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Abstract

Cells of the innate immune system have a dual role in cancer development in both tumor initiation
and progression. Innate immune cells can, on the one hand, aid malignant transformation and
tumor outgrowth and, on the other hand, prevent tumor progression. The innate immune system
has the ability to tune the inflammatory response and is a key player in cancer-related
inflammation, which can precede development of malignancy or be induced by oncogenic changes
promoting a pro-tumor inflammatory milieu. In this review we discuss the emerging cellular and
molecular mechanisms of the innate immune system and inflammation in tumor initiation and
progression and point to the outstanding questions that remain.
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Inflammation: a hallmark of cancer

The inflammatory microenvironment in a malignant tumor, regarded to be a critical aspect
of cancer, influences multiple hallmarks of cancer (e.g. cell proliferation, cell death,
angiogenesis, invasion and metastasis)[1, 2]. Cancer development can be triggered,
promoted and prevented by innate immune cells, which, accordingly, will affect the fate of
tumors and the clinical outcome of cancer patients. For a tumor to thrive it has to gain
genetic and epigenetic alterations that modulate the inflammatory repertoire to promote
tumor growth. Accumulating evidence now indicates that the majority of cancers are linked
to chronic inflammation, influencing cancer development from inception of tumor formation
and throughout malignant progression. The characteristics of chronic inflammation, i.e.,
infiltration of inflammatory cells, influence of inflammatory mediators, tissue remodeling
and angiogenesis, can, however, be found in tumors for which a causal relationship to
inflammation has not been found[3].
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There are many triggers of chronic inflammation[4]. Up to 20% of all cancers worldwide are
related to microbial-induced chronic inflammation[5]. Chronic infection with human
papilloma virus (HPV) causes 90-100% of all cervical cancers, the third most commonly
diagnosed cancer in women. Hepatitis B virus (HBV) and HCV increase the risk of
hepatocellular carcinoma (HCC) and chronic bacterial infection with Helicobacter pylori is
a major cause of gastric cancers and is associated with mucosa-associated lymphoid tissue
(MALT) lymphoma[5-7]. Chronic inflammation can also be caused by autoimmunity and
immune deregulation. Indeed, inflammatory bowel disease (IBD) gives an elevated risk for
colorectal cancer (CRC) and prostatic inflammation has been linked to prostate cancer[8, 9].
Emerging data now indicate that tobacco and obesity, which together account for 50% of all
cancers, trigger low-grade inflammation[10-12]. Hence, it is becoming evident that the
majority of cancers are associated with a tissue repair response that has gone awry, i.e.,
chronic inflammation.

Innate immune cells including macrophages, neutrophils, dendritic cells (DCs) and innate
lymphoid cells (ILCs), are involved in the initial response to tissue perturbation and can
control or prevent tumor initiation and progression but also facilitate cellular transformation
and malignant development. Understanding how the innate immune system influences
cancer development will therefore be crucial in fighting cancer. Here we focus on recent
advances further clarifying the involvement of the innate immune system in tumor initiation
and progression and illustrate the complexity of differentiating the friend from the foe. Our
goal is not to give an in depth overview but to highlight the emerged complexity of the
innate immune system in cancer development.

Innate immune system and tumor initiation

Tumor development is characterized by progressive changes on the genetic, epigenetic and
cellular levels. Chronic inflammation can create a mutagenic microenvironment capable of
either initiating malignant transformation by inducing DNA damage, impinging on DNA
repair pathways, and thereby cause genomic instability accompanied by genetic mutations,
or by accelerating the genetic mutation rate and enhancing proliferation of existing mutated
cells (Figure 1)[4].

