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Abstract: Colorectal cancer remains one of the most important health challenges in our society. The
development of cancer immunotherapies has fostered the need to better understand the anti-tumor
immune mechanisms at play in the tumor microenvironment and the strategies by which the tumor
escapes them. In this review, we provide an overview of the molecular interactions that regulate
tumor inflammation. We particularly discuss immunomodulatory cell-cell interactions, cell-soluble
factor interactions, cell-extracellular matrix interactions and cell-microbiome interactions. While
doing so, we highlight relevant examples of tumor immunomodulation in colorectal cancer.

Keywords: colorectal cancer; molecular interactions; tumor microenvironment; immune responses;
cell-cell interactions; cytokines; extracellular matrix; microbiome

1. Introduction

Colorectal cancer is the second leading cause of cancer-related deaths in the world,
accounting for nearly 1 million deaths in 2020. In addition, colorectal cancer generates a
high economic burden, estimated to be around €19.1 billions in Europe in 2015 [1]. Whereas
the majority of primary colorectal cancers can be eradicated through surgical resection,
only a minority of patients diagnosed with metastatic CRC (mCRC) can be cured by
surgery. Therefore, mCRC patients have to undergo additional or alternative treatments,
such as chemotherapy, monoclonal antibody treatment (e.g, Cetuximab, Panitumumab),
immunotherapy, radiofrequency ablation, or a combination of these [2,3]. Despite all efforts,
the prognosis for patients with mCRC remains poor, with a 5-year survival rate lower than
20% [4]. Therefore, there is an urge to improve the current therapies for mCRC.

The emergence of cancer immunotherapies in the last decade has provided new hopes
for the treatment of mCRC [3]. Importantly, it has been shown that the success of im-
munotherapies highly depends on the structure and composition of tumors. For example,
responsiveness to immune checkpoint inhibitors (ICI) has been positively correlated with
the extent of intratumoral immune cell infiltration and the overall tumor mutational bur-
den (TMB), among other factors. In the context of CRC, immunotherapies have shown
impressive efficacy in tumors with DNA mismatch repair deficiency (dMMR) and high
microsatellite instability (MSI-H), but not in tumors with proficient DNA mismatch repair
(pMMR) with low MSI (MSI-L), or with stable microsatellite (MSS), which represent a large
majority [3,5]. Therefore, understanding the underlying molecular mechanisms of tumor
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immunomodulation is essential to further improve the efficacy of immunotherapies in
mCRC, particularly in non-responsive patients.

In this review, we provide an overview of the key molecular mechanisms that shape
anti-tumor immune responses in CRC. We first recall the main stages of disease progression
and discuss the heterogeneity of immune microenvironments in colorectal tumors. We then
present multiple key molecular interactions occurring in the colorectal tumor microenvi-
ronment (TME) that strongly modulate tumor inflammation. In particular, we categorize
these interactions as cell-cell interactions, cell-soluble factor interactions, cell-matrix in-
teractions and interactions with the tumor-associated microbiome (Figure 1). We finally
conclude with an integrated view of the immunomodulatory TME and some perspectives
on CRC therapies.
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Figure 1. Overview of the key types of molecular interactions with immunomodulatory functions in
the TME of colorectal tumors. Immunomodulation in the TME is dynamically regulated by cell-cell
interactions, cell-secreted soluble factors, ECM-mediated interactions, and interactions with the
microbiome (ECM: extracellular matrix; DC: dendritic cell).

2. Overview of Colorectal Tumor Subtypes and Associated Immune Microenvironments
2.1. Main Stages of CRC Progression

CRC primary tumors generally develop in the colon or rectum, upon transformation
of intestinal epithelial cells (IECs) to a benign adenoma, before progressing to malignancy
upon stepwise accumulation of genetic and epigenetic aberrations (Figure 2). Cancer
cells actively remodel their microenvironment by interacting with immune cells, stromal
cells and the extracellular matrix (ECM). In addition, the primary tumor growth alters
the integrity of the gut barrier, leading to intratumoral infiltration of bacteria and other
microbes from the gut microbiome [6]. Together, immune cells, stromal cells, the ECM
and the tumor microbiome constitute the TME. Additionally, the tumor releases soluble
factors (e.g., cytokines, miRNA, extracellular vesicles (EVs)), uptaken at distant sites and
inducing the formation of pre-metastatic niches (PMNs) [7]. PMNs form the basis for cancer
metastases: they are inflamed sites in distant organs, e.g., liver and peritoneum, in which
innate immune cells accumulate, such as neutrophils, monocyte-derived macrophages and
dendritic cells (DCs) [8–12]. In addition, PMNs are characterized by increased vascular
permeability, angiogenesis, matrix remodelling and immunosuppression [13], together
creating a favorable microenvironment for the future implantation of metastatic cancer cells.
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Figure 2. CRC progression from the primary tumor to metastasis. Primary tumor growth in the
colon or rectum increases gut permeability, resulting in microbial infiltration in the tumor. In parallel,
tumor-secreted factors induce the formation of PMNs in distant sites. Some cancer cells undergo
EMT to intravasate and circulate as CTCs in blood or lymphatic vessels, until extravasation in a
distant tissue, preferentially at the PMNs, where they form tumor metastasis upon growth (LN:
tumor-draining lymph node).

To disseminate, cancer cells must undergo phenotypic changes that allow them to
exit their cell cluster organization, acquire the capacity to penetrate blood or lymphatic
vessels, and survive into circulation. This process is referred as epithelial-to-mesenchymal
transition (EMT), reflecting the loss of epithelial cell characteristics and the acquisition of
a mesenchymal cell phenotype with enhanced invasive behavior. These changes impor-
tantly permit some cancer cells to intravasate, after which they become circulating tumor
cells (CTCs).

CTCs can survive in circulation and attach to endothelia in distant tissues, preferen-
tially at the PMNs. They can then extravasate, invade the parenchyma and proliferate to
generate metastasis [14,15]. Because metastases frequently resemble the primary tumor
genetically and phenotypically, the changes allowing a CTC to disseminate are thought
to be dynamic, transient, and reversible. Therefore, cancer cells in the metastasis can
re-acquire an epithelial phenotype, highlighting the high plasticity and reprogramming
capacity of these cells [16].

Eventually, metastases grow and remodel their microenvironment, potentially leading
to organ dysfunction and further cancer spread. In CRC, metastases generally form in
primary tumor-draining lymph nodes, liver, lung, and peritoneum [17]. Intriguingly, the
TME of CRC metastases have also been shown to contain a microbiome [18].

2.2. CRC Consensus Molecular Subgroups (CMS) and Associated Immune Landscapes

Colorectal tumors are highly heterogeneous with respect to one another. Both the
tumor characteristics and the patient conditions affect the composition of the TME, subse-
quently dictating disease progression, responsiveness to cancer treatments and survival
prognosis. Indeed, the primary tumor’s specific genetic and epigenetic alterations, its local-
ization (i.e., ascending, transverse or descending colon, or rectum) and the hosting organs
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in case of metastasis strongly impact the composition of the TME [19–21]. Furthermore,
the patient’s genetic pre-disposition, co-morbidities, bowel pre-conditions (e.g., inflamma-
tory bowel diseases) or lifestyle (e.g., diet, physical activities, smoking) similarly alter the
TME [22].

In 2015, a classification of colorectal tumors has been established to draw molecular
similarities between them, to better understand tumor biology and to improve diagnosis
and therapeutic strategies [22]. In total, four CMS, gathering almost 90% of all CRC tumors,
have been defined. Each of these subtypes is characterized by a particular TME and a
different level, type and quality of anti-tumor immune response [23].

CMS1 is hypermutated, has MSI and activates strong anti-tumor immune responses.
CMS1 represents about 13% of all CRC, yet is the most deadly subtype upon relapse. Most
CRC tumors with BRAF gene mutations belong to this subtype. CMS1 tumors are heavily
infiltrated with activated CD8+ and CD4+ T cells and characterized by high expressions
of major histocompatibility complexes (MHC; in humans referred as human leukocyte
antigens (HLA)) and ICI molecules.

CMS2 is the canonical subtype, displaying epithelial differentiation and characterized
by the activation of WNT and MYC signaling pathways. It is the most frequent CRC
subtype, representing 37% of CRC. CMS2 tumors have low infiltration of immune cells,
with the ones present being mostly naïve cells. In addition, they poorly express MHC and
ICI molecules.

CMS3 also displays epithelial differentiation, yet it is characterized by a strong
metabolic dysregulation, with increased sugar, nucleotides, and fatty acid metabolism. As
such, it is referred to as the metabolic CRC subtype and represents 13% of CRC. Interest-
ingly, KRAS gene mutations, which are known to alter cell metabolism, are enriched in
CMS3. Similar to CMS2, CMS3 tumors have low infiltration of mostly naïve immune cells.
However, they express MHC and ICI molecules.

CMS4 is known as the mesenchymal CRC subtype, due to an increased expression
of genes involved in EMT, stromal infiltration, angiogenesis, and matrix remodeling. In
addition, this subtype is characterized by a strong activation of TGF-β signaling. CMS4
represents about 23% of CRC and is the subtype associated with the worse overall survival
prognosis. Moreover, CMS4 tumors are unfavorably inflamed, as they are infiltrated with
immunosuppressive M2-polarized macrophages, regulatory T cells (Tregs) and myeloid-
derived suppressive cells (MDSCs).

Importantly, responsiveness to cancer immunotherapies, particularly to ICI, has been
strongly correlated with the characteristic of the CRC immune microenvironment. For
example, high infiltration of activated CD8+ and CD4+ T cells, such as in CMS1 tumors, is
associated with good prognosis and less tumor recurrence, although multiple mechanisms
of tumor immune evasion could still make these tumors resistant to therapies [23]. In
contrast, high levels of Tregs or MDSCs, such as in CMS4, rather indicate a poor prognosis.
Many other immune cell types, such as DCs, natural killer (NK) cells or macrophages,
can have positive or negative effects depending on their phenotypes, which can be pro-
or anti-inflammatory.

Noteworthily, the immune microenvironment of CRC tumors can be modulated by
cancer treatments. For example, cancer chemotherapy has been shown to induce cell
necrosis that releases immunostimulatory danger signals into the TME [24] and to increase
tumor infiltration by cytotoxic CD4+ T cells [25]. Whether such chemotherapy-induced
tumor inflammation could enhance responsiveness to subsequent ICI in mCRC is currently
under investigation (e.g., METIMMOX clinical trial: NCT03388190). Therefore, better
understanding how to modulate the immune environment of CRC is essential to improve
the effectiveness of current immunotherapies and to develop novel, more effective and safe
future therapies.



