cells

Review

The Cytokine Network in Colorectal Cancer: Implications for
New Treatment Strategies

Heidi Braumiiller 1*, Bernhard Mauerer !, Johanna Andris !, Christopher Berlin !, Thomas Wieder 2

and Rebecca Kesselring !

check for
updates

Citation: Braumdiller, H.; Mauerer, B.;
Andris, J.; Berlin, C.; Wieder, T.;
Kesselring, R. The Cytokine Network
in Colorectal Cancer: Implications for
New Treatment Strategies. Cells 2023,
12,138. https:/ /doi.org/10.3390/
cells12010138

Academic Editors: Graziana

Digiacomo and Andrea Cavazzoni

Received: 21 November 2022
Revised: 13 December 2022

Accepted: 20 December 2022
Published: 29 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of General and Visceral Surgery, Medical Center, Faculty of Medicine, University of Freiburg,
79106 Freiburg, Germany

Department of Vegetative and Clinical Physiology, Institute of Physiology, Eberhard Karls University
Tiibingen, 72074 Tiibingen, Germany

Correspondence: heidi.braumueller@uniklinik-freiburg.de

Abstract: Colorectal cancer (CRC) is one of the most frequent tumor entities worldwide with only
limited therapeutic options. CRC is not only a genetic disease with several mutations in specific
oncogenes and/or tumor suppressor genes such as APC, KRAS, PIC3CA, BRAF, SMAD4 or TP53
but also a multifactorial disease including environmental factors. Cancer cells communicate with
their environment mostly via soluble factors such as cytokines, chemokines or growth factors to
generate a favorable tumor microenvironment (TME). The TME, a heterogeneous population of
differentiated and progenitor cells, plays a critical role in regulating tumor development, growth,
invasion, metastasis and therapy resistance. In this context, cytokines from cancer cells and cells of
the TME influence each other, eliciting an inflammatory milieu that can either enhance or suppress
tumor growth and metastasis. Additionally, several lines of evidence exist that the composition of
the microbiota regulates inflammatory processes, controlled by cytokine secretion, that play a role in
carcinogenesis and tumor progression. In this review, we discuss the cytokine networks between
cancer cells and the TME and microbiome in colorectal cancer and the related treatment strategies,
with the goal to discuss cytokine-mediated strategies that could overcome the common therapeutic
resistance of CRC tumors.

Keywords: interferon; interleukin; tumor necrosis factor; tumor microenvironment; tumor progression;

tumor surveillance; consensus molecular subtypes

1. Introduction
1.1. Classical Classification of CRC

In 2020, CRC was the third most common cancer entity and the second most deadly
cancer worldwide [1]. CRC accounted for approximately 10% of all cancers and 9.4% of
all cancer deaths [1]. The main risk factors are environmental factors such as western diet,
western lifestyle or physical inactivity, leading to the highest estimated number of new
cases in China and the United States. Due to the risk factors and increasing number of CRC
cases, the incidence to develop CRC in younger years is rising [2,3].

CRCs are a very heterogeneous group of diseases with several mutations and epige-
netic aberrations. Approximately 5% of all CRC cases are inherited, caused by mutations
in some CRC-typical genes [4]. The most frequent syndromes for hereditary CRC are the
Lynch syndrome (hereditary nonpolyposis colorectal cancer) and familial adenomatous
polyposis [5,6]. Approximately 20 % of all CRC cases are familial with a positive family
history but without the classical inherited mutations that classify the inherited cancer
variants [7].

Approximately 75% of all CRCs are sporadic with specific mutations along the way
from adenomas to carcinomas [8].
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The genomic instability pathway is one component of this transforming progress.
Chromosomal instability (CIN) is characterized by the frequency of loss of heterozygosity
(LOH) and aneuploidy and accounts for 70% of all sporadic CRCs. In addition to this
chromosomal rearrangement, mutations in several genes or loss of genes occur. The first
mutation occurs in a tumor suppressor gene, the adenomatous polyposis coli (APC) gene.
The APC protein is part of the WNT pathway, regulating differentiation, adhesion, apop-
tosis, migration and chromosomal segregation [9]. The APC mutation is followed by the
activating mutation of the oncogenes Kirsten rat sarcoma virus oncogene (KRAS) [10], the
proto-oncogene B-Raf and v-Raf murine sarcoma viral oncogene homolog B (BRAF) [11] and
the phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA) [12],
all leading to a constant activation of the mitogen-activated protein (MAP) kinase pathway
and the phosphatidylinositol 3-kinase (PI3K) pathway. Both signaling pathways increase
cell survival and proliferation in CRC [13,14]. Next, chromosome 18q21 is often deleted
with the tumor suppressor genes SMAD2, SMAD4 and deleted in colorectal carcinoma
(DCC). Both SMAD genes are members of the transforming growth factor-beta (TGF-f)-
signaling pathway, facilitating the TGF-B-induced cell cycle arrest [15]. DCC encodes for
a transmembrane receptor for netrin-1 acting as a tumor suppressor gene [16]. Finally, a
mutation in the tumor suppressor gene TP53 occurs, encoding for the tumor suppressor p53,
whose inactivation is a late event in the CRC carcinogenesis process [17]. A non-functional
P53 protein promotes cell proliferation, migration and invasion [18].

The second molecular pathway of colorectal cancer is the microsatellite instability
(MSI) pathway. Microsatellites are short DNA tandem repeats (two to five base-pair repeats)
spread across the whole genome. MSI is caused by dysfunction of the DNA mismatch
repair (MMR) during DNA replication. The MMR complex identifies base-pair mismatches
or insertion-deletion loops that are caused by DNA damage or inaccurate DNA polymerase
transcription and repairs them. MSI is the result of the MMR inability to repair the errors.
The MMR complex consists of at least seven proteins and the corresponding genes. Five of
the genes are known to be mutated in MSI CRC: MutL Homolog 1 (MLH1), MLH2, MutS
Homolog 6 (MSHS6), Protein Homolog 1 (PMS1) and PMS2 [19,20]. Microsatellite instability
accounts for approximately 15 % of all sporadic CRCs.

The third molecular pathway of colorectal cancer is the CpG island methylator pheno-
type (CIMP). CIMP is an epigenetic instability leading to hypermethylation in the promotor
region of several genes. Genes with hypermethylated promotors are silenced and several
tumor suppressor genes, such as MLH1 or APC, mutated in colorectal cancer (MCC), and
others are not transcribed any more [21]. In CRC and several other tumors, epigenetics
and genetics cooperate and play an important role in tumor progression [22]. Figure 1
summarizes the sequence from healthy tissue to carcinoma in situ.

As there is great heterogeneity within each molecular pathway and sporadic CRCs
show features of multiple pathways, the classification with only the CIN, MSI and CIMP
phenotypes had to be extended:

(I)  The conventional pathway that harbors CRCs that are CIMP~, CIN*** and MSS/MSI'°%,
(I) The serrated pathway that contains two groups.

e  Cancer cells that are MSS with a mutated KRAS and a low CIMP phenotype.

e  MSS cancers with BRAF mutations and a high CIMP phenotype.
(III) The MSI pathway, consisting of two groups.

e  MSI, CIMP-high tumors with frequent BRAF mutations and MLH1 methylation.
MSI, CIMP-negative tumors with KRAS mutations and no BRAF mutations.
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Figure 1. Adenoma-carcinoma sequence from healthy epithelium to carcinoma in situ. Carcinogenesis
progresses through the accumulation of several mutations in oncogenes such as BRAF, KRAS or
HRAS and tumor suppressor genes such as APC, SMAD2 or TP53.

1.2. The Consensus Molecular Subtype Classification

Although the classical classification provides good information about the specific
morphology and molecular alterations, it does not provide prognostic or clinical infor-
mation. Tumor progression and therapeutic options depend not only on the genetic and
epigenetic phenotype of the cancer cells but also on the complex tumor microenvironment.
To stratify the treatment strategy and integrate molecular and histologic features of CRCs,
an international consortium analyzed a large cohort of primary CRCs and established a new
molecular classification [23]. In 2015, the consortium classified CRC into four consensus
molecular subtypes (CMS) based on the bulk transcriptomic sequencing (Figure 2).

() CMSI1 is the so-called MSI-like subtype, characterized by MSI and a hypermutated
profile with mutations in the MLH1 and BRAF genes. CMS1 patients have a diffuse
immune infiltrate of T helper 1 (Ty1) cells, natural killer (NK) cells and cytotoxic T
lymphocytes (CTL). This subtype shows also a CIMP phenotype. Approximately 14%
of CRCs belong to the CMS1 subtype.

(I) CMS2 is the so-called canonical subtype and includes CRCs with higher CIN and a
high level of somatic copy number alterations. CMS2 CRCs show an upregulated
WNT and MYC pathway and no dendritic cell (DC) recruitment. The CMS2 subtype
is only poorly immunogenic with no immune infiltrate and no immune regulatory
cytokines. Approximately 37% of CRCs belong to CMS2.

(II) The CMS3 subtype is the metabolic subtype, characterized by the dysregulation of
the glucose pentose, nitrogen, fatty acid and several other metabolic pathways. CMS3
shows CIN and CIMP!®V status. The level of KRAS mutations is higher compared
with other CMS phenotypes. CMS3 is, similar to CMS2, only poorly immunogenic
with no immune infiltrate and no immune regulatory cytokines. Approximately 13%
belong to the CMS3 subtype.

