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Abstract

Recent data have expanded the concept that inflammation is a critical component of tumour

progression. Many cancers arise from sites of infection, chronic irritation and inflammation. It is now

becoming clear that the tumour microenvironment, which is largely orchestrated by inflammatory

cells, is an indispensable participant in the neoplastic process, fostering proliferation, survival and

migration. In addition, tumour cells have co-opted some of the signalling molecules of the innate

immune system, such as selectins, chemokines and their receptors for invasion, migration and

metastasis. These insights are fostering new anti-inflammatory therapeutic approaches to cancer

development.

The functional relationship between inflammation and cancer is not new. In 1863, Virchow

hypothesized that the origin of cancer was at sites of chronic inflammation, in part based on

his hypothesis that some classes of irritants, together with the tissue injury and ensuing

inflammation they cause, enhance cell proliferation1. Although it is now clear that proliferation

of cells alone does not cause cancer, sustained cell proliferation in an environment rich in

inflammatory cells, growth factors, activated stroma, and DNA-damage-promoting agents,

certainly potentiates and/or promotes neoplastic risk. During tissue injury associated with

wounding, cell proliferation is enhanced while the tissue regenerates; proliferation and

inflammation subside after the assaulting agent is removed or the repair completed. In contrast,

proliferating cells that sustain DNA damage and/or mutagenic assault (for example, initiated

cells) continue to proliferate in microenvironments rich in inflammatory cells and growth/

survival factors that support their growth. In a sense, tumours act as wounds that fail to

heal2.

Today, the causal relationship between inflammation, innate immunity and cancer is more

widely accepted; however, many of the molecular and cellular mechanisms mediating this

relationship remain unresolved — these are the focus of this review. Furthermore, tumour cells

may usurp key mechanisms by which inflammation interfaces with cancers, to further their

colonization of the host. Although the acquired immune response to cancer is intimately related

to the inflammatory response, this topic is beyond the scope of this article, but readers are

referred to several excellent reviews3,4.

An overview of inflammation

To understand the role of inflammation in the evolution of cancer, it is important to understand

what inflammation is and how it contributes to physiological and pathological processes such

as wound healing and infection (Fig. 1). In response to tissue injury, a multifactorial network
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of chemical signals initiate and maintain a host response designed to ‘heal’ the afflicted tissue.

This involves activation and directed migration of leukocytes (neutrophils, monocytes and

eosinophils) from the venous system to sites of damage (Box 1), and tissue mast cells also have

a significant role. For neutrophils, a four-step mechanism is believed to coordinate recruitment

of these inflammatory cells to sites of tissue injury and to the provisional extracellular matrix

(ECM) that forms a scaffolding upon which fibroblast and endothelial cells proliferate and

migrate, thus providing a nidus for reconstitution of the normal microenvironment5. These

steps involve: activation of members of the selectin family of adhesion molecules (L- P-, and

E-selectin) that facilitate rolling along the vascular endothelium; triggering of signals that

activate and upregulate leukocyte integrins mediated by cytokines and leukocyte-activating

molecules; immobilization of neutrophils on the surface of the vascular endothelium by means

of tight adhesion through α4β1 and α4β7 integrins binding to endothelial vascular cell-adhesion

molecule-1 (VCAM-1) and MadCAM-1, respectively; and transmigration through the

endothelium to sites of injury, presumably facilitated by extracellular proteases, such as matrix

metalloproteinases (MMPs).

Box 1

Wound healing as an example of physiological inflammation

Cellular components

Platelet activation and aggregation, in addition to accelerating coagulation, provide a bolus

of secreted proteins and α-granule contents to the immediate area, all of which help initiate

and accelerate the inflammatory response by the host. Examples of such secreted proteins

include arachodonic acid metabolites, heparin, serotonin, thrombin, coagulation factors

(factor V), adhesive proteins (fibrinogen and von Willebrand factor), plasma proteins

(immunoglobulin-γ and albumin), cell growth factors (platelet-derived growth factor

(PDGF), platelet-derived angiogenesis factor, transforming growth factor-α (TGF-α), TGF-

β and basic fibroblast growth factor (bFGF)), enzymes (heparanase and factor XIII) and

protease inhibitors (plasminogen activator inhibitor-1, α2-macroglobulin and α2-

antiplasmin). Following platelet-induced haemostasis and release of TGF-β1 and PDGF,

formation of granulation tissue is facilitated by chemotaxis of neutrophils, monocytes,

fibroblasts and myofibroblasts, as well as by synthesis of new extracellular matrix (ECM)

and neoangiogenesis.

