in activated regulatory T
cells, which is associated with immunosuppression [85].

Regulatory T cells (Tregs, FOXP3 dependent) are one
of the major causes behind the failure of immunotherapies
[86], being activated by complex cues including IL-33 [54].
Mechanistically, higher RANKL/RANK expression is asso-
ciated with worse survival rates, and RANKL is typically
produced by Tregs [87]. Importantly, TAMs and Tregs,
independently or collaboratively, utilize metabolic mech-
anisms to suppress the activity of CD8+ T cells [88]. Tregs
greatly affect the function of TAMs, since Treg cells sup-
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press CD8+ T cell secretion of IFNγ, which would other-
wise block the action of M2 TAMs, and it has been sug-
gested that modulation of sterol regulatory element-binding
protein 1 (SREBP1)-controlled lipid metabolism in M2-
like cells by targeting Treg cells could improve cancer im-
munotherapy [89]. Although the aforementioned distinc-
tion between CD8+ TILs and immunosuppressive cells
(like Tregs) is well-established, new molecular regulatory
pathways are continually being discovered. For instance,
in prostate cancer, filamin B (FLNB) plays an important
role in regulating CD8+ T cells and Th1/Th2 infiltration,
which is linked to patient survival [90]. Also, immunosup-
pressive cells vary greatly across different cancers, for ex-
ample, detailed research has analyzed T peripheral helper
(Tph) cells, a newly discovered subtype of CD4+ T cells
characterized by high levels of PD1 and CXCL13 expres-
sion [88]. In cervical adenocarcinomas, Tregs are impor-
tant producers of TGF-β, and their activation depends on
leukocyte cell adhesion molecule (ALCAM), which stimu-
lates CD6 on Tregs [91].

There are complex interactions between different cell
types within TME. For example, predominant pro-tumor
Th2-type inflammation in PDAC is associated with poor
outcomes, whereas the presence of T follicular helper (Tfh)
cells appears to improve survival. In PDAC patients, a re-
cent important study on Tfh1-, Tfh2-, and Tfh17-like cell
clusters showed that abundant Tfh2 cells within the tumors
and tumor-draining lymph nodes (TDLNs) correlated with
worse survival [92]. Unexpectedly, it was also found that
these Tfh2 cells inhibited the secretion of pro-inflammatory
secretagogues [92]. While the presence of Tph cells is as-
sociated with worse prognosis in autoimmune conditions,
intriguingly, their presence has been correlated with better
outcomes in certain types of cancer. This suggests that they
may be involved in the assembly of tertiary lymphoid struc-
tures (TLS). Tph cells have been reviewed in another recent
study [93].

There are complex links between neoantigen intratu-
mor heterogeneity and antitumor immunity. In primary
NSCLC, CD8+ TILs recognizing clonal neoantigens are
present [70], moreover, regarding sensitivity to ICB in pa-
tients with NSCLC and melanoma, the presence of T cells
recognizing specific neoantigen clones in patients corre-
lates with durable clinical benefit [94].

An important discovery emerged from the analysis of
tumor regions and adjacent nonmalignant lung tissues from
patients with lung cancer, conducted for deep neoantigen
exploration. Diverse immune cell populations were identi-
fied alongside the immunopeptidome, as anticipated. Inter-
estingly, many neoantigens were located within HLA class
I presentation hotspots in tumors that lacked infiltration by
CD3+CD8+ T cells [95].

Other immune cell subtypes should indeed be delin-
eated beyond αβ T cells and NK cells; recently, γδ T cells
have also been found to mediate tumor rejection. γδ T

cells possess a range of functions, from antigen presenta-
tion to regulatory roles, and importantly, they have crit-
ical roles in eliciting anti-tumor responses, especially in
situations where other immune effectors may be rendered
ineffective—such as during T cell exhaustion. Exploiting
γδ T cells, and gaining an improved understanding of these
cells, should enable the development of more effective im-
munotherapies, as highlighted in recent reviews [96].

An interesting discovery regarding the mechanisms
of intratumoral natural killer T cells (NKT) cells is their
new role beyond the well-known function of facilitating
type I interferon production to initiate adaptive immune re-
sponses through the interaction of their CD40L with CD40
on myeloid cells. In addition, NKT cells affect intratumoral
infiltration of T cells, DCs, NK cells, andMDSCs. Notably,
it was found that administering folinic acid to mice with
PDAC increased the number of NKT cells in TME and im-
proved their response to anti-PD-1 antibody treatment [97].

B cells are also important in tumor immunology, be-
yond immunoglobulin production. For example, in the
B16F10 melanoma model, a subset of B cells expands in
the draining lymph nodes (dLNs), and these cells express T
cell immunoglobulin and mucin domain 1 (TIM-1). Selec-
tive deletion of the gene encoding TIM-1 in B cells substan-
tially inhibits tumor growth. This indicates that the pres-
ence of TIM-1 in B cells plays a serious role in promot-
ing tumor progression [98]. Plasma cells are also impor-
tant in TME, especially this is clear from the role of in-
doleamine 2,3-dioxygenase 1 (IDO1). It is important to
remind that while some plasma cells are short-lived, oth-
ers are long-lived, and among plasma cells, there is a sub-
set that becomes long-lived plasma cells (LLPCs). LLPCs
interact with stromal cells, producing an immunosuppres-
sive enzyme IDO1, which activates upon the interaction of
CD80/CD86molecules on DCs. Once activated, IDO1 pro-
duces kynurenine, which activates the aryl hydrocarbon re-
ceptor in LLPCs, increasing CD28 expression and promot-
ing signals of pro-tumor cell survival nature. Thus, kynure-
nine acts as an oncometabolite, supporting tumor progres-
sion [99].

Mast cells should not be forgotten, for example, SCS
of cervical cancer types transformative tumor-associated
MCs subpopulation with C2 ALOX5+ MCs was also found
useful for inclusion in the prognostic correlations [100].

2.6 NK Cells

Natural killer (NK) cells have shown great promise
as key anti-tumor agents, especially because they possess
inhibitory HLA receptors and thus are capable to recog-
nize cancer cells that evade detection by suppressing normal
HLA expression. They are currently identified as CD256+
large granular lymphocytes, part of group 1 ILCs, and pro-
duce IFN-γ upon activation. The accumulation of IFN-γ-
producing NK cells in TME results not only in direct death
of malignant cells, but also leads to a profound remodel-
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ing of TME, triggering CTL-mediated tumor eradication.
However, PGE2 in tumors is thought to bind to EP2 and
EP4 receptors on NK cells, leading to their malfunction
and facilitating immune evasion by cancer cells within the
tumor microenvironment. Therefore, opposing this PGE2-
mediated inhibition could lead to better patient survival and
improved responses to immune checkpoint blockade thera-
pies [101].

