
A variety of stromal cells in the surrounding environment 
are recruited to tumours, and these not only enhance 
growth of the primary cancer but also facilitate its meta-
static dissemination to distant organs. Cancer cells in 
an aggressive primary mass are adept at exploiting that 
particular tissue microenvironment; however, once 
they leave these favourable surroundings, they must 
possess traits that will allow them to survive in new 
environments. In order for a metastasis to occur, the 
intravasated cancer cell must survive in the circulation, 
arrive at the target organ (seeding), extravasate into 
the parenchyma and show persistent growth1. Each of 
these stages is inefficient and some are rate limiting1,2. 
For example, senescence or apoptosis of cancer cells at 
the stage of entry into the metastatic site prevents the 
spread of the majority of circulating cells2–4. Seeding can 
occur to multiple organs, but metastatic tumours may 
grow in only one or a few5. There is also increasing evi-
dence that in some cases cancer cells can lie dormant for 
many years, and that seeding may occur several years 
before diagnosis of the primary tumour6–10. In another 
phenomenon, termed angiogenic dormancy, there is 
a balance of proliferation and apoptosis that results 
in micrometastases that do not progress further11,12. 
The microenvironment clearly suppresses the malig-
nancy of these potentially metastatic cells10, and their  
re-activation to form a clinically relevant metastasis 
probably occurs through perturbations in the micro-
environment. Nevertheless, despite this evidence for 
early seeding and dormancy, tumour size and grade 
are the main predictors of metastasis, and this has been 
reinforced in recent studies in mouse models13 and by 
gene expression analysis that linked large tumour size 

with metastasis-enhancing gene signatures14. It has been 
hypothesized that this may be due to metastatic re- 
seeding to primary tumours15. If this is the case, nothing 
is currently known about the underlying mechanisms. 
Successful metastatic outgrowth thus depends on the 
cumulative ability of cancer cells to appropriate distinct 
microenvironments at each step in the metastatic cas-
cade: the primary tumour, systemic circulation and the 
final metastatic site. In this Review we discuss instruc-
tive, and in some cases dominant, roles for the micro-
environment during the process of metastasis, with a 
particular focus on contributions from bone marrow-
derived cells (BMDCs).

Tumour–stroma interactions at the primary site
Tissues contain a plethora of cells that work in con-
cert to effect normal physiology. These cells have 
positional identity so that their location is defined and 
their number constrained. Cancers have lost these con-
straints through mutations in oncogenes and tumour 
suppressor genes. However, these tumour cells have 
not lost all their interactions with surrounding non-
malignant cells or with the extracellular architec-
ture. Indeed, these interactions are not static: they 
evolve along with the tumour, in particular through 
the recruitment of BMDCs. In this section we dis-
cuss evidence that the microenvironment can exert 
inhibitory effects on even aggressive malignant cells. 
However, during their progression, tumours circum-
vent these inhibitory signals and instead exploit these 
surrounding cells to their own ends in processes that 
result in inappropriate growth, invasion and ultimately 
metastasis.
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Abstract | Metastasis is a multistage process that requires cancer cells to escape from the 
primary tumour, survive in the circulation, seed at distant sites and grow. Each of these 
processes involves rate-limiting steps that are influenced by non-malignant cells of the 
tumour microenvironment. Many of these cells are derived from the bone marrow, 
particularly the myeloid lineage, and are recruited by cancer cells to enhance their survival, 
growth, invasion and dissemination. This Review describes experimental data demonstrating 
the role of the microenvironment in metastasis, identifies areas for future research and 
suggests possible new therapeutic avenues.
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Extracellular matrix
(ECM). The matrix laid down by 
cells upon which they adhere 
and move. It consists of many 
components including laminin 
and fibronectin, which can 
influence tumour cell 
behaviour. ECM is also a rich 
source of growth factors that 
can be released upon 
proteolytic degradation and 
which in many cases increase 
metastasis.

Myeloid cell-derived 
suppressor cell
(MDSC). MDSCs are immature 
cells of the myeloid lineage 
that suppress T-cell responses 
to tumours and also enhance 
metastasis in the MMTV–PyMT 
model.

Mesenchymal stem cell
(MSC). MSCs are multipotent 
cells that differentiate into 
osteoblasts, chondrocytes 
adipocytes, and other cells of 
mesenchymal origin that can 
be recruited to tumours and 
increase metastasis.

Normal tissue homeostasis. Homeostasis in normal tissues 
requires a tightly controlled balance of cell proliferation 
and death, which is achieved and maintained through 
intercellular communication. An important regulator 
of normal cell behaviour and tissue homeostasis is the 
surrounding extracellular matrix (ECM). The ECM has 
many functions, including acting as a physical scaffold,  
facilitating interactions between different cell types, and 
providing survival and differentiation signals. Maintaining 
organ homeostasis can prevent neoplastic transformation 
in normal tissues by ensuring stable tissue structure, medi-
ated by tight junction proteins and cell adhesion molecules 
such as β1 integrins and epithelial (E)-cadherin16,17. Insight 
into the dominance of the microenvironment over epithe-
lial cell behaviour came from some of the earliest pioneer-
ing studies in this field. Mintz and colleagues showed that 
the microenvironment of a mouse blastocyst not only sup-
pressed the tumorigenicity of teratocarcinoma cells, but 
that those cells were stably reprogrammed, resulting in 
normal chimeric mice18. Subsequent studies indicated that 
the embryonic microenvironment is potent in its ability 
to reprogramme various cancer cells, including metastatic 
cells, to a less aggressive phenotype19–23. other groups 
have demonstrated a particularly important role for stro-
mal fibroblasts in modulating the malignant progression 
of transformed epithelial cells. For example, co-culture 
experiments showed that normal fibroblasts prevented 
the growth of initiated prostatic epithelial cells24, and 
could even reverse the malignant phenotype of neoplastic  
epithelial cells25. During early tumour development, how-
ever, the protective constraints of the microenvironment 
are overridden by conditions such as chronic inflamma-
tion, and the local tissue microenvironment shifts to a 
growth-promoting state.

Recruitment of stromal cells to developing tumours. It 
is now well established that primary tumours are com-
posed of a multitude of stromal cell types in addition to 
cancerous cells26. Among the stromal cell types that have 
been implicated in tumour promotion are endothelial 
cells, which comprise the blood and lymphatic circula-
tory systems, pericytes, fibroblasts and various BMDCs, 
including macrophages, neutrophils, mast cells, myeloid 
cell-derived suppressor cells (MDSCs) and mesenchymal 
stem cells (MSCs) (FIG. 1; TABLE 1). In recent years, the 
crucial contribution of BMDCs to malignant progres-
sion has become increasingly evident, and will be the 
central focus of this Review.

Chronic inflammation and BMDC recruitment. The 
presence of leukocytes in tumours in the past was gen-
erally thought to be a consequence of a failed attempt at 
cancer cell destruction. However, tumours are not only 
effective in escaping from immune-mediated rejec-
tion, they also modify certain inflammatory cell types 
to render them tumour promoting rather than tumour 
suppressive. Furthermore, many of these infiltrating 
immune cells may not be associated with the detection of 
cancer cell antigens, but may alternatively be associated 
with the tissue disruption that is caused by inflamma-
tory agents or be a response to the growth of the tumour 
as it is established. This is particularly evident in can-
cers associated with chronic inflammation, where the 
initial inflammatory response is not resolved, and sys-
temic conditions that promote continued recruitment of 
bone marrow-derived inflammatory cells to the tumour 
mass are established instead27. Thus a chronic inflam-
matory state can quickly set up a cascade of events in 
which the tumour-promoting effects of immune cells 
are progressively amplified, often as a by-product of 
their normal wound-repairing or developmental roles28. 
However, a complication is that there is no clear associa-
tion between the presence of any individual adaptive or 
innate immune cell type and a defined outcome in terms 
of malignancy or prognosis across a range of different 
tumour microenvironments. Even within individual cell 
types, there are opposing functions; for example, CD4+ 
T cells, macrophages, and natural killer (NK) T cells 
have either tumour-suppressive or tumour-promoting 
properties depending on the tissue context and cellular 
stimuli29,30.