Neutrophil chemotaxis is stimulated by factors such as circulating complement factor 5

(C5a), leukotriene B4, kallikrein, bacterial products (if present) and numerous factors

released from platelets at the site (for example, PDGF, TGF-β, platelet-activating factor

and platelet factor-4 (PF-4)). Although terminally differentiated with little biosynthetic

machinery, neutrophils are capable of considerable production of cytokines/chemokines

necessary for effector cell recruitment, activation and response15. These phagocytic cells

initiate wound healing by serving as a source of early-response pro-inflammatory cytokines

such as tumour necrosis factor-α (TNF-α)68, and interleukin (IL)-1α and IL-1β69. These

cytokines mediate leukocyte adherence to the vascular endothelium, thus targeting and

restricting leukocytes to areas of repair, and initiate repair by inducing expression of matrix

metalloproteinases (MMPs) and keratinocyte growth factor (KGF/FGF-7) by

fibroblasts70.

In response to tissue injury, mononuclear phagocytes (that is, macrophage progenitors)

migrate from the venous system to the site of tissue injury. They are guided to the site by

chemotactic factors, including PF-4, TGF-β, PDGF, chemokines (monocyte

chemoattractant protein-1, -2 and -3 (MCP-1/CCL2, MCP-2/CCL8 and MCP-3/CCL7),

macrophage inflammatory protein-1α and -1β (MIP-1α/CCL3 and MIP-1β/CCL4), and the

cytokines IL-1β and TNF-α. Deployment of monocytes/macrophages to the site of injury
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peaks as the number of neutrophils decline. Once present, however, they differentiate into

mature macrophages or immature dendritic cells71. After activation, macrophages are the

main source of growth factors and cytokines (TGF-β1, PDGF, bFGF, TGF-α, insulin-like

growth factor (IGF)-I and -II, TNF-α and IL-1) that modulate tissue repair. Cells in their

local microenvironment (for example, endothelial, epithelial, mesenchymal or

neuroendocrine cells) are profoundly affected by macrophage products. Macrophages also

regulate local tissue remodelling by inducing ECM components, stimulating production of

proteolytic enzymes (for example, MMPs and urokinase-type plasminogen activator

(uPA)), clearing apoptotic and necrotic cells, and modulating angiogenesis through local

production of thrombospondin-1 (refs 72, 73).

Following their activation, mast cells are full of stored and newly synthesized inflammatory

mediators. This cell type synthesizes and stores histamine, cytokines and proteases

complexed to highly sulphated proteoglycans within granules, and produces lipid mediators

and cytokines upon stimulation. Once activated by complement or by binding of antigens

to immunoglobulin E (IgE) bound to high-affinity IgE receptors (FcεRI), they degranulate,

releasing mediators including heparin, heparanase, histamine, MMPs and serine proteases,

and various polypeptide growth factors, including bFGF and vascular endothelial growth

factor74. These function both in the early initiation phase of inflammation (for example,

vascular reaction and exudation), and in the late phase where leukocyte accumulation and

wound healing takes place.

Chemotactic cytokines

Chemokines are classified into polypeptide groups identified by the location of cysteine

residues near their amino termini (for example, C-C, C-X-C, C and CX3C). Chemokines

represent the largest family of cytokines (~41 human members), forming a complex network

for the chemotactic activation of all leukocytes. Chemokine receptors, members of the

seven-transmembrane-spanning G-protein-coupled receptors, vary by cell type and degree

of cell activation6. There is considerable redundancy in chemokine-receptor interaction, as

many ligands bind different receptors, or vice versa.

The composition of chemokines produced at sites of tissue wounding not only recruits

downstream effector cells (as discussed above), but also dictates the natural evolution of

immune reactivity. For example, MCP-1/CCL2, a potent chemotactic protein for monocytes

and lymphocytes, simultaneously induces expression of lymphocyte-derived IL-4 in

response to antigen challenge while decreasing expression of IL-12 (ref. 75). The net effect

of this alteration facilitates a switch from a TH1-type to a TH2-type inflammatory response.

Tissue repair

In response to wounding, fibroblasts migrate into the wound bed and initially secrete

collagen type III, which is later replaced by collagen type I. Synthesis and deposition of

these collagens by fibroblasts is stimulated by factors including TGF-β1, -β2 and -β3,

PDGF, IL-1α, -1β and -4, and mast cell tryptase. Once sufficient collagen has been

generated, its synthesis is stopped; thus, during wound repair, production as well as the

degradation of collagens is under precise spatial and temporal control.

The final phase of the healing process is re-epithelialization and migration of epithelial cells

across this amalgam, in a process that requires both dissolution of the fibrin clot and

degradation of the underlying dermal collagen. Epithelial cells at the leading edge of the

wound express the uPA receptor, which is important for focal activation of uPA, and

collagenolytic enzymes of the MMP family. In the absence of the fibrinolytic enzyme

plasmin, derived from plasminogen after activation by uPA and tissue-PA, re-

epithelialization is dramatically delayed76.
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The pro-inflammatory properties of TGF-β, such as leukocyte recruitment, adhesion and

regulation of MMP secretion and activation, are balanced by its ability to also reverse its

role, and suppress these events and foster ECM synthesis to mediate tissue repair8. As

inflammatory cells are activated, their complement of TGF-β receptors change, resulting

in differential susceptibility to TGF-β and enhanced sensitivity to suppression by TGF-β8,

a critical event to resolving inflammation.