Int. J. Mol. Sci. 2022, 23, 2782 5 of 35

3. Immunomodulatory Cell-Cell Interactions in the TME

In the TME, many different types of interactions control anti-tumor immune responses.
Undoubtedly, cell-cell interactions account for one of the most important types. Cell-cell
interactions rely on direct or indirect cell-cell contact, mediated via cell surface receptors and
ligands. They can induce signaling in one or the two engaged cells (uni- vs. bi-directional
signaling) to instruct behavior [26]. In addition, these interactions can occur between
different cell types, as immune cells directly interact with other immune cells, with tumor
cells and with stromal cells. For example, tumor cells contain multiple surface ligands and
receptors that can bind to immune cells receptors, often dampening immune mechanisms
and promoting tumor cell survival [27]. Here, we detail several selected examples that
illustrate tumor immunomodulatory mechanisms based on cell-cell interactions.

3.1. Direct Cell-Cell Receptor Interactions
3.1.1. MHC-T Cell Receptor (TCR) Interaction and Co-Receptors

Tumor cells bear genetic mutations, potentially encoding for neoantigens that can be
recognized by the immune system to develop antigen-specific anti-cancer immune reactions.
Particularly, hypermutated CMS1 colorectal tumors bear high amounts of neoantigens [22].
Similarly, cancer cells can re-express or over-express antigens that differentiate them from
healthy cells (e.g., CEA, MUC1, MAGE) [28,29], referred as tumor-associated antigens
(TAAs). Both neoantigens and TAAs can be uptaken, fragmented, and presented on the
class II MHC (MHC II) of antigen-presenting cells (APCs), such as DCs or macrophages.
Occasionally, they can also be presented on MHC I on DCs via antigen cross-presentation.
In the tumor-draining lymph nodes, APCs’ antigen-loaded MHC (pMHC) I and II en-
gage interactions with the TCR of CD8+ or CD4+ T cells, respectively (Figure 3A). If the
pMHC-TCR interaction has a sufficiently high affinity, it maturates into an immunological
synapse, in which other cell-surface receptors are recruited to provide immunostimulatory
or immunosuppressive co-signaling.
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(A) Tumor antigen recognition and education of T cells via the MHC-TCR interaction. (B) Apoptosis
induction by cell death ligands. (C) NK cell activation by the lack of MHC-I or of oncogenic stress.
(D) Phagocytosis inhibition by the expression of “do not eat me” signals by tumor cells. (E) Transfer
of receptors from one cell to another via trogocytosis. (F) Extravasation of immune cell into the TME.
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Well-known co-receptors involved in the activation of T cells are members of the
tumor necrosis factor receptor subfamily (TNFRSF), such as the receptor pairs CD70/CD27,
OX40L/OX40, 4-1BBL/4-1BB, CD40/CD40L, HVEM/LIGHT, and of the immunoglobulin
superfamily (IgSF), including B7-CD28, TIM and CD2-SLAM families [30,31]. For example,
the interactions between CD80 or CD86 on the APC with CD28 on T cells positively activate
the T cells, as does the interaction between ICOSL and ICOS. In contrast, interactions
between CD80/86 and CTLA-4 on T cells induce T cell anergy, similar to the ones of PD-L1
or PD-L2 with PD-1.

These cell-cell receptor interactions are particularly complex. Indeed, one ligand
can bind to multiple receptors, with potential competing activating and inhibitory effects
(e.g., immunostimulatory CD86-CD28 vs. immunosuppressive CD86-CTLA-4). In addition,
receptor expression is spatio-temporally regulated; for example, T cell activation induces
downregulation of CD28 and upregulation of CTLA-4. Indeed, some dMMR-MSI-H col-
orectal tumors that initially displayed active cytotoxic CD8+ T cell (CTL) responses have
been shown to raise immunosuppressive molecules such as PD-1, PD-L1 or CTLA-4 to
counterbalance the cytotoxic environment, inducing tumor immune evasion [32]. Addi-
tionally, the interactions between APCs and T cells can result in a bi-directional signaling,
in which a reverse signaling occurs in the APC, in addition to the forward signaling in
the T cell. Bi-directional signaling has been well reported for receptors from the TNFRSF
family [26], yet also happens in the IgSF family. For instance, the interaction between
CD80/86 and CTLA-4 on human DCs and CD4+ T cells has been shown to trigger the
expression of indoleamine 2,3-dioxygenase (IDO) in DCs, an enzyme that suppresses T
cell proliferation and induces tumor immunosuppression [33]. Lastly, such interactions
not only occur between APCs and T cells; various cell types including Treg [34], tumor
cells or stromal cells [35] are also capable of expressing some of the mentioned co-receptors.
Antigen-presentation by “non-professional” tumor or stromal cells often result in tumor
immunosuppression, as these cells generally lack the proper set of co-receptors to activate
T cells but rather express co-inhibitory molecules [36].

Upon activation, T cells can further find their cognate specific antigens mounted on
MHC I or II at the tumor site via TCR binding and exert various immunomodulatory effects.
For example, CTLs binding to their specific pMHC I on tumor cells trigger the release of
cytotoxic granules to kill the tumor cell. On the other hand, CD4+ T cells secrete multiple
cytokines to enhance or dampen immune responses.

3.1.2. Induction of Apoptosis via Fas/FasL and TRAIL/TRAIL-R Interactions

Another important mechanism mediated by direct cell-cell interaction in the TME
is the killing of tumor cell by T cells via induction of apoptosis (Figure 3B). Tumor cell
apoptosis can be triggered by the respective binding of FasL or TRAIL present on T cell
surface, to the death receptors Fas or TRAIL-R on the tumor cell [37]. While this potentially
limits tumor growth, it has been found that colorectal cancer cells can become resistant to
T-cell induced apoptosis [38]. Even more, studies have shown that CRC cells can upregulate
FasL during tumorigenesis, which in turn can trigger apoptosis of T cells, thereby repressing
anti-tumor T cell responses [38,39].

3.1.3. Detection of the Lack of MHC I and of Oncogenic Stress by NK Cells

One way tumor cells escape from CTL-mediated recognition and killing is by down-
regulating MHC I. Nevertheless, an absence of MHC I on tumor cell surface can also be
detected by NK cells, similarly resulting in the release of cytotoxic granules and subsequent
tumor cell death (Figure 3C). This cytotoxic mechanism also relies on cell-cell interaction
between NK cells and tumor cell receptors. NK cells express both inhibitory receptors
(e.g., iKIR) and activating receptors (e.g., NKG2D, NKp46). MHC I is the main ligand
for iKIR and inhibits NK cells activation upon binding; thus, the lack of MHC I activates
NK cells. In parallel, the activating receptors activate NK cells upon binding to stress-
induced ligands, present at the surface of tumor cells (e.g., MICA/B, RAET-1G). These
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ligands are not generally expressed in healthy cells but are upregulated during carcinogene-
sis [40,41]. Ultimately, the release of cytotoxic granules depends on the dynamic integration
of activating and inhibiting signals.

3.1.4. “Do Not Eat Me” Signals: Escaping Phagocytosis

Phagocytosis is a central innate immune mechanism by which macrophages and other
phagocytic cells clear dying cells from tissues. Due the cellular and microenvironmental
dysregulation, many tumor cells enter apoptosis and express pro-phagocytic (“eat me”)
signals, to instruct the macrophages to destroy them. Particularly, calreticulin, one of the
major pro-phagocytic signals, is upregulated in multiple human cancers including in MSI-H
CRC [42,43]. On the other hand, tumor cells can also protect themselves from phagocytosis
by expressing the cell surface receptor CD47, known as an anti-phagocytic (“do not eat
me”) signal (Figure 3D). CD47 efficiently suppresses phagocytosis when bound to the
signal regulatory protein α (SIRPα) on macrophages. It is the balance between pro- and
anti-phagocytic signals that determines the initiation of phagocytosis. High expression of
CD47 in colorectal tumor cells has been shown to prevent them from being cleared by innate
immune cells [44,45]. In addition to CD47, the MHC I component β2-microglobulin and
CD24 have also been shown to act as potent “do not eat me” signals, upon binding to their
respective inhibitory receptors LILRB1 and Siglec-10 on tumor-associated macrophages
(TAMs) [46,47].

Interestingly, immune checkpoint blockade of anti-phagocytic cell-cell interactions
is emerging as a promising anti-cancer immunotherapeutic approach, complementary to
T-cell activating immunotherapies [48].

3.1.5. Trogocytosis: Receptor Transfer between Tumor and Immune Cells

Trogocytosis is a mechanism by which a cell endocytoses a portion of another cell
membrane and re-exposes it at its surface, therefore acquiring receptors from the donor
cell (Figure 3E). Trogocytosis is also mediated by strong physical cell-cell interactions,
allowing membrane uptake from the donor cell. Using this process, colorectal tumor
cells have been shown to acquire immune receptors (e.g., CD45 and CD4) and functional
immunoregulatory molecules (e.g., Tim3, CTLA-4 and PD-1) from T cells, thus enhancing
tumor immunosuppression [49]. Surprisingly, the immunostimulatory receptors CD80 and
CD86 have also been detected on colorectal tumor cells, potentially derived from previous
trogocytoses during which T cells acquired them from APCs [49,50]. In fact, trogocytosis
was initially discovered due to membrane transfers between T cells and APCs, resulting in
T cell acquisition of MHC II molecules [51].