In human colorectal cancer, it appears that NK cells
are suppressed through the actions of bothM2macrophages
andCAFs, where CAFs contribute to this suppression by se-
creting IL-8. Additionally, tumor cells express high levels
of vascular cell adhesion molecule-1 (VCAM-1), which is
a highly important molecule that promotes the adhesion of
monocytes, nurturing the immunosuppressive TME [102].
A recent SCS study also pinpointed the distinction between
exhausted NK cells and NK cells with high killing poten-
tial, and the role of TIGIT and PRMT5 was delineated as
markers of immunosuppressive action of TME on NK cells
[103].

An important discovery is that intratumoral NK cells
have fewer plasma membrane protrusions and exhibit dis-
turbed sphingomyelin metabolism compared to periph-
eral NK cells. This reduction in membrane protrusions
makes the formation of lytic immunological synapses less
likely. Consequently, inhibiting sphingomyelinase presents
a novel avenue to enhance anti-tumor therapies by promot-
ing the effective formation of these synapses [104].

In aggressive tumors HLA loss is widespread—in ad-
dition to the natural variability of HLA in normal tissues. In
a recent study [105], it was shown that 61% of lung adeno-
carcinomas (LUAD), 76% of lung squamous cell carcino-
mas (LUSC), and 35% of estrogen receptor-positive (ER+)
cancers harbored class I HLA transcriptional repression.
Not surprisingly, in LUADs, HLA loss of heterozygosity
(LOH) was associated with metastasis. LUAD primary tu-
mor regions that seeded metastases had a lower effective
neoantigen burden than non-seeding regions. These find-
ings are quite logical in terms of current paradigms of HLA
loss [105]. Thus, NK cells should be regarded as prime can-
didates for cell-based antitumor therapies in many cancers,
for example, in BRCA1/BRCA2 mutated breast cancer the
role of NK for good anti-tumor response to therapies was
shown to be immense [106].

2.7 Neutrophils and MDSCs

The huge mass of neutrophils in the body has the po-
tential to both destroy tumors and prevent metastasis to
distant organs via lymph and blood. In metastasis, neu-
trophils generally play a protective role, but when they
become tumor-associated neutrophils (TANs), they com-
plicate the functions of cytotoxic cells. The short lifes-
pan of neutrophils results in conditions that favor can-
cer cells evasion of immune responses, this process be-

ing mediated by massive cell death of neutrophils in TME
(e.g., by ferroptosis [107]) creating a cancer cell protec-
tive milieu. An important question in cancer immunology
is whether myeloid-derived suppressor cells (MDSCs) are
a subset of tumor-associated neutrophils (TANs). Among
MDSCs, there is a specific group known as polymorphonu-
clear MDSCs (PMN-MDSCs), which are similar to TANs
and are derived form a neutrophil lineage. PMN-MDSCs
play a significant role in causing immune suppression in
TME. According to recent data, MDSCs exert their action
through PF4–CXCR3, thus leading to the establishment of
an immune “desert” phenotype [108]. MDSCs apparently
need G-CSF, and IL-6 for their formation, whereas, when
formed, MDSC work in autocrine and paracrine modes, se-
creting NO, ROS, TNF-α, TGF-β, IL-10, etc.

Interestingly, while newly recruited neutrophils to tu-
mor sites remain activated and highly motile, they become
strongly immunosuppressive after exposure to factors se-
creted by cancer cells. In vitro naïve neutrophils incu-
bated with cancer cell culture supernatant adopt a suppres-
sive phenotype. An important secretagogue in this con-
text is a lipid molecule, platelet-activating factor (PAF; 1-
O-alkyl-2-acetyl-sn-glycero-3-phosphocholine), which in-
duces neutrophil differentiation into immunosuppressive
cells. Notably, lysophosphatidylcholine acyltransferase 2
(LPCAT2), the enzyme responsible for PAF biosynthesis, is
upregulated in PDAC. This upregulation is significant be-
cause it leads to increased levels of PAF in the TME, pro-
moting the differentiation of neutrophils into suppressive
PMN-MDSCs. Therefore, inhibiting LPCAT2may provide
an additional avenue to enhance the efficacy of cancer ther-
apies by preventing the formation of immunosuppressive
neutrophils and restoring immune surveillance against the
tumor [109].

Neutrophils are frequently classified into high-density
neutrophils (HDNs) and low-density neutrophils (LDNs).
LDNs can be further separated into immature myeloid-
derived suppressor cells (MDSCs) and mature cells de-
rived from HDNs in a TGF-β-dependent manner. LDNs
are tumor-permissive, influenced by factors such as
granulocyte-colony stimulating factor (G-CSF) and TGF-
β, whereas HDNs are tumor-suppressive. In breast can-
cer their importance is immense, and fresh important data
emerged on the pro-tumorigenic action of neutrophils in
NSCLC, where it was found that certain neutrophil lineage
cells express IL-1 but not arginase 1 (ARG1) [110].

KRAS and TP53 co-mutations are pivotal in PDAC
initiation and growth, where these mutations induce tolero-
genic signaling from myeloid cells, like PMN-MDSCs,
which promote T-cell dysfunction and exclusion, as well
as pro-inflammatory polarization of iCAF that secrete IL-6
and other factors. It was found that a KRAS-TP53 cooper-
ative “immunoregulatory” program exists in PDAC cells,
where CXCL1 restricts T-cell activity through interactions
with CXCR2+ PMN-MDSCs in human tumors. There,
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neutrophil-restricted TNF-α plays a key role in MDSC re-
programming and TME remodeling [111].

∆Np63 is frequently understudied, but it has been
shown that decreasing∆Np63 levels is associated with de-
creased populations of CD4+ and FOXP3+ T cells (Tregs),
and an increased presence of CD8+ T cells. Apparently,
∆Np63 alters multiple immunosuppressive properties of
MDSCs, such as lipid metabolism, chemotaxis, migration,
neutrophil degranulation, and survival at least in TNBC
[112].