Innate immune cells are capable of creating a mutagenic microenvironment. DCs are
terminally differentiated myeloid cells[13]. Differentiated DCs reside in tissues and actively
take up tissue and tumor antigens. Langerhans cells, which are tissue resident DCs in the
epidermis, metabolically convert chemical carcinogens into an activated mutagenic state that
facilitates epithelial DNA damage and thereby induces squamous cell carcinoma[14].
Macrophages are also terminally differentiated myeloid cells that are capable of directly
producing mutagenic mediators. The macrophages initially recruited to the sites of tissue
perturbation are pro-inflammatory. Simplified, macrophages can be divided into either pro-
inflammatory M1 macrophages or anti-inflammatory M2 macrophages. However,
macrophages have functional plasticity and make up a continuum of different
phenotypes[15, 16]. Even though pro-inflammatory M1 macrophages exhibit a tumoricidal
effect in established tumors they also account for the mutagenic microenvironment initiating
tumor formation in chronic inflammation[7]. Obesity, for example, can induce chronic, low-
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grade inflammation due to a phenotypic change in adipose tissue macrophages. Adipose
tissue macrophages normally have a M2 phenotype and produce anti-inflammatory
interleukin-10 (IL-10) that protects tissue against pro-inflammatory mediators. However,
progressive obesity may recruit pro-inflammatory M1 macrophages that will overwhelm the
protective effects of M2 macrophages and induce low-grade inflammation through their
production of interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a)[17]. Obesity further
induces elevated production of both IL-6 and TNF-a, which activates STAT3 in hepatocytes
promoting hepatic inflammation that eventually causes HCC development[11]. The tumor-
protective role of M2 macrophages and the contribution of M1 macrophages in tumor
initiation have also been reported in colon cancer. Genetic ablation of the anti-inflammatory
transcription factor Sat3 in macrophages provokes an inflammatory response mediated by a
marked increase of pro-inflammatory macrophages in the colon that ultimately induce colon
cancer[18]. Importantly, the macrophages in the Stat3 knockout mice overproduced pro-
inflammatory cytokines, including TNF-a and IL-6, which, like interferon-y (IFN-y), have
an important role in promoting tumor initiation and progression (reviewed in [19, 20]).

Intriguingly evidence indicates that STAT3 and other inflammatory pathways enhance the
tumor-initiating, i.e., the tumorigenic, capacity of tumor cells[21-24]. Cancer stem cells are
characterized by their self-renewal and tumorigenic capacity and, indeed, a link between the
innate immune system and cancer stem cells is starting to emerge[25]. Macrophages can, for
example, produce IL-6, epidermal growth factor (EGF) and milk-fat globule epidermal
factor V111, which enhance the tumorigenic capacity of lung, colon, breast and pancreatic
cancer cells[26-30]. Moreover, depletion of macrophages in pancreatic cancer mediates a
reduction of cancer stem cells, while infiltration of macrophages, evokes tumor-initiating
characteristics in pancreatic cells and elevates the frequency of cancer stem cells in a
pancreatic cancer model[31, 32]. Interestingly, MMP?7 is a key mediator of STAT3
activation in pancreatic ductal adenocarcinoma development[33].

A question to be clarified in the cancer-inflammation context is whether cancers caused by
inflammation originate from tissue stem cells/progenitors, since accumulating data imply
that activation of inflammatory pathways in normal tissue stem cell/progenitors is linked to
tumor initiation[34]. The transcription factor SRY (sex determining region Y)-box 2 (Sox2),
required for self-renewal of stem cells, cooperates with activated STAT3 to increase cell
proliferation and malignant transformation of foregut basal progenitors and activation of
STAT3 in urothelial stem cells induces development of bladder cancer[35, 36]. Moreover,
elevated NF-xB signaling can both dedifferentiate intestinal epithelial cells that eventually
acquire stem cell-like properties and tumor-initiating capacity, and facilitate Wnt-driven
proliferation of intestinal stem cells, which ultimately induce colorectal cancer[37, 38].
Hence inflammatory pathways are not only intertwined with enhanced tumorigenic capacity
in various cancers but also initiate tumor formation in tissue stem cell/progenitors.