(IV) CMS4 is the mesenchymal phenotype with high CIN and a strong expression of the
epithelial-mesenchymal transition (EMT). CMS4 tumors show TGEF-p signaling and a
high C-X-C Chemokine Ligand 12 (CXCL-12) expression. The CMS4 phenotype shows
high levels of infiltrating CTLs, macrophages and stromal cells [24]. Approximately
23% of CRC tumors fall into CMS4. Although CMS4 patients show high levels of
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leukocyte infiltration, patients with CMS4 tumors have the worst prognosis of the
four subtypes [23].
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Figure 2. Consensus molecular subtypes of CRC. CMS1, the MSI immune subtype, is characterized
by infiltration of lymphocytes and the formation of tertiary lymphoid structures. CMS2, the canonical
subtype, is characterized by absent immune infiltration. CMS3, the metabolic subtype, is characterized
by immune cell exclusion. CMS4, the mesenchymal subtype, is characterized by the infiltration and
activation of mesenchymal cells such as fibroblasts.

The CMS classification with striking differences in overall survival and treatment
opportunities between the subtypes made clear that CRC is not only a genetic and epigenetic
disease but also that the microenvironment plays a major role in cancer initiation, cancer
progression and invasion. CRCs are comprised of cancer cells and non-malignant cells
including tumor-infiltrating lymphocytes, cancer-associated fibroblasts (CAFs), cancer-
associated macrophages, endothelial cells and the extracellular matrix. In colorectal cancer,
tumor progression and invasion depend on infiltrating T cells and interferon-y (IFN-y)
signatures [25]. In CRC, the presence of specific tumor-infiltrating lymphocytes (TIL) is
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associated with a better prognosis, whereas the presence of other TILs is associated with
a poor prognosis [25]. For example, in colorectal cancer, the infiltration of Ty1 cells and
an IFN-v signature is associated with a good prognosis, whereas Ty17 lymphocytes are
associated with a poor prognosis [26]. Tiy17 cells secrete large amounts of interleukin-17
(IL-17), and this cytokine is also the most important cytokine in chronic inflammation,
linking CRC to inflammation. As the TME depends on the inflammatory processes that are
influenced by the molecular phenotype and the stage of the CRC, the TME is very dynamic
and can change dramatically from anti-tumor features to pro-tumor features and vice
versa [27]. Tumor-promoting or tumor-destructive features are mediated by inflammatory
soluble factors, mainly cytokines and chemokines [28,29]. Long-term inflammation can
lead to cancer, as seen in colitis-associated cancer (CAC) [29]. Although CAC is preceded
by the long-term inflammation of the bowel (inflammatory bowel disease, IBD), this
colorectal cancer shows a similar number of somatic mutations as sporadic CRC [30].
This contradicts the assumption that chronic inflammation increases the number of CRC-
inducing mutations. Although the quantity of mutations are more or less the same in colitis-
associated and sporadic colon cancers, CAC and sporadic CRC harbor different mutations
in important tumor-associated genes such as suppressor of cytokine signaling 1 (SOCS1),
p53 or genes of the Wnt signaling pathway [31]. However, not only qualitative differences
in the mutational landscape of CAC and sporadic CRC exist, CAC show cytokine-driven
epigenetic differences in genes of the Wnt pathway leading to the hyperactivation of
Wnt signaling [30]. Therefore, it is conceivable that the effects of chronic inflammation
together with qualitative mutations in tumor-suppressor genes or oncogenes lead to colitis-
associated cancer and not the quantity of the mutations.

We want to mention that a recent study analyzing single cell transcriptomes from
63 patients with a focus on epithelial cells and fibrosis identified two epithelial tumor states
and refined the CMS classification. The two distinct epithelial subtypes corresponding to
the CMS classification were intrinsic (i) CMS2 and iCMS3. Most CMS2 and CMS3 tumors
contained iCMS2 and iCMS3 epithelial cells. MSI-H and CMS1 cancers were classified
iCMS3. MSS tumors with iCMS3 epithelium (iICMS3_MSS) had features that were more
similar to MSI-H than to iCMS2_MSS cancers. The fibrotic CMS4 group comprised two
epithelial subtypes. Five functional subtypes of CRC were defined, based on epithelial
type, microsatellite status and presence of fibrosis [32]. This new refined classification lays
the focus on epithelial cells and fibrosis. However, cells of the TME and not epithelial cells
are the main producers of cytokines. Thus, the TME influence is better described by the
“established” CMS classification outlined in Figure 2.

Here, we discuss how cytokines can influence all cells of the colorectal tumor eliciting
an inflammatory milieu that can either promote cancer growth or diminish CRC growth.
We show how the kind of inflammation with different TME compositions and different
cytokines influences tumor progression, invasion and therapeutic opportunities and discuss
new treatment strategies.

1.3. Interleukins, Interferons and Other Cytokines in CRC

Interleukins (ILs) are small proteins that can be divided in several families with more
than 40 subfamily members. In the tumor, inflammatory interleukins from the same
family can either activate immune responses or suppress immune responses against the
tumor. In CRC most cytokines mediate a more pro-tumorigenic effect. For example,
IL-6, a pro-inflammatory cytokine secreted by, e.g., monocytes and macrophages, inhibits
apoptosis and the release of reactive oxygen species (ROS). Under homeostatic conditions,
this cytokine, together with IL-10, IL-11 and IL-23, functions as an alarmin to resolve
inflammation [33]. Other alarm cytokines such as IL-1a and IL-18 initiate and intensify local
inflammation in response to DAMPs and PAMPs by pathogen-recognition receptors [34].
IL-1¢ and IL-18 are significantly increased in CRC while another cytokine of the II-1
family, IL-18, is decreased in CRC patients, suggesting a prominent anti-tumorigenic role in
colorectal cancer [34]. The IL-2 family consists of several cytokines with tumor-promoting
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and tumor-suppressive effects. IL-2, IL-9 and IL-15 show tumor-suppressive effects in
CRC, while IL-4 and IL-7 exert pro-tumorigenic effects [35]. The IL-10 family consists of
six cytokines with IL-10, IL-19, IL-20, IL-22 and IL-26 described as tumor promoting. Only
one cytokine of this family, IL-24, was described as tumor preventing [33]. In contrast,
IL-12 induces the activation of Ti1 cells in the TME of CRC and the subsequent activation
of NK cells [36]. The inflammatory cytokine TNF plays a major role in CRC and is one
of the earliest and most important pro-inflammatory cytokines that activates other pro-
inflammatory cytokines via the NF-«B signaling pathway. TNF, together with IL-6, IL-8, and
IL-17A, increases the Wnt/ B-catenin signaling and promotes intestinal tumorigenesis [37].
The transforming growth factor beta (TGF-p) is a pro-inflammatory cytokine that plays
a substantial role in tumor initiation and progression in CRC [36]. Tumors of the CMS4
subtype are characterized by high TGF-f levels expressed mainly by fibroblasts in the
CMS4 tumor microenvironment [38].

Interferons (IFNs) are divided into three subtypes: (1) type I IFNs with IFN-«, IFN-§,
IEN-¢, IEN-x and IFN-w, (2) type II with IFN-y and (3) type III with IFN-A. All type
I IFNs signal through the IFN-a/ receptor (IFNAR) and are induced by DAMPs and
PAMPs [39]. Type I IENs are crucial for antigen-presenting cells to prime efficient T cell
responses as they promote the differentiation of Trj1 cells and enhance the killing capacity
of NK cells (for a detailed review see [39]). IFN-7 is the only member of the type II
subtype. Due to epigenetic, transcriptional, post-transcriptional and post-translational
regulation, only immune cells and effector T cells produce IFN-vy [40]. In the TME, the
classical producers of IFN-7y are Ty1 cells, CTLs and NK cells. Although only a few cells
in the TME produce IFN-7, all nucleated cells constitutively express the IFN-v receptor.
This pleiotropic expression of the receptor leads to numerous effects depending on the
composition of the TME. However, the infiltration of cells that produce high levels of IFN-y
in the TME of CRC is associated with longer disease-free survival and overall survival [41].
Colorectal tumors that fall into the immune infiltrated and activated CMS1 phenotype
express high levels of IFN-vy [24], correlating to a good prognosis in CRC, although the
infiltrating T cells show high expression of PD-1 and CTLA-4 [38]. In contrast to CMS1
tumors, CMS54 tumors lack the expression of IFN-vy and the infiltration of T and B cells. The
last IFN, IFN-A, has not been described in the context of CRC yet.