A family of chemotactic cytokines, named chemokines, which possess a relatively high degree

of specificity for chemoattraction of specific leukocyte populations1,6,7, recruits downstream

effector cells and dictates the natural evolution of the inflammatory response. The profile of

cytokine/chemokines persisting at an inflammatory site is important in the development of

chronic disease. The pro-inflammatory cytokine TNF-α (tumour necrosis factor-α) controls

inflammatory cell populations as well as mediating many of the other aspects of the

inflammatory process. TGF-β1 is also important, both positively and negatively influencing

the processes of inflammation and repair8. The key concept is that normal inflammation — for

example, inflammation associated with wound healing — is usually self-limiting; however,

dysregulation of any of the converging factors can lead to abnormalities and ultimately,

pathogenesis — this seems to be the case during neoplastic progression.

Neutrophils (and sometimes eosinophils) are the first recruited effectors of the acute

inflammatory response. Monocytes, which differentiate into macrophages in tissues, are next

to migrate to the site of tissue injury, guided by chemotactic factors. Once activated,

macrophages are the main source of growth factors and cytokines, which profoundly affect

endothelial, epithelial and mesenchymal cells in the local microenvironment. Mast cells are

also important in acute inflammation owing to their release of stored and newly synthesized

inflammatory mediators, such as histamine, cytokines and proteases complexed to highly

sulphated proteoglycans, as well as lipid mediators.

Inflammation and neoplastic progression

Peyton Rous was the first to recognize that cancers develop from “subthreshold neoplastic

states” caused by viral or chemical carcinogens that induce somatic changes9,10. These states,

now known as ‘initiation’, involve DNA alterations, are irreversible and can persist in

otherwise normal tissue indefinitely until the occurrence of a second type of stimulation (now

referred to as ‘promotion’). Promotion can result from exposure of initiated cells to chemical

irritants, such as phorbol esters, factors released at the site of wounding, partial organ resection,

hormones or chronic irritation and inflammation (Fig. 1). Functionally, many promoters,

whether directly or indirectly, induce cell proliferation, recruit inflammatory cells, increase

production of reactive oxygen species leading to oxidative DNA damage, and reduce DNA

repair. Subversion of cell death and/or repair programmes occurs in chronically inflamed

tissues, thus resulting in DNA replication and proliferation of cells that have lost normal growth

control. Normal inflammation is self-limiting, because the production of anti-inflammatory

cytokines follows the pro-inflammatory cytokines closely (Fig. 2). However, chronic

inflammation seems to be due to persistence of the initiating factors or a failure of mechanisms

required for resolving the inflammatory response. Why does the inflammatory response to

tumours persist?

Inflammatory cell component of tumours

Tumour cells produce various cytokines and chemokines that attract leukocytes. The

inflammatory component of a developing neoplasm may include a diverse leukocyte

population — for example, neutrophils, dendritic cells, macrophages, eosinophils and mast

cells, as well as lymphocytes — all of which are capable of producing an assorted array of
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cytokines, cytotoxic mediators including reactive oxygen species, serine and cysteine

proteases, MMPs and membrane-perforating agents, and soluble mediators of cell killing, such

as TNF-α, interleukins and interferons (IFNs)11,12.

Monocytes, in the presence of granulocyte–macrophage colony-stimulating factor (GM-CSF)

and interleukin (IL)-4, differentiate into immature dendritic cells13. Dendritic cells migrate

into inflamed peripheral tissue where they capture antigens and, after maturation, migrate to

lymph nodes to stimulate T-lymphocyte activation. Soluble factors such as IL-6 and CSF-1,

derived from neoplastic cells, push myeloid precursors towards a macrophage-like

phenotype14. Interestingly, dendritic cells found in neoplastic infiltrates are frequently

immature and defective in T-cell stimulatory capacity.

Tumour-associated macrophages (TAMs) are a significant component of inflammatory

infiltrates in neoplastic tissues and are derived from monocytes that are recruited largely by

monocyte chemotactic protein (MCP) chemokines. TAMs have a dual role in neoplasms —

although they may kill neoplastic cells following activation by IL-2, interferon and IL-12 (refs

15, 16), TAMs produce a number of potent angiogenic and lymphangiogenic growth factors,

cytokines and proteases, all of which are mediators that potentiate neoplastic progression17.

TAMs and tumour cells also produce IL-10, which effectively blunts the anti-tumour response

by cytotoxic T cells. During development of melanoma, activated macrophages produce TGF-

β, TNF-α, IL-1α, arachidonate metabolites and extracellular proteases18. In response,

melanocytes express IL-8 and vascular endothelial growth factor (VEGF)-A, thereby inducing

vascular angiogenesis under paracrine control18. Indeed, macrophage infiltration is closely

associated with the depth of invasion of primary melanoma due, in part, to macrophage-

regulated tumour-associated angiogenesis19.