The activation of the Wnt–β-catenin signaling path-
way has been reported to be associated with an immune
“desert” phenotype in HCC. Intrinsic hyperactivation of β-
catenin in HCC tumor cells can recruit MDSCs [70].

In gliomas and cancer brain metastases, TANs sup-
port immunosuppression , where their complex interactions
with other cells are mediated by tumor necrosis factor alpha
(TNF-α) and ceruloplasmin [113].

In prostate cancer, high neutrophil-to-lymphocyte ra-
tio is indicative of poorer survival and is associated with
persistent inflammation mediated through tumor cell se-
cretion CXCR2-binding chemokines, and recently it was
demonstrated that pharmacological interference may be
beneficial for some patients [114].

In colorectal cancer, metastasis to the liver correlated
with infiltration of a neutrophil subpopulation denoted by
high expression of PROK2, which exacerbated exhaustion
of T cells [115].

On the contrary, in some models of melanoma, acti-
vated neutrophils were found to be required for successful
eradication of tumors by ICB therapies perhaps involving
NO metabolism [116].

It should be noted that some controversies may re-
sult from heterogeneity of TANs infiltration obsereved at
a macro scale, for example, an extremely interesting recent
report demonstrated the existence of oxidative neutrophil-
rich hydrogen peroxide producing hotspots in most cancers
[117], and this oxidative milieu promotes EMT.

3. Inflammatory Cues and Cancer
Early studies found that, in TME, endogenous PGE2

acts as an anti-inflammatory agent by inhibiting the release
of inflammatory chemokines from activated DCs, thereby
preventing the excessive accumulation of activated immune
cells. Moreover, in some contexts, PGE2 may also deacti-
vate certain immune mechanisms [118]. In fact, PGE2 re-
programs DCs, so that intratumoral cDC1s ignore CD8+
T cells. Mechanistically, cyclic AMP (cAMP) signaling
downstream of the PGE2 receptors EP2 and EP4 repro-
grams cDC1s to become dysfunctional. However, block-
ing the PGE2–EP2/EP4–cDC1 axis can counteract PGE2-
mediated immune evasion [119]. Additionally, PGE2-
mediated disruption of pericytes is crucial for vascular
destabilization [120]. The key enzyme in these processes is
cyclooxygenase (COX); at least inmelanoma, COX activity

acts as a mechanism of immune suppression, so that inhibi-
tion of COX may even synergize with anti-PD-1 blockade
adjuvants [121]. Accumulating data indicates that, in some
cancer subtypes, COX inhibitors like coxibs and ibuprofen
can improve survival, suggesting that COX inhibition may
benefit patients with specific cancer subtype [122]. More-
over, even aspirin in somemurinemodels can inhibit metas-
tasis through halted production of T cell suppressive throm-
boxane A2 [123].

Interestingly, PGE2 attains high levels in healthy in-
testinal tissues, enhancing the function of infiltrating in-
testinal CD8+ T cells. In this context, PGE2 promotes
mitochondrial depolarization in CD8+ T cells, induces au-
tophagy to clear depolarized mitochondria, and increases
glutathione synthesis to scavenge ROS resulting frommito-
chondrial depolarization, promoting this specific metabolic
adaptation of CD8+ T cells to the intestinal microenviron-
ment [124]. Carcinogenesis may disrupt this process, yet
the remnants of this normal adaptation may persist in col-
orectal tumors. This could be one of the reasons why such
tumors suppress T cell responses—T cells become quies-
cent and do not effectively act against tumors, entering an
exhausted state.

A recent SCS analysis of immune cells has shown
that PGE2-EP4/EP2 signaling impairs both adaptive and
innate immunity in the TME by hampering the bioener-
getics and ribosome function in TILs [125]. Also, PGE2

signaling through its receptors EP2 and EP4 mediates NK
cell dysfunction. This leads to reprogramming of NK cell
gene expression and results in impaired production of anti-
metastatic cytokines [126]. Thus, these findings are con-
sistent with each other. Furthermore, tumors can produce
enhanced levels of PGE2, which reduces the ability of NK
cells to degranulate, a critical process for their cytotoxic
function against tumor cells. Additionally, PGE2 influ-
ences the expression of chemokine receptors on NK cells
by inhibiting CXCR3 and increasing CXCR4 expression
[127]. IL-15 in lung cancer could reduce NK cell sensitiv-
ity to PGE2, which is known to suppress NK cells in TME.
Since IL-15 enhances CD25+ and CD54+ NK cell popula-
tions, which may infiltrate tumors and target cancer cells,
even with PGE2 present, the targeted delivery of IL-15 to
tumors should be explored in various contexts [128].

In a mouse model of T4 breast cancer, mice bearing
PTGS-2 knockdown (KD) 4T1 tumors exhibited decreased
tumor burden and lower levels of PGE2. Treatment of these
mice with either a COX-2 inhibitor or an EP4 antagonist
resulted in further decrease in tumor burden [129].

In tumors, interleukins have been shown to be criti-
cally involved in tumor-induced effects on immune cells.
For example, neutrophil-derived IL-1β contributes to stro-
mal inflammation by inducing the polarization of iCAFs,
and promoting CAF-tumor cell IL-6/STAT3 signaling. Al-
though this finding is not changing the traditional views
[130], an important point is that the suppression of the IL-
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2 signaling pathway underlies the PGE2-mediated inhibi-
tion of TILs [131]. Furthermore, PGE2 leads to impaired
IL-2 sensing in human CD8+ TILs via its receptors EP2
and EP4. Specifically, PGE2 inhibits IL-2 sensing in TILs
by downregulating the IL-2 receptor γc chain (IL-2Rγc),
which results in defective assembly of IL-2Rβ–IL-2Rγc
membrane dimers. This disruption impairs IL-2-mediated
mTOR signaling adaptation and leads to transcriptional re-
pression of PGC1α. Consequently, tumor-reactive TILs ex-
perience oxidative stress and undergo ferroptotic cell death.
Enhanced tumor control is observed when this inhibitory
pathway is blocked, emphasizing the potential therapeutic
significance of targeting PGE2 signaling to restore IL-2 re-
sponsiveness in TILs [132].