Aberrant cell proliferation and innate immune system

Oncogenic mutations can constitutively activate RAS, PI3K and MAPK pathways that not
only promote cell growth and proliferation but also induce activation of the tumor
suppressor p53, whose function is to inhibit cell-cycle progression, induce senescence or
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programmed cell death. Accumulating evidence implies that there is a fundamental link
between control of cell proliferation and the capability of innate immune cells to detect
incipient cellular transformation[34]. NK cells, a subset of the more recently characterized
ILC population, can not only prevent tumor outgrowth by inducing senescence in tumor
cells (through the production and cooperation of IFN-y and TNF-a), but they can also
eliminate senescent tumor cells expressing p53[39, 40]. Expression of p53 in HCC cells
mediates the production of various chemokines, including IL-6, IL-12, IL-15 and chemokine
(C-C motif) ligand 2 (CCL2), known to recruit NK cells. Antibodies against CCL2
dramatically reduce the infiltration of NK cells in tumors and delay elimination of senescent
tumor cells. The elimination of HCC cells by NK cells depends on the recognition between
retinoic acid early inducible-1 (RAE-1) ligands on senescent cancer cells and NKG2D
receptors on NK cells[40]. NKG2D belongs to the fixed repertoire of germline receptors on
innate immune cells that differentiate normal cells from tumor cells. Intriguingly the
NKG2D ligand, RAE-1, is upregulated upon activation of RAS and PI3K pathways and by
transcription factor E2F in response to proliferation-related signals, pointing to an intricate
connection between cell proliferation and the ability of the innate immune system to
recognize proliferating cells[41-44]. Aberrant cell proliferation is a hallmark of cancer and it
is tempting to speculate that other hallmarks of cancer might induce expression of similar
ligands that can be recognized by innate immune cells.

Balancing innate immune system in tumor progression

Tumor-associated macrophages

Innate immune cells, initially involved in incipient tumor formation, are pro-
inflammatory[7]. However, due to genetic instability tumor cells acquire features that render
them resistant to pro-inflammatory immune attack, and differentiate immune cells into
becoming pro-tumor. Malignant tumors are frequently infiltrated with pro-tumor innate
immune cells, and tumor-associated macrophages (TAMSs) account for the major component
of innate leukocyte infiltration within a tumor. TAMs have many characteristics in common
with M2 macrophages involved in tissue repair. They are anti-inflammatory, enhance cell
proliferation and motility, produce matrix-remodeling proteins and promote
angiogenesis[16]. M2-like TAMs can, however, be re-educated back to a tumoricidal
phenotype. NK cells reprogram macrophages into becoming tumoricidal through the
production of IFN-y, and the overexpression of miR-155 in TAMs repolarizes them into a
tumoricidal M1 phenotype[45, 46]. Activation of Toll-like receptor 3 (TLR3) coupled with
Toll-IL-1 receptor domain-containing adaptor molecule 1 (TICAM-1) induces TNF-a
production and thereby converts M2-like TAMs in the tumor microenvironment of Lewis
lung carcinoma into tumoricidal M1 macrophages[47]. Moreover, treatment with a CSF-1R
inhibitor in a glioblastoma mouse model re-educates M2 macrophages, which, importantly,
promotes regression of established high-grade glioma[48].

TAMs are not a homogenous group of macrophages; instead there are functionally distinct
macrophage populations within a tumor (Figure 2)[15, 49]. Tie-2+ macrophages derived
from the bone marrow promote tumor angiogenesis, facilitate tumor growth and progression
and are often aligned along the outside of blood vessels where they bind to angiopoietin-2
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(ANGPT?2) displayed by endothelial cells[50]. Accumulating evidence suggests that tumor-
derived exosomes have an important role in immunomodulation (reviewed in [51]); indeed,
melanoma-derived exosomes can reprogram bone marrow derived cells toward a Tie-2+
pro-metastatic phenotype[52]. Tie-2+ macrophages produce Wnt7b that stimulates the
production of pro-angiogenic vascular endothelial growth factor (VEGF), which also
directly recruits macrophages under the influence of IL-4[53, 54]. Targeting Tie-2 or
ANGPT2 inhibits angiogenesis and thereby impairs tumor outgrowth and metastasis[55].
The Tie-2 macrophage population is not the only pro-angiogenic macrophage subpopulation
found in a tumor. Colony stimulating factor 1 (CSF1), also known as macrophage colony
stimulating factor (M-CSF), a well known tumor-derived chemoattractant for TAMS recruits
monocytes from the bone marrow and differentiates them into pro-angiogenic macrophages
and further expands the population of Tie2+ macrophages[56]. CSF1-regulated
macrophages (CSF1R-macrophages) attract tumor cells to blood vessels through a paracrine
loop. Tumor cells produce CSF1, while CSF1R-macrophages produce EGF, instigating the
migration of tumor cells toward blood vessels[57]. Yet another population of TAMS, the
monocytes displaying the C-C chemokine receptor type 2 (CCR2), are preferentially
recruited to the metastatic site by CCL2, which can be derived from either tumor or stromal
cells[58, 59]. CCL2 can further activate CCR2+ endothelium to increase vascular
permeability and recruit monocytes that will facilitate extravasation and metastatic seeding
of tumor cells[60]. The interaction between tumor, endothelial and myeloid cells creates a
niche that favors tumor outgrowth. Indeed, the niche has been hypothesized to be a crucial
determinant for cancer growth[61]. Accordingly, direct contact between a macrophage, an
endothelial cell and a tumor cell in the tumor microenvironment is predictive of the
metastatic potential in primary human breast cancer, hence further highlighting the
unfavorable clinical impact of interaction between macrophages, endothelium and tumor
cells[62].