Classification of these immune cells into differ-
ent cellular states or subtypes has helped provide 
some insight into their disparate functions (TABLE 1).  
For example, type 1 CD4+ T cells (TH1) aid CD8+ T cells in 
tumour rejection, whereas type 2 CD4+ T cells (TH2) 
and CD4+ T regulatory cells block the activation 
of CD8+ T cells30. like CD4+ T cells, macrophages 
can either impede or promote tumour progression, 
depending on their functional state (TABLE 1). Several 
recent studies have found correlations between par-
ticular immune cell infiltrates in primary tumours and 
patient prognosis. For example, infiltration of CD8+ 
T cells and mature dendritic cells is associated with 
a favourable prognosis in colorectal cancer and head 
and neck cancer (reviewed in REF. 31). An extensive  

 at a glance

•	The	tumour	microenvironment	has	a	major	role	in	modulating	the	metastatic	
capacity	of	most	cancers.	Seminal	experiments	indicated	that	certain	
microenvironments	can	suppress	malignancy.	However,	in	most	tumours	these	
restraints	are	overcome	such	that	the	tumour	now	exploits	the	supporting	cells	to	
increase	metastatic	potential.

•	Primary	and	metastatic	tumours	cause	systemic	perturbations	that	often	involve	
mobilizing	bone	marrow-derived	cells	that	home	to	the	tumour	and	promote	tumour	
progression,	malignant	cell	escape	and	survival,	and	growth	at	the	secondary	site.

•	Primary	tumours	recruit	macrophages	to	their	microenvironment	and	these	cells	
increase	metastatic	potential	by	increasing	tumour	cell	migration,	invasion	and	
intravasation.	They	also	increase	angiogenesis	and	thereby	increase	the	targets	for	
metastatic	cell	escape.

•	Myeloid	cell-derived	suppressor	cells	suppress	immune	responses	to	newly	displayed	
tumour	antigens	and	promote	the	metastatic	potential	of	the	tumour.

•	Mesenchymal	stem	cells	can	differentiate	into	many	different	cell	types	and	are	
recruited	to	primary	tumours	where	they	enhance	metastasis.

•	Tumour	cells	are	protected	in	their	travels	through	the	circulation,	particularly	by	
platelets.	These	platelets	together	with	the	tumour	cells	activate	the	clotting	system	
such	that	microthrombi	form	that	help	tumour	cells	lodge	in	target	tissues.

•	The	formation	of	metastases	has	many	rate-limiting	steps	including	survival	in		
the	distant	organ,	extravasation	and	the	establishment	of	persistent	growth.	
Microenvironmental	cues	are	important	at	all	steps	and	the	recruitment	of	a	variety	
of	bone	marrow-derived	cells	including	endothelial	progenitors	and	myeloid	
cell-derived	cells	is	crucial	for	these	processes.
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Tumour-associated 
macrophage
(TAM). TAMs are cells 
recruited to the tumour 
microenvironment where they 
are educated to perform tasks 
that enhance metastasis, such 
as stimulating tumour cell 
migration, invasion and 
intravasation.

macrophage infiltration, however, correlates with poor 
patient prognosis in >80% of cancers analysed, includ-
ing breast, thyroid and bladder cancer in which there 
is a positive association with metastasis (reviewed in 
REFS 31,32).

The induction of angiogenesis is a crucial early stage 
in the development and growth of most solid tumours, 
and is also necessary for haematogenous dissemination 
of cancer cells. Bone marrow-derived myeloid cells, 
including macrophages33, TIE2-expressing monocytes 
(TEMs)34, neutrophils35 and mast cells36,37 have all been 
shown to contribute to tumour angiogenesis through 
their production of growth factors, cytokines and pro-
teases such as vascular endothelial growth factor A 
(vEGFA), pRoK2 (also known as Bv8) and matrix 
metalloproteinases (MMps), respectively (reviewed in 
REF. 38) (BOX 1). Several of these cell types have also been 
implicated in the later stages of tumour progression, 
namely invasion and metastasis, and the ability of these 
BMDCs to enhance tumour malignancy directly and 
indirectly is discussed below.

Tumour-associated macrophages. Macrophages can 
be considered the prototypical BMDC type capable of 
modifying cancer cell behaviour and have been shown 

to promote tumour angiogenesis, invasion, intravasation 
and metastasis in animal models39,40. Macrophages are 
inherently plastic cells, and this adaptability may be 
exploited by the tumour to elicit distinct functions 
at different stages of tumour progression. Although 
macrophage classification schemes (TABLE 1) have been 
useful in terms of assigning potential functions to 
tumour-associated macrophages (TAMs), little is known 
about the complexity of individual macrophage activi-
ties and their associated molecular profiles in cancer. In 
particular, the factors controlling the balance between 
tumour-suppressing and tumour-promoting activities 
of macrophages, and how that equilibrium changes 
over the course of tumour progression, are not known. 
we propose that multiple subpopulations of TAMs 
exist within a tumour, which probably change tempo-
rally during tumour development and geographically 
on the basis of their location within the tumour micro-
environment. For example, TAMs recruited to hypoxic 
areas are likely to then be usurped to promote tumour 
angiogenesis41, whereas TAMs at the tumour–stroma 
interface play an active part in invasion and angio-
genesis42. Transcriptome profiling of freshly isolated 
TAMs also suggests that they are similar to those that 
are involved in development43.

Figure 1 | The primary tumour microenvironment. a | Cancer cells in primary tumours are surrounded by a complex 
microenvironment comprising numerous cells including endothelial cells of the blood and lymphatic circulation, stromal 
fibroblasts and a variety of bone marrow-derived cells (BMDCs) including macrophages, myeloid-derived suppressor cells 
(MDSCs), TIE2-expressing monocytes (TEMs) and mesenchymal stem cells (MSCs). b | Invasive human breast cancer 
stained with haematoxylin and eosin, in which a prominent infiltration of leukocytes (indicated by white arrows) is evident 
at the invasive margin. c | Macrophages at the invasive edge of pancreatic islet cancers express cathepsin B (green), which 
is associated with loss of epithelial cadherin (red) on the neighbouring cancer cells. Cell nuclei are visualized by DAPI 
(blue). Part c reproduced, with permission, from REF. 151  (2006) Cold Spring Harbor Laboratory Press.
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Table 1 | Markers and functions of stromal cells in the tumour microenvironment

Cell type Cell surface markers* Functions in the tumor microenvironment refs

TAM CD11b+CD14+CD31–CD34–

CD45+CD68+CD117–CD133–CD146–

CD204+CD206+CCR2+CSF1R+MHC II+ 
VEGFR1+VEGFR2– (m/h) 
F4/80+ (m) 
CD23+CD163+CXCR4+ (h)

‘Classically activated’ M1 macrophages contribute to tumour rejection 
through type 1 cytokine production and antigen presentation, whereas 
‘alternatively activated’ M2 macrophages enhance angiogenesis and 
remodelling through type 2 cytokine production 
TAMs are proposed to share M2 characteristics; their presence in tumours is 
thought to be tumour promoting, and is associated with poor prognosis

31, 32, 
38, 68, 

174, 
175

MDSC CD11b+CD14+/–  
MHC I+MHC IIlow (m/h) 
GR1+ CD11b+ (m): can be further subdivided 
into LY6G+ LY6Clow CD11b+ 
CD11c+/–CD33+CD34+CD86– (h)

MDSCs are increased in almost all patients and animal models with cancer. 
Because of the variation in MDSC gene expression between different tumour 
microenvironments, it has been challenging to identify a unique set of markers. 
This has emphasized the importance of showing their ability to suppress T cells 
as a defining trait

30, 38, 
69

MSC CD14–CD29+CD31–CD34–CD44+CD45–

CD51+CD71+CD73+CD90+CD105+CD133–

CD166+CD271+ (m/h)

MSCs infiltrate various human cancers and have been shown to 
increase cancer cell dissemination in animal models. MSCs are also 
immunosuppressive, in part through inhibition of T-cell proliferation