1.4. Chemokines in CRC

The group of chemokines consists of 50 chemoattractant chemokines divided into
different subfamilies. Chemokines, therefore, constitute the largest subgroup of cytokines.
Chemokines recruit tumor-infiltrating cells into the tumor and are, thus, key mediators
of inflammation in cancers. Owing to their multidirectional and pleiotropic regulatory
networks, there is no chemokine that gives the same prognosis in all types of cancers. For
example, the increased expression of the chemokine CCL-2 leads to a bad prognosis in CRC,
whereas the overexpression of the same chemokine leads to a good prognosis in breast
cancer [42]. Chemokine receptors are pleiotropic, which means that a special chemokine
receptor can bind multiple ligands. Conversely, several chemokines can bind to more
than one receptor. For example, the chemokine receptor CXCR2 can bind the chemokines
CXCL-1, CXCL-2, CXCL-3, CXCL-5, CXCL-7 and in humans also the chemokines CXCL-6
and CXCL-8 [43]. The chemokine CCL-2 can bind to CCR2 and CCR5. In CRC, the
infiltration of CD8" CTLs is associated with a longer disease-free survival [44]. CD8*
CTLs express the chemokine receptor CXCR3 and, therefore, are recruited by CXCL-9,
CXCL-10 and CXCL-11. Transcriptional studies have linked the chemokines CXCL-1,
CXCL-9, CXCL-10, CCL-2, CCL-5 and CCL-11 with T cell infiltration in CRCs [45]. CMS1
tumors show a high expression level of the chemokines CXCL-9, CXCL-10 and CXCL-16, all
chemokines that are associated with T cell trafficking and activation [24]. The chemokines
CCL-2 and CCL-5 attract macrophages into the tumor and lead to tumor progression and
metastasis [46]. The mesenchymal consensus molecular phenotype 4 (CMS4) tumors are
characterized by high expression of CCL-2 and CXCL-12. Consequently, CMS4 tumors
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show a high density of macrophages, MDSCs and fibroblasts [38]. In this regard, the
secretion of the chemokine CCL-2 can not only attract macrophages but can also polarize
them into an pro-tumoral M2 phenotype [47]. As far as the most abundant cell type of
blood immune cells is concerned, the chemokines CXCL-1, CXCL-2, CXCL-3, CXCL-5,
CXCL-7 and CXCL-8 recruit neutrophils into colorectal tumors [46]. Coming back to T cells,
Tregs express high amounts of CCR4 and infiltrate the TME in response to CCL-22, secreted
by TAMs. On the other hand, myeloid derived suppressor cells are recruited by CCL-2,
CXCL-5, CXCL-8 and CXCL-12 into the TME, building a tumor-promoting and immune-
suppressive microenvironment. The chemokine CXCL-13 attracts B cells and T follicular
helper (Try) cells in secondary lymphoid structures and in tertiary lymphoid structures.
CMSI1 tumors show a high expression level of CXCL-13 and, therefore, high densities of
B cells and Tgy cells. Both cell types are associated with a good prognosis in CRC [38].
In contrast to CMS1, the CMS4 phenotype expresses very low levels of CXCL-13 and,
therefore, lacks secondary and tertiary lymphoid structures. CRC patients with a mutation
in the CXCL-13 gene have a shorter survival time [38]. However, the tumor-promoting
or tumor-preventing effect of a specific chemokine is not entirely clear, as chemokines
can also activate inhibitory pathways that are crucial in preventing tumor growth [48].
The chemokine receptor CXCR4 is most often expressed in more than 23 human cancers,
including CRC. CXCL-12 is the ligand for CXCR4. The CXCL-12/CXCR4 axis correlates
with tumor growth, invasion, angiogenesis and metastasis in CRC, making this chemokine
axis to one of the most promising targets for an inhibitory therapy [49].

2. Cytokine-Induced Inflammation
2.1. Cytokines in Gut Homeostasis and in Chronic Inflammation

Due to a variety of different functions such as nutrient absorbance, digestion, waste
excretion, barrier regulation and interactions with the microbiome, most of the intestinal
tract consists of only two cell types: intestinal epithelial cells (IECs) and immune cells.
IECs have a short life span of only 4-5 days and are constantly renewed by stem cells from
the bottom of the crypt. On the tip of the villus, cytokines such as tumor necrosis factor
(TNF) induce apoptosis and the cell sheds into the lumen [50,51]. The major cell type of
IECs are absorptive enterocytes, followed by anti-microbial peptide-producing Paneth cells
(in the small intestine only), mucus-producing goblet cells and other cell types. Immune
cells of the intestine are mostly harbored in gut-associated lymphoid tissues but are also
present in the lamina propria. Whereas immune cells in the lamina propria are cells of the
innate and adaptive immune system, immune cells in the epithelium are only T cells called
intraepithelial lymphocytes (IELs). The intestinal epithelium faces a great challenge; on the
one hand, it must permit nutrient absorbance, and on the other hand, the epithelium must
maintain an impermeable barrier to microorganisms and antigens. Cells communicate via
cytokines and chemokines and therefore both factors are critical for mucosal homeostasis.
To maintain homeostasis in the gut, cytokines from the IL-1 group, such as IL-1«, IL-18 and
IL-18, play an important role. IL-1« is constantly expressed in an inactive form by IECs,
whereas IL-15 expressed by mononuclear cells in the lamina propria is inducible. After
damage of the mucosal barrier, IL-1« is activated and acts as an alarmin [52]. Several studies
showed that IL-1a-deficient mice exhibited reduced severity of intestinal inflammation,
suggesting a pathogenic role in intestinal inflammation [53-55]. Unlike IL-1«, IL-18 plays a
more dichotomous role as it either promotes or disrupts the barrier integrity, depending
on the inflammatory mouse model [55-57]. IL-18 expression leads to an accumulation of
pathogenic IL-17A-secreting immune cells, mediating chronic inflammation [58]. Another
cytokine of the IL-1 family is IL-18. Similar to IL-1«, IL-18 is constitutively expressed as
an inactive precursor molecule by mononuclear cells, endothelial cells, keratinocytes and
epithelial cells [57]. In addition, similar to IL-1p, IL-18 was described to both enhance
and disrupt the epithelial barrier integrity [59]. Nonetheless, IL-18 expression seems
to be important for epithelial integrity during homeostasis as overexpression leads to
experimental colitis. Due to the short life span of IECs, several cytokines stimulate intestinal
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epithelial proliferation. Although the pro-inflammatory cytokines TNEF, IL-6 and IL-17
contribute to the pathology of tumor-elicited inflammation, these cytokines are crucial for
replacing epithelial cells by stimulating the proliferation [60-62]. Despite TNF, IL-6 and
IL-17, several other cytokines promote the proliferation of epithelial cells. IL-22 induces
the proliferation of stem cells [63] and is necessary for stem cell maintenance [64]. IL-36 is
an important cytokine in wound healing by increasing the proliferation of epithelial cells
adjacent to the wound [65]. The cytokines IL-13, IL-4 and IL-33 induce the differentiation
of tuft and goblet cells from progenitor cells [66,67].

Inflammation is a physiological response to injuries and begins with the secretion
of biomolecules from damaged tissues. After the infiltration of white blood cells, the
wound heals and the signaling cascade ends. In chronic inflammation, the signaling
cascade proceeds although there is no injury present any longer [68]. The correlation
between cancer and chronic inflammation was first observed by Rudolf Virchow more
than 150 years ago [69]. Chronic inflammation leads to epithelial-mesenchymal transition,
dedifferentiation, upregulated reactive oxygen species (ROS) and cytokine levels and
epigenetic changes in tumor and in stromal cells [70].

Chronic inflammation seems to boost tumor growth and enhance early tumorigenesis
in organs that have contact with microbial products or directly with microbiota [71]. As an
example, Helicobacter pylori infection is known to induce chronic inflammation that often
leads to gastric cancer [72,73]. In colorectal cancer, the bacterial strains Chlostridioides difficile
and its toxin TedB promote colonic carcinogenesis in a germ-free mouse model of colorectal
cancer [74]. The tumor promoting ability of some bacteria is mediated by inflammatory
cells of the tumor microenvironment and the cytokines these cells produce [75]. Long-term
reduction or prevention of chronic inflammation by aspirin or other nonsteroidal anti-
inflammatory drugs reduces CRC incidence and mortality [76], highlighting the importance
of inflammatory cytokines.

Inflammation starts with an insult caused by environmental factors such as obesity,
smoking, inhaled pollutants or infections with pathogenic bacteria or aberrant immune
reactions. In the colon, the epithelial barrier becomes leaky, and bacteria can invade into
deeper layers of the mucosa. This activates neutrophils to produce IL-1a and IL-18 [77].
At the same time, the inflammasome is activated and damage-associated molecular pat-
terns (DAMPs) and pathogen-associated molecular patterns (PAMPs) are recognized via
Toll-like receptors on monocytes, macrophages and lamina-propria DCs and enhance the
inflammation of the mucosa by the production of large amounts of the pro-inflammatory
cytokines IL-1p, IL-6, IL-18 and TNF [78]. These pro-inflammatory cytokines increase the
permeability of the vessels, leading to the accumulation of monocytes and lymphocytes
that produce several pro-inflammatory cytokines, such as IFN-v, TNF, IL-17A, but also im-
munoregulatory cytokines, such as IL-10, IL-12 and IL-23, that suppress adaptive immunity
and prevent over-stimulation of the immune system. Meanwhile, epithelial cells migrate
into the wound and begin to close it. The migration and re-differentiation of epithelial cells
is dependent on the cytokine TGF-B [79]. In addition to interleukins, several chemokines,
small secreted proteins that mediate immune cell trafficking, are produced in the inflam-
matory milieu. For example, monocytes are recruited by the chemokines CC-chemokine
ligand 2 (CCL-2) or CCL-5, T cells and NK cells by CCL-20, CXCL-9, CXCL-10 and CXCL-11
and immature DCs by the chemokine CCL-20 [43].

Inflammation and resolution of the inflammation are very complex processes involv-
ing several immune cell types, epithelial cells and numerous cytokines. If the inflammation
cannot be resolved and the mucosal barrier is unrepairable, cytokines that help tumor cells
to proliferate, such as IL-36, TNF, IL-6 or IL-17, or cytokines that reduce the activity of
tumor-eliminating immune cells, such as IFN-y or TNF, are already at the site of tumor
development. Although inflammation alone is not capable of beginning the malignant
transformation of the epithelial cells, the pro-inflammatory cytokines induce epigenetic
changes, and deoxyribonucleic acid (DNA) breaks via upregulated ROS levels, dedifferen-
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tiation of epithelial cells, infiltration of myeloid cells and migration via EMT [70]. Together,
these events lead to a pro-tumorigenic microenvironment.

2.2. Cytokines in Tumor-Elicited Inflammation

Cytokines are classified into pro-inflammatory cytokines and chemokines, anti-
inflammatory cytokines and chemokines and cytokines and chemokines with a mixed phe-
notype, depending on the target cell. Table 1 summarizes the cytokines and their receptors.