Tumor-associated neutrophils

The role of tumor-associated neutrophils (TANS) in disease progression has only recently
emerged, although an association between increased circulating neutrophils and metastasis
in human cancer has been known for decades[63]. While there are relatively little data on
neutrophil infiltration in human cancer, an increase in the presence of TANs correlates with
advanced disease and poor outcome in patients in several types of human cancer [64].
Several recent reviews have extensively summarized the recent advances in neutrophil
biology in cancer[65-68]. TANSs induce the angiogenic switch during early tumor
progression [69], and continue to promote tumor cell growth and invasion by remodeling the
extracellular matrix and modulating tumor cell biology in later stages[65-68]. Neutrophils,
like macrophages, polarize in the tumor microenvironment to a pro-tumor (N2) phenotype
[70]. Neutrophil-derived MMP-9, oncostatin M, CXCL8 and Bv8 have been shown to
promote angiogenesis [71] and are associated with the N2 phenotype of TANs [66]. While
neutrophils appear to play a mostly pro-tumor role in tumor progression, the N2 phenotype
of TANSs can be reversed to an anti-tumor N1 phenotype with TGFf blockade[70] and IFN-f
can instruct neutrophils to have an anti-tumor phenotype [72], illustrating their ability to be
pro- or anti-tumor depending on the microenvironment.
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Innate lymphoid cells and dendritic cells

ILCs are major producers of cytokines in response to tissue damage and are able to tune the
inflammatory response[73, 74]. Their role in cellular transformation and malignant
progression is however largely unknown. Hence unraveling the role of ILCs in cancer
development and the interplay between ILCs and other immune cells would significantly
contribute to the understanding of how the innate immune system tunes the inflammatory
response in cancer.

NK cells are an important subset of ILCs. In contrast to TAMs and TANS, which can exert
either pro- or anti-tumor roles in tumor progression, NK cells are devoted anti-tumor
contenders. Tumor cells, however, adopt traits that allow them to inhibit the function of NK
cells. Neuroblastoma tumor cells produce TGF-B1 that affects the repertoire of chemokine
receptors (upregulates CXCR3 and CXCR4) on NK cells, thereby stimulating homing of NK
cells to the bone marrow and preventing their recruitment to the tumor[75]. Tumor cells can
further evade NK immunity by upregulation of telomeric repeat-binding factor 2 (TRF2).
TRF2 is a key factor involved in telomere protection and found to be increased in various
human cancers; however, the mechanism, by which TRF2 controls cancer formation was
unknown until a recent study that found that TRF2 inhibits recruitment of NK cells and
prevents tumor cells from NK-mediated elimination[76]. NK cells also target tumor-
initiating cells in colon cancer and melanoma[77, 78]. IL-15 activated NK cells are capable
of eradicating large established tumors through a perforin-dependent elimination and IL-15-
activated DCs are able to induce apoptotic cell death in tumor cells (predominantly by
granzyme B)[79, 80]. Moreover, colorectal cancer patients with deletion at the I1L-15 locus
have a higher risk of recurrence, which further points to the importance of 1L-15 induced
activation of DCs and NK cells in combating cancer[81].

