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Léon C.L. van Kempena,b, Karin E. de Visserc, Lisa M. Coussensd,e,f,*
aNijmegen Centre for Molecular Life Sciences, Radboud University Nijmegen Medical Centre, Geert Grooteplein 24,

6525GA Nijmegen, The Netherlands
bDepartment of Pathology, Radboud University Nijmegen Medical Centre, Geert Grooteplein 24, 6525GA Nijmegen, The Netherlands
cDepartment of Molecular Biology, The Netherlands Cancer Institute/Antoni van Leeuwenhoek Hospital, Plesmanlaan 121,

1066 CX Amsterdam, The Netherlands
dCancer Research Institute, University of California, 2340 Sutter Street, N-221, San Francisco, CA 94143, USA
eDepartment of Pathology, University of California, 2340 Sutter Street, N-221, San Francisco, CA 94143, USA
fComprehensive Cancer Center, University of California, 2340 Sutter Street, N-221, San Francisco, CA 94143, USA
A R T I C L E I N F O

Article history:

Received 11 January 2006

Accepted 11 January 2006

Available online 9 March 2006

Keywords:

Cancer

Adaptive immunity

Innate immunity

Proteinases

Angiogenesis

Stroma

Tumour micro-environment
0959-8049/$ - see front matter � 2006 Elsevi
doi:10.1016/j.ejca.2006.01.004

* Corresponding author: Tel.: +1 415 502 6378
E-mail address: coussens@cc.ucsf.edu (L.
A B S T R A C T

Tumours are complex tissues composed of ever-evolving neoplastic cells, matrix proteins

that provide structural support and sequester biologically active molecules, and a cellular

stromal component. Reciprocal interactions between neoplastic cells, activated host cells

and the dynamic micro-environment in which they live enables tumour growth and dis-

semination. It has become evident that early and persistent inflammatory responses

observed in or around developing neoplasms regulates many aspects of tumour develop-

ment (matrix remodelling, angiogenesis, malignant potential) by providing diverse media-

tors implicated in maintaining tissue homeostasis, e.g., soluble growth and survival

factors, matrix remodelling enzymes, reactive oxygen species and other bioactive mole-

cules. This review highlights recent insights into the role of chronic inflammation associ-

ated with cancer development and examines proteolytic pathways activated by infiltrating

leukocytes during neoplastic programming of tissues.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The current predominating view of cancer is as a disease

involving irreversible genomic change: changes encompass-

ing single mutations in specific genes or alteration, amplifi-

cation or loss of vast regions of the genome.1 A unifying

concept of this property of cancer is that dominant gain-

of-function and recessive loss-of-function alterations in

critical gate-keeper genes, e.g., oncogenes and tumour sup-

pressor genes, have been identified in virtually every form

of human cancer and are believed to be at the root of initi-

ating neoplastic programs of growth within tissues. The

sheer number of genes identified in the past 25 years har-
er Ltd. All rights reserved

; fax: +1 415 514 0878.
M. Coussens).
bouring such genomic alterations might suggest that ran-

dom genetic mutations underlie cancer development.

However, upon closer inspection, it is clear that while a

diversity of mutated genes exist in cancer cells,1,2 it is likely

that a much smaller number of critical physiological path-

ways, when either chronically enabled or disabled, effects

overall neoplastic risk.3,4 Thus, genomic alterations affecting

intrinsic cellular programs, e.g., cell cycle check-point control,

programmed cell death, differentiation, metabolism and cell

adhesion, in combination with epigenetic alterations affect-

ing extrinsic programs, such as immune response, matrix

metabolism, tissue oxygenation and vascular status, under-

lie human cancer development.5,6
.
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2. Immune response and cancer

The frequent presence of inflammatory cell infiltrates in tu-

mours has been recognised for over a century,7 although

mechanistically understanding of their precise role in tumour

development has been elusive until recently. Inflammatory

cell infiltrates in pre-malignant tissues and tumours can be

differentially composed of diverse leukocytic populations,

adaptive and/or innate, depending upon the stage of tumour

development and the organ micro-environment.

Innate immune cells, e.g., granulocytes (neutrophils, baso-

phils and eosinophils), dendritic cells (DCs), macrophages,

natural killer cells (NK cells) and mast cells, are prominent

components of pre-malignant and malignant tissues

(Fig. 1)5,8 and functionally contribute to cancer development

largely due to their release of potent soluble mediators that

regulate cell survival and proliferation, angiogenesis, tissue

remodelling, metabolism and genomic integrity. In a homeo-

static context, when tissues are wounded or exposed to a

chemical irritant, inflammatory cells are involved in removing

damaged cells by induction of cell death and phagocytic path-

ways, as well as in enhancing matrix metabolism and cell pro-

liferation to facilitate tissue regeneration or wound healing.