It is well known that CD8+ T cells undergo full effec-
tor differentiation and acquire cytotoxic anti-tumor func-
tions through interactions with cDC1s. In this complex
process, inflammatory monocytes play an important role.
Unlike type cDC1s, which cross-present antigens, inflam-
matory monocytes obtain and present peptide-MHC I com-
plexes from tumor cells through a process called by authors
of this exciting study ‘cross-dressing’. Hyperactivation of
MAPK signaling in cancer cells hampers this process by si-
multaneously blunting the production of IFN-I, and PGE2.
This leads to impairment of the inflammatory monocyte
state and reduces intratumoral T cell stimulation. There-
fore, a viable strategy to improve the anti-tumor response
is to enhance IFN-I cytokine production and block PGE2

secretion, which would restore this process and re-sensitize
tumors to T cell–mediated immunity [133]. It should be em-
phasized once again that tumor-derived PGE2 shapes DC
function by signaling through its two E-prostanoid recep-
tors (EPs), namely EP2 and EP4, explaining T cell suppres-
sive pro-tumor function of cDC2s cells [74].

Furthermore, mutant KRAS promotes immune eva-
sion in cancer cells, in part by stimulating COX-2 ex-
pression. Therefore, targeting the COX-2/PGE2 pathway
is beneficial to enhance pro-inflammatory polarization of
myeloid cells and to increase the influx of activated cyto-
toxic CD8+ T cells, which improves the efficacy of ICB. It
can be said that COX-2 signaling via PGE2 is a major me-
diator of immune evasion driven by oncogenic KRAS, that
promotes resistance to immunotherapy and KRAS-targeted
therapies [134].

4. Communication Between Cancer Cells
and Stromal Cells by Direct Contacts

An important recent finding suggests that
mitotransfer—the transfer of mitochondria or mito-
chondrial DNA—is indeed a real phenomenon in cancer
biology. Preliminary conclusions indicate that iCAFs
transfer mitochondrial DNA (mtDNA) to lung cancer
cells to restore their ROS-damaged mitochondria. This
mtDNA transfer helps tumor cells recover mitochondrial
function impaired by oxidative stress, highlighting a novel

mechanism by which iCAFs support tumor survival and
growth [135]. In another fascinating discovery, CAFs were
found to communicate with breast cancer cells through
the formation of contact-dependent tunneling nanotubes
(TNTs), which allow for the exchange of cellular cargo
between the two cell types. These TNTs also facilitate the
mitotransfer from CAFs to cancer cells. The fresh mito-
chondria acquired by the cancer cells sustain an increase
in mitochondrial ATP production, which enhances cancer
cell migration. This synergistic interaction is referred to as
metabolic symbiosis [136].

5. Priming of Fibroblasts and Macrophages
With Cancer Cell-Derived EVs

Among the different types of extracellular vesicles
(EVs), exosomes are particularly important. EVs from
highly metastatic lung cancer cells can convert normal fi-
broblasts into iCAFs [135]. Exosomes in NSCLC cells de-
liver miR-155-5p from M2-polarized TAM, and such ex-
osomes enhance the aggressiveness of NSCLC by activat-
ing the VEGFR2/PI3K/Akt/mTOR signaling pathway in re-
cipient cells [137]. CAF-derived EVs contain various sig-
naling molecules, including long non-coding RNAs (lncR-
NAs). For example, in PDAC, these EVs downregulate
HLA-A expression [138]. Additionally, under hypoxic
conditions, there is significant overexpression of miR-4488
in exosomes derived from hypoxic pancreatic neuroen-
docrine neoplasm cells. When macrophages absorb circu-
lating exosomal miR-4488, they are prone to undergo M2-
like polarization, which contribute to the formation of the
premetastatic niche [139]. Similarly, in many tumors, espe-
cially in neuroendocrine tumors, exosomes can shift TAMs
toward the M2 phenotype, especially those exosomes de-
rived under hypoxic conditions [54,140].

The formation of the premetastatic niche by exo-
somes from TNBC cells is an exciting concept that con-
tinues to garner interest. Exosomes derived from can-
cer stem cells (EVsCSC) and those from differentiated can-
cer cells (EVsDCC) contain distinct bioactive cargos, elicit-
ing different effects on stromal cells in TME. Specifically,
EVsDCC activate secretory CAFs, triggering IL-6/IL-8 sig-
naling pathways and sustaining stemness features of can-
cer cells, and, vice versa, EVsCSC promote the activation
of myCAFs and increase endothelial remodeling, enhanc-
ing the invasive potential of TNBC cells both in vitro and
in vivo [141]. Additionally, at least some circulating tumor
cells (CTCs) may be protected from T cells by EV-derived
CD45, referred to as CD45+ CTCs. This mechanism may
enhance their transfer through the blood from one TME to
another [142].

In sarcoma research, it has been observed that alveo-
lar macrophages prime the lung microenvironment for os-
teosarcoma metastasis, and EVs have recently been im-
plicated in this process. A study comparing two os-
teosarcoma cell lines with different metastatic abilities—
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the highly metastatic K7M2 and the less metastatic K12—
found notable differences in how their EVs interact with
macrophages [143]. While EVs from both cell lines as-
sociate with M0 (unpolarized) and M1 macrophages, only
EVs from the K7M2 cells associate with M2 macrophages.
This specific interaction with M2macrophages is abolished
when the EVs are pre-treated with an anti-CD47 antibody.
These findings suggest that exosomes may play a signifi-
cant role in priming pre-metastatic niches in osteosarcoma
and potentially in other tumors by influencing macrophage
polarization [143].

Furthermore, it should be emphasized that in the im-
munosuppressive TME characterized by M2 macrophage
infiltration, CYR61 production plays a significant role.
Patients with colorectal cancer liver metastasis and fatty
liver disease exhibit elevated nuclear Yes-associated pro-
tein (YAP) expression, increased CYR61 expression, and
enhanced M2 macrophage infiltration. Thus, fatty liver-
induced EVs-delivered microRNAs and YAP may be im-
portant contributors to tumor progression [144].

EVs can activate tumor-specific NK and T cell re-
sponses, either directly or indirectly, by transferring anti-
gens to tumor-infiltrating DCs. However, phase I and II
clinical trials have shown a limited clinical efficacy of
EV-based anticancer vaccines [145]. To combat tumor-
promoting EVs, it is feasible to employ competent EVs
packaged with inhibitory cargoes [138]. EVs may be useful
in many aspects, for example, abscopal effects may be also
mediated by EVs [146].