3.1.6. Immune Cell Recruitment in the TME

Another mechanism by which direct cell-cell interactions affect inflammation is by
regulating immune cell infiltration into the tumor or in PMNs (Figure 3F). Indeed, initial
local inflammation increases vascular permeability and activates endothelial cells, which
upregulate specific ligands to interact with the circulating leukocytes. The transmigration
of leukocytes across the vascular wall then follows several well-defined steps including the
rolling, adhesion, and transmigration (i.e., diapedesis). Importantly, the type of leukocytes
that are recruited depends on whether their cell surface ligands have cognate receptors on
the endothelial cells [52]. For example, PSGL-1 and CD44 on neutrophils or activated T cells
bind to E-selectin on the endothelial cells, which favors their rolling on the endothelium
and slows their velocity. Next, the leukocytes tightly bind to adhesion molecules such as
ICAM and VCAM on endothelial cells, allowing their arrest at the inflamed site. Notably,
the integrins LFA-1 or Mac present on lymphocytes, neutrophils and monocytes strongly
adhere to ICAM-1 [53]. Lastly, leukocytes transmigrate between or across endothelial cells
by binding to integrins or other adhesion molecules (e.g., PECAM-1). Of note, not only
immune cells extravasate but also cancer cells during the formation of metastasis [54].
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3.2. Indirect Cell-Cell Receptor Interactions

Indirect cell-cell interactions occur when two cell-surface receptors are connected
via a third (or more) molecule. Multiple innate immune mechanisms are based on such
tri-partite interaction, in which the third bridging molecule displays dual affinity for
each of the receptors to connect. For example, antibody-mediated cell-cell interactions or
immune-mediated clearance of apoptotic debris/cells involve indirect cell-cell interactions.

3.2.1. Antibody-Mediated Cell-Cell Interactions

Antibody-dependent cytotoxic mechanisms are immune processes capable of killing
cancer cells. Among them, antibody-dependent cell cytotoxicity (ADCC) and antibody-
dependent cell phagocytosis (ADCP) involve indirect cell-cell interactions (Figure 4A) [27].
Upon tumorigenesis, B cell immunity can raise and lead to the production of immunoglobu-
lin G (IgG) antibodies, specific to tumor cell surface-exposed neoantigens. These antibodies
can on one side bind to their specific neoantigen on tumor cell surface, via their variable
regions, while on the other side bonding to immune cells via their constant region, therefore
creating a molecular bridge between the tumor and the immune cell. In the case of ADCC,
the tumor cell-bound antibody interacts with Fc receptor γ (FcγR) present on NK cells,
particularly FcγRIIIa, which induces the release of cytotoxic granules inducing cancer cell
death [55]. In contrast, interactions with the FcγR IIa and IIIa on macrophages initiate
phagocytosis of the tumor cells, referred as ADCP [56].
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immune responses in the TME. (A) Antibody-dependent interaction between tumor antigens and Fc
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and GAS6. (C) Direct cell-cell interaction via membrane-bound cytokines. (D) Cell-cell interaction
via glycan recognition. (E) Cell-cell interaction via proteins involved in cellular communication
(e.g., gap junction).

While ADCC and ADCP naturally occur in some colorectal tumors, a strong interest
has raised to understand whether clinical monoclonal antibodies (mAb) are capable of
inducing ADCC against tumors. For example, several studies have shown that the anti-
epidermal growth factor receptor (anti-EGFR; Cetuximab), used for the treatment of RAS
wild-type mCRC, can mediate ADCC in vitro in an EGFR-dependent concentration, and
more impressively, independently of the RAS status of the tumor [57,58]. Nevertheless,
the limited in vivo efficacy on RAS-mutated mCRC has fostered the engineering of ADCC-
promoting anti-EGFR. Gerdes et al., for example, developed a glycol-engineered anti-EGFR
named GA201 that outperforms Cetuximab efficacy in wild-type and RAS-mutant mCRC
in pre-clinical xenograft mouse models [59].
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3.2.2. Tumor Efferocytosis

The recognition and clearance of apoptotic cells and debris by phagocytes, referred
as efferocytosis, similarly involve indirect cell-cell interactions (Figure 4B). On the outer
leaflet of cell membranes, the presence of phosphatidylserine (PtdSer) phospholipids is a
signal for phagocytosis initiation. PtdSer is a ligand for multiple macrophage receptors,
some of which needing a bridge protein to attach to PtdSer. For example, the milk fat
globule-EGF factor 8 (MFGE-8) possesses a domain that binds to PtdSer and another one
that interacts with the integrins αVβ3 or αVβ5 expressed on macrophages. Similarly, the
growth arrest-specific 6 protein (GAS6) or the protein S (PROS1) are necessary to bridge
PtdSer to receptor tyrosine kinases (RTKs) on macrophages to trigger phagocytosis [60,61].
Upon tumor efferocytosis, macrophages secrete immunosuppressive cytokines to create a
tolerogenic environment, and polarize toward an M2-phenotype. DCs, which also have
phagocytic activities, similarly acquire a more immunosuppressive phenotype, ultimately
impairing T cell anti-tumor immune responses [62]. While the role of MFGE-8 and GAS6
is under investigation in CRC [63,64], regulating efferocytosis in cancer appears as an
emergent therapeutic strategy [65].

3.3. Other Immunomodulatory Cell-Cell Interactions

Lastly, many other immunomodulatory cell-cell interactions occur in the TME, some
differing from the classical receptor-receptor contact. Indeed, certain molecules that are
generally secreted in the TME have isoforms that are produced as membrane-anchored pro-
teins, capable of directly interacting with their cognate receptor on another cell membrane
(Figure 4C). For example, the membrane-anchored tumor necrosis factor-α (mTNFα) has a
high affinity to the TNF receptor 2 (TNF-R2) and has been shown to alter the survival of
monocytes in tumors, potentially leading to their depletion [66,67].

Additionally, cell-cell interactions not only consist of protein–protein interactions, but
can also take place between lipids and proteins, as illustrated by PtdSer during efferocy-
tosis, or between glycans and proteins. For example, Siglec receptors (sialic acid-binding
immunoglobulin-type lectins) are mostly found on immune cells and strongly interact
with glycoproteins and glycolipids containing the sialic acid glycans (Figure 4D) [68]. For
instance, Siglec-6 has been shown to reduce degranulation of mast cells and alter cytokine
secretion upon interaction with colorectal cancer cells [69].

Finally, the diversity of pathways that can influence immune responses in the TME
have foster the exploration of immunomodulatory roles of other protein families, for
example, of ephrins or gap junction proteins, which are widely involved in cell-cell com-
munication (Figure 4E) [70,71].

In conclusion, cell-cell contacts via surface molecules regulate central immune mecha-
nisms in the TME. These contacts are necessary to mount anti-tumor immune responses
yet are also involved in immunosuppression and tumor escape, depending on the nature
of the receptors at play and the cell types in contact. From a clinical perspective, blocking
of cell-cell interactions has so far been one of the most exploited strategies for the devel-
opment of immunotherapies. For example, anti-PD-1 (e.g., Nivolumab) and anti-CTLA-4
(e.g., Ipilimumab) are currently first-line treatments in multiple cancers and are approved
for use in dMMR and MSI-H in mCRC [72]. On the other hand, engagement of cell-cell
interactions is also being extensively addressed, as through the development of bispecific T
cell engagers (BiTE), for instance, which provides antibody-like bridge proteins connecting
T cells to tumor cells to elicit tumor cytotoxicity.

4. Immunomodulatory Soluble Factors in the TME

While cell-cell interactions are key regulators of immune responses in the tumor, cells
secrete many soluble factors that complementarily orchestrate immune responses. In some
cases, these soluble signals—particularly cytokines—are required for the maturation of
immune responses. In fact, all cell-cell interactions presented above take place in presence
of cytokines. Soluble immunomodulatory factors can be released in the TME by controlled
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secretion from immune, tumor or stromal cells, or by uncontrolled release during cell death.
Moreover, some factors are secreted in an inactive form and necessitate further processing to
become active. In this section, we summarize important categories of immunomodulatory
soluble signals present in the TME, including cytokines, proteases, soluble receptors, nucleic
acids, amino-acids, and reactive oxygen/nitrogen species.

4.1. Cytokines

Cytokines are the most potent cell-secreted soluble proteins that regulate immune
responses. They are mainly produced by immune cells, although tumor or stromal cells
can secrete them, and operate via autocrine, paracrine, or endocrine signaling by direct
binding to cell surface receptors (Figure 5A). Cytokines can have broad immunostimulatory
or immunosuppressive effects, or have mixed functions depending on the targeted cell
type. While having primary functions on immune cells, they additionally affect tumor and
stromal cells, resulting in overall pro- or anti-tumorigenic effects on the primary tumor or
on metastasis development.
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Figure 5. Cell-secreting soluble factors as potent immunomodulatory molecules in the TME.
(A) Cell secretion of potent immunomodulatory signaling proteins (e.g., chemokines and cytokines).
(B) Immune regulation via the secretion of protease and protease inhibitors. (C) Proteolytic release of
cell surface-bound immunomodulatory receptors or factors. (D) Receptor shedding in the TME by
exosomes or other EVs. (E) Immunomodulation via the presence of nucleic acid in the TME (e.g., ATP,
adenosine, miRNA, NETs). (F) Depletion of amino acids from the TME by amino-acid degrading
enzymes (e.g., IDO, arginase). Amino acids are essential to some immune cells’ functions. (G) Release
of ROS and RNS upon cellular stress. ROS and RNS react and damage DNA, proteins, lipids and
glycans, thereby positively or negatively affecting immune responses.

Well-known families of cytokines include chemokines, interleukins (ILs), interferons
(IFNs), the TNF superfamily, colony-stimulating factors (CSFs) and the transforming growth
factor-β (TGF-β) superfamily. Together, more than 100 cytokines and isoforms have been
discovered [73]. Importantly, many cytokines have been assessed or are under investigation
in clinical trials as immunotherapeutics for colorectal cancer (Table 1).
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Table 1. Examples of clinical trials using cytokine-based immunotherapy for colorectal cancer.