Proliferation and inflammation subside after the assaulting

agent is removed or the repair completed. In contrast, sus-

tained proliferation of ‘initiated/mutant’ cells in environ-

ments rich in inflammatory cells, growth/survival factors,

activated stroma, and DNA damage promoting agents, poten-

tiates and/or ‘promotes’ neoplastic risk.5,9–11 Individuals suf-

fering from chronic inflammatory disorders harbour a

greatly increased risk of cancer development,5,6 largely due

to the pro-growth environment generated by activated inflam-

matory cells. In addition, many clinical studies have reported

the abundance of innate immune cells, in particular mast cells

and macrophages, in human tumour samples and correlated

their presence with either angiogenesis or clinical outcome.6

Macrophages are differentiated monocytes that originate

from bone marrow and differentiate upon extravasation from
ig. 1 – Human breast and prostate carcinoma development is acc

nd eosin (H& E) stained tissue sections of (A,C) ‘normal’ or (B,D)

o discern the presence of infiltrating leukocytes. By contrast, imm

imited presence of leukocytes in (E,G) ‘normal’ tissue as oppose
the haematogenous vasculature.12 They are recruited to sites

of tissue injury, inflammation or proliferation by specific che-

mokines, e.g., monocyte chemotactic protein (MCP)-1 as well

as various polypeptide growth factors.13 Peri-tumoural accu-

mulation of macrophages correlates with blood vessel density

in a wide variety of tumours,12 believed to be due largely to

the myriad of proteases, growth factors and angiogenic fac-

tors produced by macrophages and then utilised by neoplastic

cells to enhance their eventual development into cancers. In

elegant work using mice lacking colony-stimulating factor

(CSF-1), Pollard and colleagues demonstrated how macro-

phages contribute to later stages of malignant progression

in the murine polyoma virus middle T oncogene model

(PyMT) of mammary tumour development.14 In more recent

studies, Pollard and colleagues have described the existence

of a reciprocal relationship between macrophages expressing

CSF-1 receptor and epidermal growth factor (EGF) with tu-

mour cells expressing EGF receptor and CSF-1 that together

promotes metastasis of malignant tumour cells.15 Tumour hy-

poxia may play a role in this relationship given the associa-

tion between tumour-associated macrophages (TAMs) and

hypoxic areas of tumours.16 A number of recent studies have

shown that macrophages respond to the levels of hypoxia

found in tumours by up-regulating transcription factors such

as hypoxia-inducible factors 1 and 2, which in turn activate a

broad array of mitogenic, pro-invasive, pro-angiogenic, and

pro-metastatic genes17 and thus may explain why high num-

bers of TAMs correlate with poor prognosis in various forms

of cancer.12

Macrophages, however, are not the only innate immune

cells exploited to a tumour’s advantage – mast cells also play

an important role. In a mouse model of squamous epithelial

carcinogenesis, e.g., K14-HPV16 transgenic mice, where hu-

man papillomavirus type 16 early region genes are expressed

in basal keratinocytes under the control of the keratin 14 pro-

moter/enhancer,18 genetic depletion of mast cells (KITW/KITWV)

diminishes pre-malignant angiogenesis and reduces prolifera-

tion of keratinocytes and stromal fibroblasts, resulting in
ompanied by CD45+ leukocyte infiltration. In haematoxylin

malignant human breast and prostate tissues, it is difficult

unodetection of CD45 (leukocyte common antigen) reveals

d to (F,H) malignant counterparts.
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attenuated malignant progression.19 Moreover, in K14-HPV16

mice genetic elimination of mature Tand B lymphocytes limits

neoplastic progression to development of benign hyperplasias

that fail to recruit innate immune cells, including mast cells,

granulocytes and a majority of other CD45+ leukocytes, into

pre-malignant tissue, and as a result reduces carcinoma inci-

dence from 47% to 6%.20 Adoptive transfer of CD19+B220+ B

cells or serum from K14-HPV16 mice into T and B cell-defi-

cient/HPV16 mice is sufficient to restore innate immune cell

infiltration into pre-malignant tissue and to reinstate neces-

sary parameters for full malignancy, e.g., chronic inflamma-

tion, angiogenic vasculature and hyperproliferative

epidermis.20 These findings support a model in which activa-

tion of peripheral adaptive immune responses, specifically B

lymphocytes, and soluble molecules in serum are required

for establishing chronic inflammatory states, composed of in-

nate immune cells, that promote de novo epithelial carcino-

genesis, and support the concept that oncogene expression

in ‘initiated’ cells alone is not sufficient for full malignant pro-

gression. Instead, additional signals provided by adaptive and

innate immune cells are required for elaboration of the malig-

nant state, and this suggests that pharmacological interven-

tions targeting B lymphocytes and/or recruitment of innate

immune cells towards pre-malignant tissue represents a via-

ble cancer chemopreventative strategy.

Tumour-associated neutrophils have also been identified

as innate immune cells that enhance the in vitro invasive

and in vivo metastatic potential of syngeneic tumour cells

by facilitating invasion across basement membranes.21 Neu-

trophils are also implicated in carcinogenesis through their

generation of reactive oxygen and nitrogen species,22 a poten-

tial mechanism for the significant association between

chronic inflammatory diseases and increased cancer risk.