6. Emerging Effects of Intratumoral
Microbiota

The full realization of the obvious idea that tumors
are not sterile but are, in fact, more susceptible to infec-
tions than normal tissues increasingly attracts research ef-
forts, despite challenges for correct interpretation of exper-
imental data [147]. In certain cancers—such as gastric can-
cer, colorectal cancer, bladder cancer—the role of bacte-
ria is evidently significant, not only in the initial tumori-
genesis but also in tumor progression at later stages, a fact
that was also appreciated in the past, but deemed to be lim-
ited to either adverse reactions or effects from gut micro-
biome, which are definitely important at least in connection
with the use of antibiotics [148]. In bladder cancer specifi-
cally, there is important communication between bacteria
and M2 macrophages playing a crucial role in prognosis
[149]. In PDAC, it was found that Stenotrophomonas corre-
lates with shorter survivals of patients, while Neorickettsia
andMediterraneibacter are correlated with longer survival,
although these findings represent correlations rather than
causations [150].

Importantly, it is necessary to move beyond bulk sam-
ple analysis to utilize single-cell data that can resolve spa-
tial intricacies within tumors. For example, in oral squa-
mous cell carcinoma and colorectal cancer, recent stud-

ies have shown that bacterial communities populate mi-
croniches that are less vascularized, highly immunosup-
pressive, and associated with malignant cells exhibiting
lower levels of Ki-67 compared to bacteria-negative tumor
regions. Indeed, cancer cells infected with bacteria attract
immunosuppressive myeloid cells [151].

Intratumoral bacteria have been found to promote
metastasis in murine breast cancer models without affect-
ing the growth of the primary tumor. An intriguing hypoth-
esis suggests that these bacteria travel in clusters together
with circulating tumor cells (CTCs). Within these clusters,
the bacteria enhance the resistance of CTCs to fluid shear
stress encountered in the bloodstream by reorganizing their
actin cytoskeletons, helping the tumor cells survive in cir-
culation and facilitate the metastatic process [152].

Recent intensive and fruitful studies have uncovered
significant insights into the role of microbiota in cancer
progression and treatment resistance. For example, it has
been found that Fusobacterium may enhance resistance to
ICB therapy in lung cancer [153]. Unsurprisingly, RNA se-
quencing data from patients with colorectal cancer treated
with radiotherapy showed that hypoxia gene expression
scores predicted poor patient outcomes. However, an in-
teresting finding was that these tumors were enriched with
certain bacterial species, such as Fusobacterium nuclea-
tum and Fusobacterium canifelinum, which also predicted
poor patient outcomes. This concept was verified in a
murine syngeneic colorectal cancer model, where the tu-
mors passively acquired microbes from the gastrointesti-
nal tract. Upon harvesting the tumors, it appeared that
there is indeed a link between the tumor hypoxic state and
the microbiota, suggesting that tumor hypoxia may facili-
tate the colonization of tumors by specific bacteria, which
in turn may contribute to poor patient outcomes [154].
In colorectal cancer, it has been also demonstrated that
colibactin-producing Escherichia coli (CoPEC) can signif-
icantly affect the lipidome of cancer cells by creating a
glycerophospholipid-rich microenvironment. These bacte-
ria may decrease the immunogenicity of the tumor, lead-
ing to reduced infiltration of CD8+ T cells. This effect is
possibly mediated through the formation of lipid droplets
in infected cancer cells following colibactin production.
Additionally, heightened phosphatidylcholine remodeling
via enzymes involved in the Lands cycle supplies CoPEC-
infected cancer cells with sufficient energy to sustain sur-
vival, especially in response to chemotherapy treatments. It
is fascinating to note that the Lands cycle—a crucial path-
way in lipid metabolism—is involved in and influenced by
microbiota such as CoPEC. This interaction appears to cor-
relate with clinical outcomes, as colorectal cancer patients
at stages III–IV who are colonized by CoPEC exhibit lower
overall survival rates compared to patients at stages I–II.
Therefore, targeting the enzymes of the lipid turnover, such
as acyl-CoA synthetase, presents a promising new strategy
for the development of synergistic therapies aimed at im-
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proving patient outcomes [155]. Another study [156] fo-
cused on colorectal cancer liver metastasis: it was shown
that E. coli residing in TMEmicroenvironment can enhance
lactate production. This lactate mediates M2 macrophage
polarization by suppressing NF-κB through the lactylation
of RIG-I protein (retinoic acid-inducible gene I). Interest-
ingly, lactylation of RIG-I suppresses the recruitment of
NF-κB to the NLRP3 promoter in macrophages. These
findings suggest that inhibitors of RIG-I lactylation may
decrease this suppressed M2 polarization and sensitize col-
orectal cancer cells to cytostatic drugs. This is particularly
fascinating as it highlights the involvement of metabolic
modifications—specifically lactylation—in immune regu-
lation within TME, presenting a novel target for synergistic
therapeutic strategies [156].

Some recently published data suggests that certain mi-
crobiota profiles can be favorable. For example, in gastric
cancer, butyric acid producing bacteria correlate with im-
proved survival outcomes [157]. Similarly, in HCC, Intes-
tinimonas, Brachybacterium, and Rothia have been iden-
tified as independent risk factors affecting the overall sur-
vival of HCC patients who underwent treatment [158]. In
contrast, in lung cancer, certain microbiota may promote tu-
mor progression by acting suspiciously similarly to histone
deacetylase 2 (HDAC2), leading to an increase in H3K27
acetylation at the H19 promoter, inducing M2 macrophage
polarization. It appears that butyrate might be an important
substance involved, as it boosts metastasis through an effect
that is dependent on TAMs [159] (thus the effect of butyrate
may be cancer context dependent (compare to [157]).

In lung cancer, fungi can have detrimental effects and
a particularly concerning example is the presence of tumor-
resident Aspergillus sydowii in patients with lung adenocar-
cinomas. Also, in syngeneic lung cancer mouse models, A.
sydowii has been shown to promote lung tumor progression
via IL-1β-mediated expansion and activation of MDSCs.
This promotion occurs through IL-1β secretion via the β-
glucan/Dectin-1/CARD9 signaling pathway. Moreover, a
study examining human samples has detected A. sydowii,
where it appears to act immunosuppressively and worsen
patient survival [160].