In addition to altering the local balance of pro-angiogenic factors during melanoma

development, during human cervical carcinogenesis, TAMs express VEGF-C and VEGF-D as

well as the VEGF receptor-3 (VEGFR-3), all of which are implicated in formation of lymphatic

vessels and lymphatic metastases17. By placing TAMs at the centre of the recruitment and

response to angiogenic and lymphangiogenic stimuli, they may foster the spread of tumours.

TAMs also induce VCAM-1 expression on mesothelial cells, a step also believed to be key for

tumour cell dissemination into the peritoneum20.

The functional significance of macrophage recruitment to sites of neoplastic growth has been

examined by crossing transgenic mice expressing Polyoma virus middle T (PyMT) driven by

the mouse mammary tumour virus (MMTV) long terminal repeat, which are prone to

development of mammary cancer, with mice containing a null mutation in the CSF-1 gene

(Csf1op)21. Whereas the absence of CSF-1 during early neoplastic development is without

apparent consequence, development of late-stage invasive carcinoma and pulmonary

metastases are significantly attenuated. The key difference between PyMT mice and PyMT/

Csf1op/Csf1op mice is not in the apparent proliferative capacity of neoplastic epithelial cells,

but in the failure to recruit mature macrophages into neoplastic tissue in the absence of CSF-1.

Targeting CSF-1 expression specifically to mammary epithelium in CSF-1-null/PyMT mice

restores macrophage recruitment, primary tumour development and metastatic potential12. A

similar study showed that subcutaneous growth of Lewis lung cancer cells is impaired in

Csf1op/Csf1op mice22. In this example, however, tumours displayed a decreased mitotic index

and pronounced necrosis, apparently resulting from diminished angiogenesis and impaired

tumour-stroma formation. These defects were corrected by treatment of tumour-bearing mice

with recombinant CSF-1 (ref. 22). Together, these genetic experiments provide a causal link

between CSF-1-dependent infiltrating macrophages and the malignant potential of epithelial

cells.
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Macrophages are not unique among inflammatory cells in potentiation of neoplastic processes.

Genetic and functional experiments indicate that neutrophils, mast cells, eosinophils and

activated T lymphocytes also contribute to malignancies by releasing extracellular proteases,

pro-angiogenic factors and chemokines11,23–26.

Cancers associated with chronic inflammation

How are inflammatory cells co-opted into the neoplastic process? A plausible hypothesis is

that many malignancies arise from areas of infection and inflammation, simply as part of the

normal host response. Indeed, there is a growing body of evidence that many malignancies are

initiated by infections11,27–29 (Table 1) — upwards of 15% of malignancies worldwide can

be attributed to infections, a global total of 1.2 million cases per year11. Persistent infections

within the host induce chronic inflammation. Leukocytes and other phagocytic cells induce

DNA damage in proliferating cells, through their generation of reactive oxygen and nitrogen

species that are produced normally by these cells to fight infection30. These species react to

form peroxynitrite, a mutagenic agent 30. Hence, repeated tissue damage and regeneration of

tissue, in the presence of highly reactive nitrogen and oxygen species released from

inflammatory cells, interacts with DNA in proliferating epithelium resulting in permanent

genomic alterations such as point mutations, deletions, or rearrangements. Indeed, p53

mutations are seen at frequencies similar to those in tumours in chronic inflammatory diseases

such as rheumatoid arthritis and inflammatory bowel disease31.

The strongest association of chronic inflammation with malignant diseases is in colon

carcinogenesis arising in individuals with inflammatory bowel diseases, for example, chronic

ulcerative colitis and Crohn’s disease. Hepatitis C infection in the liver predisposes to liver

carcinoma, an increased risk of bladder and colon carcinoma is associated with schistosomiasis,

whereas chronic Helicobacter pylori infection is the world’s leading cause of stomach

cancer32. The Gram-negative bacterium H. pylori is established as a definite carcinogen for

the development of gastric cancer — the second most common type of cancer globally11,29

— and DNA damage resulting from chronic inflammation is believed the mechanism32.

Exacerbating DNA damage induced by inflammatory cells is expression of macrophage

migration inhibitory factor (MIF) from macrophages and T lymphocytes. MIF is a potent

cytokine that overcomes p53 function by suppressing its transcriptional activity33. Chronic

bypass of p53 regulatory functions in infiltrated tissues can enhance proliferation and extend

life span, while also creating an environment with a deficient response to DNA damage,

amplifying accumulation of potential oncogenic mutations.