CRC:s arise from precursor polyps, mostly from the two most common polyps, pre-
cancerous conventional adenomas and sessile serrated polyps [80]. One hallmark of tumori-
genesis is the accumulation of mutations or epigenetic alterations. These mutations and
alterations lead to the activation of oncogenes or the inactivation of tumor suppressor genes.
However, this is not enough for malignant cell transformation, as some studies have shown
that phenotypically normal cells can carry several somatic mutations without developing
into cancer cells [81-84]. For the progression of normal cells into malignant cells with
uncontrolled infinitive proliferation capacity, cells of the microenvironment have to support
and promote tumorigenesis by pro-inflammatory cytokines. As mentioned in the previous
paragraph, inflammatory cytokines support successful tumor development, transformation
and progression of mutated cells. In addition, as also mentioned in the previous paragraph,
most pro-inflammatory cytokines are necessary for gut homeostasis and wound healing.
Examples for these dichotomous functions are IL-1a and IL-18. As alarmins that sense
DAMPs and PAMPs, IL-1a and IL-f activate a cascade of cytokines. This cascade plays a
major role in the activation and orchestration of innate and adaptive immunity. Many of
the intrinsic (oncogene-driven) and the extrinsic (TME-driven) tumor-promoting effects
are mediated by IL-1 [85]. IL-1 mediates cell proliferation, differentiation and apoptosis;
stimulates the expression of TNEF, IL-6, IL-8, and IL-17A; and increases Wnt/ S-catenin sig-
naling, promoting intestinal tumorigenesis [37]. After a localized inflammatory process with
the secretion of IL-1 cytokines from, e.g., macrophages and neutrophils, CRC tumor cells
can create a positive feedback loop, promoting the expression of more pro-inflammatory
cytokines that stimulate cancer-cell proliferation and drug resistance [36]. The regulation
of cytokines is quite complex as cytokines are not only regulated by transcriptional and
post-transcriptional mechanisms but also by the availability of cytokine receptors, which are
also regulated transcriptionally and post-transcriptionally.
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Table 1. Cytokines in colorectal cancer.
Cytokines that Promote CRC
Cytokine Family Cytokine Receptor Functional effect in CRC Reference
IL-1 Family IL-1a Interle&ii?éﬁ?fﬁﬂ?g typel Promotes inflammatory carcinogenesis [86]
IL-18 IL-1R1-IL-1R3IL-1R2-IL-1R3 Promotes the proliferation of colon cancer cells, promotes inflammation-induced carcinogenesis [86,87]
IL-2 (common 7y-chain) Family IL-4 IL-4R Promotes Th2-type inflammation and Th9 polarization [88,89]
IL-6 Family IL-6 IL-6Ra-gp130 Promotes carcinogenesis via upregulation of proliferation, mitosis, migration and angiogenesis [90-92]
IL-11 IL-11Ra-gp130 Promotes inflammation-induced carcinogenesis, facilitates the proliferation of colon cancer cells [93-95]
IL-31 IL-31Rax-OSMRb Promotes Th2 cell polarization, evidently tumorigenic [96]
IL-8 Family -8 CXCR1, CXCR2 Promotes colon cancer cell proliferatior;,n ztts}a;;sl (r)llilgls*i)friiés, mediates a suppressive environment [97-100]
IL-10 Family IL-19 IL20Ra-IL20RB Evidently tumorigenic [101]
1L-20 IL-20Ra-IL-20RB Promotes carcinoma outgrowth, induces PD-1 [102]
IL-22 IL-22Ra-IL-10RB Promotes progression of carcinomas, stemness and proliferation [103-105]
IL-26 IL-20Ra-IL-10RB Promotes Ty17 polarization, only expressed in humans, not in mice [102]
IL-12 Family IL-23 IL-23R-IL-12RB Promotes pro-inflammatory cytokine secretion [106,107]
IL-35 II{I—JETQI‘Z? I_Eﬂl;;gﬁ Promotes Treg-mediated suppression of T cell responses and exhaustion of T cells [108]
IL-17 Family IL-17A IL-17RA-IL-17RC Promotes cell cycle progression of colon cancer cells and immunosuppression [109-111]
Other cytokines
IL-13 IL-13Ra-IL-4Ru Promotes Th2 cell polarization [112]
IL-16 CD4 Evidently pro-tumoral [113]
1L-34 CSFIR Promotes cancer progression and immune suppression and therapeutic resistance [114-116]
TNF TNFR1, TNFR2 promotes inflammation [117-119]
Chemokines CXCL-1 CXCR1, CXCR2 Recruitment of tumor-associated macrophages (TAM) and TANs [120,121]
CXC chemokines CXCL-2 CXCR2 Recruitment of TAMs and TANs [122]
CXCL-8 CXCR1, CXCR2 Recruitment of TANs, TAMs and cancer cells to the tumor site; promotion of angiogenesis and tumor [123-125]
stemness
CXCL-12 CXCR4, CXCR7 Recruitment of TAMs at the invasive front, upregulation of IL-10 [126,127]
CXCL-16 CXCR6 Induces the polarization of macrophages toward a pro-tumoral M2 phenotype [128]




Cells 2023, 12,138

11 of 35
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Recruitment of TAMs at the invasive front, recruitment of myeloid-derived suppressor cells (MDSC) into

CC chemokines CCL-2 CCR2 the tumor [129,130]
CCL-3 CCR1, CCR4 Recruitment of MDSC into the tumor, promotes proliferation of colon cancer cells [131]
CCL4 CCR1, CCR3 Recruitment of MDSC and TAMs into the tumor [132]
CCL-11 CCR8 Promotes tumor angiogenesis, inhibits apoptosis of endothelial cells [133]
CCL-16 CCR1, CCR2, CCR3, CCR5, CCRS8 Promotes tumor angiogenesis, inhibits apoptosis of endothelial cells [134]
CCL-17 CCR4 Recruitment of Tregs and Th2 lymphocytes [135]
CCL-20 CCR6 Recruitment of Tregs and Th2 lymphocytes [136,137]
Cytokines with a more CRC-suppressive phenotype
Cytokine Family Cytokine Receptor Functional effect in CRC Reference
IL-1 Family 1L-18 IL-5R5-IL-1R7 Activates lymphocytes to produce IFN-g, restricts Thy;17 differentiation [138,139]
IL-36 IL-1R6-IL1IR3 Conservation of tertiary lymphoid structures [34,140,141]
1L-37 IL-1R8-IL-1R5 Inhibits -catenin [141,142]
IL-2 (common ‘y-chain) Family IL-2 IL-2R T and NK cell activation factor [34,143]
IL-7 IL-7Ra Promotes the proliferation of T cells and NK cells [144,145]
IL-9 IL-9Ra Promotes the proliferation of CD8* T cells [146,147]
IL-15 IL-15-IL-15R« Promotes the proliferation and activation of NK cells and CD8" T cells [148-150]
1L-21 IL-21R Promotes the proliferation and activation of NK cells and CD8" T cells [151-153]
IL-10 Family IL-24 %:éggi:%:%gﬁ% Induces apoptosis and autophagy of cancer cells [154]
IL-12 Family IL-12 IL-12RB Promotes T cell survival and proliferation and the proliferation of NK cells, enhances cytotoxic function [155,156]
IL-17 Family IL-17F IL-17RA-IL-17RC Inhibition of tumor angiogenesis, enhancing immune cell recruitment [34,157]
Other cytokines
Interferon Family IFEN-y IFNGR Mediates anti-proliferative, anti-angiogenic and pro-apoptotic effects [44,158,159]
s AR IR Recruitment of CDS* lymphocytes [160]
Inhibits cancer cell proliferation, regulates immune cell differentiation [161,162]

TGF- TGF-B TGFBR1-TGFBR2
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Table 1. Cont.
Chemokines
CXC chemokines CXCL-9 CXCR3 Promotes the infiltration of NK cells, CD8" and CD4* T cells into the tumor, suppression of angiogenesis [163,164]
CXCL-10 CXCR3 Promotes the infiltration of NK cells, CD8" and CD4* T cells into the tumor, suppression of angiogenesis [160,163,165]
CXCL-11 CXCR3 Promotes the infiltration of NK cells, CD8" and CD4* T cells into the tumor, suppression of angiogenesis [166]
Cytokines with a mixed phenotype
Cytokine Family Cytokine Receptor Functional effect in CRC Reference
IL-1 Family L33 IL-1R4 Alters TME, promotes angiogenesis, enhances colon cancer stemness but induces anti-tumoral IFN-y [167-170]
responses
IL-2 (common 7-chain) Family IL-9 IL-9R Inhibits tumor growth by enhancing immune responses and promotes tumor growth by suppressing [112,171]
immune responses
IL-10 Family 1L-10 IL-10Ra-IL-10RB Promotes cytotoxicity but inhibits anti-tumor responses [172]
Chemokines
CXC chemokines CXCL-4 Suppresses the activity of CD8* T cells and inhibits tumor angiogenesis and endothelial cell proliferation [173]

CCL-5 CCR1, CCR3, CCR4, CCR5

Recruitment of MDSC and fibroblasts into the tumor but also CD8* T cells

[160,174,175]
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2.2.1. Cytokines in the Early Stages of CRC

Disruption of the epithelial barrier by bacterial infection, microbial metabolites, obesity
or epithelial damage results in the production and release of several pro-inflammatory
cytokines. However, even the alteration in gut microbiota (Figure 3) can promote tumorige-
nesis as the microbiome and the intestinal epithelial cells interact in a complex network to
maintain homeostasis [176]. The gut microbiome of a healthy individual is characterized
by a high species diversity of, e.g., Bacteroidetes, Firmicutes and Actinobacteria [177,178].
Colorectal cancer is associated with a dysbiosis of this diversity with an overrepresentation
of specific bacteria such as the anaerobic bacterium Fusobacterium nucleatum [179], Strep-
tococcus gallolyticus, Bacteroides fragilis, Escherichia coli or Enterococcus faecalis [180]. Gut
bacteria can influence tumor growth or inhibition of CRC proliferation through direct
cell interaction and through microbial-derived metabolites [181]. The most well studied
metabolites are the short-chain fatty acids (SCFAs). SCFA metabolism by epithelial cells
maintains the hypoxic environment of the colon that most bacteria require. In the absence
of SCFA, epithelial cells switch to anaerobic respiration, release oxygen and nitrates into the
colon lumen and fuel the expansion of pathogens such as Escherichia coli [182]. Escherichia
coli is a Gram-negative bacterium with a membrane that consists of lipopolysaccharides
(LPS). LPS bind to the Toll-like receptor (TLR) 4 on many immune and some epithelial
cells and induce the secretion of pro-inflammatory cytokines. TLRs are a family of pattern-
recognition receptors mostly expressed on the surface of cells of the innate immunity such
as granulocytes. SCFAs prevent tumorigenesis by inhibiting LPS-induced expression of
pro-inflammatory cytokines and induce colon adenoma and carcinoma cell apoptosis [183].
SCFAs decrease the two important CRC signaling pathways nuclear factor kappa-B (NF-xB)
and Wnt, facilitating anti-tumorigenic effects, and reduce pro-inflammatory cytokines such
as TNF, IL-6 or CCL-3 [181]. Some pathogenic bacteria are able to invade the epithelium
directly by increasing the intestinal permeability. This is achieved by binding to the tight
junction proteins such as E-cadherin, occludin or claudinl. Fusobacterium nucleatum can
bind to E-cadherin and invade the epithelial cell, thus, promoting colon cancer [184].