Definitely, not all tumors are densely infected. Sar-
comas, for instance, appear to lack a consistent and stable
microbiome, containing only random bacteria [161]. Con-
versely, this absence of a stable microbial community might
explain why bacteriotherapy (this old approach continues
to garner certain interest) could be considered a potential
treatment option for suchmalignancies [162]. Interestingly,
emerging evidence suggests that the combination of bacte-
ria and fungi may be more effective than bacteriotherapy,
implying a synergistic interaction between the two could
play a significant role in therapy and disease progression
[163]. Recall that Bacillus Calmette–Guérin (BCG) is used
in the treatment of bladder cancer, and while its antitumoral
activities are predominantly thought to rely on stimulating

an effective adaptive immune response, evidence demon-
strates that macrophages alone can induce tumor apoptosis
and clearance after stimulation with BCG, indicating that
several additional mechanisms are elicited by BCG in in-
ducing anti-tumor immunity beyond merely activating the
adaptive immune system [164]. As the mysteries of intra-
tumoral microflora are uncovered, there is renewed interest
in anti-cancer bacteriotherapy, for example, it was found
that intratumoral E. coli can transform TAMs into the M1
phenotype [165].

One of the most surprising findings in studies of intra-
tumoral microbiota is that mice with increased availability
of vitamin D exhibit greater immune-dependent resistance
to transplantable cancers and enhanced responses to ICB
therapies [166]. Furthermore, vitamin D-induced genes
correlate with improved responses to ICB, and better over-
all survivals in human patients. The mechanism behind this
phenomenon may involve vitamin D, which affects the gut
microbiota in favor of Bacteroides fragilis within the in-
testines [166]. However, in humans, this relationship is
likely more complex and less consistent, as previous studies
have not consistently observed such a significant influence
of vitamin D on the survival of patients with aggressive can-
cers.

7. Perturbed Metabolism and
Oncometabolites in TME

Previously there have been great hopes that manipulat-
ing metabolism of both cancer cells and surrounding cells
may have a strong impact on tumor growth. These included
acidification, hypoxia, lack of specific nutrients etc, now
this amount of efforts look partially overjustified. never-
theless, no one doubts that these factors remain to be impor-
tant, and special attention is attracted to the fact that hypoxia
in TME impedes activation of tertiary lymphoid structures
(TLSs) [38].

A surprising finding reveals that IL-4 and tumor-
conditioned media upregulate PHGDH expression in
macrophages, promoting the activation and proliferation
of immunosuppressive M2 TAMs. PHGDH-mediated ser-
ine biosynthesis appears to enhance α-ketoglutarate pro-
duction, activating mTORC1 signaling and supporting the
maintenance of an M2-like macrophage phenotype in the
tumor microenvironment. Therefore, PHGDH emerges as
a potential new target for co-targeting therapeutic strategies
[167].

Adaptation of Treg cells within TME is crucial in the
fight against cancers, and it is surprising that simple factors
like acidity significantly enhance the immunosuppressive
functions of Treg cells, without altering expression of their
critical transcription factor FOXP3. Even a simple addition
of lactate boosts the acidity-induced enhancement of Treg
functions, possibly due to increased mitochondrial respi-
ratory capacity and ATP-coupled respiration, highlighting
the importance of metabolic programming [168]. In gas-
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tric cancer, IGF2BP3 overexpression may promote lactate
accumulation, impairing CD8+ T cells’ antitumor activity,
similarly to the effects mentioned above [169].

Efforts to intervene in the metabolism of TME are sig-
nificant. In prostate cancer, secreted lactate apparently is
produced mostly by CAFs. This lactate promotes the ex-
pression of collagen-related genes in prostate cancer cells,
and α-ketoglutarate acts as an oncometabolite, activating
collagen prolyl-4-hydroxylase (P4HA1) to support collagen
hydroxylation. The resulting stiffness of ECM in TME is a
viable target, explored experimentally [170].

Attention is increasingly focused on fatty acid
metabolism in the TME. Recent reviews explore lipids in
cancer [171], with a particular focus on cancer stem cells
[172]. It is plausible that fatty acid availability influ-
ences both cancer and, more importantly, immune cells,
thus accessible fatty acids might enhance the effectiveness
of immunotherapies [173], at least in some PDAC mod-
els adipocytes supported tumor growth [174]. However,
in general, lipid accumulation in TAMs boosts metastasis:
specifically, linoleic acids (LA), via the FABP4/CEBPα
pathway, promote lipid droplet formation, and, therefore,
addressing polyunsaturated fatty acid (PUFA) metabolism,
particularly in breast cancer, requires targeted strategies
[175]. In epithelial ovarian cancer, PUFAs exhibit tangi-
ble pro-tumor effects: at high concentrations, they sup-
press RhoA-GTPase and downregulate nuclear YAP1 in
macrophages, promoting protumoral TAM polarization.
However, it remains unclear how to manipulate this axis
pharmacologically since PUFAs are essential for life [176],
perhaps in some cancers direct inhibition of YAP1may pro-
vide benefit [177]. It should be stressed that immune cells
require PUFAs. For example, LA treatment enhances ER-
mitochondria contact formation, which boosts calcium sig-
naling, mitochondrial energetics, and CTL effector func-
tions. Therefore, supplying CD8+ T cells with LA is indis-
pensable [178].

In glioblastoma, SCS data suggests that extracellular
ATP (eATP) produced by TAMs in the presence of GBM
cells supports cancer cell proliferation [179]. Although
eATP typically acts as a DAMP to attract CTLs, this may be
unique to immune-privileged environments like the brain.

Regarding lipid metabolism interventions, the limited
supply of arachidonic acid (AA)may be beneficial, as CAFs
promotion of cancer progression and induction of fibrosis
may be related to AA-induced secretion of IL-11 in lung
fibroblasts, dependent on the activation of p38 and ERK
MAPK signaling pathways. Also, PGE2, linked to elevated
COX-2 expression, upregulates IL-11, exposing the role
of COX-2, PGE2, and possibly other eicosanoids in can-
cer progression [180]. Thus, AA potentially has pro-cancer
effects as a precursor of eicosanoids, whereas supplemen-
tation by site-specifically deuterated AA, resistant to ox-
idation, were hypothesized to offer some benefits [181].
During chemotherapy, inhibiting PGE2 signaling may en-

hance the efficacy of combining chemotherapy with PD-1
blockade even in poorly immunogenic breast cancer mod-
els [182]. Conversely, AA may enhance the action of T
cell-derived IFNγ, inducing tumor cell ferroptosis [183].
In murine cancer models, inhibition of the hub gene DLAT
(Dihydrolipoamide S-Acetyltransferase, involved in fatty
acid reprogramming) decreased cancer cell survival [184].