Another intriguing role for host inflammatory involvement

in tumourigenesis was proposed recently.23 During chronic

gastric inflammation induced in mice, inflammatory infil-

trates harbour not only mature differentiated cells typically

associated with an immune response, but also bone marrow

stem cells that become incorporated into the glandular epi-

thelium of the stomach at sites of eventual tumour forma-

tion. Furthermore, a correlation between release of the E2F1

transcription factor from the retinoblastoma protein in colo-

nic epithelial cells was recently appreciated in a murine

model of ulcerative colitis and in human tissue with similar

pathology.24 Subsequent transcription of E2F1 target genes

(e.g., proliferating cell nuclear antigen and cyclinD1) and pro-

motion of cell cycle progression and proliferation provides

another likely link between chronic inflammation and cancer.

Whether these processes occur at other sites of chronic

inflammation and, more importantly in human disease, re-

mains to be determined.

Since immune cells exist as part of an organism’s defence

mechanism against foreign bodies, it may be expected that

the true goal of inflammatory cell recruitment to a tumour

is to eradicate the aberrant mass. It therefore seems likely

that many immune cells will have anti-tumourigenic func-

tions, but these must be balanced against the pro-tumouri-

genic properties discussed above. Tissue specificity must

also be considered when determining whether inflammatory

cells are ultimately pro- or anti-tumourigenic. This is evident
when comparing the association between prognosis and

macrophage infiltration in breast and colon tumours. In

breast cancer, significant infiltration is associated with a poor

prognosis, whereas in colon cancer, the few studies per-

formed to date suggest the opposite, i.e., that macrophage

infiltration is a good sign.12 The ability of tumours to suborn

a defence mechanism to further its own development is a

sign of the rapid evolution process that occurs within tu-

mours and also one of the many reasons why cancer is diffi-

cult to treat effectively.

2.1. Inflammatory cell-derived mediators: proteases

Tumour infiltrating leukocytes also indirectly contribute to tu-

mour development by production of extracellular prote-

ases.25–30 Numerous studies have documented increased

expression of matrix metalloproteinases (MMPs) in human

malignant tissue, often correlating with poor prognosis.31

MMPs regulate tissue homeostasis and disease pathogenesis

via pleiotropic biological effects, including remodelling of sol-

uble and insoluble extracellular matrix (ECM) components

and cell–cell and cell–matrix adhesion molecules.31 In both

human and mouse models of cancer development, whereas

some MMPs are produced by epithelial cells, activated stromal

cells, e.g., fibroblasts, vascular cells, and in particular innate

immune cells, are the major sources of MMPs.31

Several mechanistic studies have reported that leukocyte-

derived MMPs functionally contribute to neoplastic progres-

sion.25,26,28,32 For example, we have previously reported that

tumour incidence and growth in the K14-HPV16 mouse model

of de novo epithelial carcinogenesis is reduced in the absence

of MMP-9.25,33 Characteristics of neoplastic development were

restored by reconstitution of MMP-9-deficient/K14-HPV16

mice by adoptive transfer of wild-type bone marrow-derived

cells, indicating that inflammatory cells functionally contrib-

ute to de novo carcinogenesis at least in part by their deposi-

tion of MMP-9 into the neoplastic micro-environment.25,34

While genetic elimination of MMP-9 or amino-bisphospho-

nate-mediated blockade of MMP-9 production by macro-

phages significantly reduces cancer development in HPV16

mice, infiltration of neoplastic tissue by immune cells is

unperturbed by MMP-9 absence,33,34 indicating that one

mechanism whereby inflammation potentiates cancer risk

is by local delivery of MMP-9.

Other experimental mouse models of cancer development

have similarly identified MMP-9 as a key inflammatory cell-

derived mediator of tumour-associated angiogenesis.27,28,35

During pancreatic Islet carcinogenesis for example, Bergers

and colleagues determined that MMP-9, produced predomi-

nantly by macrophages, regulates angiogenesis by mobilising

ECM-sequestered vascular endothelial growth factor (VEGF)

and stimulating vascular endothelial cell proliferation and

subsequent angiogenesis.27 Processing of pro-growth factors

is not a unique property of MMP-9, in fact several MMP fam-

ily members are known to possess this property, some of

which also regulate acute inflammation via their ability to

process chemokines.36 MMP-7 produced by osteoclasts has

emerged as a significant regulator of prostate cancer bone

metastases by virtue of its ability to process receptor activa-

tor of NF kappa B ligand (RANKL) and induce osteolysis.37
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Since osteoclasts and macrophages are similarly derived

from monocyte precursors, it will be interesting to determine

if bisphosphonate therapy attenuates MMP-7 production

by osteoclasts similarly to its inhibition of macrophage

MMP-9 during cervical carcinogenesis.33 Bisphosphonates

are known significantly to reduce the incidence of skeletal-

related events during breast cancer metastases to bone;38

thus, perhaps the mechanisms by which this is achieved is

by monocyte blockade of MMP production and subsequent

inhibition of skeletal complications resultant from bone

metastases.