Immune Target NTC Number Phase Title Start Year

Chemokines

CXCR1/2
inhibition NCT04599140 1/2 SX-682 and Nivolumab for the Treatment of RAS-Mutated, MSS

Unresectable or Metastatic Colorectal Cancer, the STOPTRAFFIC-1 Trial 2020

CSFs

G-CSF NCT00541125 2 Vaccine Therapy With or Without Sargramostim in Treating Patients
With Advanced or Metastatic Cancer 2007

GM-CSF

NCT00028496 1 Vaccine Therapy in Treating Patients With Cancer of the
Gastrointestinal Tract 2001

NCT00012246 2 Vaccine Therapy in Treating Patients With Stage IIB, Stage III, or Stage
IV Colorectal Cancer 2002

NCT00091286 1 Cellular Immune Augmentation in Colon and Rectal Cancer 2003

NCT00257322 2 Vaccine Therapy and Radiation to Liver Metastasis in Patients With
CEA-Positive Solid Tumors 2003

NCT00081848 1
Vaccine Therapy and Sargramostim With or Without Docetaxel in

Treating Patients With Metastatic Lung Cancer or Metastatic
Colorectal Cancer

2004

NCT00088933 1
GM-CSF and Combination Chemotherapy in Treating Patients Who Are

Undergoing Surgery
for Stage II or Stage III Colon Cancer

2004

NCT00262808 2 Vaccine Therapy in Treating Patients With Liver or Lung Metastases
From Colorectal Cancer 2004

NCT00103142 2 Study of Colon GVAX and Cyclophosphamide in Patients With
Metastatic Colorectal Cancer 2005

NCT00656123 1
Neoadjuvant Study of Recombinant Vaccinia Virus to Treat Metastatic
Colorectal Carcinoma in Patients Undergoing Complete Resection of

Liver Tumors
2008

NCT01329809 2
Safety Study of Recombinant Vaccinia Virus Administered

Intravenously in Patients With
Metastatic, Refractory Colorectal Carcinoma

2011

NCT01380600 1
SGI-110 in Combination With an Allogeneic Colon Cancer Cell Vaccine

(GVAX) and
Cyclophosphamide (CY) in Metastatic Colorectal Cancer (mCRC)

2011

NCT01966289 1 RhGM-CSF as Adjuvant Immunotherapy in Treating Stage III
Colon Cancer 2014

NCT02466906 2 Study of GVAX (With CY) and Pembrolizumab in MMR-p Advanced
Colorectal Cancer 2015

NCT02981524 2 Vaccine Therapy With or Without Sargramostim in Treating Patients
With Advanced or Metastatic Cancer 2017

IFNs

IFN NCT00309530 3 Randomized Study on Adjuvant Chemotherapy and Adjuvant
Chemo-Immunotherapy in Colon Carcinoma Dukes C 1990

IFNα

NCT00003063 3 Biological Therapy With Combination Chemotherapy in Patients With
Colorectal Cancer 1991

NCT01060501 3 Modulation of Adjuvant 5-FU by Folinic Acid and Interferon-alpha in
Colon Cancer 1992

NCT02387307 1 A Study of rSIFN-co in Subjects With Advanced Solid Tumors 2013

NCT04798612 2 Effect of Low-dose Interferon-alfa2a on Peri-operative Immune
Suppression 2021
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Table 1. Cont.

Immune Target NTC Number Phase Title Start Year

IFNα
GM-CSF NCT00016042 1 Fluorouracil and Biological Therapy in Treating Patients With

Metastatic Kidney or Colorectal Cancer 2001

IFNα
GM-CSF NCT00030342 1/2 Biological Therapy and Chemotherapy in Treating Patients With

Metastatic Kidney Cancer or Colorectal Cancer 2001

IFNα, IFNγ,
GM-CSF NCT00002475 2 Cyclophosphamide Plus Vaccine Therapy in Treating Patients With

Advanced Cancer 1991

IFNγ NCT00002796 1/2 Phase I-II Study of Fluorouracil in Combination With Phenylbutyrate in
Advanced Colorectal Cancer 1997

ILs

IL-2

NCT00019591 1/2 Vaccine Therapy With or Without Interleukin-2 in Treating Patients
With Locally Advanced or Metastatic Colorectal Cancer 1999

NCT00020267 1 Vaccine Therapy in Treating Patients With Metastatic Cancer 2000

NCT03190941 1/2
Administering Peripheral Blood Lymphocytes Transduced With a

Murine T-Cell Receptor
Recognizing the G12V Variant of Mutated RAS in HLA-A*11:01 Patients

2017

NCT03745326 1/2
Administering Peripheral Blood Lymphocytes Transduced With a

Murine T-Cell Receptor
Recognizing the G12D Variant of Mutated RAS in HLA-A*11:01 Patients

2019

NCT04426669 1/2

A Study of Metastatic Gastrointestinal Cancers Treated With Tumor
Infiltrating Lymphocytes in Which the Gene Encoding the Intracellular

Immune Checkpoint CISH Is Inhibited Using CRISPR
Genetic Engineering

2020

IL-2, GM-CSF NCT00019331 2 Vaccine Therapy Plus Biological Therapy in Treating Adults With
Metastatic Solid Tumors 1997

IL-2 fusion NCT00128622 1 Denileukin Diftitox Followed by Vaccine Therapy in Treating Patients
With Metastatic Cancer 2005

IL-2, GM-CSF NCT00019084 2 Vaccine Therapy and Biological Therapy in Treating Patients With
Advanced Cancer 1996

IL-7 NCT01339000 2
Improving the Immune System With Human IL-7 Vaccine in Older

Subjects Who Have
Had Chemotherapy

2011

IL-12

NCT00003046 1 Interleukin-12 in Treating Patients With Cancer in the Abdomen 1997

NCT00003439 1
Interleukin-12 in Treating Patients With Refractory Advanced-Stage

Ovarian Cancer
or Abdominal Cancer

1998

NCT00004074 1 Interleukin-12 and Trastuzumab in Treating Patients With Cancer That
Has High Levels of HER2/Neu 1999

NCT00072098 1 Interleukin-12 Gene in Treating Patients With Liver Metastases
Secondary to Colorectal Cancer 2003

IL-15
super-agonist NCT03127098 1/2

QUILT-3.040: ETBX-011 (Ad5 [E1-, E2b-]-CEA(6D)) Vaccine in
Combination With ALT-803 (Super-agonist IL-15) in Subjects Having

CEA-Expressing Cancer
2017
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Table 1. Cont.

Immune Target NTC Number Phase Title Start Year

TGF-β

TGF-β trap NCT03436563 1/2 M7824 in Patients With Metastatic Colorectal Cancer or With Advanced
Solid Tumors With Microsatellite Instability 2018

TGF-β
trap IL-12

fusion
NCT04708470 1/2 Phase I/II Trial of the Combination of Bintrafusp Alfa (M7824),

Entinostat and NHS-IL12 (M9241) in Patients With Advanced Cancer 2021

TNFs

TNF NCT00436410 1 Tumor Necrosis Factor in Patients Undergoing Surgery for Primary
Cancer or Metastatic Cancer 2006

TNFα conjugate NCT00098943 1 NGR-TNF in Treating Patients With Advanced Solid Tumors 2004

4.1.1. Chemokines

Chemokines are involved in the regulation of immune cell chemotaxis and trafficking.
They importantly instruct the recruitment of monocyte/macrophages, DCs and lympho-
cytes from the blood vasculature into the tumor and their migration within the tumor.
In addition, chemokines control the migration of APCs from the tumor to lymphoid tis-
sues [74,75]. These migratory immune cells can be pro-inflammatory, in case of activated
CTLs, or immunosuppressive, such as MDSCs or Tregs. Chemokines are commonly divided
into four main families, the CXCL, CCL, CX3CL and XCL families. In total, approximately
50 chemokines and 20 chemokine receptors have been identified in humans, with some
chemokines capable of binding to multiple receptors, and vice-versa, in a redundant
way [74,76].

Chemokines usually function by forming a concentration gradient from the source
cell which secretes it to the recipient cells, on which they bind to their cognate G-protein
coupled receptors (GPCR). GPCR are uniformly distributed on the recipient cell surface,
which allows the detection of chemotactic gradients from any direction. Upon chemokine
binding, activation of GPCR permits the recipient cell to sense differences in chemokine
concentration across its diameter, leading to cell polarization. The recipient cell then
migrates toward or away from higher chemokine concentrations, in the respective cases
of chemoattractive or chemorepellent chemokines [77,78]. For example, effector T cells
upregulate the expression of CXCR3 upon activation, making them capable of detecting
CXCL9/10/11 gradients produced by immune and stromal cells upon inflammation, which
result in T cells recruitment into the TME [79,80]. As another example, DC trafficking from
the tumor to the draining lymph node is driven by the secretion of CCL21 by lymphatic
endothelial cells [81], which creates a gradient in the perilymphatic interstitium. CCL21
gradients attract DCs from the tumor intertitium to the lymphatic vasculature upon binding
to the receptor CCR7. Likely using a similar mechanism, it has been found that some
colorectal tumor cells can express CCR7, which expression correlates to the presence of
metastasis in the regional lymph nodes [82].

In addition to spatial chemokine gradient detection, it has been recently shown that
some cells respond to temporal gradients. Indeed, Aronin et al. demonstrated that myeloid
cells, notably DCs and neutrophils, need to sense an increasing absolute concentration of
the chemokine CCL19 and CXCL12 in order to have persistent directional migration toward
it, which particularly occurs during initial gradient formation. In contrast, established
stable gradients failed to induce persistent migration of these cells.

Finally, it is worth noting that some atypical GPCRs function as decoy or scavenger
receptors for chemokines, instead of inducing cell signaling and migration [83]. These
receptors still modulate immune responses by altering the bioavailability of chemokines.
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4.1.2. ILs

ILs are a subgroup of cytokines that work as soluble immune messengers to pri-
marily modulate survival, growth, differentiation, and activation of immune cells during
inflammation. Nevertheless, they additionally exhibit diverse effects on a variety of cell
types in the tumor [84]. There are currently 41 ILs, most of them classified in about eight
families based on their genomic organization, structural homology or receptor-binding
properties. Their individual roles in cancer, and more specifically in CRC, were very well
reviewed in [85–87]. ILs generally act by paracrine or autocrine signaling on cells in the
local microenvironment.

ILs bind to their cognate receptors exposed on the cell surface with various affinities
depending on the subunits composing the cytokine or the receptors. For example, IL-2 is a
monomer which binds to multiple receptors, with low affinity to the IL-2Rαmonomeric
receptor, moderate affinity to the IL-2Rβ/γC heterodimeric receptor and with high-affinity
to IL-2Rα/β/γ trimeric complex, with only the latter two being capable of inducing cell
signaling [87,88]. Interestingly, T cells upregulate the expression of IL-2Rα during activation
to be more responsive to low concentration of IL-2, which promotes their proliferation. In
contrast, Treg naturally express the three subunits, thus being a high-affinity receptor for
IL-2 [87,88]. IL-2 was the first approved interleukin for cancer immunotherapy, and many
clinical trials explore its efficacy in combination therapy for colorectal cancer (Table 1).