The role of adipose tissue become unveiled in more
elaborate recent studies, for example, in ovarian can-
cer models, the presence of adipocytes the cancer cell
metabolism is shifted to accumulation of glycerol-3-
phosphate (G3P), rendering them more metastasis-prone
[185]. In breast cancer, at least p53 deficient cells educate
preadipocytes into inflammatory cells that support cancer
cell protective TME [186].

8. Fighting Immune Exhaustion
A recent review highlighted signals like those from

TGF-β and PGE2, which have broad, pleiotropic effects in
TME, but mostly pro-tumor action. As incoming signals,
they trigger immunosuppressive programs in most TME
cell types, and as outgoing signals, they directly inhibit T
cells and modulate other cells to reinforce immunosuppres-
sion [187].

Ion homeostasis is crucial in immune cell exhaustion.
Notably, deficiency in the α1 isoform of the Na,K-ATPase
catalytic subunit (ATP1A1 gene) leads to signs of exhaus-
tion in both mouse and human CD8+ T cells. Surprisingly,
potassium supplementation restored its intracellular levels
in ATP1A1-deficient T cells [188]. These findings are un-
expected, as cells withoutATP1A1 generally do not survive,
and only partial deficiency is tolerated. Unfortunately, ex-
tra exogenous K+ is a doubtfully effective supplement in
oncology.

Epigenetic factors play a crucial role in shaping TME,
as they are profoundly related to the evolution of neoanti-
gens [70]. The interplay between evolving cancer and the
dynamic TME is rather complex: in early-stage, untreated
NSCLC tumors, immune infiltration varied both between
and within tumors. As expected, low infiltration correlates
with low neoantigen variability, whereas dense infiltration
suggests strong immunoediting, driven by Darwinian pro-
cesses, but the mechanisms behind this heterogeneity are
apparently epigenetic: for example, promoter hypermethy-
lation of genes with neoantigenic mutations was detected
[189]. Overall, the role of epigenetic modifications is be-
coming clearer, those that stand behind immune exhaus-
tion have been reviewed, highlighting major factors like
transcription factor locations, histone modifications, DNA
methylation, and three-dimensional genome conformation
[190]. Evidence suggests that inhibiting DNA methylation
can enhance the memory of TILs, countering tumor cells
that modify their epigenomes [191], although the effects of
5-aza-2′-deoxycytidine might involve mechanisms beyond
DNA methylation inhibition.
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Lactylation was discovered relatively recently and
now is attracting great attention—e.g., (H3K18la) in
NSCLC, where it was correlated with poor patient progno-
sis. Thus it is an attractive target to boost CD8+ T cell cyto-
toxicity [192]. In PDAC, lactylation also has been recently
reported to promote immunosuppressive TME [193]. This
intreresting protein modification thus emerged as a promis-
ing target for pharmacological control [194].

In melanoma, IL-7 appeared as a highly important me-
diator of immune exhaustion, since high IL-7R expression
marks a CD8+ population in lymphoid organs with strong
cytotoxic activity, lacking exhaustion markers and showing
superior antitumor efficacy. Hypomethylating agents can
improve the DNA methylation profile of IL-7Rhigh cells,
boosting survival in a murine melanoma model. Further-
more, IL-7R expression in human melanoma is an indepen-
dent prognostic factor for improved survival [195].

The complexity of immune exhaustion is evident in re-
cent examples of interesting research achievements like the
identification of S-nitrosoglutathione reductase (GSNOR),
a denitrosylase enzyme, as a tumor suppressor. GSNOR
deficiency in tumors links to poor prognosis and survival
in colorectal cancer patients, partly due to the exclusion of
cytotoxic CD8+ T cells. GSNOR knockout cells exhibit en-
hanced immune evasion and resistance to immunotherapy.
They undergo a metabolic shift from OXPHOS to glycoly-
sis for energy, demonstrated by increased lactate secretion,
and a fragmented mitochondrial network. This metabolic
reprogramming resulting from GSNOR deficiency con-
tributes to tumor progression and immune evasion in col-
orectal cancer [196]. Introducing this enzyme as a trans-
gene could potentially remodel the tumor microenviron-
ment to foster more favorable conditions.

A recent study [197] unveiled a significant role of
retinoic acid-inducible gene I protein (RIG-I), primarily ex-
pressed in immune cells like T cells, a key pathogen pattern
recognition receptor. RIG-I detects RNA structures through
its carboxyl-terminal domain (CTD) and acts as an intracel-
lular checkpoint in CD8+ T cells within TME, inhibiting
their anti-tumor activity via the AKT/glycolysis signaling
pathway. RIG-I normally aids in fighting pathogen inva-
sion by activating immune cells from signals presented by
APCs. However, tumor cells exploit this by amplifying im-
mune checkpoint signals, causing immune escape. While
RIG-I activation can enhance ICB therapies, it can also
contribute to T-cell exhaustion, characterized by reduced
cytokine production and increased inhibitory receptor ex-
pression. Moreover, overactive T cells upregulate RIG-I to
evade CD8+ T cell-mediated killing. Targeting RIG-I in
human CD8+ T cells improves the effectiveness of adop-
tive T cell therapy in reducing tumor growth. Although
targeting RIG-I poses infection aggravated risks, it holds
potential for anti-tumor therapies [197].

How can we enhance ICB effects in tumor therapies?
Complex networks in TMEmust be addressed, for example,

in some mouse cancers SCS showed that co-inhibitory re-
ceptors (PD-1, TIM-3, LAG-3, TIGIT) interact with previ-
ously underexplored receptors such as PROCR and PDPN,
which are co-expressed in CD4+ and CD8+ T cells, when
induced by IL-27 [198]. This complexity explains why an-
tibodies against PD-1 or CTLA-4 alone are not always ef-
fective. Recently, many new findings have emerged, eluci-
dating immune exhaustion mechanisms. For example, ex-
hausted CD8 T (Tex) cells co-express inhibitory receptors
(IRs), but such Tex cells can be reinvigorated by blocking
IRs like PD-1, or more effectively by co-targeting multi-
ple IRs, such as PD-1 and LAG-3 [199]. The loss of PD-1
and/or LAG-3 on Tex cells in chronic infection is important,
and this may also be true in cancers.