DCs can control malignant development of CAC through the production of IL-22BP, which
neutralizes the effect of 1L-22[82]. IL-22 initially protects the intestine in the early phase of
tissue damage, caused by bacterial infection, via induction of antimicrobial peptides and via
tissue repair proliferation of intestinal stem cells. Exposure of 1L-22 for a long period (due
to, for example, chronic bacterial stimulation) will, however, induce hyper-proliferation of
intestinal epithelial cells and chronic inflammation[83]. IL-17*1L-22* colonic ILCs produce
IL-22 and their depletion in mice occludes development of colon cancer[84].

Even though DCs can have tumoricidal activity and activate anti-tumor immunity (mediated
by type | IFN-a/p) they frequently become pro-tumor in a cancer context[85, 86]. The
acquired pro-tumor function of DC can be caused by impaired IFN-a production or
upregulation of transcription factor Forkhead box O3 (Foxo03)[87, 88]. Foxo3 has a critical
role in inhibiting anti-tumor function of DCs. Silencing Foxo3 partially restores the anti-
tumor function of DCs, however it is yet to be determined what induces upregulation of
Foxo3 in intratumoral DCs[88]. Yet another way by which DCs lose their anti-tumor
function is due to hypoxia[13]. Hypoxia further reduces the tumoricidal capacity of NK cells
and attracts T cell-suppressive myeloid cells[89].
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Tumor-induced T cell-suppressive myeloid cells

Accumulation of T cell-suppressive myeloid cells in peripheral tissues in cancer is well
documented, along with their pro-tumor role in tumor progression[90]. Two heterogeneous
subsets of myeloid cells have been characterized that share the unique ability to suppress T
cell function in cancer, which is not found in their healthy or naive myeloid counterparts.
The monocytic subset (Mo-MDSC) is CD33*CD14*HLADR™ (humans) and
CD11b*Ly6ChiLy6G"9 (mice), while the granulocytic/neutrophil subset (G-MDSC, PMN-
MDSC) is CD33*CD15"HLA-DR™ (humans) and CD11b*Ly6CI"Ly6G* (mice). In mice,
the monocytic Ly6CNLy6G"™9 (same as Grl-int) population contains a more heterogeneous
population of cells that includes not only monocytes, but also myeloid precursors and
progenitors [91, 92]. MDSCs also are involved in tumor initiation. CXCR2+ MDSCs are
recruited to inflamed colon where they promote chronic inflammation and contribute to
tumor initiation and development of colitis-associated cancer [93].

In most solid tumor cancers (human and mice), T cell-suppressive granulocytes/neutrophils
appear to be the predominant subtype [94, 95]. Of note, the markers utilized to define T cell-
suppressive myeloid cells in human cancer, defined as
CD3°CD14°CD19"CD57-CD11b*CD33™, are shared by circulating neutrophils, and,
similarly, these cells are also highest in patients with extensive metastatic tumor burden
[96]. It is becoming increasingly clear that while TANs and T cell-suppressive granulocytes/
neutrophils differ significantly from naive neutrophils [97, 98], there is significant functional
overlap between these populations, and most likely they are generated by a similar
mechanism in cancer [65, 68].

While originally thought to be a homogeneous population of pro-inflammatory cells,
neutrophils are now known to be essential during both pro- and anti-inflammatory responses
and emerging identification of neutrophil subsets suggest these cells are more heterogeneous
[99]. In response to VEGF-A, a subset of CD11b*Gr1*CXCR4M neutrophils with increased
MMP9 activity were found to promote angiogenesis and reintegration of transplanted
hypoxic tissue, which was not recruited in response to MIP-2 (CXCL2)[100]. This VEGF-
recruited neutrophil population shares characteristics with TANs and it is interesting to
speculate that immune suppression in the context of wound repair is beneficial for the host,
though detrimental in cancer. Understanding the molecular mechanisms that generate
subsets of neutrophils that provide pro- or anti-inflammatory responses could provide
therapeutic targets.

Concluding remarks

Innate immune cells have the ability to tune the inflammatory response and have a key role
in cancer-related inflammation. An important question, among others (Box 1), is to elucidate
whether the innate immune system, while trying to prevent an overt inflammatory response
will respond by tuning the inflammatory response and consequently inducing a pro-tumor
microenvironment. Ultimately the balance of innate immune cells will dictate the fate of
cancer development and understanding what distinguishes pro-tumor innate immune cells
from their anti-tumor counterpart and being able to therapeutically tune the inflammatory
response will be crucial in the fight against cancer. However, the tumor context, i.e., ‘tumor
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initiation’ or “established tumor” will have to be taken into account when differentiating the

friend (anti-tumor) from the foe (pro-tumor)(Figure 3).