MMPs are also thought to promote tumour cell survival by

conferring protection against apoptotic cell death. For exam-

ple, MMP-7 sheds membrane-bound Fas ligand (FasL), result-

ing in production of soluble FasL that significantly lowers the

ability to trigger apoptosis via the Fas receptor pathway.39

MMP-7 also confers protection from apoptosis by cleaving

the heparin-binding EGF precursor (HB-EGF) from the cell sur-

face resulting in generation of signals conferring protection

from apoptosis by binding of mature active form of HB-EGF

to both the ErbB1 and ErbB2 receptors.40

MMPs, besides promoting tumour progression via these di-

verse mechanisms, also exhibit anti-tumour functions. For

example, male mice deficient for MMP-8 (collagenase-2) exhi-

bit a significant increase in skin tumour incidence upon

chemically induced carcinogenesis.41 Tumour susceptibility

is sex hormone dependent since ovarectomised MMP-8-defi-

cient female mice also demonstrate a similar enhanced sus-

ceptibility to chemically induced skin carcinogenesis.41

Moreover, treatment of MMP-8-deficient mice with tamoxi-

fen, an oestrogen receptor antagonist, also resulted in in-

creased skin carcinogenesis in females,41 suggesting that

loss of MMP-8 function, by either homozygous loss or MMP

inhibition (natural or synthetic), enhances rather than re-

duces tumour susceptibility. Taken together, it is clear that

MMP function extends well beyond ECM remodelling and, as

a consequence of their diverse activities toward substrates,

MMPs participate in many biological (e.g., embryogenesis,

angiogenesis, endometrial cycling and wound healing) and

pathological (e.g., cancer, arthritis and cardiovascular disease)

processes by both positive and negative mechanisms.

In addition to proteolytic enzymes from the MMP family,

other classes of intracellular and extracellular enzymes re-

leased by activated leukocytes have been identified as impor-

tant mediators of neoplastic progression. Mast cell activation

results in degranulation and release of (amongst many bioac-

tive mediators) collagenase (MMP-1)42 and two neutral serine

proteases, chymase and tryptase.43 Tryptase possesses mito-

genic activities towards keratinocytes and fibroblasts via its

ability to activate protease activated receptor (PAR)-2,44,45 in-

duces type I collagen expression by fibroblasts44 as well as in-

duces expression of the chemokine MCP-1 by monocytes and

endothelial cells and subsequently stimulating monocyte/

macrophage and granulocyte recruitment.46–48 Chymase, on

the other hand, does not possess direct mitogenic activities,

but instead activates several pericellular enzymes, including

proMMP-1, �2 and �9.42,49–52 By evaluating skin, heart and

lung tissues in mast cell protease-4 (chymase) homozygous

null mice, a major role for chymase in regulating thrombin

and fibronectin turnover was revealed, as was the necessity
of chymase for activation of proMMP-9 to its zymogen form,

and thus indicating that despite the fact that many enzymes

can activate proMMP-9 in vitro, in vivo, chymase appears to be

critical.53,54 Moreover, chymase regulates the rennin-

angiotensin pathway by generating angiotensin II from angio-

tensin I, which it can also liberate via cleavage of angiotensin-

ogen.55,56 Angiotensins are significant chymase substrates,

since angiotensin I is a potent fibroblast mitogen and induces

expression of diverse collagens, laminins and fibronectin via

activation of the angiotensin 2 receptor.56 Chymase also pos-

sesses indirect pro-angiogenic activities in addition to modu-

lation of angiotensins via regulating release of sequestered

VEGF from the matrix following cleavage of an as yet uniden-

tified substrate.57

A major role for cysteine cathepsin proteases, produced by

leukocytes and epithelial cells, as important mediators of

cancer development, has also been recently appreciated.58

While many cysteine cathepsins are lysosomal proteases,

they are known to be involved in remodelling of ECM, to reg-

ulate cellular proliferation and death, to activate tumour

angiogenesis, to promote invasion and metastasis of tumour

cells, and to regulate inflammatory and immune responses in

tissues.59 Joyce and colleagues recently demonstrated the

association of increased cathepsin activity with angiogenic

vasculature and invasive fronts of carcinomas during tumo-

urigenesis in transgenic mouse models of Islet cell and cervi-

cal carcinogenesis using activity-based chemical probes and

in vivo imaging,60 thus indicating that broad-spectrum cys-

teine cathepsin inhibitors may effectively block multiple bio-

logical aspects of tumour development, offering new

therapeutic opportunities in anti-cancer therapy.

3. Paracrine signalling networks between
leukocytes and neoplastic cells

On a molecular level, several studies have provided insight

into which intracellular signalling pathways are co-opted in

initiated neoplastic cells at-risk for cancer development.

The pro-inflammatory transcription factor nuclear factor jB

(NF-jB), a mediator of cell survival, proliferation and growth

arrest, has been identified as an important molecule linking

chronic inflammation and cancer.61–63 Specific deletion of

IKKj – a key intermediary of NF-jB – in myeloid cells

decreased carcinoma growth in a mouse model of colitis-

associated cancer through reduced production of tumour-

promoting paracrine factors.62 In addition, examination of a

mouse model of inflammation-associated hepatocellular car-

cinogenesis, similarly implicated activation of hepatocyte NF-

jB via production of inflammatory cell-derived TNF-a.61

These two mouse models reveal that the NF-jB pathway

has dual actions in tumour promotion: first by preventing

death of cells with malignant potential, and secondly by stim-

ulating production of pro-inflammatory cytokines in cells of

myeloid and lymphoid origin in tumour masses. Pro-inflam-

matory cytokines then signal to initiated and/or otherwise

‘damaged’ epithelial cells and promote neoplastic cell prolif-

eration and enhance cell survival; thus, inflammatory cells

in these contexts modulate gene expression extrinsically

within neoplastic cells and favour proliferation and survival

by paracrine regulation of NF-jB.
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How then is bioavailability of important molecules such as