71, 72, 
176, 
177

TEM CD11b+CD14+CD31lowCD34–CD45+ 

CD117–CD133–TIE2+VEGFR2– (m/h) 
F4/80+GR1lowSCA1– (m) 
CD11c+CD13+CD16+CD33+CD62L–CD146–

CCR2–CCR5+CSF1R+ (h)

Monocytes that express the angiopoietin receptor TIE2. TEMs have been 
implicated in angiogenesis from studies in animal models and have been 
detected in human tumours and at low frequency in the peripheral blood of 
cancer patients

34, 38, 
178

Neutrophil CD11b+CD14lowCD31+CD66B+CXCR2+ 
(m/h) 
GR1+VEGFR1+CXCR1– (m) 
CD15+CXCR1+ (h)

Levels of neutrophils are increased in patients with colon, gastric and lung 
cancer. Neutrophil infiltration is further enhanced in the invasive areas 
of CRCs, and increased numbers are associated with poor prognosis in 
bronchioalveolar carcinoma. Neutrophils have been implicated in enhancing 
angiogenesis and metastasis in animal models

38, 179

Mast cell CD43+CD117+CD123+CD153+(m/h) 
CD11b+CD16+CD34+SCA1+ (m) 
CCR1+CCR3+CCR4+CCR5+CXCR1+CXCR2+ 

CXCR4+ (h)

Mast cells are important in generating and maintaining innate and adaptive 
immune responses. Increased mast cell numbers have been reported in a wide 
range of tumours and, in some cases, this correlates with poor prognosis. Mast 
cells have been implicated in angiogenic switching in several animal models

38, 180

Endothelial 
cell

CD31+CD34+CD105+CD106+CD144+ (m/h) Endothelial cells comprise the blood vasculature of the tumour, and increased 
microvessel density is frequently associated with poor prognosis in a wide 
range of human cancers

179, 181

EPC CD13+CD31lowCD45–CD105+ 

CD133+CD117+CD146+CD144+ 
(VE-cadherin: E4G10+ Ab)VEGFR2+ (m/h)

EPCs contribute to blood vessel formation in various animal models and 
some patient studies, although the functional importance of EPCs in tumour 
angiogenesis remains controversial

123, 
124, 

182– 184

Pericyte Desmin+/–NG2+/–αSMA+/–PDGFRβ+/–‡ Pericytes are mural cells that provide physical support and stabilization, as 
well as pro-survival factors, to blood vessels. Pericytes may also be crucial in 
limiting metastasis by maintaining vessel integrity

185, 186

Fibroblast Vimentin+desmin+αSMA+/–FSP1+FAP+ (m/h) CAFs are a large component of the stroma, and at later stages of tumour 
progression are generally tumour promoting, as shown in animal models and 
studies using patient samples

24, 187, 
188

Platelet CD41+CD42a-dCD51+CD110+ (m/h) Platelets are activated and circulate at higher levels in cancer patients, 
particularly those with advanced malignancy.

79, 179

CD4+ T cell CD3+CD4+CD45+ (m/h) T helper type 1 cells aid CD8+ T cells in tumour rejection, whereas T helper 
type 2 cells polarize immunity away from an anti-tumour response, and 
regulatory T cells block CD8+ cell activation and NK cell killing

29, 30, 
179

CD8+ 
T cells 

CD3+CD8+CD45+ (m/h) Also known as CTLs, these are the effector cells of the adaptive immune 
system and specifically recognize and destroy cancer cells through perforin- 
and granzyme-mediated apoptosis

29, 179

B cell CD3–CD19+CD20+CD45+ (m/h)  
CD45RA+ B220+ (m)

B lymphocytes are important mediators of humoral immunity, but have 
been shown to promote malignancy in an animal model of squamous cell 
carcinogenesis

29, 179, 
189

NK cell CD11b+CD27+§ 
CD3–CD16+/–CD56+ || 
CD3–CD335+ NKp46+ (m/h)

NK cells are effector lymphocytes of the innate immune system that are 
cytotoxic to cancer cells through the perforin– granzyme pathway 
NK cells contribute to immunosurveillance of cancer, and low NK-like 
cytotoxicity in the peripheral blood is associated with increased risk of cancer

177, 
190– 192

Markers that are shared by mouse and human are indicated (m/h), as are those that are unique to mouse (m) or human (h). *Stromal cells can be identified by the 
multiple cell surface markers listed, but not necessarily requiring all of the markers to be used simultaneously, as this list compiles markers from multiple studies. ‡Three 
subsets in mouse tumours, based on relative levels of expression of these genes. Platelet-derived growth factor-β (PDGFRβ) is considered a marker of pericyte 
progenitors, rather than mature pericytes. §Three subsets in mouse, based on relative levels of CD11b and CD27 expression. ||Two subsets in human, based on relative 
levels of CD16 and CD56 expression. αSMA, α-smooth muscle actin; Ab, antibody; CAF, cancer-associated fibroblast; CCR, C–C chemokine receptor; CRC, colorectal 
cancer; CSF1, colony-stimulating factor 1; CTL, CD8+ cytotoxic T cell; CXCR, C-X-C chemokine receptor; EPC, endothelial progenitor cell; FAP, fibroblast-activated 
protein; FSP, fibroblast-specific protein; MDSC, myeloid-derived suppressor cell; MHC, major histocompatibility complex; MSC, mesenchymal stem cell; NK, natural 
killer; SCA, stem cell antigen; TAM, tumour-associated macrophage; TEM, TIE2-expressing monocyte; VE-cadherin, vascular endothelial cadherin ; VEGFR, vascular 
endothelial growth factor receptor. 
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MMTV–PyMT breast 
cancer model
Mammary cancers are  
induced in mice by the 
mammary-restricted 
expression of the polyoma 
virus middle T oncoprotein 
from the mouse mammary 
tumour virus (MMTV) long 
terminal repeat promoter. This 
model progresses through 
stereotypical stages of tumour 
progression and metastasizes 
to the lung, reminiscent of 
those seen in human breast 
cancer.

Immature myeloid cells
(iMC). Myeloid cells without 
definitive macrophage 
characteristics 
(CD11b+CD34+F4/80–GR1–) 
that stimulate collective 
tumour cell invasion in mouse 
models of colon cancer.

Most of the studies that have demonstrated a crucial 
role for macrophages in regulating tumour progression 
have either used genetic manipulation, such as Csf1op/op 

mice, which are deficient in the macrophage growth 
factor colony stimulating factor 1 (CSF1), or phar-
macological depletion, such as clodronate-liposome 
treatment, which causes selective killing of macro-
phages. These approaches resulted in a substantial 
decrease in macrophage infiltration into the tumour, 
which led to inhibition of tumour angiogenesis, 
tumour growth and metastasis in different animal 
models33,44–47. Although these experiments have been 
crucial in demonstrating pro-tumorigenic functions 
for macrophages in tumours, there are undoubtedly 
heterogenous consequences from broadly depleting 
all macrophage populations. An alternative is to ablate 
subpopulations or individual factors produced by mac-
rophages. This strategy was recently used for myeloid 
cell-specific deletion of vascular endothelial growth 
factor A (vEGFA) in the MMTV–PyMT breast cancer 
model. This was associated with decreased tumour 
angiogenesis, as might have been expected, but sur-
prisingly accelerated tumour progression48. whether 
lung metastasis was also increased in these mice was 

not reported; however, this study raises some concerns 
for the therapeutic targeting of stromal factors, as 
discussed below.

one of the mechanisms involved in TAM-
enhancement of cancer cell invasion involves a para-
crine loop in which epidermal growth factor (EGF) 
produced by TAMs increases the invasiveness and 
migration of neighbouring breast cancer cells that 
express the EGF receptor (EGFR). Cancer cells in turn 
express CSF1, which acts as a potent chemoattractant 
and chemokinetic molecule for CSF1R-expressing 
TAMs (FIG. 2). This reciprocal cross-talk can be blocked 
by either EGFR or CSF1R antagonists, resulting in a 
decrease in migration and invasion of both cancer cells 
and macrophages49,50. Tumour cell invasion can be initi-
ated by other factors, such as neuregulin 1 (also known 
as heregulin) in a mouse model of breast cancer caused 
by the mammary epithelium-restricted expression of 
the oncoprotein ERBB2 or stromal cell-derived factor 1 
(SDF1, also known as CXCl12) in the MMTv–pyMT 
model. However, in each case the motor for tumour 
cell migration requires macrophages and their recip-
rocal EGF and CSF1 signalling with tumour cells. As 
SDF1 can be synthesized by pericytes, fibroblasts or 
tumour cells, these data suggest that particular micro-
environmental cues can determine the stimulation of 
tumour invasion and indicates the potential for cross-
talk between multiple stromal cells and the tumour51 
(FIG. 2). Thus it is possible that ‘invasive niches’ exist 
within the primary tumour, in which the proximity of 
cancer cells, macrophages and the endothelium estab-
lishes paracrine signalling loops that lead to enhanced 
intravasation and dissemination of cancer cells (FIG. 2). 
Indeed, clusters of these three different cell types, 
termed the tumour microenvironment of metastasis 
(TMEM), are found in human breast cancer, and their 
increased density is associated with the development of 
distant organ metastasis52.