Box 1
Outstanding questions that remain
1.  Why do all chronic inflammatory disorders not give an elevated risk of cancer?

2. Do cancers caused by inflammation originate from tissue stem cells/
progenitors?

3. Do certain oncogenes induce certain inflammatory responses?

4. Besides aberrant cell proliferation, what other hallmarks of cancer induce
expression of ligands that can be recognized by innate immune cells?

5. Tumor cells acquire features that enable them to convert the pro-inflammatory
response into anti-inflammatory, but can the innate immune system itself try to
prevent an overt inflammatory response and thus, responds by tuning the
inflammatory response, which results in a pro-tumor environment?

6. What is the role of different innate lymphoid cell populations in tumor initiation
and progression?

7. Do certain combinations of chemokines/cytokines interconnect in malignant
development or does a single cytokine/chemokine always act autonomously?
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Figure 1. Innate immune cells in tumor initiation and progression
Tumor initiation can either be induced by chronic inflammation caused by extrinsic factors

such as infection, autoimmunity, tobacco and obesity or by intrinsic factors e.g. spontaneous
or hereditary mutations. The extrinsic factors are dependent on innate immune cells to
initiate tumor formation (compared to intrinsic tumor formation) and emerging data indicate
that cancer initiated by chronic inflammation might originate from tissue stem cell/
progenitors. Pro-inflammatory M1 macrophages and to some extent DCs are responsible for
creating a mutagenic microenvironment. Pro-inflammatory mediators (IL-6, IFN-y, TNF-a,
ROS and RNI) activate STAT3 and NF-xB and induce genetic instability. Premalignant
cells acquire traits, such as upregulation of TRF2 that inhibit tumoricidal NK cells, and
upregulation of CSF1/M-CSF and CCL2 that recruit immature myeloid cells from the bone
marrow and convert them into pro-tumor myeloid cells, i.e., TAMs, N2, DCs, PMN-MDSCs
and Mo-MDSCs that are pro-angiogenic and promote development of malignancy.
Abbreviations: DC, dendritic cells; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a;
IFN-vy, interferon-v; TRF2, telomeric repeat-binding factor 2, ROS, reactive oxygen species,
RNI, reactive nitrogen intermediates, NK, natural killer cells; CSF1/M-CSF, macrophage
colony stimulating factor 1; CCL2, chemokine (C-C motif) ligand 2; TAMs, tumor-
associated macrophages, N2, pro-tumor neutrophil; PMN-MDSCs, tumor-associated T cell-
suppressive neutrophils; Mo-MDSCs, monocyte/macrophages.
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Figure 2. Subpopulations of tumor-associated macrophages promote malignant progression
TAMs are recruited to the primary tumor and to metastatic sites by chemokines derived

from tumor cells. There are distinct subpopulations of macrophages within a tumor. CSF1R-
macrophages attract tumor cells to blood vessels through a paracrine loop. Tumor cells
produce CSF1/M-CSF, while CSF1R-macrophages produce EGF, instigating the migration
of tumor cells toward blood vessels. Tie2-macrophages align blood vessels and produce pro-
angiogenic mediators, e.g., Wnt7b and VEGF. Tumor cells produce CCL2 that recruit
CCR2+ monocytes to the metastatic site where they facilitate extravasation of tumor cells
and promote tumor outgrowth.

Abbreviations: TAMs, tumor-associated macrophages; CSF1/M-CSF, macrophage colony
stimulating factor 1; CCL2, chemokine (C-C motif) ligand 2; CCR2, C-C chemokine
receptor type 2; CSF1R, colony stimulating factor 1 receptor; EGF, epidermal growth factor;
VEGF, vascular endothelial growth factor.
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Figure 3. Balancing of the innate immune system
The pro-tumor versus anti-tumor role of different innate immune cells can differ depending

on the tumor context, i.e., ‘tumor initiation’ or “‘established tumor’, making it difficult to
differentiate friend from foe. The balance of innate immune cells will ultimately dictate the
fate of cancer development
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