TNF-a regulated? TNF-a is mainly synthesised by cells of the

monocyte-macrophage lineage, including mast cells, macro-

phages, T-cells, natural killer cells, and neutrophils; however,

epithelial cells are also known to upregulate TNF-a expression

during malignancy.64 TNF-a is expressed as a membrane-

bound homotrimer that is proteolytically released (shed) by

the metalloproteinase tumour necrosis factor a-converting

enzyme (TACE/ADAM17) resulting in the release of the active

C-terminal portion from the cell surface.65 In homeostatic tis-

sues, shedding of TNF-a facilitates rapid responses to tissue

damage by activating both cell proliferation and cell death

programs in ‘damaged’ tissues.64 However, in neoplastic tis-

sues, chronic bioavailability of TNF-a has been associated with

enhanced invasive activities and survival of neoplastic cells.64

Shedding of biologically active TNF-a is regulated by the

endogenous metalloproteinase inhibitor TIMP-3.66 TIMP-3 is

sequestered at the cell surface by association with glycosami-

noglycan chains of proteoglycans, especially heparan sul-

phate, and inhibits the shedding and bioavailability TNF-a by

TACE,67,68 and thus represents a rate-limiting step for both

acute and chronic inflammation. During cancer development,

cell-type specific expression of TIMP-3 appears to be critical as

loss of TIMP-3 expression in activated stromal cells exacer-

bates inflammation, enhances angiogenesis and elicits rapid

tumour development, whereas absence of TIMP-3 in neoplas-

tic epithelial cells does not alter tumour latency, burden or po-

tential.69 The degree to which cell-type specific expression of

TIMP-3 regulates NF-jB signalling pathways via TNF-a and

TACE remains to be determined.

4. Conclusion

A vast body of evidence indicates that inflammatory leuko-

cytes contribute to cancer development either directly via

the release of vesicle-stored growth and survival factors and

diverse proteolytic enzymes, or indirectly via the activation

of cell signalling cascades as a result of altered pericellular

matrix remodelling activity. Thus, chronic engagement of

pro-inflammatory programs in pre-malignant tissues favours

generation of a pro-growth environment that fosters cancer

development. While undoubtedly complex, identifying the

major mediators and pathways responsible for triggering

inflammatory cell infiltration into ‘damaged’ tissue or their

accumulation in (pre-)malignant tissues may provide thera-

peutic opportunities for prevention and treatment of cancer.

The incredible efficacy of anti-inflammatory therapies10,70 in

chemoprevention argues for anti-inflammatory therapy at

the earliest stages of neoplastic progression. Alternatively,

should future anti-cancer strategies focus on regulating NF-

jB activation, TNF-a bioavailability or metalloproteinase

activity? In answering this question, it is important to point

out that all organs are endowed with unique cell death and

damage-response pathways that naturally invoke acute

activation of innate immune cells. In skin, for example, kerat-

inocyte cell death is by terminal differentiation.71 Inhibiting

NF-jB in keratinocytes promotes squamous cell carcinogene-

sis by reducing growth arrest and terminal differentiation of

initiated keratinocytes72 that proliferate in micro-environ-

ments where growth factors, matrix remodelling enzymes
and reactive oxygen species produced by infiltrating inflam-

matory cells contribute to angiogenesis and keratinocyte

DNA damage.5 Similarly, hepatocytes exposed to carcinogens

have a differential propensity towards hepatocellular carci-

noma dependent upon the status of NF-jB in myeloid cells

responding to hepatocyte damage.73 On the other hand,

blockade of TNF-a attenuates skin tumour formation.74 Ther-

apeutically regulating TNF-a however, must also be consid-

ered with care, as it too possesses opposing activities that

are cell-type and environment-dependent.75 Phase I clinical

trials of TNF-a antagonists are currently underway in patients

with advanced cancer – these may help us understand the

complexities of these responses.74,75 Similarly, expression

and activity of MMPs varies by organ and in response to dam-

age,31 and while elimination or attenuation of MMP activity

clearly evokes a survival advantage in immune competent

mouse models of cancer development, efficacy of metallopro-

tease inhibitors in human clinical trials was disappointing at

best.76 So, what are the lessons we can learn from these fail-

ures? It is clear that special consideration must be given to

understanding the stage of tumour progression where cyto-

static agents targeting inflammatory mediators are likely to

work alone, and where, when combined with standard debul-

king or cytotoxic therapies, an experimentally assessable

advantage is provided. Mouse models that more closely mimic

human cancers are rapidly becoming available and must be ap-

plied in a way that also recapitulates the presentation and cur-

rent therapeutic approach to the corresponding human disease.