The identification of this paracrine loop in mammary 
cancers raises the question of whether different sets or 
the same set of growth factors or chemokines and their 
cognate receptors control the interplay between stromal 
and cancer cell invasion in other tumour microenvi-
ronments. In a mouse model of colorectal cancer — in 
which, in a process termed collective invasion, cancer 
cells invade as protruding sheets of cells rather than 
as single cells — immature myeloid cells (iMCs) without 
definitive macrophage characteristics (CD11b+ (also 
known as integrin αM)CD34+F4/80– (also known as 
EMR1)GR1–) are recruited by tumour-produced C–C 
chemokine 9 (CCl9) signalling through CCR1 on the 
iMCs. In turn the iMCs promote collective tumour cell 
invasion, at least in part through expression of MMp2 
and MMp9 at the invasive front53.

TAMs also directly promote the process of cancer 
cell intravasation into the blood circulation, as shown by  
multiphoton intravital imaging of the breast microenviron-
ment54. This major technological advance, which incor-
porated transgenic animals expressing fluorescently 
tagged cancer cells, endothelial cells and macrophages, 
allowed the visualization of dynamic interactions between 

 Box 1 | Proteases in invasion and metastasis

The	importance	of	chemoattractant	signalling	in	cancer	cell	intravasation	has	been	
revealed	by	the	studies	that	are	discussed	throughout	this	Review.	However,	to	
physically	invade	into	blood	vessels,	proteolytic	degradation	is	required.	Proteases	are	
often	produced	by	invasive	cancer	cells,	but	in	many	cases	bone	marrow-derived	cells,	
including	macrophages,	have	been	shown	to	be	the	major	cell	type	that	supplies	crucial	
proteases	to	the	tumour	microenvironment.	These	stromal	cell-derived	proteases	
include	specific	matrix	metalloproteinases142,143,	cysteine	cathepsins144,145	and	serine	
proteases146.	There	are	several	possible	mechanisms	by	which	these	proteases	can	
promote	cancer	cell	invasion	and	intravasation,	as	indicated	in	the	figure.	Individual	
proteases	cleave	cell-adhesion	molecules,	such	as	epithelial	(E)-cadherin,	leading	to	the	
disruption	of	cell–cell	junctions145,147.	The	loosening	of	cell	contacts	facilitates	cancer	
cell	migration,	either	as	individual	cells	or	in	groups,	and	protease	degradation	or	
turnover	of	proteins	in	the	extracellular	matrix	(ECM)	and	basement	membrane	enables	
invasive	cells	to	migrate	into	the	surrounding	tissue	and	vasculature.	Not	only	are	
proteases	essential	for	the	degradation	of	extracellular	proteins,	they	also	have	more	
specialized	processing	roles	that	are	important	for	cell	signalling,	such	as	in	the	
restricted	cleavage	of	pro-domains	and	subsequent	activation	of	growth	factors		
and	cytokines148,	which	may	significantly	increase	chemoattraction,	cell	migration	and	
metastasis.	These	different	modes	of	protease-enhanced	invasion	are	not	mutually	
exclusive;	rather,	it	is	likely	that	they	act	in	concert	to	promote	cancer	cell	spread.	All	of	
these	functions	are	tightly	regulated	in	a	cascade	of	protease	interactions,	allowing	for	
control	and	amplification	of	proteolysis	in	invasion	and	metastasis149.	Accordingly,	when	
members	of	some	of	these	protease	families	are	pharmacologically	inhibited	or	
genetically	ablated,	there	is	a	marked	reduction	in	cancer	cell	invasion142,150,151.
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Multiphoton intravital 
imaging
Visual imaging of tumours in 
live animals using infrared light 
and the quantum phenomena 
of two low energy photons 
when focused together having 
sufficient energy to elicit a 
fluorescent event. This enables 
imaging in real time of 
fluorescently tagged cells 
inside tumours.

Second harmonic resonance
A quantum mechanical 
phenomena that enables the 
visualization by multi-photon 
microscopy of repeating 
structures such as collagen I in 
the blue channel. This enables 
visualization of the tumour 
microenvironment in real time 
in live animals.

Pre-metastatic niche
A proposed environment 
induced by the primary tumour 
in secondary organs that 
enhances metastatic cell 
seeding and that is populated 
by bone marrow-derived cells.

these cell types at the point of intravasation. wyckoff and 
colleagues found that the association of cancer cells with 
TAMs throughout the tumour significantly increased 
their motility, an effect that was further amplified when 
cancer cells were found in close proximity to perivas-
cular TAMs. Moreover, cancer cells were observed to 
invade blood vessels only where perivascular TAMs were 
located. The functional importance of this interaction for 
intravasation was demonstrated in Csf1op/op pyMT mice, 
which have a reduction in macrophage infiltration, and a 
concomitant decrease in circulating cancer cells. In addi-
tion, the EGF–CSF paracrine loop was also shown to be 
important for intravasation, as blocking either signalling 
pathway led to a significant reduction in the number of 
blood-borne cancer cells54. Cancer cells and macrophages 
also use collagen fibres as tram lines to rapidly travel 
through the stroma. Many of these fibres are tethered to 
blood vessels, resulting in cancer cells accumulating at 
these vessels55. The density of these fibres is regulated by 
macrophages, at least during development56.

Myeloid-derived suppressor cells. Another BMDC type, 
which may share a common progenitor with TAMs, is 
the MDSC57. MDSCs suppress the adaptive immune 
response by blocking the functions of CD4+ and CD8+ 
T cells, in part through arginase and nitric oxide pro-
duction, by expanding the regulatory T cell pool, and by 
inhibiting NK cell activation58,59. MDSCs are a hetero-
genous collection of immature myeloid cells at different 

stages of differentiation that are broadly defined as 
CD11b+GR1+ cells in mice, with a wider range of mark-
ers in humans (TABLE 1). MDSC levels are increased in the 
bone marrow, blood and spleen of cancer patients and 
tumour-bearing mice, and their accumulation is associated 
with tumour growth and malignant progression30.

Although MDSC expansion is extensively described 
in cancer patients and mouse models, the mechanisms 
leading to this increase are incompletely understood. 
Chronic inflammation has been shown to induce MDSC 
accumulation in the 4T1 metastatic mammary cancer 
model60,61, and the pro-inflammatory S100 proteins and 
prostaglandin E2 have recently been identified as two 
principal effectors62,63. S100A9-deficient mice mount 
efficient anti-tumour immune responses and reject 
implanted colorectal cancer cells. Crucially, this effect 
was reversed by administration of wild-type MDSCs 
from tumour-bearing mice64. Intriguingly, the S100A8 
and S100A9 chemokines have also been implicated in 
preparing the pre-metastatic niche65,66, as discussed later, 
suggesting a predominant role for this family in directing 
systemic changes that promote metastasis. Disruption 
of transforming growth factor-β (TGFβ) signalling, 
through Tgfbr2 deletion, was also shown to increase 
MDSC homing to tumours in a spontaneous mammary 
cancer model, an effect that was mediated through the 
SDF1–CXCR4 and CXCl5–CXCR2 (also known as 
Il8RB) chemokine axes67.