There are some more microbial modulators of tumor inflammation such as microbial
toxins that activate immune responses and inflammation. For example, the Bacteroides
fragilis toxin (BFT) and the colibactin from Eschericchia coli induce DNA damage in ep-
ithelial cells (referred as genotoxins) and, subsequently, a strong Ti17 response [185,186].
Conversely, bacterial adhesins such as FadA from Fusobacterium nucleatum or AFA-1 from
Eschericchia coli can bind E-Cadherins on the surface of epithelial cells and activate S-catenin
signaling and, subsequently, the release of IL-6 and TNF [187].

Disrupted intestinal barriers at the site of a small colorectal tumor induce the activation
of innate immune cells and the increased expression of pro-inflammatory cytokines. One of
the major cytokines that fuels CRC progression is TNE. TNF is one of the earliest and most
important pro-inflammatory cytokines that activates other pro-inflammatory cytokines via
the NF-«B signaling pathway. TNF has also contradictory effects in cancer progression
due to its two receptors. TNFR1 has a cytoplasmic death domain so that binding of TNF
to the TNFR1 can lead to apoptosis [188]. In CRC, the apoptosis-inducing properties of
TNF are less pronounced compared with the pro-inflammatory properties that induce the
production of several inflammatory cytokines, enhanced oncogene activation, tumor cell
invasion and migration and creation of a tumor-supportive TME [172].

Concomitant with or shortly after the secretion of TNEF, the cytokines IL-1 and IL-6 are
produced. As described in the former paragraphs, the alarmins IL-1a and IL-18 mediate
cell proliferation, differentiation and apoptosis, stimulate the expression of TNF, IL-6, IL-§,
and IL-17A, and increase the Wnt/ B-catenin signaling [37].
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Figure 3. Microbiota-induced pro-inflammatory cytokine milieu in colorectal cancer. The microbiome
of a healthy individual is characterized by a high species diversity (1). The microbiome in colorectal
cancer is characterized by dysbiosis with an overrepresentation of pathogenic bacteria and their
metabolites (2). Bacterial metabolites can induce hyperactivation of the WNT-S-catenin pathway
and secretion of TNF and IL-17 in epithelial cells (3). Bacteria interact with gut epithelial cells via
pattern recognition receptors such as TLRs. Activation of TLRs by PAMPs leads to expression of
pro-inflammatory cytokines such as IL-1B (4). Some pathogenic bacteria increase the intestinal per-
meability (5), leading to the translocation of bacteria (6) Bacterial metabolites of the invading bacteria
induce DNA damage and, thus, direct mutagenic effects (7). Myeloid cells sense bacterial products
via TLR and produce several pro-inflammatory cytokines, such as IL-6, TNF or IL-17, that further
promote tumor growth (8 and 9). Binding to TLR4 on tumor cells leads to ROS production, further
promoting the circulus vitiosus between dysbiosis, invasion, inflammation and tumor growth (10).

The cytokine IL-6 is involved not only in cancer inflammation but also in hematopoiesis,
bone metabolism and embryonic development [92]. The IL-6R is composed of the bind-
ing receptor chain IL-6Ra and the signal transducer chain glycoprotein 130 (gp130). As
IL-6 is a target of the transcription factor NF-xB, the activation of NF-xB by, e.g., TNF,
simultaneously with the activation of signal transducer and activator of transcription 3
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(STAT3) in non-immune cells such as epithelial cancer cells, triggers a positive feedback
loop by the IL-6-signal transducer and activator of transcription 3 (STAT3) axis [68]. The
resulting excessive activity of IL-6 leads to the overexpression of the proto-oncogene c-Myc,
multiple pro-inflammatory cytokines and, consequently, tumor growth, tumor progres-
sion and drug resistance. At the same time, IL-6 suppresses anti-tumorigenic immune
responses [189]. In the early stages of CRC, chemokines shape the composition of the
TME. The chemokine IL-8 attracts neutrophils and can be induced by TNFE. Ty17 cells
express elevated levels of the C-X-C chemokine receptor type 4 (CXCR4), the receptor of
CXCL-12 and CC chemokine receptor 6 (CCR6), the receptor of CCL-20. The chemokines
that attract monocytes are CCL-2 and CXCL-5 [43]. Thus, at the early phase of colorectal
cancer, cytokines change the balance as the TME develops to a more tumor promoting or
tumor suppressing immune microenvironment.

2.2.2. Cytokines in the Late Stages of CRC

As the tumor progresses, more immune cells enter the tumor, attracted by chemokines.
TNF and IL-1 synthesized by leukocytes renders endothelial cells into pro-inflammatory
endothelial cells that secrete a large amount of chemokines, such as IL-8 and CXCL-2, to
further enhance the infiltration of neutrophils. As neutrophils are the first responders
against extracellular pathogens, neutrophils were originally considered to be defensive
against colorectal cancer [190]. However, neutrophils in CRC can promote the growth of
cancer cells by regulating the innate and adaptive immune system and inducing angio-
genesis [191]. In the TME, neutrophils can differentiate into tumor-associated neutrophils
(TANs) with a N1 or N2 phenotype (see Figure 4 for an overview of cells and cytokines of
the TME). N1 TANSs have a more anti-tumorigenic phenotype, whereas N2 TANs have a
more tumor-promoting phenotype. TGF- polarizes toward a N2 phenotype that produces
several chemokines such as CCL-2, CCL-5 and CXCL-4 [191]. IFEN-8 polarizes toward an
N1 phenotype [192].

Fibroblasts play a key role in wound healing as they are the major producers of the
extracellular matrix. Although cancer-associated fibroblasts (CAFs) are a central component
of the TME of nearly every solid tumor, they comprise a heterogeneous population of cells
with no precise fibroblast-specific markers. Cells that are negative for epithelial, endothelial
and leukocyte markers with an elongated morphology and lacking the mutations of cancer
cells are considered to be CAFs [193]. In the TME, various inflammatory cytokines such
as IL-1, TNF or IL-6 can activate fibroblasts to become CAFs. CAFs secrete numerous
cytokines and chemokines, such as TGF-g, IL-6, IL-1§3, IL-4, and CXCL-12 (SDF-1), which
influence CD8* T cells, Tregs and macrophages to act as immuno-suppressive or immuno-
promoting cells. In CRC, CAFs have more immuno-suppressive effects and consequently
promote cancer cell proliferation and therapy resistance [194].

Tumor-associated macrophages (TAMs) also play a major role in the TME of CRC.
Macrophages eliminate invading microbes by phagocytosis, in homeostasis resident macro-
phages in the colon secrete high amounts of IL-10 and are, therefore, anti-inflammatory [195].
Under inflammatory conditions, inflammatory CX3CR1-positive macrophages enter the colon
and secrete the pro-inflammatory cytokines TNF and IL-6 [196]. Similar to neutrophils,
macrophages can differentiate into two different phenotypes. The classically activated M1
phenotype has the capability to promote T helper 1 (Ty1) responses and kill tumor cells. M1
differentiation is induced by bacterial components, IFN-y and TNF. In contrast, alternatively
activated M2 macrophages display tumor-promoting activity and immuno-suppressive func-
tions. M2 differentiation is induced by IL-6, IL-10 or IL-13. M2 macrophages are typically
divided into four subtypes, which are differently stimulated: the M2a, induced by IL-4 and
IL-23; the M2b subtype, stimulated by IL-1; the M2c subtype, induced by IL-10 and the
M2d macrophage, induced by IL-6. Through the expression of the two immuno-suppressive
cytokines IL-10 and TGF-$, M2 macrophages directly induce an immunosuppressive microen-
vironment [197,198]. Through the secretion of IL-6, M2 macrophages mediate the expression
of IL-10 by colorectal cancer cells and indirectly induce a microenvironment that suppresses T
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cell activity [199]. The partition of macrophages in the two subtypes M1 and M2 is a simplified
view; in reality, TAMs exist in various states between the two phenotypes.
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Figure 4. The relationship between tumor repressing and tumor-promoting cytokines in the TME.
Stress, bacteria and their components that cross disrupted barriers or death of tumor cells induce
inflammation with increased expression of several cytokines and chemokines. Depending on the
composition of the cytokine/chemokine mixture, a tumor microenvironment that is more immuno-
suppressive and tolerogenic (right) or more tumor suppressive (left) is induced.

Macrophages and neutrophils belong to the group of tumor-infiltrating myeloid cells
(TIMs), a heterogeneous population of cells characterized by diversity and plasticity. One
member of this myeloid cell group is myeloid-derived suppressor cells (MDSCs). MDSCs
are able to most effectively suppress T cell activities by secreting high amounts of IL-10
and TGF-f [200]. MDSCs are very plastic as they can differentiate into TAMs or tumor-
associated DCs, depending on the signals in the TME [201].