Similarly, IL-12 displays different affinities and biological effects upon binding to
its receptor IL-12R, although in this case, it is the composition of IL-12 that dictates its
effects. Indeed, the IL-12 heterodimer called IL-12p70 is highly active and induces the
secretion of the pro-inflammatory cytokine IFNγ upon signaling in T and NK cells. In
contrast, the monomer or homodimer IL-12p40 competitively binds to IL-12R, but without
triggering IFNγ production [89]. Importantly, IL-12p70 is the most potent cytokine for
inducing naïve CD4+ T cell differentiation toward T helper 1 (Th1) cells, promoting a strong
cytotoxic adaptive immunity, and to polarize macrophages toward a pro-inflammatory M1
phenotype, both of which correlating with good prognosis in CRC [90]. IL-12 has also been
the focus of multiple clinical trials in CRC (Table 1), but has been generally associated with
high toxicity [91].

Furthermore, the high modularity in the molecular composition of ILs and IL receptors
allows many IL receptors to interact with multiple ILs. For instance, the type II IL-4 receptor
(IL-4R) binds to both IL-4 and IL-13. IL-4 signaling importantly promotes the polarization
of macrophages toward an immunosuppressive M2-like phenotype [92]. In addition, IL-4
signaling drives the differentiation of naïve CD4+ T cells into T helper 2 (Th2) cells [93].
This Th2-biased immune response is generally considered as being not optimal to fight
tumor cells as compared to the cytotoxic Th1 response [90,94]. Nevertheless, the survival
prognosis associated with the Th2 response in CRC is not as poor as the one associated
with Th17 responses. The Th17 phenotype is characterized by the secretion of high levels
of IL-17 upon T cell activation [90,95]. These examples highlight one key role of ILs in
instructing the different types of immune responses.

4.1.3. IFNs

IFNs were originally defined based on their roles in interfering with viral replication,
yet they have many important functions in cancer. There are three types of IFNs, among
which type I and II are the most characterized.

The type I and III IFNs are secreted upon cell detection of danger- or pathogen-
associated molecular patterns (DAMPs and PAMPs respectively). In tumors, cell stress
and death induce the release of DAMPs, such as the high mobility group box 1 (HMGB1)
protein, heat shock proteins, calreticulin or high extracellular ATP [96,97]. In addition, the
microbiome of colorectal tumors also presents PAMPs. Stimulation of pattern recognizing
receptors (PRRs) by DAMPs and PAMPs induces the production of type I IFNs by the
stressed or dying cell and by its neighbors. Notably, IFNβ can be expressed by most cell
types upon PRR activation [98]. Type I IFNs include 16 members, 12 IFNα, IFNβ, IFNε,
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IFNκ and IFNω, all being monomeric cytokines binding to the heterodimeric receptor
IFNAR [99]. They have been shown to modulate innate and adaptive immune responses,
particularly by increasing pro-inflammatory cytokine secretion and antigen presentation by
APCs, by enhancing NK and T cells cytotoxic functions and immunological memory, and by
dampening Treg-mediated immunosuppression [100]. Importantly, they have direct effects
on tumor cell proliferation, particularly by arresting cell cycle and promoting senescence
or apoptosis [101]. IFNαwas the first cancer immunotherapy approved by the U.S. FDA
in 1986 [102], although not for CRC, yet has been studied in many CRC-inclusive clinical
trials (Table 1). On the other hand, type III IFNs are similar to type I IFNs but mainly act
in mucosal tissues, being potentially highly relevant in CRC. They have been discovered
more recently and currently comprise 4 IFNλmembers.

In contrast, the only type II IFN, IFNγ, is secreted by immune cells, notably T and
NK cells, in response to stimulation by other cytokines (e.g., IL-12, type I IFNs) [103].
IFNγ is a homodimer and interacts with the heterodimeric receptor IFNGR. It is the
main effector cytokine that induces Th1 immune responses while inhibiting Th2 and Th17
responses. IFNγ has been shown to increase M1 macrophages, MHC expression and
antigen presentation on APCs, T and NK cell cytotoxicity. It also has anti-proliferative
effects on tumor cells, similar to type I IFNs [103,104]. Nevertheless, tumor cells can lose
responsiveness to IFNγ by loss of IFNGR and mutations in the IFNγ signaling pathway,
which participates in tumor immune evasion. IFNγ has also been included in CRC clinical
trials (Table 1), and constitutes a potential target for CRC immunotherapy [105].

4.1.4. TNF Superfamily (TNFSF)

TNFSF are a subgroup of about 20 homotrimeric transmembrane proteins that can be
proteolytically cleaved from the cell membrane to act as cytokines, although they can also
function by direct cell-cell interactions. They interact and signal to about 30 different recep-
tors, called TNFSFR. TNFSF regulate central pro-inflammatory and anti-tumor immune
mechanisms, for instance by providing co-stimulatory signals during immune activation or
by triggering cell death in targeted cells [106–108]. Indeed, the co-stimulatory receptors
CD70, OX40L, 4-1BBL, CD40L, LIGHT involved in T cell activation, as well as the FasL and
TRAIL involved in cell apoptosis, are part of the TNFSF.

Additionally, the well-known TNFα is part of this family. TNFα is a major pro-
inflammatory cytokine named after the observation that it induces rapid hemorrhagic
necrosis in tumors at high dose, mediating tumor shrinkage [109,110]. Therefore, it has
been tested as an immunotherapy in cancer, including in CRC (Table 1), but has not
reached the clinic. In fact, it has also been found that endogenous levels of TNFα have
some pro-tumorigenic effects by promoting infiltration and functions of immunoregulatory
cells, including MDSCs and Treg, and by enhancing tumor cell survival and metastatic
potential [110,111]. Serum levels of TNFα in CRC correlate with advanced stages of the
disease and worst overall survival [112].

4.1.5. CSF Superfamily

CSFs are factors that induce survival, proliferation or differentiation of hematopoietic
progenitors and immune cells. There are four CSFs: GM-CSF signals to granulocytes and
macrophages, G-CSF to granulocytes, M-CSF to macrophages and a multi-CSF (being IL-3)
that affects a large range of hematopoietic cells. That said, their effects are not completely
restricted to a single cell type; for example, M-CSF can stimulate granulocytes colony
formation from some progenitor cells [113,114]. CSFs are expressed by a variety of cells,
such as macrophages, T cells, endothelial cells, fibroblasts and some tumor cells, during
inflammation. They are locally secreted and mostly act in a paracrine fashion, although they
can enter the blood circulation for endocrine signaling. In particular, they are involved in
the recruitment of circulating neutrophils, monocytes and T cells, the activation of DCs and
macrophages, and importantly regulate the renewal of immune cell populations [114,115].
In CRC, GM-CSF has been shown to correlate with improved survival [116], although
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GM-CSF upregulation during colitis promotes malignant transformation into CRC [117].
GM-CSF has been widely assessed in the clinic for CRC, both in a colon cancer cell-secreting
GM-CSF vaccine, known as GVAX, and as a recombinant protein (Table 1).

4.1.6. TGF-β Superfamily

The TGF-β superfamily contains about 33 cytokines that are structurally related. There
are five families included in the TGF-β superfamily, with diverse roles in tissue regulation,
growth and differentation, during homeostasis, inflammation and cancer [118,119]. Among
them, the TGF-β family contains the three isoforms TGF-β1, -β2 and -β3, with TGF-β1 being
the most abundant and ubiquitous variant. TGF-β is secreted in an inactive form, further
requiring activation by proteases or cell-induced release from the ECM (as discussed in
Section 5.2). It is one of the most potent immunosuppressive cytokine and drives immune
escape. Indeed, it can suppress lymphocytes responses, particularly by inhibiting the
effector functions of CD8+ T cells and NK cells, preventing differentiation of Th1 and Th2
cell responses, and promoting Th17 or Th9 responses and the development of Treg. It
also inhibit B cells proliferation. On innate immune cells, TGF-β promotes tolerogenic
phenotypes of DCs and M2 phenotypes in macrophages. Lastly, TGF-β also modulates the
cytokines secretion of immune cells [119]. Of note, CMS4 CRC is characterized by TGF-β
expression. As a potential clinical therapy, TGF-β traps have been developed to reduce
TGF-β-mediated immunosuppression in cancer patients and are currently tested in clinical
trials (Table 1).

4.1.7. Other Cell-Secreted Soluble Signaling Proteins

In addition to cytokines, many other soluble signaling proteins can display direct
or indirect immunomodulatory effects in the TME, such as growth factors or hormones.
For example, the vascular endothelial growth factors VEGF-A and VEGF-C can respec-
tively promote angiogenesis and lymphangiogenesis in the TME, offering new routes for
immune cell trafficking. In addition to cells, tumor lymphatics also drain tumor-derived
immunosuppressive soluble signals to the tumor-draining lymph nodes, modulating the
development of adaptive immune responses. Additionally, VEGF-C can directly signal to
macrophages to polarize them toward immunosuppressive cells and promote colorectal
tumor growth [120].

As another example, leptin is a hormone well known for its role in regulating food
intake and its involvement in obesity, a risk factor for the development of CRC. In tumors,
leptin can drive accumulation of MDSCs [121], while on the other hand modulating the
releases of pro-inflammatory cytokines (e.g., IL-8) and promoting T cell immunity [122].

4.2. Proteases and Protease Inhibitors

The presence of proteases and proteases inhibitors in the TME strongly regulates
immune mechanisms, notably by regulating the bioavailability of signaling proteins and by
remodeling the microenvironment. Multiple families of proteases exist, being secreted in the
extracellular space (e.g., metalloproteinases, serine proteases and cysteine proteases), bound
to cell membranes, intercalated in the membrane lipid bilayer or present intracellularly
(Figure 5B) [123].

While not generally having direct effects on immune cell signaling, they importantly
control the activity of cytokines and other signaling molecules. Indeed, some proteins
are expressed with propeptides that inactivate them until proteolytic processing. For
example, multiple IL-1 members, which are importantly involved in the initiation and
amplification of immune responses, are expressed with an N-terminal propeptide. Cleavage
of this propeptide by caspase 1, neutrophil elastase or mast cell-derived chymase induces
conformational changes in the cytokine and makes it bioactive [124,125]. On the other
hand, extracellular proteases can regulate half-life of proteins by degrading them and
limiting exposure to cells [123]. For instance, IL-6 and IL-13 can be proteolytically degraded
by cathepsin G and chymase, which limits their activity [126]. Importantly, activation
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and degradation of cytokines by proteases can be counter-balanced by the production of
endogenous protease inhibitors [126].