An immunosuppressive state favours primary 
tumour development, but whether there is a direct role 
for MDSCs in increasing tumour cell metastasis, rather 
than just an indirect correlation, is only beginning to be 
elucidated. one example of a connection was suggested 
in Tgfbr2-deficient mice, in which MDSCs (identified 
by GR1 expression) were concentrated at the invasive 
tumour margin67. CXCR2 or CXCR4 antagonists reduced 
lung metastasis in this model, an effect that was attrib-
uted to MDSC depletion but that could also result from 
the pleiotropic targets of these chemokine receptors. A 
general strategy that many groups have used to suggest 
a functional role for MDSCs in tumour progression and 
metastasis has involved GR1-specific antibodies, which 
not only target CD11b+GR1+ cells but also GR1+ granu-
locytes and a significant proportion of monocytes68, thus 
complicating the interpretation of these results. Although 
identification of specific MDSC markers, at least in 
mouse models69 (TABLE 1), should facilitate their selective 
depletion in the future, it is possible that broad targeting 
of MDSCs along with other myeloid cell types could still 
be beneficial in eliciting potent anticancer effects.

Mesenchymal stem cells. Another cell type that resides 
predominantly in the bone marrow, although is not of 
haematopoietic origin, is the MSC (TABLE 1). MSCs are 
multipotent cells that differentiate into osteoblasts, 
chondrocytes, adipocytes and other cells of mesenchymal 
origin70. MSCs can be found in large numbers in primary 
tumours and, based on this recruitment, MSCs have 
been proposed as a cellular vehicle to deliver anticancer 
drugs into the tumour71. Recently, however, Karnoub 
et al. investigated whether the presence of MSCs at the 

Figure 2 | The invasive microenvironment. a | Cancer cell intravasation into the blood 
circulation preferentially occurs in close proximity to perivascular macrophages. 
Disruption of endothelial cell contacts and degradation of the vascular basement 
membrane is required for cancer cell intravasation, which is mediated by proteases 
supplied from the cancer cells, macrophages or both. b | Cancer cell migration is 
controlled through a paracrine loop involving colony-stimulating factor 1 (CSF1), 
epidermal growth factor (EGF) and their receptors, which are differentially expressed on 
carcinoma cells and macrophages, resulting in movement of cancer cells towards 
macrophages (dashed arrow). Additional paracrine loops exist between cancer cells 
expressing C-X-C chemokine receptor 4 (CXCR4) and stromal cells, such as fibroblasts and 
pericytes, producing the cognate ligand stromal cell-derived factor 1 (SDF1, also known 
as CXCL12), which contribute to directional cancer cell migration. c | Tumour-associated 
macrophages (green) can be visualized in mammary tumours in living animals, in proximity 
to blood vessels (red), as indicated by arrows, and migrating along collagen fibres (blue, 
visualized by second harmonic resonance) as indicated by arrowheads. Part c reproduced, 
with permission, from REF. 54  (2007) American Association for Cancer Research.
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primary site might actually modulate the behaviour of  
neighbouring cancer cells72. They found that co-mingling 
of human MSCs with weakly metastatic breast cancer 
cells significantly increased the dissemination of the 
cancer cells to the lung from a subcutaneous xenograft, 
an effect that was not observed with other mesenchy-
mal cells, such as normal fibroblasts. Interestingly, the 
inductive effects of MSCs on cancer cells were mediated 
exclusively at the primary site, apparently priming them 
for dissemination to the lung. This was controlled, at 
least in part, through a paracrine loop involving MSC-
supplied CCl5 and its receptor, CCR5, on the breast can-
cer cells. However, the stimulatory effects of MSCs were 
short lived so it is perhaps not surprising that, although 
exposure to MSCs increased the number of metastases, 
there was no obvious increase in subsequent metastatic 
outgrowth. These experiments point to yet another stro-
mal cell that can communicate with cancer cells to change 
their phenotype, albeit transiently in this study, but it will 
be important to identify the signals released by the cancer 
cells that recruit MSCs to the primary tumour as a poten-
tial step to targeting these cells therapeutically. It will also 
be essential to demonstrate functionally that MSCs are 
bone fide stem cells, as this may have implications for 
their potential to adopt distinct differentiation fates and 
roles in different tumour microenvironments.

Breaking away: cancer cell dissemination
once cancer cells intravasate into blood or lymphatic 
vessels, they must navigate an entirely different microen-
vironment. As the haematogenous circulation is consid-
ered the major route for metastatic dissemination and is 
the most studied, we focus on factors influencing cancer 
cell survival in the blood. However the lymphatic sys-
tem also seems to allow metastatic cell spread, which is  
considered further in BOX 2.

Cancer cell survival in the systemic circulatory environ-
ment. Tens of thousands of cancer cells can be shed into 
the circulation every day, yet less than 0.01% of these 
will survive to produce metastases1,73. Numerous chal-
lenges, including mechanical destruction caused by the 
shear force of the blood circulation and surveillance by 
immune cells, particularly NK cells, contribute to mak-
ing the blood a particularly hostile environment for a 
potential metastatic cell. Cancer cells, however, are adept 
at enhancing their chances of survival, in part by using 
platelets as a shield (FIG. 3). Tumour cells express tissue 
factor, the receptor for coagulation factors vIIa and X, 
which serves as the main initiator of coagulation, and 
has an important role in supporting thrombin-mediated 
proteolysis and the formation of tumour cell-associated 
microthrombi74,75. The platelet aggregate increases cancer 
cell survival through protection from NK cell-mediated 
lysis76,77, but also through an independent signalling 
mechanism coupled to circulating pro-thrombin77. The 
fibrin clots may also reduce shear forces that can destroy 
individual circulating cancer cells, and facilitate the slow-
ing, arrest and adhesion of cancer cells, thus increasing 
their ability to extravasate at a secondary site. As might 
be expected, high platelet count is associated with 
decreased survival in a wide range of cancers including 
breast, colorectal and lung cancer78. Conversely, treat-
ment with a variety of anti-coagulants has been shown 
to decrease metastasis in experimental models and in 
patients79. whether innate immune cells such as mac-
rophages have a similarly protective role in cancer cell 
survival has not been extensively investigated, but could 
be important to address given the intimate relationship 
that exists between macrophages and cancer cells at the 
site of intravasation (FIG. 2). Another, albeit controversial, 
hypothesis is that cancer cells might actually fuse with 
macrophages and thus acquire myeloid cell traits that 
could be beneficial for their survival in the circulation 
and homing to target organs80.

The microenvironment at metastatic sites
The metastatic site offers new challenges for circulat-
ing tumour cells. In a hospitable tissue they must lodge, 
survive, extravasate, become established and grow before 
they have clinical relevance. Each stage is inefficient  
and often rate limiting. Indeed, even after lodgement and 
escape into the parenchyma many metastatic cells 
become quiescent with only a few reactivated later to 
develop into tumours (FIG. 3). The local microenviron-
ment has a major role in every step in metastasis and, 
as in the primary tumour site, the recruitment of bone 
marrow derived cells is crucial to the outcome of the 
final fate of the metastatic cell.