T cells are the most abundant in the TME and can be divided into CD8" cytotoxic T
lymphocytes (CTLs), CD4" T helper cells, regulatory T cells and NKT cells.

CD8" CTLs are effector cells of the adaptive immune system and play a pivotal role in
anti-tumorigenic immune responses by direct killing of malignant cells. CTLs in the TME
of CRC produce high amounts of IL-2, IL-12 and IFN-7 that activate the killing efficiency of
NK cells and CTLs [202] and enhance the expression of CXCL-9, CXCL-10 and CXCL-11 in
epithelial cancer cells [203]. CD8" T cells express CXCR3 and are recruited into the tumor
by the CXCR3 ligands CXCL-9, CXCL-10, CXCL-11. The chemokines CXCL-9, 10 and 11
not only show angiostatic effects but are also important factors for the recruitment and
activation of T helper 1 cells, which express the corresponding receptor CXCR3 [203]. CTLs,
therefore, have a great impact on the survival of CRC patients [202]. Patients with MSI
status show much higher CTL infiltration and a better prognosis than MSS patients [204].
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CD4* T helper cells (T cells) differentiate into several subsets with divergent cytokine
secretion and functions. Ty cells modulate immune responses by activating or suppressing
activities of immune cells such as macrophages, B cells and CTLs. CD4* Ty cells are divided
by the ability to produce one or more signature cytokines and to express a lineage-specific
transcription factor [205].

Th1 cells produce IFN-y and TNF and express the Tbet transcription factor and the
chemokine receptor CXCR3. Differentiation of naive Ty cells occurs in response to viruses
and intracellular bacteria. After activation and differentiation, Tyj1 cells express the pro-
inflammatory cytokines TNF and IFN-y, which activate CTLs to kill infected cells, help
B cells to present antigens and to activate CD8* T cells more efficiently, and stimulate
macrophages to phagocyte dead cells and debris. In CRC, the infiltration of T1 cells is
positively correlated with good clinical outcome [44].

Ty2 cells produce IL-4, IL-5 and IL-13 and express the transcription factor GATA-3
in response to extracellular pathogens. T2 cells express the chemokine receptors CCR3,
CCR4 and CCR10 that bind various CCL chemokines [206]. T2 lymphocytes polarize
macrophages toward a M2 phenotype, thus, acting as tumor-promoting players. 1L-4
promotes tumor proliferation and increases the production of ROS. In experimental mouse
models of CRC, IL-4 and IL-4R-deficient mice develop fewer tumors than the control
animals [207]. This is a contradictory result as in CRC patients, the type 2 signature with
IL-4, IL-5 and IL-13 has no prognostic advantage [112].

Ty9 lymphocytes produce IL-9 and express PU.1. The role of Ty9 cells in CRC is not
clear as IL-9 has a strong inflammatory activity in experimental colitis, leading to colitis-
associated cancer [208]. The expression of IL-9, however, was significantly lower in patients
with CRC than in the control tissue and correlated with staging and prognosis [209].

Tu17 lymphocytes produce IL-17A, IL-17F and IL-22 and express the transcription
factor ROR~t. Ty17 lymphocytes express the chemokine receptors CCR6 and CXCR4 [43].
As explained in the previous paragraph, Ty17 cells are important for the protection against
extracellular bacterial infection. In a mouse model of colorectal cancer, the inhibition of
IL-17 leads to significantly reduced tumorigenesis [109]. IL-17A induces the production
of growth factors that stimulate the proliferation of myeloid cells, especially neutrophils.
At the same time, IL-17A induces the production of CXCL-1 and CXCL-5, leading to the
recruitment of the expanded myeloid cells into the tumor where they help to establish
a tumor promoting microenvironment. Additionally, IL-17 promotes the production of
IL-6 and TNEF. IL-6, TNF and IL-17A promote the growth of CRC cells via STAT3 and
NE-xB [210]. The cytokine TGF-$ induces the production of IL-22 in IL-17-positive Ty17
cells and, subsequently, tumor progression [211]. Ti17 cells occur much more frequently in
MMR proficient CRC tumors than in MMR-deficient tumors [212].

Regulatory T cells produce TGF-f, IL-10 and IL-35 and express the transcription
factor forkhead box P3 (FOXP3) and the chemokine receptors CCR4, CCR5, CCR10 and
CXCR3 [205,213]. The cytokine TGF-f induces in the TME the transcription factor FOXP3
and the differentiation of Tregs. In the TME, TAMs and MDSCs secrete CCL-17, CCL-22,
CCL-5, CCL-6 or CCL-28 to recruit regulatory T cells. T regs show a high immune suppres-
sion capacity, employing more than a dozen suppression mechanisms. They can suppress
immune cells by producing the cytokines IL-10, TGF-B or IL-35. In addition, they show
suppressive activities by depleting soluble and membrane bound molecules needed for
effector functions such as depletion of extracellular adenosine triphosphate (ATP) or the
stripping of co-stimulatory molecules from the surface of DCs [214,215]. Although Tregs
effectively suppress the activities of CTLs and NK cells, their role in sporadic cancer is
still unclear. Some studies described a reduced overall survival in the presence of high
frequencies of Tregs among tumor-infiltrating lymphocytes [213,216]. However, high levels
of infiltrated Tregs were also associated with good prognosis [217,218].

Natural killer (NK) cells belong to the family of innate lymphoid cells. NK cells are
capable of killing tumor cells without antigen presentation and release TNF and IFN-7. In
CRC, the infiltration of cytotoxic NK cells is associated with a better prognosis [219].
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Chronic inflammation is characterized by mucosal infiltration of inflammatory im-
mune cells that interact with the local microbiota and induce a pro-inflammatory milieu.

Regulatory B cells (Bregs) are immune suppressive and reduce the tissue damaging
Ty1/Ty17 response by secreting IL-10 and IgA antibodies and restore the cytokine-induced
balance [220]. Several cytokines, including IL-6, IL-33 and IL-35, induce the transition of B
cells to Bregs [221]. Breg cells suppress the anti-tumorigenic immune response and lead
to tumor progression by the tumor-promoting cytokine IL-10 [222]. In CRC, this tissue
preserving and Tyy1-reducing activity mediated by IL-10 is one of the escape mechanisms
of colorectal cancer cells leading to excessive proliferation of the tumor.

Other central players in coordinating immune responses against invading pathogens
are dendritic cells. DCs are a heterogeneous population of antigen presenting cells that
scan the environment for danger signals and antigens. In homeostasis, immature DCs have
the capacity to process and present antigens to primed T cells. To avoid tissue damage
and exacerbating immune responses these immature DCs secrete, similar to regulatory
B cells, the immune-suppressive cytokines IL-10 and TGF-p and show low expression
of co-stimulatory molecules. In the presence of PAMPs or DAMPs and inflammatory
cytokines, the maturation process starts. Mature DCs upregulate co-stimulatory molecules
and secrete the pro-inflammatory cytokines IL-12, IL-6, TNF, IL-1p that are required for
priming, activation and proliferation of T cells. Several tumor-derived cytokines such as
TGF-B, TNF, IL-6 or IL-10 are able to prevent the maturation of DCs, the infiltration of
mature DCs, the presentation of antigens and the activation of T and NK cells [223,224].

The CMS classification made clear that CRC is a very heterogenous disease, especially
regarding the tumor microenvironment. As an effective anti-tumorigenic response depends
on infiltrating effector immune cells of the innate and adaptive immune system, chemokines
that facilitate the recruitment of these cells are of great importance. In the CMS2 and the
CMS3 subtypes, there is hardly any immune cell infiltration; therefore, these subtypes show
poor anti-tumor immunity. One good example for the pivotal role of some chemokines
is the expression of CXCR3 chemokines in myeloid cells. The pro-inflammatory cytokine
IFEN-v induces CXCR3 chemokines, e.g., CXCL-9 and CXCL-10, as part of the interferon-
stimulated gene cluster that then attracts T cells into the tumor [225]. However, as shown
by CMS4, the infiltration of immune cells is not enough to fight the tumor. Cytokines within
the TME determine the balance between tumor-promoting and tumor-destructive features
of the immune cell infiltrate and the cells of the microenvironment (Figure 4). Cytokine
and chemokine networks that are shaped by inflammatory processes regulate this balance.
In the context of CRC, this is further complicated by the genotype of the tumor. Both MMR-
deficient and -proficient CRCs show strong stromal remodeling with reduced amounts
of fibroblasts compared with healthy colon samples. Both CRC types are characterized
by inflammatory interaction networks of malignant epithelial cells, monocytes, CAFs and
TANSs at the luminal margin of the tumors. In both CRC subtypes, the pro-inflammatory
cytokines IL1-B, IL-6 and TNF upregulate the chemokines CXCL-1/2/3/5/6/8 in CAFs,
monocytes and cancer cells; this attracts CXCR1/2-positive neutrophils to the tumor. MMR-
deficient CRCs respond to immune checkpoint therapy, whereas MMR-proficient CRCs
are unresponsive to immunotherapy. The difference between both tumor types are foci in
the MMR-deficient tumors with IFN-y-positive and CXCL-13-positive T cells that form
positive feedback loops to attract more activated T cells [226].

2.3. Cytokines in Therapy-Induced Inflammation

In recent years, therapies for CRC were based on targeting rapidly proliferating cancer
cells by chemotherapeutic drugs and radiotherapy after surgery. All these therapeutic
options are successful in early stages; in the case of metastatic CRC they are no longer
effective, as seen by the 5-year survival rate of only 15% [227]. This poor treatment
efficiency is partly due to drug resistance mediated by genetic and epigenetic changes in
cancer cells [227]. However, several studies have shown that cytokines and the therapy-
induced inflammation within the tumor play a substantial role that influences the balance
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of a tumor-suppressing TME and a tumor-promoting TME and the clinical outcome of
therapies [26,228].