In addition, extracellular proteases can also mediate cytokine release from the ECM or
from cell membranes (discussed in part 4.3). For example, CCL21 has a highly positively
charged C-terminus domain that strongly interacts with GAGs in the ECM, importantly
involved in gradient formation. This domain is highly sensitive to DC-secreted proteases
and to plasmin. Cleavage and release of CCL21 from the matrix upon contact with DCs
makes the chemokine bioavailable to the cells. Interestingly, such mechanism of protease-
mediated chemokine release from the ECM could amplify local chemokine gradient to
better guide DCs to the lymphatic vessels [127,128]. Similarly, this process can further be
regulated by protease inhibitors [129,130].

Moreover, the balance between proteases and inhibitors regulates the degradation
of the ECM directly, particularly by matrix metalloproteinases (MMPs) and the tissue
inhibitors of metalloproteinases (TIMPs). Indeed, ECM breakdown by MMPs allows
infiltration, migration, and other activities of immune cells in the tumor, among other things.
For example, MMP-8, produced by neutrophils, is associated with sustained inflammation
in the TME, although being pro-tumorigenic [131,132]. Likewise, dysregulation of TIMPs
in cancer has strong impacts on tumor progression and inflammation [133]. Besides MMPs,
other well-known families of proteases are the disintegrin and metalloproteinases (ADAMs),
and the ADAMs with thrombospondin domain (ADAMTSs) [132].

Finally, there are emergent roles for proteases in inducing direct signaling on tumor
cells or antimicrobial activities, independently of their proteolytic functions. Nevertheless,
little is known about whether these are relevant in tumor immunomodulation [134].

4.3. Receptor Shedding in the TME

Some important immunomodulatory cell-surface receptors are known to have soluble
isoforms or can be solubilize by protease-mediated cleavage and release of their ectodomain.
This is the case of multiple receptors from the TNFSFR, such as the TRAIL or FasL recep-
tors. Indeed, soluble form of FasL is generated upon proteolytic cleavage by ADAM10
(Figure 5C) [135,136]. Soluble FasL (sFasL) activates Fas on target cells to trigger apoptosis.
For example, T cells can be depleted by the release of sFasL by colon adenocarcinoma cells,
a mechanism potentially involved in tumor immune escape [137]. Interestingly, it has been
further shown that the intracellular part of FasL can be additionally cleaved by SPPL2a, an
intramembrane cleaving protease, generating a small fragment that can translocate into the
nucleus to directly modulate gene expression.

Another way by which cells shed receptors in the TME is via the release of EVs,
including exosomes (Figure 5D). For example, exosomes have been shown to transport
antigenic pMHC complexes, immunoregulatory receptors or integrins [138]. In addition
to shedding membrane-bound receptors, EVs contain soluble proteins, different types of
RNA (e.g., mRNA, miRNA) and lipids that can be delivered to a targeted cell [139]. In
CRC, tumor-derived exosomes can modulate anti-tumor immune responses by enhanc-
ing Treg and MDSCs recruitment, dampening NK and T cells activities, and promoting
M2-macrophages, as reviewed in [140].

4.4. Immunomodulation by Nucleic Acids in the TME

The TME not only contains immunomodulatory proteins, but also nucleic acids that
affect anti-tumor immunity (Figure 5E). Particularly, high concentration of extracellular ATP
in tumors, of about 1000-times higher than in healthy tissues, acts as a pro-inflammatory
danger signal that activates innate and adaptive immune responses [141]. Nevertheless,
extracellular ATP is rapidly hydrolyzed to extracellular adenosine, which rather displays
immunosuppressive properties, also shown in CRC [142,143]. Indeed, adenosine inhibits
infiltration and immune functions of T cells, NK cells, DCs, macrophages and neutrophils,
while promoting immunoregulatory responses of Treg and M2 macrophages, as well as
expansion of MDSCs [142].
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Other nucleic acids that modulate anti-cancer immune responses are RNAs, such
as microRNA (miRNA). Although miRNAs are produced intracellularly, they can get
encapsulated into EVs, shed in the TME and be uptaken by local or distant cells. MiRNA
expression is largely dysregulated in CRC and displays immunomodulatory functions [144].
For example, miRNA-21-5p is enriched in CRC-derived EVs and induces proinflammatory
responses in macrophages by binding to TLR-7, also at distant sites where it participates in
the establishment of PMNs [145].

The TME also contains extracellular DNA traps released by neutrophils during process
called NETosis [146]. As central players during innate immune response, neutrophils
infiltrate colorectal tumors starting at early stage of inflammation, attracted by CXCL-1,
-5 or -8 chemokines, which induce NETosis via binding to CXCR1 and CXCR2 [147,148].
Upon release, NETs shield tumor cells and prevent contact with cytotoxic NK and CD8+ T
cells, overall protecting them from immune destruction and allowing further growth and
metastasis [148,149].

4.5. Immunomodulation by Depletion of Amino Acids in the TME

The dysregulation of amino acids metabolism in tumors strongly affects immune
responses in the TME. Particularly, abnormal expression of amino acids-degrading enzymes
can deplete some amino acids that are essential for immune functions (Figure 5F) [150].
Particularly, the depletion of arginine (Arg) by arginase has been shown to inhibit T cell
activation and proliferation. In tumors, arginase is upregulated in myeloid cells upon
exposure to certain cytokines [151]. In parallel, the reduction of Arg concentration limits
the production of nitric oxide (NO) by inducible nitric oxide synthase (iNOS), which has
tumoricidal and anti-microbial activities.

Similarly, depletion of tryptophane (Trp) in the TME was observed in response to
overexpression of IDO in myeloid and tumor cells. Trp catabolism induces potent immuno-
suppression, also inhibiting T cell effector responses while enhancing Treg [150,152].

4.6. Reactive Oxygen and Nitrogen Species (ROS and RNS)

In the tumor, ROS and RNS are released and accumulate due to dysregulated cell
metabolism and hypoxia (Figure 5G). ROS and RNS are highly reactive molecules that
react with DNA, proteins, lipids and glycans in a destructive way [153,154]. ROS have
been shown to widely affect innate and adaptive immune responses in cancer, by act-
ing as a chemoattractant for immune cells and as a regulator of phagocytosis, NETosis,
macrophage polarization and lymphocyte cytotoxic responses, among others [155]. For
example, Chen et al. showed that ROS produced by colorectal cancer cells induce M2
macrophages, which can be re-polarized toward M1 macrophages by ROS inhibitors [156].

In conclusion, the TME contains a tremendous amount of immunomodulatory soluble
signals that act in concert with direct cell-cell interactions to build proper immune re-
sponses. In addition to the molecules discussed here, many other types of molecules affect
tumor inflammation, such as bioactive lipids (e.g., prostaglandin-E2) [157] or glycans [158].
The multitude and diversity of these soluble immunomodulatory signals create a highly
complex and dynamic immunomodulatory TME, with immune outcomes ranging from
tumor eradication to tumor evasion.

5. ECM-Mediated Tumor Immunomodulation

More than cells and soluble molecules, the TME is composed of an ECM. The ECM is
known to tightly regulate cell behaviors by providing cell-adhesion sites, controlling spa-
tiotemporal release of cell-secreted factors, presenting matrix-bound factors and providing
bioactive ligands [159]. The structure and composition of the ECM thus affects cell survival,
adhesion, migration, proliferation and differentiation. While most studies have focused on
the role of the ECM during tumorigenesis, importantly highlighting its effects on tumor
growth, invasion and metastasis, a recent interest has emerged to understand its effects on
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anti-tumor immune responses. Here, we summarize key immunomodulatory functions of
the ECM with selected examples in colorectal tumors.

5.1. The ECM as an Immunomodulatory Biomechanical Scaffold

The primary role of the ECM is to provide a biomechanical scaffold for cells. In the
tumor, the ECM is mainly produced by fibroblasts, although tumor cells, endothelial cells
and immune cells can also participate in ECM deposition [160]. In addition to secreting the
ECM, cells constantly remodel the surrounding matrix via the secretion of proteases and
protease inhibitors (e.g., MMPs, TIMPs). Consequently, the ECM provides a heterogeneous
and highly dynamic environment, with variations in composition, structure, and cross-
linking degree (Figure 6).
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Figure 6. The immunomodulatory role of the ECM and examples of associated molecular mechanisms.
(A) Schematic view of the interstitial ECM and the basement membrane localization in tissues and key
components. (B) Example of immunomodulatory mechanisms involving interactions with the ECM.
The ECM has key roles in transducing mechanical signals into cells, creating chemokine gradients
and modulating bioavailability and signaling of bioactive proteins. The ECM additionally releases
bioactive domains upon cleavage, directly signaling immune cells to modulate their behavior or
acting as anti-microbial peptides (AMPs). (C) The pericellular ECM called the glycocalyx, present on
every cell, is involved in the regulation of immune functions and extravasation of cells into the tumor.

The interstitial ECM of colorectal tumors is importantly characterized by an in-
crease in fibrillar collagens, notably in collagen I, with thicker and more aligned fibers
(Figure 6A) [161,162]. Along with increased collagen deposition, an overexpression of lysyl-
oxidase (LOX) enhances collagen crosslinking, creating a dense and stiff microenvironment
characteristic of tumor stroma fibrosis (Figure 6B) [163]. Interestingly, the mechanical
stiffness of the TME has been shown to directly modulate immune cell recruitment and
functions. For example, Kuczek et al. demonstrated that dense collagen matrices reduce
proliferation and cytotoxic activities of T cells in vitro [164]. Similarly, it was observed
in vivo that the fibrotic environment of CRC peritoneal metastases blocks T cells infiltra-
tion [165,166]. Conversely, while the stiff ECM may act as a physical barrier to T cells,
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dense collagen-rich ECM promotes macrophage infiltration and an immunosuppressive
phenotype [167]. Apart from collagen I, collagen III is also upregulated CRC tumors [168].