Tissue tropism. The appreciation of interactions between 
metastatic tumour cells and the microenvironment was 
evident from the earliest studies in this field, and most 
clearly enunciated by paget in his ‘seed and soil’ hypoth-
esis81. In its modern context82,83 this would state that 
malignant cancer cells (seed) gradually acquire mutations 
in oncogenes or tumour suppressor genes that confer 
the ability to egress from the tissue of origin, survive in  

 Box 2 | Lymph nodes and bone marrow in cancer cell dissemination

When	cancer	cells	leave	the	primary	tumour	they	may	not	immediately	home	to	sites	of	
future	metastasis,	but	rather	disseminate	to	other	microenvironments,	namely	the	
lymph	nodes	and	bone	marrow.	Although	the	presence	of	tumour	cells	in	regional	lymph	
nodes	has	long	been	one	of	the	criteria	used	in	determining	the	stage	and	prognosis	of	
many	common	cancers,	it	remains	controversial	as	to	whether	tumour	cells	actually	
metastasize	to	other	organs	from	the	lymph	nodes	or	whether	the	presence	of	tumour	
cells	in	draining	lymphatics	simply	reflects	their	intrinsic	invasiveness152.	The	process	of	
cancer	cell	invasion	into	lymphatic	vessels	is	different	from	that	required	for	entry	into	
the	blood	circulation,	as	there	are	no	inter-endothelial	cell	tight	junctions,	pericytes,	nor	
an	intact	basement	membrane	to	traverse153,	and	so	it	has	been	considered	more	of	a	
passive	mechanism.	Lymph	nodes	have	been	proposed	to	function	as	bridgeheads,	or	
intermediate	way	stations,	in	which	cancer	cells	are	filtered	and	concentrated	in	a	
restricted	space	that	causes	them	to	aggregate,	and	consequently	increases	their	
survival154.	The	lymph	node	may	thus	provide	a	supportive	environment	in	which	cancer	
cells	acquire	additional	mutations	that	increase	their	metastatic	propensity.	Similarly,	it	
has	been	suggested	that	the	bone	marrow	microenvironment	may	serve	a	similar	
function	to	select	and	enrich	for	cancer	cells	that	subsequently	develop	the	capacity	to	
home	to	other	organs155,156.	The	bone	marrow,	in	particular,	may	provide	a	uniquely	
supportive	stromal	environment,	given	the	crucial	importance	of	bone	marrow	niches	in	
haematopoietic	stem	cell	maintenance157.	These	are	attractive	hypotheses	in	that	they	
could	provide	an	explanation	for	several	genomic	studies	showing	limited	similarities	
between	primary	tumours	and	disseminated	cells158,159.	However,	to	date	there	is		
little	experimental	evidence	supporting	a	requisite	role	for	transitional	stromal	
microenvironments	in	the	metastatic	cascade.
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This is a xenograft model of 
metastasis in which malignant 
cells are introduced into 
experimental animals usually 
by intravenous injection but 
also through the spleen or 
heart. It is usually used to 
study lung metastases.

the haematogenous or lymphatic circulation, and prosper 
in a distant site (soil). This soil would have characteris-
tics that allow the metastatic cell to adhere and prolifer-
ate, whereas other sites would be hostile10. In humans, 
certain tumours metastasize to preferred organ sites. For 
example, breast cancers metastasize to lung, liver, bone 
and brain; melanoma to liver, brain and skin; prostate 
cancer to bone; and lung cancer to bone, liver and brain 
(BOX 3). By contrast, some sites such as muscle are rarely 
if ever sites of metastasis. Conversely, other tumours such 
as glioma do not metastasize but instead migrate along 
white matter tracks and invade in that fashion, pancreatic 
tumours show perineural invasion, and others such as 
ovarian tumours are restricted to the peritoneal cavity 
and it is unclear whether this is true metastasis or local 
tissue invasion. Some others such as head and neck can-
cers only spread to regional lymph nodes. The molecular 
bases of these differences are poorly if at all understood, 
but probably have a microenvironmental component.

To address the mechanisms underlying tissue tropism 
associated with haematogenous spread, several investiga-
tors took parental cancer cells and selected tissue-specific 
homing variants through serial passage in mice83–85. 
More recent versions of these experiments have used the 
power of transcriptome profiling to identify cohorts of 
genes of which expression confers both enhanced meta-
static potential and altered tissue tropism86,87. These data, 
reviewed in another article in this Focus issue88, show 
that the ‘seed’ can have a preferred site for growth that is 
encoded by genetic alterations in the tumour cell itself.

The tropism of metastatic cells for specific organs 
may be mediated by chemokines, the local expression of 
these chemoattractants might guide cognate chemokine 
receptor-expressing tumour cells to specific destinations, 
as a result of locally induced chemotaxis and invasion 
of tumour cells89,90. For example, signalling through the 

chemokine receptors CXCR4 and CCR7 expressed by 
breast cancer cells mediates actin polymerization and 
pseudopod formation that contributes to a chemotactic 
and invasive response89. The specificity of homing was 
achieved through expression of the cognate ligands, 
SDF1 and CCl21, respectively, in the sites of metasta-
sis, but not other organs. These chemokine responses are 
important, as neutralizing antibodies to either SDF1 or 
CXCR4 impaired breast cancer metastasis in an experi-
mental metastasis model89. of all the chemokine receptors, 
the most prevalently overexpressed in human tumours is 
CXCR4, which correlates with poor prognosis91. CXCR4 
signalling is also essential for ERBB2-induced breast 
cancer metastasis92. Additional chemokine receptors 
are important for tumour cell homing to other organs; 
for instance, expression of CCR10 in melanoma cells, 
in addition to CXCR4 and CCR7, confers a tropism to 
the skin89. Another interesting example is the neural 
tropism and spread of pancreatic ductal adenocarci-
nomas, whereby the expression of CX3CR1 by pancre-
atic tumour cells and its reciprocal ligand, CX3Cl1, on 
peripheral neurons promotes metastasis93.

The data discussed above have been interpreted as 
evidence for a positive selection of the microenviron-
ment causing metastatic homing. However, an alterna-
tive and persuasive view, based upon intravital imaging, 
is of a passive role of the microenvironment in homing, 
at least for haematogenous metastases1. This suggests 
that the predominant sites of metastases simply reflect 
the first pass of the cells in the circulation and their 
entrapment in local capillaries. Thus, breast cancer cells 
spread predominantly to lung, lymph nodes and bone, 
whereas colon cancer cells travel to the liver through the 
hepatic–portal circulation. Tissue tropism in this view 
is not due to active homing, but instead to the ability of 
a small portion of the many cells that become lodged 
in various tissues to survive, invade and grow in a par-
ticular environment (soil) either by chance or because 
they have appropriate mutations. Support for this comes 
from the studies by Massagué and colleagues in which 
gene signatures have been identified whose expression 
confers the ability to grow in particular tissues87. The 
local environment may therefore provide appropri-
ate tropic factors that enable a particular tumour cell, 
which expresses the relevant cohort of genes, to pros-
per. Indeed, the effect of chemokines on tissue tropism 
described above can be interpreted as their ability to 
induce migration and invasion of the tumour cells1 in 
particular sites, and also the capacity of some chemo-
kines, such as GRoA (also known as CXCl1) to promote 
tumour cell proliferation94.

Although still not definitive, the current data suggests 
that dissemination and homing depends on prevail-
ing circulatory patterns, whereas the initial survival of 
tumour cells and their subsequent growth at the distant 
site is the rate-limiting step. Survival in the circulation 
and at the landing site is essential in all models of dis-
semination (FIG. 3). Substantial evidence implicates plate-
lets in this process, as discussed above. platelets are also 
a potent source of SDF1 that may affect the migration 
of CXCR4-expressing tumour cells and the recruitment 

Figure 3 | The fate of tumour cells in the metastatic microenvironment. Following 
cancer cell intravasation, a series of rate-limiting steps affect the ability of these cells to 
establish secondary tumours in the metastatic site. At each step, the tumour cells can 
meet several different fates (death, dormancy or survival), which can be modulated by 
microenvironmental factors, including shielding by platelet aggregates in the circulation, 
the activation of resident stromal cells, and the recruitment and differentiation of bone 
marrow-derived cells (BMDCs).
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of BMDCs to sites of metastasis95. Furthermore, platelets 
express many pro- and anti-angiogenic factors96 that 
could influence the establishment and growth of 
micrometastases.

Adhesion and invasion in the establishment of meta-
stasis. whereas passive entrapment may have part of the 
role in metastatic seeding, active adhesion and invasion is 
essential for the subsequent establishment and persistent 
growth97. little is known of the early steps in this proc-
ess. In some cases, proliferation occurs within the blood 
vessels and these eventually rupture as the metastatic 
tumour grows bigger98. In others, cancer cells extrava-
sate first and then proliferate. Integrins expressed on the 
cancer cell surface are important in this process. Integrins 
adhere to many extracellular matrix molecules, includ-
ing laminin and fibronectin, with specificity dictated by 
their α and β chain combinations99. For example, α3β1  
integrin is required for adhesion to laminin during pul-
monary metastasis100, whereas blocking αvβ1 integrin 
inhibited metastasis through suppression of expression 
of the protease urokinase plasminogen activator (upA)11. 
The data for αvβ1 integrin are consistent with the inhibi-
tion of metastasis associated with upA deficiency in the 
MMTv–pyMT model of breast cancer101. Early experi-
ments by liotta and colleagues showed that co-injection of 
tumour cells with fibronectin in experimental metastasis 

models increased tumour cell adhesion and metastasis102. 
This potentiation is consistent with the pre-metastatic 
niche concept discussed below, whereby BMDCs have 
been suggested to increase fibronectin deposition at 
homing sites for metastatic cells103.