Infectious viral agents, for example, DNA tumour viruses, may also directly transform cells

by inserting active oncogenes into the host genome, although other mechanisms also are

responsible. While many types of infectious agents are present in animals, only a subset of

individuals infected with human papilloma virus, hepatitis B virus (HBV) or Epstein-Barr virus

develop virus-associated malignancies. This may reflect immune suppression, the necessity of

cofactors necessary for promotion or the fact that a neoplasm can develop only if viral infection

has targeted a pluripotent progenitor or stem cell. Such stem cells are typically low in

abundance and located in regions of tissues protected from agents that would otherwise harm

them34. In Rous sarcoma virus infections, inflammation is essential for tumour development

and this requirement is mediated by factors such as TGF-β and other cytokines produced by

the inflammatory cells35. Epstein-Barr virus also causes sustained proliferation of B

lymphocytes, which, when coupled with a secondary mutation, can result in neoplastic

progression and malignant conversion to give rise to Burkett’s lymphoma.

The molecular mechanism behind the associated risk of hepatocellular carcinoma resulting

from HBV and/or hepatitis C virus (HCV) infection is uncertain. Although there is evidence

for clonal integration of viral DNA in tumours and surrounding parenchyma cells, there are no
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defined transforming sequences found within the viral genomes that can act as viral oncogenes.

Moreover, there is no evidence to suggest that viral integration activates either a classical

cellular oncogene or inactivates a cellular tumour suppressor gene. HCV core protein interacts

with the signal transducer and activator of transcription 3 (STAT3) protein36, a transcription

factor involved in mediating cytokine signalling37. This interaction induces sustained

phosphorylation of a critical tyrosine residue, resulting in enhanced proliferation and

upregulation of Bcl-xL and cyclin-D. Thus, chronic viral replication in hepatocytes may alter

the local cytokine profile and the apoptotic or proliferative responses in infected cells, with an

immune response to the viral proteins resulting in a state of chronic inflammation. Interestingly,

a similar pathway involving inflammation, IL-6 and STAT3 is downstream of H. pylori in the

generation of stomach cancer38.

The chemokine connection

Chemokines were initially defined functionally as soluble factors regulating directional

migration of leukocytes during states of inflammation; however, chemokine biology extends

to all cell types, including most human neoplastic cells6. Attention first focused on the role of

chemokines during malignancy when it was reported that experimental animals without T or

natural killer (NK) cell functions, when challenged with a tumour, showed a typical

inflammatory infiltrate; this suggested that neoplastic cells either produce chemotactic factors

or induce their expression in nearby ‘host’ cells39. It is now appreciated that the chemokine-

receptor system can be altered dramatically in neoplastic tissue, particularly at the invasive

edges. Moreover, chemokines induce direct effects on stromal and neoplastic cells in addition

to their roles in regulating leukocyte recruitment (Fig. 2).

Regulation of tumour growth by chemokines—Some tumour cells not only regulate

their chemokine expression to help recruit inflammatory cells, but also use these factors to

further the tumour growth and progression. Melanoma is perhaps the best exemplar in which

chemokines (for example, GROα/CXCL1, GROβ/CXCL2, GROγ/CXCL3 and IL-8/CXCL8)

have been shown to exert autocrine control over neoplastic cell proliferation40. Blocking

GROα or the CXCR2 receptor attenuates melanoma cell proliferation in vitro41, whereas

overexpression of GROα, GROβ or GROγ in a variety of tumour-derived cell lines enhances

their colony-forming activity and tumorigenicity in nude mice42,43. Other CXCR2 ligands

have been identified as having autocrine roles in the growth of pancreatic, head and neck, and

non-small-cell lung carcinoma44,45, whereas in mouse models, ENA-78/CXCL5 variably

affects tumour growth, vascularity and apoptosis46. Macrophage pro-inflammatory

chemokine-3α (MIP-3α/CCL20), a CC chemokine, is overexpressed in pancreatic carcinoma

cells and infiltrating macrophages adjacent to tumours; MIP-3α/CCL20 stimulates growth of

neoplastic cells while simultaneously enhancing migration of TAMs47.

Regulation of angiogenesis by chemokines—Activation of angiogenic programmes

represents a shift in the balance between pro- and anti-angiogenic factors48. Although

angiogenesis is strictly controlled, it is associated with chronic inflammatory diseases, such as

psoriasis, rheumatoid arthritis and fibrosis, as well as with tumour growth and metastasis48. It

is well established that CXC chemokines with the three amino acids (Glu-Leu-Arg/ELR)

immediately amino-terminal to the CXC motif (ELR+) are pro-angiogenic and stimulate

endothelial cell chemotaxis, whereas ELR− CXC chemokines (for example, PF-4/CXCL4,

MIG/CXCL9 and IP-10/CXCL10) possess angiostatic activities44,49. ELR+ CXC ligands bind

to CXCR2 and to a lesser degree to CXCR1, whereas ELR− CXC ligands bind to CXCR3,

CXCR4 and CXCR5 (ref. 6). Compared to VEGF-A, murine MCP-5/CCL12 exhibits only

modest mitogenic properties towards endothelial cells; however, it is a potent chemoattractant.