Chemotherapeutic drugs not only kill proliferating cells but influence the cytokine
milieu within the TME. In general, chemotherapeutics are classified according to their
mechanisms of killing proliferating cells into:

()  alkylating agents that elicit DNA crosslinks and destabilize DNA during replication,
such as cyclophosphamide and oxaliplatin.

() antimetabolites that disrupt DNA and RNA synthesis, such as 5-fluorouracil
and gemcitabine

(IlT) topoisomerase inhibitors that interfere with DNA unwinding processes, such
as irinotecan

(IV) microtubule poisons that inhibit tubulin polymerization and depolimerization such
as paclitaxel

(V) antibiotics that kill via excessive ROS production and DNA intercalation, such as
anthracyclines and bleomycin

All these chemotherapeutic drugs do not only kill cells but also have immunogenic
effects by modulating lymphocytes and sometimes converting a tumor-promoting into a
more tumor-suppressive TME. For example, oxaliplatin treatment increases the number of
CD8" CTLs and reduces the number of Tregs in CRC patients [229]. Interestingly, cisplatin, a
chemically similar chemotherapeutic drug also used to treat CRC induces inflammation that
enhances TNF-mediated angiogenesis, metastasis and failure of therapy [230]. Paclitaxel, a
microtubule poison, induces apoptosis of cancer cells and activates IL-15, IL-8, IL-6, thus,
enhancing pro-tumorigenic inflammation [229].

Chemotherapy targets cells that are proliferating but CRC, similar to other cancer enti-
ties, is a heterogeneous disease with a small subpopulation of quiescent cancer cells with a
stem-cell phenotype. These cancer stem cells (CSCs) have the ability to renew themselves as
well as to differentiate and dedifferentiate. CSCs have long cell-cycle times, and therefore,
chemotherapeutic drugs cannot kill them efficiently. There are very few therapeutic options;
the most promising one is to target CRC-typical pathways such as Wnt/ B-catenin, Notch,
Hedgehog, NF-«B, Janus kinase/STAT, peroxisome proliferator-activated receptor (PPAR),
PI3K/Akt/mTOR and TGF-B pathways (for a detailed review see [231]). In CRC, there are
several clinical studies that target these fundamental pathways, most of them in combi-
nation with chemotherapy. Among them, napabucasin, a STAT3 inhibitor in combination
with FOLFIRI chemotherapy has completed phase III (CanStem303C; NCT02753127).

Cytotoxic therapies such as chemotherapies or radiotherapies elicit cell death of tu-
mor cells and induce the secretion of DAMPs from dying cells [232]. DAMPs activate
neutrophils to release IL-1 cytokines and chemokines. As described in the previous para-
graph, neutrophils in CRC can promote the growth of cancer cells by regulating the innate
and adaptive immune system and inducing angiogenesis [191] or decrease tumor growth
through their cytotoxic capacity [233]. TANs can differentiate into a tumor-promoting N2
phenotype [191] or into N1 neutrophils with an anti-tumorigenic phenotype [192] depend-
ing on the cytokines within the microenvironment. For example, TGF-f polarizes toward a
N2 phenotype whereas IFN- toward a N1 phenotype.

DAMPs can activate CAFs and endothelial cells that express pro-inflammatory cy-
tokines such as IL-6 and IL-8. Both cytokines activate immuno-suppressive cells such as
TAMs and MDSCs within the tumor microenvironment, thus, promoting cancer immune
evasion [228]. However, irradiation of a tumor that contains IL-1-secreting inflammatory
CAFs can not only diminish the tumor-eradicating effect of radiotherapy but can lead to ad-
vanced cancer growth. The mechanism behind this astonishing effect is the IL-1-dependent
induction of senescence in the inflammatory CAFs by radiation [194]. Senescent cells, al-
though cell-cycle arrested, secrete various cytokines, growth factors and metalloproteinases,
the so called senescence-associated secretory phenotype (SASP). The SASP can lead to
advanced tumor growth, therapy resistance and senescence induction of tumor-infiltrating
immune cells [234-236].
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Radiation also induces DNA damage in the irradiated cells. If the DNA damage
repair system cannot repair the damage, the irradiated cell becomes necrotic or apoptotic
or senescent, depending on the cell type [237]. For example, CAFs, TAMs and mature
DCs show radioresistance, whereas endothelial cells and NK cells are radiosensitive. DNA
damage can elicit the same effects as viral infection with the accumulation of cytosolic
DNA or RNA. Cytosolic DNA and RNA activate the cyclic GMP-AMP synthase (cGAS)-
stimulator of IFN genes (STING) pathway, and the cells begin to secrete type I IFNs, TNF
and IL-1 [237]. This activates the NF-xB signaling pathway in the irradiated TME with the
production of IL-6, TNF, IL-8 and CXCL-10. Dying cancer cells secrete several DAMPs such
as ATP, a “find-me” signal for DCs [238]; calreticulin; high mobility group box 1 (HMGB1)
or type I IFNs [239]. In the TME, immature DCs ingest DNA and RNA via phagocytosis,
and this activates the cGAS-STING pathway and the production of type I IFNs. Type I
IFNs bind to the receptor in an autocrine or paracrine manner and facilitate the maturation
of CDs [240]. Together with the enhanced secretion of neo-antigens from dying tumor
cells, activated DCs promote the activation of CD4" and CD8" T cells, monocytes and
macrophages [241-243], rendering the pro-tumorigenic TME into a more anti-tumorigenic
TME. Radiation can exhibit more tumor-suppressing effects as radiation induces secretion
of tumor cell intrinsic CXCL-16 that recruits Ty1 and CD8* T cells to the tumor [239,244].

Surgical tumor resection can induce immunosuppressive activities by inducing pro-
inflammatory and pro-tumorigenic cytokines such as IL-18, IL-6, IL-10 CCL-2 and TGEF-§,
which recruit immunosuppressive cells such as MDSCs [245,246]. Tumor resection in
CRC patients reduced the number of NK cells and other lymphocytes with anti-tumor
activities [228,247].

3. Cytokine-Mediated Therapeutic Options and New Treatment Strategies

As described in detail above, the etiology of CRC comprises multiple factors, e.g.,
genetic predisposition and mutations [248], microbiota [249], diet and other environmental
factors such as chronic inflammation [250]. Recently, different genetic factors that may
serve as diagnostic and therapeutic biomarkers in CRC have been listed in detail [248].
The related gene products are mainly proteins that are known to regulate basic cellular
pathways such as cell proliferation, cell cycle and apoptosis, and are, thus, well-known
players in other tumor entities as well: APC, beta-catenin, carcinoembryonic antigen (CEA),
insulin-like growth factor-1 receptor (IGF1R), PI3 kinase, TP53, etc. Surprisingly, with the
exception of TGF-B and CXCR4, known direct regulators of the immune system do not
appear on this list. Thus, especially during the development of CRC, the immune response
does not seem to be basically disturbed by severe mutations. As outlined in chapter 2,
however, inflammation and inflammation-related pathways play important roles in the
tumorigenesis of CRC (for review see also [250]). Severe inflammation can be interpreted
as a hyperactivation of the immune system, including the enhanced activity of specific
immune cells, and chronic inflammation is an activation process of the immune system that
fails to be terminated in due time [251]. The involvement of the immune response in CRC
is, therefore, not caused by functional mutations of specific immune factors but rather by
inaccurate quantitative regulation or by a wrong timing of the immune response. Cytokines
are the main operators of the communication network between the different immune cells.
They regulate the proliferative state and the effector functions of the immune cells, i.e., T
cells, B cells, NK cells, macrophages, DCs and others, thereby indirectly repelling and/or
fostering cancer development. In addition, they may also exert a direct therapeutic effect
by the inhibition of tumor cell proliferation or induction of apoptosis. Thus, cytokines
and related factors are possible drug candidates as well as putative drug targets (e.g., for
indirect induction or stabilization of an immune response). Indeed, cytokines have now
been known for their antitumoral efficacy for more than five decades (for the timeline see
Figure 5) with IFNs and ILs being the most prominent representatives of this new class
of biologicals.
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Figure 5. Timeline of cytokine-related cancer therapies. (A) 1976-1992. (B) 1999-2022. The time bar
depicts the timely order of pre-clinical (light blue boxes) or clinical (dark blue boxes) therapeutic use
of different cytokines, mainly interferons, or cytokines in combination therapy. The study designs, the
administration routes, the use of genetically modified cells, the identity of the cytokines or therapeutic
agents are stated in the respective boxes, and the targeted cancer types are stated either directly above
or below the year of publication of the study. For references of the pre-clinical and clinical studies see
in-text citations of chapter 3.
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In 1976, a pre-clinical study demonstrated that treatment of owl monkeys with human
IEN had a positive antileukemic effect in Herpesvirus saimiri-induced disease [252]. Only
4 years later, adjuvant immunotherapy with polyadenylic-polyuridylic acid (PolyA.PolyU),
a formulation that indirectly leads to increased IFN levels [253], was tested in a randomized
trial on 300 patients with operable breast cancer. Here, the treatment of patients with
PolyA.PolyU in the study group (155 patients) significantly increased the overall survival
as compared with the control group (145 patients), who received normal saline [254]. These
promising data were confirmed in an early report using partially purified human IFN-8.
The therapeutic agent was administered to six patients with metastatic breast carcinoma
by the intramuscular route, and objective antitumor effects were observed in half of the
patients [255]. However, there were also significant systemic side effects, e.g., fatigue,
fever, pruritus and nausea. This already pointed to the main drawback of therapeutic
use of IFN, namely, the difficulty of systemic application. In the case of metastatic colon
carcinoma, the results of the systemic use of IFNs were even more discouraging, and
treatment of patients suffering from colon cancer with human lymphoblastoid IEN failed
to demonstrate significant regressions of malignant lesions [256]. As a consequence, other
routes of administration were tested. In 1992, the new technique of limb perfusion was
introduced to treat melanoma and sarcoma patients with a combination of IFN-v and TNFE.
In depth analysis of the phase II study suggested that the combination of recombinant
IFN-1y, recombinant TNF and the drug melphalan achieved high therapeutic efficacy with
minimal toxicity [257]. Mechanistic follow-up papers showed that the therapeutic effect of
the cytokine cocktail may be due to its anti-vascular activity. In the same study, detachment
and apoptosis of angiogenic endothelial cells was demonstrated in vivo in melanoma
metastases of patients treated with IFN-v and TNF [258]. Another possibility to bring IFNs
to the right place where they can exert their antitumoral effects is targeted delivery by tumor-
specific Ty1 cells. The IFN-v- and TNF-producing Ty1 cells migrate to the transformed
tissue, thereby surrounding the tumor lesions and secreting the soluble cytokines (see
also Figure 5). In this study, T1 cells were able to stop insulinoma growth in RIP-Tag2
mice by IFN-vy- and TNF-dependent senescence induction [259]. Interestingly, IFNs also
had a come-back in the therapy of CEA-expressing carcinoma. It was shown recently
that prime-boost vaccination with recombinant vaccinia(V)-CEA(6D)-TRICOM (which is
a triad of co-stimulatory molecules B7.1, intercellular adhesion molecule 1 (ICAM-1) and
lymphocyte function-associated antigen 3 (LFA-3)) together with the administration of
granulocyte-macrophage colony-stimulating factor (GM-CSF) and IFN-a demonstrated
good efficacy in CEA-expressing cancers. Here, IFN-a was clearly associated with improved
survival [260].