Interactions between the primary tumour and meta-
static sites. Metastatic seeding of circulating tumour 
cells has been shown in some cases to be enhanced by 
the primary tumour, whose secreted products create an 
environment that favours establishment of metastases at 
unique distant sites, termed pre-metastatic niches103–105. 
For example, melanoma cells induce these niches in mul-
tiple sites compared with lewis lung carcinoma (llC), 
which only induces a niche in the lung and liver, follow-
ing a pattern consistent with the relative tropism of these 
two tumour types. Strikingly, llC cells can be redirected 
to multiple and different metastatic sites by repeated 
intraperitoneal injection of conditioned media from 
the melanoma cells103. These niches, covered in detail 
in an opinion piece in this Focus issue106, are populated 
by BMDCs of the myeloid lineage and are abundant 
in fibronectin produced by activated fibroblasts. This 
fibronectin deposition, together with other ECM mol-
ecules, may also be increased by the secretion of enzymes 
such as lysyl oxidase from primary tumours acting on 
these distant fibroblasts107,108.

 Box 3 | Bone metastasis: a specialized microenvironment

Normal	bone	density	is	dynamically	regulated	by	the	coordinated	actions	of	osteoblasts	that	lay	down	bone,	and	
osteoclasts	that	degrade	bone160.	Metastatic	lesions	in	bone	are	usually	classified	as	osteolytic	or	osteoblastic160,161.	
However,	this	is	probably	too	rigid	a	classification,	as	approximately	25%	of	particular	cancers	cause	the	opposite	type	of	
lesion162.	The	osteoclastic	lineage	is	regulated	by	colony-stimulating	factor	1	(CSF1)	acting	on	osteoclast–myeloid	
progenitors	in	the	bone	marrow	that	further	differentiate	into	mature	osteoclasts	under	the	influence	of	receptor	
activator	of	NF-κB	ligand	(RANKL,	also	known	as	TNFSF11)	expressed	on	osteoblasts,160,163,164.	CSF1	is	also	produced	by	
osteoblasts	and	the	action	of	RANKL	is	inhibited	by	the	soluble	RANKL	receptor	osteoprotegerin	(also	known	as	
TNFRSF11B),	which	is	synthesized	by	the	same	cell,	thus	ensuring	tight	regulation	of	the	lineage164,165.	Breast	cancer	
metastases	cause	osteolytic	lesions	by	stimulating	the	formation	and	activity	of	osteoclasts166.	They	produce	CSF1	
(REF. 167)	as	well	as	parathyroid	hormone-related	protein	(PTHRP)	and	tumour	necrosis	factor-α,	which	activate	RANKL	
and	inhibit	osteoprotegerin	synthesis,	thereby	increasing	the	number	and	activity	of	osteoclasts160,162,167,168.	Inhibition	of	
RANKL	in	a	melanoma	model	of	bone	metastasis	dramatically	reduced	metastatic	growth	and	bone	disruption	without	
affecting	metastasis	to	other	organs168.	Bone	matrix	is	rich	in	sequestered	growth	factors	and	its	degradation	releases	
these	factors,	including	insulin-like	growth	factor	1,	transforming	growth	factor-β	(TGFβ)	and	bone	morphogenetic	
proteins	that	can	act	upon	the	metastatic	cells,	enhancing	their	survival	and	growth	while	further	stimulating	PTHRP	
synthesis162,163.	This	creates	a	positive	feedback	cycle	of	increased	bone	loss	and	increased	growth	of	the	metastatic	
cells162.	Selecting	for	breast	cancer	cells	that	home	to	bone	revealed	a	gene	expression	signature	that	defined	this	
tropism,	which	included	upregulation	of	C-X-C	chemokine	receptor	4	(CXCR4),	osteopontin,	matrix	metalloproteinase	1	
and	interleukin	11	(IL-11)	transcripts169.	Bone	marrow	stroma	is	a	rich	source	of	stromal	cell-derived	factor	1	(SDF1,	also	
known	as	CXCL12)	that	may	contribute	to	this	tropism	by	signalling	through	CXCR4	(REF. 89)	and,	once	the	metastatic	
cells	arrive,	IL-11	synthesis	would	activate	osteoclasts162	and	matrix	metalloproteinase	1	activity	would	result	in	further	
release	of	growth	factors	causing	a	similar	positive	feedback	mechanism	for	the	promotion	of	metastatic	growth.
A	similar	mechanism	appears	to	operate	in	neuroblastoma,	a	cancer	that	also	preferentially	metastasizes	to	the	bone170.	

Although	some	neuroblastomas	secrete	RANKL,	many	do	not,	and	in	this	case	IL-6	synthesized	by	MSCs,	responding	to	
neuroblastoma-produced	factors,	appears	to	be	the	major	culprit170.	IL-6	is	a	potent	activator	of	osteoclastic	activity	and	
its	inhibition	limits	neuroblastoma	metastasis	in	experimental	models170.	This	bone	marrow-derived	stromal	IL-6	also	
directly	stimulates	the	survival	and	proliferation	of	IL-6R+	neuroblastoma	metastases,	suggesting	a	mechanism	for	the	
preferred	growth	of	these	tumours	in	the	bone171.
In	contrast	to	osteolytic	lesions,	prostate	cancer	predominantly	results	in	osteoblastic	metastases	in	which	there	is	a	

significant	amount	of	disorganized	bone	deposition	due	to	local	activation	of	osteoblastic	activity160.	Several	osteoblastic	
factors	are	synthesized	by	prostatic	metastatic	cells	including	endothelin	1,	TGFβ2,	fibroblast	growth	factors	and	the	bone	
morphogenetic	proteins,	all	of	which	influence	bone	physiology162,172,173.	In	addition,	these	cells	produce	proteases	such	as	
urokinase-type	plasminogen	activator	or	prostate-specific	antigen	that	might	liberate	growth	factors	bound	to	bone	
matrix	to	increase	the	proliferation	of	metastatic	cells162.
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Toll-like receptors
A class of receptors expressed 
particularly by myeloid cells 
that recognize foreign 
substances and have evolved 
to be a pattern recognition 
system to detect invading 
pathogens. Their activation 
triggers, among others, the 
NF-κB signalling pathway, 
which is involved in metastasis 
in several tumour types. 

Endothelial progenitor cell
(EPC). EPCs are bone 
marrow-derived cells that are 
recruited to the nascent 
tumour vasculature, and that 
have been shown to be 
important for angiogenesis and 
metastasis in certain animal 
cancer models.

Several other molecules have been identified as 
important in the creation of the niche, including the 
chemoattractants S100A8 and S100A9, and the metal-
loproteinase MMp9, which liberates vEGFA locally and 
promotes myeloid cell recruitment through vEGFR1 
signalling65,109. Inhibition of vEGFR1 signalling blocked 
the metastatic enhancement by the primary tumour, 
suggesting the importance of myeloid cell recruitment103, 
although vEGFR1 is also expressed on endothelial cells. 
Furthermore, weinberg and colleagues110 have shown 
that certain tumours, termed instigators, can mobilize 
bone marrow precursors through an osteopontin- 
mediated but unknown mechanism, to home to sec-
ondary metastatic sites where they promote the growth 
of weakly malignant cells such that they form macro-
metastases. This mechanism requires seeded metastatic 
cells and long periods of incubation, and so it is func-
tionally distinct from the pre-metastatic niche concept. 
Nevertheless, both processes highlight the importance of 
recruitment of BMDCs to metastatic sites.