In contrast, stromal-cell-derived factor 1 (SDF-1/CXCL12) induces endothelial expression of

VEGF-A; VEGF-A in turn upregulates CXCR4 on endothelial cells7. Although it is not always
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clear if the angiostatic and angiogenic effects of chemokines are direct or indirect, it is accepted

that the balance between the two regulates neoplastic cell physiology.

Chemokines and metastasis—Malignant cells that possess metastatic capacity have

properties endowing them with the ability to invade and survive in ectopic tissue, venous and/

or lymphatic environments, as well as ability to reside and proliferate at a distal site (Fig. 3).

Much debate exists as to whether malignant cells metastasize to environments favouring their

specific growth or whether different organs are endowed with the ability to arrest or attract

specific types of malignant cells through chemotactic factors (the so-called homing theory)

48. Studies using a mouse model by Muller and colleagues suggest that the pattern of breast

cancer metastases is in part governed by specific interactions between CXCR4 and its ligand

SDF-1/CXCL12 (ref. 50). CXCL12 is a rather unique chemokine in that it is the product of

resting cells in multiple organs6, and is particularly highly expressed in target organs for breast

cancer metastasis50. CXCL12 triggers chemotaxis of malignant mammary carcinoma cells in

vitro, and the chemotactic activity of extracts of organs targeted by breast cancer cells (bone

marrow, liver, lung and lymph nodes) can be neutralized by anti-CXCR4 antibodies. The

involvement of CXCR4 in metastasis is not limited to breast cancer, as CXCR4 is expressed

in tumour cell lines (for example, prostate carcinomas, B-cell lymphomas, astrogliomas and

chronic lymphocytic leukaemias) that also respond to CXCL12 (ref. 51). The broader

implications of these observations are that chemokines may be involved in regulating the

spectrum of metastases in diverse cancer types.

Tumours commandeer leukocyte adhesion mechanisms

Tumour cells not only take advantage of the trophic factors made by inflammatory cells, but

may also use the same adhesion molecules, chemokines and receptors to aid in migration and

homing during distant metastatic spread. Evidence suggests that mechanisms used for homing

of leukocytes may be appropriated for the dissemination of tumours via the bloodstream and

lymphatics. Selectins are adhesion receptors that normally recognize certain vascular mucin-

type glycoproteins bearing the carbohydrate structure sialyl-Lewis X and facilitate leukocyte

rolling along the blood vessels. Metastatic progression of many epithelial carcinomas correlates

with tumour production of mucins containing sialyl-Lewis X. Lung colonization by melanoma

cells that express sialyl-Lewis X is significantly reduced in E/P-selectin-deficient mice52. P-

selectin deficiency attenuates tumour growth and metastasis, and tumours are significantly

smaller in mice treated with a receptor antagonist peptide.

These results indicate that receptors expressed in the vasculature are crucial in targeting sialyl-

Lewis X-dependent cancer cells53. P-selectin facilitates human carcinoma metastasis in

immunodeficient mice by mediating early interactions of platelets with blood-borne tumour

cells via their cell-surface mucins, a process that can be blocked by heparin54. L-selectin on

neutrophils, monocytes and/or NK cells also may facilitate metastasis55. Metastasis could

involve the formation of tumour–platelet–leukocyte emboli that interact with the vasculature

of distant organs. In addition, expression of L-selectin on tumour cells can foster metastasis to

lymph nodes56.

Inflammation as an anti-cancer therapeutic opportunity

Perhaps the best evidence for the significance of inflammation during neoplastic progression

comes from study of cancer risk among long-term users of aspirin and nonsteroidal anti-

inflammatory drugs (NSAIDs). Much data indicates that use of these drugs reduces colon

cancer risk by 40–50%, and may be preventative for lung, oesophagus and stomach

cancer57,58. The ability of NSAIDs to inhibit cyclo-oxygenases (COX-1 and -2) underlies

their mechanism(s) of chemoprevention. COX-2 converts arachidonic acid to prostaglandins,

which in turn induces inflammatory reactions in damaged tissues59. Aspirin is non-selective
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in its inhibition of platelet function by acetylating and irreversibly inactivating both COX-1

and COX-2. Inactivation prevents platelet synthesis of prostaglandins, endoperoxides and

thromboxane A2.

Other NSAIDs, for example, flurbiprofen, may have strong anti-metastatic effects because of

their inhibition of platelet aggregation60. But NSAIDs may act through mechanisms other than

inhibition of COX enzyme activity alone, as some NSAIDs lacking COX-inhibitory function

show efficacy in inhibiting colon carcinogenesis61. Other mechanisms have been

proposed15, including induction of apoptosis through release of cytochrome C from

mitochondria and subsequent activation of caspase-9 and -3, and/or interference with cell-cycle

progression, reduction of carcinogen activation and stimulation of immune surveillance.

The pro-inflammatory cytokine TNF-α is also a key downstream mediator in inflammation.