Enhancing ICB through combination therapies can
boost cancer treatment effectiveness. Interleukins such as
IL-1 and IL-12 play a role in antitumor immunity by affect-
ing TME, not cancer cells proper. Cytokines like IL-36γ
and IL-23 are also important; IL-36γ acts as an alarmin in
damaged tissues, while IL-23 coordinates responses to dan-
ger signals. Delivering these cytokines along with the T
cell costimulator OX40L as transgenes has proven effec-
tive in several tumor contexts: some mice showed com-
plete responses and resistance to rechallenged tumors, sug-
gesting that the IL-23/IL-36γ/OX40L combination, involv-
ing Batf3-dependent cross-presenting DCs and cytotoxic
CD8+ T cells, could be potent in tumor therapies [200].

In TME, it is preferable to avoid induction of apop-
tosis and instead aim at eliciting immunogenic cell death
(ICD) or necrosis in cancer cells and their surrounding, as
apoptotic death can enhance metastatic growth in neighbor-
ing cells [201]. Similarly, radiotherapy in gliomas can lead
to the production of EVs (predominantly exosomes) from
apoptotic cells, promoting more aggressive tumor types
[202]. EVs fromGBMalso stimulate formation of is tumor-
associated foam cells (TAFs), lipid-loaded macrophages
that promote pro-tumorigenic traits. Therefore, inhibition
of enzymes involved in lipid droplet formation, could be a
viable strategy in GBM treatment [203]. Additionally, ex-
osomes have been implicated in prostate cancer metastasis,
affecting TAMs, TANs, and CAFs [204]. Thus, ICD in tu-
mor or stromal cells can aid in making the right therapeutic
choices.

A promising approach involves the use of cDC1 cells
to reprogram cancer cells into professional APCs (tumor-
APCs). By expressing key transcription factors such as
PU.1, IRF8, and BATF3, a cDC1-like profile can be in-
duced in both human and murine cell lines, which present
endogenous tumor antigens onMHC-I, thus rendering them
sensitive to CD8+ T cells. Such tumor-APCs showed re-
duced tumorigenicity both in vitro and in vivo–injecting in
vitro-generatedmelanoma-derived tumor-APCs into subcu-
taneous melanoma tumors delayed tumor growth and in-
creased survival in mice [205]. However, it is still unclear
if this approach is feasible in a clinical setting.
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Recent discoveries attract attention to other factors im-
portant for TME, and immune cell exhaustion, for exam-
ple, it was found that exhausted CD8+ T cells overexpress
β-adrenergic G protein-coupled receptor ADRB1 (activated
by adrenaline or noradrenaline), and, moreover, these cells
may be reinvigorated by β-adrenergic blocker propranolol,
which increases sensitivity to ICB in murine PDAC mod-
els [206]. The role of innervation may be immense in
some tumors, for example, recently for breast cancer it has
been demonstrated that neuropeptide substance P (SP) is se-
creted by cancer cells, it promotes hyperactivation of sen-
sory neurons, increases metastasis to lymph nodes, and,
moreover, thus discovered “neuro-cancer axis” emerged as
a new druggable target prone to inhibition, for example, by
already approved anti-nausea medications [207]. Return-
ing to PDAC, it should be mentioned that denervation holds
promise as a new way to improve ICB response, and, more-
over, mechanisms of action of some known drugs may in-
volve inhibition of the tumor-nerve axes [208], especially
with precision delivery [209].

9. Clearing Access to Cancer Tumor Cells in
Solid Tumors

Elimination of CAFs in tumors can expose cancer cells
to CAR-T and other cell therapies. In treating desmo-
plastic pancreatic tumors, targeting the fibroblast activa-
tion protein (FAP) on CAFs disrupts the structural integrity
of the desmoplastic matrix. This allows treatments like
mesothelin-targeted CAR-T cells and anti-PD-1 antibody
therapy to be more effective, as T cells gain easier access to
the cancer cells [210] (also recently reviewed in [211]).

The anti-neoangiogenesis treatments long known to
be effective in many cancers may benefit from discover-
ies on concerted actions of VEGF and angiopoietin 2, and
their synchronous blockade is promising [212], but perhaps
more complex combinations should be tested as enhancers
of immunotherapies [213] reversing the anergic phenotype
of endothelial cells in cancer-associated blood vessels. In-
deed, the topic of vascularization is of paramount impor-
tance for tumor growth both the induction of neoangiogen-
sis and intercellular communications between the tumor and
endothelial cells. In these context, various cells like peri-
cytes are also important for TME formation [16].

Numerous failures with promising therapeutic ap-
proaches to treat aggressive cancer types such as PDAC
pose the question that maybe the problem is not only phys-
ical access to immune cells, but, rather, tumors may inherit
an intrinsic immune response limiting program from nor-
mal tissues of origin [187], and, also, this may be enhanced
by cellular senescence in TME for PDAC [214] and breast
cancers [215].

10. Conclusions
Summarizing the key advancements in studying TME

with new methods, it is possible to state that a signifi-

cant progress has been achieved in recent years, with much
higher resolution at the cellular level, allowing better un-
derstanding of cell distribution and interaction. Traditional
analyses of protein modifications or gene expression lev-
els often failed to provide decisive insights, since many
cancer-related genes may have opposing effects depend-
ing on the tumor-specific context. By distinguishing be-
tween cancer cell-autonomous processes and those involv-
ing TME, our understanding improved significantly, and
this is particularly beneficial in understanding aggressive
cancers like PDAC, where dysplastic fibroblasts outnum-
ber cancer cells. Single-cell analysis revealed significant
heterogeneity among histologically similar cells. Finally,
factors like intratumoral microbiota, previously regarded
either as insignificant or chaotic (thus too unpredictable to
employ in therapies), are starting to show patterns that can
be standardized and used to enhance therapeutic options.

Clearing TME barriers around dividing cancer cells,
shielded by stiff ECM and “educated” non-transformed
cancer-associated cells, and addressing the exhaustion of
infiltrating immune cells constitute major priorities in
developing therapeutic boosts of anti-cancer treatments,
which may work well in simple in vitro systems or preclini-
cal models, whereas real-life medicine faces much more re-
sistant tumors due to the heterogeneity of both cancer cells
populations and TMEs. It is necessary to study both on-
cotherapeutic resistance and clinical cases of exceptional
responders to traditional and innovative treatments. In the
latter, understudied phenomena like the intratumoral micro-
bial insemination may play a critical role, providing fresh
insights in order to develop novel agents that can overcome
the obstacles created by TME, exposing cancer cells to cy-
totoxic cures.
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