Conflict of interest statement

None declared.
Acknowledgements

The authors were supported by grants from the Dutch Cancer

Society (KUN2004-3195, LCLvK), The Netherlands Organisa-

tion for Scientific Research (016.056.933, LCLvK), the National

Institutes of Health (CA72006, CA94168, CA098075, DK067678),

Sandler Program in Basic Sciences, National Technology Cen-

ter for Networks and Pathways (U54 RR020843) and a Depart-

ment of Defense Breast Cancer Center of Excellence grant

(DAMD-17-02-0693).
R E F E R E N C E S
1. Albertson DG, Collins C, McCormick F, Gray JW. Chromosome
aberrations in solid tumors. Nat Genet 2003;4:369–76.

2. Weir B, Zhao X, Meyerson M. Somatic alterations in the
human cancer genome. Cancer Cell 2004;6:433–8.

3. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell
2000;100:57–70.

4. McCormick F. Cancer: survival pathways meet their end.
Nature 2004;428:267–9.

5. Coussens LM, Werb Z. Inflammation and cancer. Nature
2002;420:860–7.

6. Balkwill F, Charles KA, Mantovani A. Smoldering and
polarized inflammation in the initiation and promotion of
malignant disease. Cancer Cell 2005;7:211–7.



E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 7 2 8 – 7 3 4 733
7. Balkwill F, Mantovani A. Inflammation and cancer: back to
Virchow? Lancet 2001;357:539–45.

8. de Visser KE, Eichten A, Coussens LM. Paradoxical roles of the
immune system during cancer development. Nat Rev Cancer
2006;6:24–37.

9. Thun MJ, Henley SJ, Gansler T. Inflammation and cancer: an
epidemiological perspective. Novartis Found Symp
2004;256:6–21.

10. Clevers H. At the crossroads of inflammation and cancer. Cell
2004;118:671–4.

11. Shacter E, Weitzman SA. Chronic inflammation and cancer.
Oncology 2002;16:217–26.

12. Pollard JW. Tumour-educated macrophages promote tumour
progression and metastasis. Nat Rev Cancer 2004;4:71–8.

13. Balkwill F. Cancer and the chemokine network. Nat Rev Cancer
2004;4:540–50.

14. Lin EY, Nguyen AV, Russell RG, Pollard JW. Colony-stimulating
factor 1 promotes progression of mammary tumors to
malignancy. J Exp Med 2001;193:727–40.

15. Wyckoff J, Wang W, Lin EY, et al. A paracrine loop between
tumor cells and macrophages is required for tumor cell
migration in mammary tumors. Cancer Res 2004;64:7022–9.

16. Lewis CE, Murdoch C. Macrophage responses to hypoxia:
implications for tumor progression and anti-cancer therapies.
Am J Pathol 2005;167:627–35.

17. Murdoch C, Lewis CE. Macrophage migration and gene
expression in response to tumor hypoxia. Int J Cancer
2005;117:701–8.

18. Coussens LM, Hanahan D, Arbeit JM. Genetic predisposition
and parameters of malignant progression in K14-HPV16
transgenic mice. Am J Path 1996;149:1899–917.

19. Coussens LM, Raymond WW, Bergers G, et al. Inflammatory
mast cells up-regulate angiogenesis during squamous
epithelial carcinogenesis. Gene Dev 1999;13:1382–97.

20. de Visser KE, Korets LV, Coussens LM. De novo carcinogenesis
promoted by chronic inflammation is B lymphocyte
dependent. Cancer Cell 2005;7:411–23.

21. Welch DR, Schissel DJ, Howrey RP, Aeed PA. Tumor-elicited
polymorphonuclear cells, in contrast to ‘normal’ circulating
polymorphonuclear cells, stimulate invasive and metastatic
potentials of rat mammary adenocarcinoma cells. Proc Natl
Acad Sci 1989;86:5859–63.

22. Josephy PD, Coomber BL. The 1996 Veylien Henderson Award
of the Society of Toxicology of Canada. Current concepts:
neutrophils and the activation of carcinogens in the breast
and other organs. Can J Physiol Pharmacol 1998;76:693–700.

23. Houghton J, Stoicov C, Nomura S, et al. Gastric cancer
originating from bone marrow-derived cells. Science
2004;306:1568–71.

24. Ying L, Marino J, Hussain SP, et al. Chronic inflammation
promotes retinoblastoma protein hyperphosphorylation and
E2F1 activation. Cancer Res 2005;65:9132–6.

25. Coussens LM, Tinkle CL, Hanahan D, Werb Z. MMP-9 supplied
by bone marrow-derived cells contributes to skin carcino-
genesis. Cell 2000;103:481–90.

26. Yang L, Debusk LM, Fukuda K, et al. Expansion of myeloid
immune suppressor Gr+CD11b+ cells in tumor-bearing host
directly promotes tumor angiogenesis. Cancer Cell 2004;6:409–21.

27. Bergers G, Brekken R, McMahon G, et al. Matrix
metalloproteinase-9 triggers the angiogenic switch during
carcinogenesis. Nat Cell Biol 2000;2:737–44.

28. Hiratsuka S, Nakamura K, Iwai S, et al. MMP9 induction by
vascular endothelial growth factor receptor-1 is involved in
lung-specific metastasis. Cancer Cell 2002;2:289–300.