In addition to collagens, many ECM glycoproteins, such as fibronectin or tenascin,
have also been shown to be overexpressed in the tumor stroma, which modulate the biome-
chanical features of the TME and decorate it with multiple additional cell-adhesion sites.
For example, fibronectin displays adhesive sites for the integrin β2 (CD18), which is widely
expressed on leukocytes and plays an important role in their trafficking and during inflam-
matory responses [169]. Moreover, proteoglycans and glycosaminoglycans (GAGs) are sig-
nificantly altered in CRC. For instance, hyaluronic acid (HA) is a glycosaminoglycan present
in the interstitial and pericellular ECMs that participates in the hydration and mechanical
properties of cells and tissues. Upon degradation, HA displays different immunomod-
ulatory activities depending on the molecular size of the HA fragments [170,171]. Low-
molecular-weight (LMW)-HA is known to have pro-inflammatory properties by promoting
migration, activation and cytokine release of macrophages and T cells via CD44 signal-
ing [170]. Interestingly, Zhang et al. recently showed that LMW-HA is preferentially
increased in colorectal tumors, enhancing aggressiveness and metastasis [172].

Besides the interstitial ECM, alterations in the basement membranes (BMs) of tumors
are known to affect intra- and extravasation of immune and tumor cells (Figure 6A). BMs
are thin yet dense sheets of ECM proteins, mainly composed of collagen IV and laminin,
which underly epithelia or surround blood and lymphatic vessels. In CRC, Spaderna et al.
showed a local loss of BMs at the invasive front of the tumors, although most of BMs
remain expressed in the tumor mass [173]. The loss of BMs results in a leaky vasculature
with large pores and abnormal exposition of interstitial ECM components, such as fibrillar
collagens. These differences in the matrix structure and biomechanical properties modulate
cells mechanotransduction and trafficking [174,175]. For instance, it has been demonstrated
that the differentiation of macrophages from monocytes is dependent on adhesion to BM
components, particularly to laminins [176], suggesting that their loss might have substantial
consequences on immune functions.

5.2. The ECM as a Reservoir of Immunomodulatory Proteins

Another important function of the ECM is its ability to interact with biomolecules
and act as a reservoir. Biomolecules (e.g., cytokines, growth factors, proteases, EVs) can
be locally secreted by cells or derived from the blood. By sequestering these biomolecules,
the ECM tightly regulate their spatial and temporal release at the vicinity of the cells
(Figure 6B) [159].

A well-known example is the ability of ECM to maintain and modulate chemokine
gradients, which guide immune cells migration. These gradients can result from the
interaction of chemokines with proteoglycans and GAGs. For example, the binding of
CCL21 to heparan sulfate (HS) GAGs is necessary for gradient formation and subsequent
directional migration of DCs [81,177]. Additionally, several other chemokines have been
identified as displaying high affinities for GAGs, such as CXCL4, CXCL11, CXCL12γ, CCL5,
all being important modulators of anti-tumor immunity [178].

In addition to binding to proteoglycans and GAGs, cytokines and chemokines also
interact with ECM glycoproteins, which modulate their biological activities. For example,
it has been shown in vitro that fibronectin-bound TNFα can arrest the migration of T cells
along chemotactic gradients, acting as an anchoring signal [179]. In contrast to GAGs,
fibronectin contains multiple integrin-binding sites, some located close to cytokine/growth
factor-binding sites. Interestingly, this proximity of integrin- and growth factor-binding
sites allows for synergistic signaling between the integrins and growth factors receptors,
resulting in enhanced cellular responses [159,180]. While not being much explored in
CRC, immune cell activities could likewise be modulated by differential signaling between
ECM-bound and soluble cytokines or growth factors.

Another interesting example highlighting the ECM role in cytokine delivery is the
molecular release mechanism of TGF-β [181]. TGF-β is secreted and stored in the ECM in a
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molecular “trap” called the Large Latent Complex (LLC), comprising a latency-associated
peptide (LAP) and the latent TGF-β binding protein (LTBP). LTBP is an ECM glycoprotein
incorporated in the matrix. The molecular trap remains closed until cell-surface integrins
(e.g., αVβ6) bind to the LAP and exert a mechanical tension, which opens the trap and
releases bioactive TGF-β. Upon release, TGF-β is rapidly captured by its receptors at the
cell surface, preventing signaling on distant cells [182–184]. Interestingly, the stiffness of the
ECM directly affects the mechanical force exerted by integrins on the LAP, such that stiff
ECM permits TGF-β release, while soft ECM deforms without opening the trap. Therefore,
ECM stiffening associated with CRC could substantially modulate the bioavailability of
TGF-β to immune cells in the TME.

Finally, some cytokines or growth factors are released from the ECM upon proteolytic
processing. For example, VEGF-C is secreted with a C-terminal propeptide that allows
sequestration in the ECM [185]. To get fully active, VEGF-C propeptide has to be cleaved by
proteases, notably by ADAMTS3 and plasmin. The mature VEGF-C then lacks ECM affinity,
yet acquires high affinity for its receptor VEGF-R3. While in CRC, most studies focus on
the role of VEGF-C in promoting tumor metastases [186], VEGF-C has also been shown to
enhance immune cell trafficking and to increase macrophages and T cells recruitment in
melanoma tumors [187–189].

5.3. Direct ECM Signaling to Immunoreceptors

Finally, ECM components or fragments can also be biologically active and directly
signal to cell receptors. For example, osteopontin (OPN) is a matricellular protein which
expression is correlated with poor prognosis in CRC. Interestingly, OPN modulates tu-
mor immunosuppression by regulating myeloid cells and T cells, via the presence of a
CD44-binding site [190]. Notably, Klement et al. highlighted that OPN suppresses prolifer-
ation, activation and IFNγ secretion by cytotoxic T cells through the OPN-CD44 signaling
axis [191,192].

Additionally, ECM components can acquire signaling capability upon proteolysis, in
which case the bioactive ECM fragment is referred as a matrikine. For example, the cleavage
of cellular fibronectin by elastase-2 exposes its extra-domain A, which increases signaling
via the toll-like receptor (TLR)-4 on immune cells [193]. In CRC, matrikines have been
shown to have substantial effects on tumor inflammation. Particularly, Hope et al. have
shown that versican-derived matrikines enhance CD8+ T cells infiltration by promoting
DCs differentiation [194].

Lastly, some ECM components can directly activate the classical and alternative
immune complement pathway. Indeed, fibromodulin (FMOD), which has been shown
to be expressed in models of colon carcinoma [195], can activate the innate complement
response by direct binding of the globular head of the C1q complement molecule [196].
However, ECM-complement interactions are mainly being studied in contexts other than
cancer; therefore, their relevancy in tumor inflammation remains to be elucidated.

5.4. Indirect ECM-Mediated Immunomodulation via Anti-Microbial Activities

Lastly, an indirect immunomodulatory effect of the ECM is given by its anti-microbial
function. Indeed, many ECM components contains highly positively charged or hydropho-
bic peptides that are able to permeate bacteria membranes and kill them [197]. ECM-derived
anti-microbial peptides (AMPs) are often released upon ECM degradation during inflam-
mation. The sensitivity of bacteria to specific AMPs depends on the composition of the
bacteria cell wall. For example, E. faecalis, E. coli and P. aeruginosa are sensitive to the
AMPs released from laminin, fibronectin and vitronectin [197]. In cancer, AMPs are often
considered to be anti-tumor agents due to some direct cytotoxic actions on cancer cells or
by enhancing tumor inflammation. While their roles in cancer are just emerging [198], one
could hypothesize that AMPs affect the microbiome of colorectal tumors.
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5.5. The Emergent Role of the Cell Glycocalyx in Cancer Immunity

Every cell is heavily coated with glycoproteins, GAGs, and glycosylated lipids. This
cell coat is called glycocalyx and provides the cell with a pericellular ECM, which pri-
marily keeps their hydration and dissipates surface shear stress (Figure 6C). Moreover,
the components of the glycocalyx modulate mechanosignaling and the activity of soluble
signaling molecules, similarly to the interstitial ECM [199]. The role of the glycocalyx in
cancer remains emergent; however, multiple studies have shown that glycocalyces are
dysregulated in cancer cells, modifying integrins functions and cell-surface receptor expo-
sure [200–202]. Interestingly, the glycocalyx of cancer cells participates in immune evasion
by shielding tumor cells from proper immune detection [203]. In addition to cancer cells,
the glycocalyx of endothelial cells plays an important role in anti-tumor immunity. Indeed,
the degradation of the endothelial glycocalyx favors the recruitment of immune cells by
exposing selectins and integrins at the endothelium surface. This enables leukocytes to
adhere and extravasate [204]. However, the function of the endothelial glycocalyx has
been more explored during cancer cells extravasation and metastasis, rather than from the
perspective of leukocyte infiltration [205,206].

In conclusion, while the ECM has been long considered as a passive cell scaffold, its
multifaceted role in modulating inflammation in tumors has emerged. The ECM impor-
tantly regulates mechanosensing and biochemical signaling of immune cells in the TME.
It additionally displays or releases bioactive pro- or anti-inflammatory peptides, as well
as antimicrobial ones. Nevertheless, a lot remains to be understood about the crosstalk
between ECM and tumor inflammation in CRC and in the different CMS.

6. Microbiome-Mediated Tumor Immunomodulation

Last but not least, the microbiome has recently been recognized as one of the hall-
marks of cancer, due to its substantial effects on tumor development and immunity, and its
presence in a variety of cancer [207,208]. In CRC particularly, the increased permeability of
the gut barrier during cancer growth allows direct infiltration of the intestinal microbiota
into the tumor. While the gut microbiota is known to contain bacteria, fungus, viruses or
other microbes [209], current studies on the microbiome mainly focus on infiltrating bacte-
ria. In this section, we highlight some mechanisms by which the microbiome modulates
tumor inflammation, after briefly recalling the significance of the microbiome in the gut
homeostasis and in CRC.

6.1. Intestinal Microbiota and Gut Immune Homeostasis

The gut commensal microbiota plays a pivotal role in the maintenance of host metabolism
and in the defense against pathogen invasion. Importantly, the microbiome is essential for
the development of a healthy colonic immune functions, hinting at an intricate crosstalk
between the microbiota and local immune cell populations.

One vital function of a healthy microbiome is to establish and “train” a stable im-
mune system, as particularly highlighted by studies in germ-free mice. Indeed, microbial
depletion had detrimental effects on the development of both innate and adaptive im-
munity [210]. Germ-free mice are lacking vital mucosal immunity, are more susceptible
to infections, and show signs of severe immuno-deficiency. They are characterized by
dramatically reduced neutrophils counts, the lack of certain gut specific NK cells subsets,
the downregulation of CD4+ T cells in the lamina propria and a reduced cytotoxic activity
of intraepithelial CD8+ T cells and γδ T cells [211]. In addition to germ-free mice, manipula-
tion of the microbiome by the introduction of new bacterial strains or antibiotic treatments
have also been shown to disrupt gut immunity [212,213].