Despite the name, TNF-α is important in early events in tumours, regulating a cascade of

cytokines, chemokines, adhesions, MMPs and pro-angiogenic activities1,62. Thus, TNF-α may

be one of the ways in which inflammation acts as a tumour promoter. Blocking antibodies that

have significant therapeutic efficacy in other inflammatory diseases63 may have applications

in therapy in cancer.

Tumours are also rich in mucins and other ligands that may include the sialyl-Lewis X epitope

recognized by selectins. Because selectins may have a role in metastasis54,55, targeting the

selectin interaction with heparin or antagonists of the receptor may decrease metastasis54.

MMPs are produced by inflammatory cells and by stromal cells responding to chemokines and

cytokines produced by inflammatory cells in tumour microenvironments25. Like inflammatory

cells, MMPs may both promote tumour progression and attenuate it. Indeed, MMPs may

mediate many of the actions of inflammatory cells in neoplasms64. MMPs can recruit

inflammatory cells by releasing chemoattractants and motogens; they also generate growth-

promoting and cytostatic signals. MMPs activate angiogenesis, but also produce fragments of

basement-membrane collagens and plasminogen that are angiogenesis inhibitors. They have

both apoptotic and anti-apoptotic actions. Thus, the efficacy of MMP inhibitors may be

mediated, at least in part, through anti-inflammatory actions64,65. Given their diverse actions,

it is also not surprising that trials with MMP inhibitors have had mixed results, with efficacy

reported mostly during early tumour progression66.

Inflammatory cells and cancer: friend or foe?

It is now evident that inflammatory cells have powerful effects on tumour development. Early

in the neoplastic process, these cells are powerful tumour promoters, producing an attractive

environment for tumour growth, facilitating genomic instability and promoting angiogenesis.

The inflammatory cells, and the chemokines and cytokines that they produce, influence the

whole tumour organ, regulating the growth, migration and differentiation of all cell types in

the tumour microenvironment, including neoplastic cells, fibroblasts and endothelial cells.

Later in the tumorigenic process, neoplastic cells also divert inflammatory mechanisms such

as selectin–ligand interactions, MMP production and chemokine functions to favour neoplastic

spread and metastasis. This may be part of an attempt by the tumour to subvert immune cell

functions, so favouring tumour development. Yet, the recruitment of inflammatory cells may

also be counterproductive for tumour development, and also may represent an attempt by the

host to suppress tumour growth.

The pro-tumour actions of inflammatory cells include releasing growth and survival factors,

promoting angiogenesis and lymphangiogenesis, stimulating DNA damage, remodelling the

ECM to facilitate invasion, coating tumour cells to make available receptors for disseminating

cells via lymphatics and capillaries, and evading host defence mechanisms. Although
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inflammatory responses should also be anti-tumour, cancer patients are often defective in their

inflammatory responses. This may arise by two distinct tumour-mediated mechanisms: a

failure to upregulate the anti-inflammatory cytokines, or subversion of the host response

resulting from desensitization of receptors owing to high chemokine and cytokine

concentrations that then blunt systemic responses. Can we apply these new insights for

targeting metastases?

It is clear that anti-inflammatory therapy is efficacious towards early neoplastic progression

and malignant conversion. In a fully developed malignancy, there are ‘excess’ inflammatory

cells in the tumour microenvironment. Does the tumour need inflammation to help foster

angiogenesis? We must think globally and act locally. One approach is to evaluate whether

functional polymorphisms in genes that regulate inflammatory processes (for example, genes

encoding MMPs, cytokines, chemokines or selectins) harbour altered risk for developing

cancer or are indicators of prognosis. Yet for all the local inflammation in tumours, in many

cases the overall innate immunity of the host is blunted. The challenge for the future is to

normalize the inflammatory network to regain a normal host response overall: decreasing the

high levels of tumour-promoting properties of the infiltrating cells, such as pro-inflammatory

cytokines, while increasing their tumour-suppressing properties, such as anti-inflammatory

cytokines. In this way, later in tumour progression, we can harness the activities that are anti-

tumour while suppressing those that are pro-tumour.
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Figure 1.

Wound healing versus invasive tumour growth. a, Normal tissues have a highly organized and

segregated architecture. Epithelial cells sit atop a basement membrane separated from the

vascularized stromal (dermis) compartment. Upon wounding or tissue assault, platelets are

activated and form a haemostatic plug where they release vasoactive mediators that regulate

vascular permeability, influx of serum fibrinogen, and formation of the fibrin clot. Chemotactic

factors such as transforming growth factor-β and platelet-derived growth factor, derived from

activated platelets, initiate granulation tissue formation, activation of fibroblasts, and induction

and activation of proteolytic enzymes necessary for remodelling of the extracellular matrix