29. de Visser KE, Coussens LM. Inflammation and matrix
metalloproteinases: implications for cancer development. In:
Morgan DW, Forssmann UJ, Nakada MT, editors. Cancer and
inflammation. Basel, Switzerland: Birkhauser Verlag; 2004. p.
71–97.

30. Diaz RJ, Eichten AE, de Visser KE, Coussens LM. Matrix
metalloproteinases: mediators of tumour-host interactions.
In: Meadows G, editor. Fundamental aspects of cancer: cancer
growth and progression. The Netherlands: Kluwer Academic;
2005. p. 77–118.

31. Egeblad M, Werb Z. New functions for the matrix
metalloproteinases in cancer progression. Nat Rev Cancer
2002;2:161–74.

32. de Visser KE, Korets LV, Coussens LM. Early neoplastic
progression is complement independent. Neoplasia
2004;6:768–76.

33. Giraudo E, Inoue M, Hanahan D. An amino-bisphosphonate
targets MMP-9-expressing macrophages and angiogenesis to
impair cervical carcinogenesis. J Clin Invest 2004;114:623–33.

34. van Kempen LCL, Rhee JS, Dehne K, et al. Epithelial
carcinogenesis: dynamic interplay between neoplastic cells
and their microenvironment. Differentiation 2002;70:501–623.

35. Huang S, Van Arsdall M, Tedjarati S, et al. Contributions of
stromal metalloproteinase-9 to angiogenesis and growth of
human ovarian carcinoma in mice. J Natl Cancer Inst
2002;94:1134–42.

36. Overall CM, McQuibban GA, Clark-Lewis I. Discovery of
chemokine substrates for matrix metalloproteinases by
exosite scanning: a new tool for degradomics. Biol Chem
2002;383:1059–66.

37. Lynch CC, Hikosaka A, Acuff HB, et al. MMP-7 promotes
prostate cancer-induced osteolysis via the solubilization of
RANKL. Cancer Cell 2005;7:485–96.

38. Coleman RE. Bisphosphonates in breast cancer. Ann Oncol
2005;16:687–95.

39. Sheu BC, Hsu SM, Ho HN, et al. A novel role of metallopro-
teinase in cancer-mediated immunosuppression. Cancer Res
2001;61:237–42.

40. Yu WH, Woessner JF, McNeish JD, Stamenkovic I. CD44
anchors the assembly of matrilysin/MMP-7 with
heparin-binding epidermal growth factor precursor and ErbB4
and regulates female reproductive organ remodeling. Gene
Dev 2002;16:307–23.

41. Balbin M, Fueyo A, Tester AM, et al. Loss of collagenase-2
confers increased skin tumor susceptibility to male mice. Nat
Genet 2003;35:252–7.

42. Di Girolamo N, Wakefield D. In vitro and in vivo expression of
interstitial collagenase/MMP-1 by human mast cells. Dev
Immunol 2000;7:131–42.

43. Irani AM, Schwartz LB. Mast cell heterogeneity. Clin Exp
Allergy 1989;19:143–55.

44. Gruber BL, Kew RR, Jelaska A, et al. Human mast cells
activate fibroblasts: tryptase is a fibrogenic factor stimulating
collagen messenger ribonucleic acid synthesis and fibroblast
chemotaxis. J Immunol 1997;158:2310–7.

45. Cairns JA, Walls AF. Mast cell tryptase stimulates the
synthesis of type I collagen in human lung fibroblasts. J Clin
Invest 1997;99:1313–21.

46. Schramm R, Schaefer T, Menger MD, Thorlacius H. Acute
mast cell-dependent neutrophil recruitment in the skin is
mediated by KC and LFA-1: inhibitory mechanisms of
dexamethasone. J Leukoc Biol 2002;72:1122–32.

47. Chen R, Ning G, Zhao ML, et al. Mast cells play a key role in
neutrophil recruitment in experimental bullous pemphigoid.
J Clin Invest 2001;108:1151–8.

48. Ajuebor MN, Das AM, Virag L, et al. Role of resident peritoneal
macrophages and mast cells in chemokine production and
neutrophil migration in acute inflammation: evidence for an
inhibitory loop involving endogenous IL-10. J Immunol
1999;162:1685–91.



734 E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 7 2 8 – 7 3 4
49. Taylor A. Collagenolysis in cultured tissue: role of mast cells.
J Dental Res 1971;50:1301–6.

50. Kofford MW, Schwartz LB, Schechter NM, et al. Cleavage of
type I procollagen by human mast cell chymase initiates
collagen fibril formation and generates a unique carboxyl-
terminal propeptide. J Biol Chem 1997;272:7127–31.

51. Saarinen J, Kalkkinen N, Welgus HG, Kovanen PT. Activation
of human interstitial procollagenase through direct cleavage
of the Leu83-Thr84 bond by mast cell chymase. J Biol Chem
1994;269:18134–40.

52. Fang KC, Raymond WW, Lazarus SC, Caughey GH. Dog
mastocytoma cells secrete a 92-kD gelatinase activated
extracellularly by mast cell chymase. J Clin Invest
1996;97:1589–96.