While the microbiome supports the development of gut immunity, many gut-localized
immune cells are remarkably programmed to induce basal immune tolerance to a variety
of microbes, thus allowing a symbiotic host-microbiota relationship [214]. Indeed, detec-
tion of homeostatic doses of microbial molecules by DCs and macrophages, for example,
respectively results in high secretion of immunosuppressive IL-10 and in absence of pro-
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inflammatory cytokine production despite TLR stimulation [215]. This state of constant
low level microbial stimulation of immune cells without pro-inflammatory responses is
commonly referred as inflammation anergy. Additionally, the bacterial composition of the
microbiome has been shown to regulate the polarization of CD4+ T cells into particular Th
subsets. Notably, Clostridia and Bacterioides fragilis have been associated with the induction
of colonic Tregs and the suppression of Th17 responses [216,217]. This regulation of CD4+ T
cell polarization by the microbiome composition is essential in allowing rapid and effective
pro-inflammatory responses in the case of pathological drift.

6.2. Pro- and Anti-Tumorigenic Microbial Inflammation

Persistent microbiome-associated inflammation is able to favor the onset of CRC,
which has been highly correlated with the presence of specific microbial species in the gut.
In addition, primary CRC tumors have been shown to be infiltrated with different bacteria
strains, including the bacteroides B. fragilis and B. dorei, the fusobacterium F. nucleatum, the
bacterium Lachnospiraceae [218], among others, generating diverse immunogenic effects in
the TME. For example, the infiltration of F. nucleatum into colonic tumor lesions has been
shown to support pro-tumorigenic inflammation via the recruitment of MDSCs and the
modulation of T cell activity and NK cell cytotoxicity [219–222]. In addition, F. nucleatum
activates the invariant TCR of mucosal-associated invariant T (MAIT) cells, present in
CRC tumors, leading to an upregulation of PD-1 and CD39 expression and subsequent
exhaustion [223].

In contrast, other bacterial species generate an anti-tumorigenic inflammatory envi-
ronment. For instance, in patient biopsies, Cremonesi et al. showed that the presence of
Lachnospiraceae and Ruminococcaceaca is correlated with increased T cell infiltration in the
tumor, which associates with a more favorable patient prognosis [224]. In addition, the
presence of B. fragilis in the ileum has been shown to promote accumulation and activation
of follicular T helper cells (TFH) in CRC patients, leading to immunogenic cell death of
IECs and higher efficacy of chemotherapy [225]. Together, these findings indicate that the
microbiome composition in the gut and in the tumor have determinant roles on the type of
tumor inflammation and subsequent growth.

6.3. Microbial Modulation of Tumor Inflammation
6.3.1. PRR Activation

Microbial-associated molecular patterns (MAMPs), including the PAMPs, are pri-
marily detected by PRR on myeloid cells to initiate inflammatory responses. PRRs are a
superfamily of immunomodulatory receptors, which include the TLRs, the NOD-like recep-
tors (NLRs), the C-type lectin receptors (CLRs) and the RIG-like receptors (RLRs), among
others, together detecting a large variety of microbial-derived compounds (Figure 7A).
For example, the FomA porins present on the membrane of the fusobacteria F. nucleatum,
overrepresented in colorectal tumors [218], are detected by the TLR-2 and its co-receptor
CD14 [226]. In addition, the high presence of lipopolysaccharides (LPS) on F. nucleatum
stimulates TLR-4. Stimulation of TLR-2 and TLR-4 redundantly induces the secretion of
the pro-inflammatory cytokines IL-6 and TNF-α from macrophages via the activation of
NF-κB pathway [227]. In addition, TLR-5 detects bacteria flagellin and TLR-9 is activated
by unmethylated Cytosine-phosphor-Guanine (CpG) motifs in bacterial DNA. On the
other hand, activation of PRRs can rather result in immunosuppression. For instance,
stimulation of NOD-1, which recognizes bacterial peptidoglycans-derived peptides, pro-
motes immunosuppressive functions of MDSCs and macrophages as well as inhibits T
cell responses, overall supporting tumor progression [228]. Other receptors such as lectins
(e.g., Siglec-7) are also involved in bacterial glycans recognition and immunomodulation
by myeloid cells [229]. In addition, detection of intratumoral bacteria by immune cells can
trigger bacterial antigen presentation on MHC, bacterial phagocytosis, and secretion of
anti-microbial compounds, among others classical anti-bacterial immune mechanisms. In
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the TME, the microbiome-associated immune response and tumor-induced inflammation
likely take place jointly, one potentially affecting the other.
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On the other hand, bacteria are also capable of detecting host molecules. Indeed,
Abed et al. have demonstrated that fusobacteria homing into colorectal tumors is medi-
ated by the recognition of Gal-Gal/NAC polysaccharides on tumor cells by the bacterial
lectin Fap2 [219]. Therefore, bacteria not only interact with immune cells, but also with
tumor cells.

6.3.2. Microbial EVs

Similar to eukaryotic cells, microbes can shed portions of their membrane via EVs.
Since many immunogenic microbial molecules are localized at their surface, EVs can be
detected by PRRs to modulate immune cell responses. Indeed, the TLR-2 ligand FomA
porin was detected on F. nucleatum-derived EVs and stimulates IECs to activate NFκB
pathway, triggering the secretion of cytokines such as IL-8 (Figure 7B) [230].

6.3.3. Short-Chain Fatty Acids (SCFAs)

One central metabolic role of the intestinal microbiome is the breakdown of indigestible
polysaccharides, like dietary fibers and resistant starch, into SCFAs during bacterial fer-
mentation. The main SCFAs are acetate, propionate, and butyrate. SCFAs have direct
effects on CRC cells and on immune cells, respectively affecting tumor growth and in-
flammation. Indeed, they reduce proliferation of CRC cells and induce cell cycle arrest,
cancer cell senescence and apoptosis, generally resulting in anti-tumor effects [231,232].
In parallel, SCFAs suppress pro-inflammatory cytokines production and rather induce
secretion of anti-inflammatory cytokines (e.g., IL-10) by immune cells, thereby supporting
the development of Treg and an immunosuppressive milieu in the gut (Figure 7C) [233,234].
Nevertheless, it has recently been shown that gut microbial-secreted butyrate improves
anti-tumor efficacy of CD8+ T cells during chemotherapy, potentially highlighting a more
complex immunomodulatory role of butyrate [235].
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6.3.4. Microbial Toxins

In addition, bacteria from the gut microbiome also produce toxins capable of inducing
DNA damages in cells (referred as genotoxins) and of modulating immune responses
(Figure 7D) [236]. For example, the B. fragilis toxin (BFT) and the E. coli-derived colibactin
genotoxin have been associated with CRC onset and progression [237,238]. In addition,
BFT has been shown to activate STAT3 pathway in IECs, inducing secretion of IL-17 and
eliciting Th17-biased T cell responses in the gut [239]. Nevertheless, although these bacterial
toxins are present in colorectal tumors [240], their effects on tumor inflammation remain
poorly understood.

6.3.5. Bacterial Adhesins

Lastly, adhesion molecules present on bacterial membranes can directly modulate
the release of cytokines in the microenvironment by binding to cell-surface receptors.
For example, FadA present on F. nucleatum promotes inflammation by interacting with
E-cadherins on CRC cells, leading to the activation of β-catenin signaling and subsequent
upregulation of pro-inflammatory IL-6 and TNF-α (Figure 7E) [241]. Similarly, some E.coli
strains produce an afimbrial adhesin AFA-I to attach to IECs, and have been associated
with CRC [242].

In conclusion, the gut microbiome is highly involved in the modulation of tumor
inflammation during both CRC initiation and development. Importantly, modulating
the composition of the gut microbiome via dietary conditions might represent a strong
opportunity to prevent the development of CRC. In addition to the gut microbiome, the
intratumoral microbiome can also regulate tumor inflammation by interacting with immune
and other cells in the TME via a large diversity of bacterial ligands. Together, these
interactions can result in pro- or anti-inflammatory mechanisms with positive or negative
outcomes on tumor progression.

7. Conclusions: The Integrated Immunomodulatory Microenvironment of Colorectal
Tumors and Therapeutic Perspectives

The goal of this review is to highlight key immunomodulatory molecular interactions
taking place in tumors, with a particular focus on CRC. However, the significance of these
interactions highly depends on the composition of the TME; for example, the microbiome is
more represented in some tumor types, and some of the immune-tumor interactions might
be inexistent in immune-excluded tumors.

In the TME, all immunomodulatory interactions are integrated; they occur in the same
spatio-temporal frame, with one interaction dynamically influencing the other. Indeed,
immune cells, tumor cells, stromal cells, soluble factors, the ECM and the microbiome
interact together to shape tumor inflammation. In this complex interactive environment,
cell behavior is dictated by the integration of all the signals received by a cell, and the net
result of all cells’ behavior determines the tumor fate.

Taking advantage of tumor inflammation is widely explored as a strategy for the devel-
opment of potent therapeutic. For example, ICI re-activates anti-cancer immune responses
by relieving immune cells exhaustion, and BiTE activates immune cells by connecting
them to tumor cells via molecular bridging. In theory, almost every immunomodulatory
interaction could be targeted for the development of cancer immunotherapeutic, either
inhibiting or activating it to modulate tumor inflammation. Nevertheless, predicting the
efficacy of an immunotherapeutic drug according to the tumor composition and the disease
stage remains an important challenge to overcome. Particularly, it would be important to
define the responsiveness of CRC patients in function of their CMS-specific tumor types
or oncogenic driving tumor mutations. In that perspective, systematic screening of tumor
characteristics and improvement of diagnostic tools constitute essential advances.

On the other hand, it is likely that multiple immunomodulatory mechanisms would
need to be targeted simultaneously or sequentially to prevent tumor immune escape. In-
deed, combining immunotherapies with other cancer treatments that have been shown to
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modulate tumor inflammation (e.g., chemotherapy, targeted therapy, or other immunother-
apy) provides an important option to potentiate treatments’ efficacy.

Currently, there are tremendous efforts focusing on the discovery, development, or
improvement of immunomodulatory cancer drugs, as well as on predicting patient’s respon-
siveness, together providing high hopes for the treatment of mCRC in the coming years.
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