(for example, matrix metalloproteinases and urokinase-type plasminogen activator). In

combination, granulocytes, monocytes and fibroblasts are recruited, the venous network

restored, and re-epithelialization across the wound occurs. Epithelial and stromal cell types

engage in a reciprocal signalling dialogue to facilitate healing. Once the wound is healed, the

reciprocal signalling subsides. b, Invasive carcinomas are less organized. Neoplasia-associated

angiogenesis and lymphangiogenesis produces a chaotic vascular organization of blood vessels

and lymphatics where neoplastic cells interact with other cell types (mesenchymal,

haematopoietic and lymphoid) and a remodelled extracellular matrix. Although the vascular

network is not disrupted in the same way during neoplastic progression as it is during wounding,

many reciprocal interactions occur in parallel. Neoplastic cells produce an array of cytokines

and chemokines that are mitogenic and/or chemoattractants for granulocytes, mast cells,

monocytes/macrophages, fibroblasts and endothelial cells. In addition, activated fibroblasts

and infiltrating inflammatory cells secrete proteolytic enzymes, cytokines and chemokines,

which are mitogenic for neoplastic cells, as well as endothelial cells involved in

neoangiogenesis and lymphangiogenesis. These factors potentiate tumour growth, stimulate

angiogenesis, induce fibroblast migration and maturation, and enable metastatic spread via

engagement with either the venous or lymphatic networks.
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Figure 2.

Cytokine and chemokine balances regulate neoplastic outcome. The balance of cytokines in

any given tumour is critical for regulating the type and extent of inflammatory infiltrate that

forms. Tumours that produce little or no cytokines or an overabundance of anti-inflammatory

cytokines induce limited inflammatory and vascular responses, resulting in constrained tumour

growth. In contrast, production of an abundance of pro-inflammatory cytokines can lead to a

level of inflammation that potentiates angiogenesis, thus favouring neoplastic growth.

Alternatively, high levels of monocytes and/or neutrophil infiltration, in response to an altered

balance of pro-versus anti-inflammatory cytokines, can be associated with cytotoxicity,
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angiostasis and tumour regression. In tumours, interleukin-10 is generally a product of tumour

cells and tumour-associated macrophages.
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Figure 3.

Cancer metastasis and chemokine signalling. Initiated epithelial cells are promoted by

inflammation to undergo neoplastic progression, a process that requires remodelling of the

extracellular matrix, recruitment of inflammatory cells, angiogenesis and lymphangiogenesis.

Out of this microenvironment, carcinomas arise. These neoplastic cells then turn on expression

of chemokine receptors, such as CXCR4. The production of chemokine ligands for these

receptors, in sites such as lymph nodes, bone marrow, liver and lung, then facilitates their

invasion and migration to secondary sites where malignant cells reside either in a dormant

state, or proliferate to form a productive metastatic lesion. Blockade of chemokine receptors,

for example, anti-CXCR4 antibodies, attenuates metastatic spread in some experimental

systems.
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Table 1

Chronic inflammatory conditions associated with neoplasms

Pathologic condition Associated neoplasm(s) Aetiologic agent

Asbestosis, silicosis Mesothelioma, lung carcinoma Asbestos fibres, silica
particles

Bronchitis Lung carcinoma Silica, asbestos, smoking
(nitrosamines, peroxides)

Cystitis, bladder inflammation Bladder carcinoma Chronic indwelling,
urinary catheters

Gingivitis, lichen planus Oral squamous cell carcinoma

Inflammatory bowel disease,
Crohn’s disease, chronic ulcerative
colitis

Colorectal carcinoma

Lichen sclerosus Vulvar squamous cell carcinoma

Chronic pancreatitis, hereditary
pancreatitis

Pancreatic carcinoma Alcholism, mutation in
trypsinogen gene on Ch.
7

Reflux oesophagitis, Barrett’s
oesophagus

Oesophageal carcinoma Gastric acids

Sialadenitis Salivary gland carcinoma

Sjögren syndrome, Hashimoto’s
thyroiditis

MALT lymphoma

Skin inflammation Melanoma Ultraviolet light

Cancers associated with infectious agents

Opisthorchis, Cholangitis Cholangiosarcoma, colon carcnoma Liver flukes
(Opisthorchis viverrini),
bile acids

Chronic cholecystitis Gall bladder cancer Bacteria, gall bladder
stones

Gastritis/ulcers Gastric adenocarcinoma, MALT Helicobacter pylori

Hepatitis Hepatocellular carcinoma Hepatitis B and/or C virus

Mononucleosis B-cell non-Hodgkin’s lymphoma, Burkitts
lymphoma,

Epstein-Barr Virus

AIDS Non-Hodgkin’s lymphoma, squamous cell
carcinomas, Kaposi’s sarcoma

Human
immunodeficiency virus,
human herpesvirus type 8

Osteomyelitis Skin carcinoma in draining sinuses Bacterial infection

Pelvic inflammatory disease, chronic
cervicitis

Ovarian carcinoma, cervical/anal
carcinoma

Gonnorrhoea, chlamydia,
human papillomavirus

Chronic cystitis Bladder, liver, rectal carcinoma, follicular
lymphoma of the spleen

Schistosomiasis

Modified from refs 29, 67. MALT, mucosa-associated lymphoid tissue.
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