53. Tchougounova E, Pejler G, Abrink M. The chymase, mouse
mast cell protease 4, constitutes the major chymotrypsin-like
activity in peritoneum and ear tissue. A role for mouse mast
cell protease 4 in thrombin regulation and fibronectin
turnover. J Exp Med 2003;198:423–31.

54. Tchougounova E, Lundequist A, Fajardo I, et al. A key role for
mast cell chymase in the activation of pro-matrix
metalloprotease-9 and pro-matrix metalloprotease-2. J Biol
Chem 2005;280:9291–6.

55. Diekmann O, Tschesche H. Degradation of kinins,
angiotensins and substance P by polymorphonuclear matrix
metalloproteinases MMP 8 and MMP 9. Braz J Med Biol Res
1994;27:1865–76.

56. Lundequist A, Tchougounova E, Abrink M, Pejler G.
Cooperation between mast cell carboxypeptidase A and the
chymase mouse mast cell protease 4 in the formation and
degradation of angiotensin II. J Biol Chem 2004;279:32339–44.

57. Grutzkau A, Kruger-Krasagakes S, Baumeister H, et al. Syn-
thesis, storage, and release of vascular endothelial growth
factor/vascular permeability factor (VEGF/VPF) by human
mast cells: implications for the biological significance of
VEGF206. Mol Biol Cell 1998;9:875–84.

58. Turk V, Kos J, Turk B. Cysteine cathepsins (proteases) – on the
main stage of cancer? Cancer Cell 2004;5:409–10.

59. Chapman HA, Riese RJ, Shi GP. Emerging roles for cysteine
proteases in human biology. Annu Rev Physiol 1997;59:63–88.

60. Joyce JA, Baruch A, Chehade K, et al. Cathepsin cysteine
proteases are effectors of invasive growth and angiogenesis
during multistage tumorigenesis. Cancer Cell 2004;5:443–53.

61. Pikarsky E, Porat RM, Stein I, et al. NF-kappaB functions as a
tumour promoter in inflammation-associated cancer. Nature
2004;431:461–6.
62. Greten FR, Eckmann L, Greten TF, et al. IKKbeta links
inflammation and tumorigenesis in a mouse model of
colitis-associated cancer. Cell 2004;118:285–96.

63. Balkwill F, Coussens LM. Cancer: an inflammatory link. Nature
2004;431:405–6.

64. Balkwill F. Tumor necrosis factor or tumor promoting factor?
Cytokine Growth Factor Rev 2002;13:135–41.

65. Black RA, Rauch CT, Kozlosky CJ, et al. A metalloproteinase
disintegrin that releases tumour-necrosis factor-alpha from
cells. Nature 1997;385:729–33.

66. Mohammed FF, Smookler DS, Taylor SE, et al. Abnormal TNF
activity in Timp3�/� mice leads to chronic hepatic
inflammation and failure of liver regeneration. Nat Genet
2004;36:969–77.

67. Murphy G, Knauper V, Lee MH, et al. Role of TIMPs (tissue
inhibitors of metalloproteinases) in pericellular proteolysis:
the specificity is in the detail. Biochem Soc Symp
2003;70:65–80.

68. Mahmoodi M, Sahebjam S, Smookler D, Khokha R, Mort JS.
Lack of tissue inhibitor of metalloproteinases-3 results in an
enhanced inflammatory response in antigen-induced
arthritis. Am J Pathol 2005;166:1733–40.

69. Cruz-Munoz W, Kim I, Khokha R. TIMP-3 deficiency in the
host, but not in the tumor, enhances tumor growth and
angiogenesis. Oncogene 2006;25:650–5.

70. Turini ME, DuBois RN. Cyclooxygenase-2: a therapeutic target.
Ann Rev Med 2002;53:35–7.

71. Fuchs E, Raghavan S. Getting under the skin of epidermal
morphogenesis. Nat Rev Genet 2002;3:199–209.

72. Seitz CS, Lin Q, Deng H, Khavari PA. Alterations in NF-kappaB
function in transgenic epithelial tissue demonstrate a growth
inhibitory role for NF-kappaB. Proc Natl Acad Sci
1998;95:2307–12.

73. Maeda S, Kamata H, Luo JL, Leffert H, Karin M. IKKbeta
couples hepatocyte death to cytokine-driven compensatory
proliferation that promotes chemical hepatocarcinogenesis.
Cell 2005;121:977–90.

74. Scott KA, Moore RJ, Arnott CH, et al. An anti-tumor necrosis
factor-alpha antibody inhibits the development of
experimental skin tumors. Mol Cancer Ther 2003;2:445–51.

75. Szlosarek PW, Balkwill FR. Tumour necrosis factor alpha: a
potential target for the therapy of solid tumours. Lancet Oncol
2003;4:565–73.

76. Coussens LM, Fingleton B, Matrisian LM. Matrix
metalloproteinase inhibitors and cancer: trials and
tribulations. Science 2002;295:2387–92.


	Inflammation, proteases and cancer
	Introduction
	Immune response and cancer
	Inflammatory cell-derived mediators: proteases

	Paracrine signalling networks between�leukocytes and neoplastic cells
	Conclusion
	Conflict of interest statement
	Acknowledgements
	References