The therapeutic use of IL-2 was first published in 1984, nearly one decade after the
first use of IFN (Figure 5). IL-2 is a well-known stimulator of in vitro T lymphocyte
proliferation [261]. The antitumor effect of this cytokine is due to an indirect mechanism
presumably by stimulating the T cell-mediated antitumor defense. Thus, IL-2 was used
to activate syngeneic lymphocytes in vitro. These lymphokine-activated killer (LAK) cells
were then adoptively transferred in a murine B16 metastasis model leading to decreased
numbers of lung nodules and improved survival of the mice [262]. A similar approach
was tested in renal and colon cancer patients some 15 years later. In a phase I clinical
protocol, autologous cytokine-induced killer cells were generated from peripheral blood
obtained from patients with metastatic cancer. These cells were transfected with the IL-2
gene via electroporation and transferred by repeated intravenous infusions. With the
exception of WHO grade 2 fever, the treatment schedule did not show severe side effects.
However, with only one complete remission out of 10 patients in the treatment group, the
clinical outcome was negligible [263]. Nevertheless, this study paved the way for other
transfection experiments, and only two years later, a vaccination protocol using autologous
IL-7-transfected tumor cells was tested in a phase I/1I trial. The results of this study were
much more promising as half of the treated patients showed at least a partial response or
stable disease without adverse effects [264].
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In 2007, local therapy with IL-2 was demonstrated to be very effective in the treat-
ment of different forms of cancer. Syngenic rats were inoculated with neoplastic cells and
then either injected with IL-2 in bovine serum albumin (BSA) solution or with BSA alone
at the site of inoculation. After three weeks, the volume and weight of the neoplastic
tissue, as well as the mitotic index of the lesions were significantly reduced in the treat-
ment group [265]. This approach was refined recently. Here, recombinant human IL-2
was combined with immune checkpoint inhibitors. In order to increase the therapeutic
window, F8-IL-2 was used, an antibody-IL-2 fusion protein which selectively localizes to
the tumor site. Interestingly, the combination of F8-IL-2 with cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) blockade lead to an increased progression-free survival of
colon carcinoma-bearing mice [266]. The treatment regimen also demonstrated protective
immunity against subsequent tumor rechallenges. Recently, a long-acting recombinant
IL-7, NT-17, in combination with radiotherapy and temozolomide, a cytostatic drug, was
tested in a mouse glioma model. The results of this study demonstrated an improved
survival of the mice of the treatment group, an effect that was dependent on IFN-vy and
CD8* cells [267]. The use of NT-17 is currently evaluated in patients with high-grade
gliomas (ongoing clinical trial NCT03687957).

As outlined above, intensive pre-clinical and clinical research led to a significant
number of cytokine-mediated treatment options. This is reflected by the high number of
clinical trials targeting different signaling molecules of the immune system (for a detailed
overview see [187]). Concerning CRC, the following clinical trials are of special interest:
(i) NCT04599140 with the immune target CXCR1/2 (Start 2020); (ii) NCT02466906 with
the immune target GM-CSF (Start 2015); (iii) NCT00030342 with the immune targets GM-
CSF and IFN-« (Start 2001); (iv) NCT00002796 with the immune target IFN-+y (Start 1997);
(v) NCT04426669 with the immune target IL-2 (Start 2020); (vi) NCT00072098 with the
immune target IL-12 (Start 2003); (vii) NCT03436563 with the immune target TGF-f (Start
2018); and (viii) NCT04708470 with the immune targets TGF-p and IL-12 (Start 2021).

4. Conclusions

The etiology of colorectal cancer (CRC) comprises multiple factors, including genetic
and environmental factors. Cancer cells communicate with neighboring cells via soluble fac-
tors, e.g., cytokines or chemokines, to generate a favorable tumor microenvironment (TME).
Here, we thoroughly discuss the cytokine networks, including the cytokine-producing cells
of the TME, which can be found in the different stages of CRC development. Together,
pre-clinical and clinical research resulted in the therapeutic use of cytokines in tumor
therapy, which now has a long-standing tradition of over 40 years also in the therapy of
CRC. As cytokines are endogenous substances, however, their systemic use clearly shows
limitations, and cytokine-related side effects are frequently observed. In the future, the
main focus of clinical research will be on combination therapies using (targeted) cytokines
together with other established therapies such as immune checkpoint blockade, adoptive
immune cell transfer, chemotherapy or radiotherapy.
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Abbreviations

APC Adenomatous Polyposis Coli

ATP Adenosine Triphosphate

BRAF B-Raf and v-Raf Murine Sarcoma Viral Oncogene Homolog B
Breg Regulatory B Cell

BSA Bovine Serum Albumin

CAC Colitis-Associated Cancer

CAF Cancer-Associated Fibroblast

CCL2 CC-Chemokine Ligand 2

CCR6 CC Chemokine Receptor 6

CD4 Cluster of Differentiation Antigen 4
CEA Carcinoembryonic Antigen

CIMP CpG Island Methylator Phenotype
CIN Chromosomal Instability

CMS Consensus Molecular Subtype

CRC Colorectal Cancer

CTL Cytotoxic T Lymphocyte

CTLA-4 Cytotoxic T-Lymphocyte-Associated Protein 4
CTNNB1 Catenin Beta 1

CXCL-12 C-X-C Chemokine Ligand 12

CXCR4 C-X-C Chemokine Receptor Type 4
DAMP Damage-Associated Molecular Pattern
DC Dendritic Cell

DCC Deleted in Colorectal Carcinoma

DNA Deoxyribonucleic Acid

EMT Epithelial-Mesenchymal Transition
FOXP3 Forkhead Box P3

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor
gp130 Glycoprotein 130

HRAS Harvey Rat Sarcoma Virus

IBD Inflammatory Bowel Disease

ICAM-1 Intercellular Adhesion Molecule 1

IEC Intestinal Epithelial Cell

IEL Intraepithelial Lymphocyte

IFN-vy Interferon-Gamma

IFNAR1 Interferon Alpha and Beta Receptor Subunit 1
IGF1R Insulin-Like Growth Factor-1 Receptor
IL-17 Interleukin-17

IL-1R1 Interleukin 1 Receptor Type 1

KRAS Kirsten Rat Sarcoma Virus Oncogene
LAK Lymphokine-Activated Killer Cell
LFA-3 Lymphocyte Function-Associated Antigen 3
LOH Loss Of Heterozygosity

LPS Lipopolysaccharide

M2 Macrophage Type 2

MAP Mitogen-Activated Protein

MCC Mutated in Colorectal Cancer

MDSC Myeloid-Derived Suppressor Cell
MLH1 MutL Homolog 1

MMR Mismatch Repair

MSH6 MutS Homolog 6

MSI Microsatellite Instability

N1 Neutrophil Type 1

NFkB Nuclear Factor Kappa-B

NK Natural Killer Cell

NRAS Neuroblastoma Rat Sarcoma Virus
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OSMRb Oncostatin-M-Specific Receptor b

PAMPs Pathogen-Associated Molecular Patterns
PIBK Phosphatidylinositol 3-Kinase

PIK3CA Phosphatidylinositol-4,5-Bisphosphate 3-Kinase, Catalytic Subunit Alpha
PMS1 Protein Homolog 1

Poly(A).Poly(U)  Polyadenylic-Polyuridylic Acid

RCT Randomized Controled Trial

RIP-Tag?2 Rat Insuline Promotor T Antigen 2

ROS Reactive Oxygen Species

SCFAs Short-Chain Fatty Acids

SDF-1 Stromal Cell-Derived Factor 1

STAT3 Signal Transducer and Activator of Transcription 3
TAM Tumor-Associated Macrophage

TAN Tumor-Associated Neutrophil

TGF-B Transforming Growth Factor Beta

TGFBR1 Transforming Growth Factor-Beta Receptor 1
Tyl T Helper 1 Cell

TIL Tumor-Infiltrating Lymphocyte

TIM Tumor-Infiltrating Myeloid Cell

TLR Toll-Like Receptor

TME Tumor Microenvironment

TNF Tumor Necrosis Factor

TNFR1 Tumor Necrosis Factor Receptor 1

Treg T Regulatory Cell

WHO World Health Organization

WNT Wingless Pathway
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