Despite the persuasiveness of these experiments there 
have been other studies that appear to contradict them. In 
these conflicting studies, the presence of a primary tumour 
inhibits metastasis, and removal of the tumour promotes 
metastatic growth111. This is consistent with clinical 
observations of a burst of metastasis following surgical 
removal of the primary tumours in some patients111,112. 
These types of data led to the identification of anti-ang-
iogenic molecules, mostly fragments of the ECM such as 
angiostatin, a fragment of plasminogen113, secreted from 
primary tumours114,115. The transition of these molecules 
into clinical practice has been complicated, suggesting dif-
ficulties in quality control and different mechanisms of 
action dependent on context113, but it seems important to 
reconcile these disparate data in more complex models of 
metastatic disease and in clinical practice.

Cytokines, growth factors and metastases. The molecu-
lar mechanisms of these pro-metastatic functions of the 
microenvironment remain poorly understood. Several 
growth factors and chemokines have been implicated in 
increasing metastasis. primary tumour-secreted vEGFA, 
TGFβ and tumour necrosis factor-α (TNFα) induce 
expression of S100A8 and S100A9 by lung endothelium 
and myeloid cells, which increased the invasion and 
adhesion of circulatory tumour cells, and also of myeloid 
cells, into the metastatic niche65,66. TNFα has been shown 
in several studies to increase metastasis. It can upregulate 
several adhesion molecules on endothelial cells that pro-
mote tumour cell adhesion and migration116,117, includ-
ing E-selectin, p-selectin and vCAM1 (vascular cell 
adhesion protein 1). TNFα also protects against NK cell 
attack118. These metastasis-promoting actions of TNFα 
appear to be mediated mostly through effects on stromal 
and inflammatory cells. TNFα signals through the tran-
scription factor nuclear factor-κB (NF-κB), and signalling 
through this molecule in resident macrophages created 
an inflammatory microenvironment that enhanced llC 
cell metastasis119. Although the sources of TNFα were not 
identified in the studies above, it is noteworthy that mac-
rophages are the most potent producers of this molecule. 

Indeed, Karin and colleagues recently showed that 
conditioned media from llC cells, of which the main 
active component was the ECM protein versican, was 
a robust inducer of TNFα production in macrophages 
through activation of Toll-like receptor 2 (TlR2) and 
TlR6. Consequently, deletion of Tnf or Tlr2 in the host  
significantly reduced experimental lung metastasis120.

Persistent growth of metastases. After seeding, persistent 
growth of the metastatic tumour requires the establish-
ment of a vasculature that is achieved through the pro-
duction of angiogenic growth factors such as vEGFA, 
and the recruitment and proliferation of endothelial cells 
and their accompanying support cells such as pericytes. 
Bone marrow-derived endothelial cell precursors are 
recruited to metastases by vEGFA signalling through 
vEGFR2 (REF. 121). These endothelial progenitor cells 
(EpCs) are recruited to macrometastases but not to 
micrometastases and are incorporated into the endothe-
lial wall122. Tumour-associated EpCs express the inhibitor 
of differentiation 1 (ID1) transcription factor and suppres-
sion of ID1 blocks the angiogenic switch and formation 
of macrometastases, showing that the ID1+ EpCs were 
necessary for the initiation of angiogenesis122. EpCs 
themselves express a variety of angiogenic molecules, 
suggesting that their recruitment further potentiates 
local angiogenesis and subsequent metastatic tumour 
growth. However, other studies, albeit disputed123, using 
parabiotic mice have called into question the recruitment 
of EpCs to tumours, owing to the complete absence of 
EpCs in the parabiotic twin, which had no adverse effect 
on tumour growth and metastasis124.

Folkman and colleagues suggested that dormant 
metastases fail to grow because of the lack of vasculari-
zation; a phenomenon termed angiogenic dormancy12. 
Consequently, acquisition of an angiogenic switch that 
produces a dense vasculature can initiate the onset of 
growth125. In this scenario, additional oncogenic muta-
tions or alterations in the microenvironment enable 
the onset of angiogenesis. It seems unlikely that muta-
tions occur in the non-proliferating quiescent tumour 
cells125. However, changes in the microenvironment due 
to inflammation or ageing could enable tumour cells to 
begin to proliferate and initiate angiogenesis126. Senescent 
fibroblasts produce cytokines, particularly inflammatory 
ones, and proteases that can promote epithelial cell prolif-
eration and might activate the dormant cells and trigger 
angiogenesis. Such factors are not produced by ‘young’ 
fibroblasts, providing a link between ageing, inflamma-
tion and cancer127,128. Further, induction of an inflam-
matory response through activation of macrophages 
in the lung increased metastases in an experimental 
metastasis model using llC cells119. Hyperoxic injury 
to the lung and allergen-induced pulmonary inflamma-
tion also increased metastasis129,130. In primary tumours, 
macrophages regulate the angiogenic switch through 
their production of a wide range of angiogenic factors 
including vEGFA33. However, despite their abundance 
in metastases, whether they are actively involved in 
angiogenesis at metastatic sites is unknown. In addi-
tion, the phenomenon of primary tumour instigation of  
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slow-growing metastases through the recruitment of 
BMDCs might also be a mechanism for the induction 
of angiogenesis110. All these data suggest that alterations 
in the microenvironment might reawaken dormant 
metastases or promote the growth of slow-growing ones 
(FIG. 3).

Conclusions and perspectives
It is evident from the data presented in this Review that 
primary tumours and their metastatic off-shoots are 
complex ecologies consisting of numerous cell types. 
Many of these are derived from the bone marrow but 
there are also abundant resident cells. In analysing these 
tumours, by necessity, experiments are usually focused 
upon a single cell type or a single gene product within 
a cell. However, it is naive to think that individual cell 
types function in isolation in a complex system. Thus, a 
major area for advances in understanding the role of the 
microenvironment must incorporate a systems biology 
approach in order to model these complex interactions 
and their evolution over time.

It is also apparent that cancer is a systemic disease with 
the tumour affecting multiple systems in the host that can 
result in spread of cancer cells and enhancement of metas-
tasis. It is important to realize that this usually involves 
mobilization of BMDCs, which home to the tumour sites 
and dramatically alter their ecology, generally but not 
always in favour of the tumour. In addition, these changes 
modify immune responses in the tumour-bearing ani-
mals, often with a profound immunosuppression against 
new antigens expressed in the tumour cells themselves. It 
remains obscure how the mobilization of BMDCs occurs, 
how they are trafficked from bone marrow into the blood 
and back as well as to different tissues, and what regulates 
the final differentiation and function of BMDCs at these 
sites. Several molecules have been shown to be important, 
including SDF1, vEGFA, KIT ligand and osteopontin as 
discussed above, but the major points of regulation still 
remain to be elucidated. Nevertheless this is an area of 
research that needs to be expanded, along with detailed 
phenotyping of the cells that BMDCs differentiate into, as 
this may be the key to controlling metastatic spread. These 
approaches will be significantly enhanced by new imag-
ing techniques that can track cells and their interactions 
in vivo in both humans and mice. These include intravital 
imaging using multi-photon microscopy of cells fluores-
cently labelled either intrinsically or by barcodes of iden-
tifying antibodies55; nanoparticles that attach to the cell 
surface through tags or other innovative means; enhanced 
magnetic resonance imaging techniques using targeted 
nano-iron probes; positron emission tomography; and 
spectroscopic methods coupled with magnetic resonance 
imaging or microscopy131 to individually identify cell types 
based on intrinsic fluorescence in vivo — a technique that 
might even be applicable to human tumours.

The goal of all these experiments is to create sufficient 
biological insight to reverse the tumour-enhancing effects 
of the microenvironment with the ideal of recreating a 
suppressive microenvironment that can fully revert the 
malignant phenotype to normal (or at least a controlled 
phenotype), as was found in the pioneering experiments 

of reprogramming malignant tumour cells in normal 
environments that are described above. This raises the 
issue of whether stromal alterations are always reversible, 
or whether there is a point after which these changes can-
not be reversed. These questions apply both to modifica-
tions conferred on the stroma by the cancer cells and to 
those conferred on cancer cells by the stroma. Although 
it is probably optimistic to think that all changes can be 
fully reversed, various strategies have been used to target 
stromal cells, particularly in the primary tumour132,133, 
several of which have therapeutic efficacy. A wide range 
of agents are already available, at least in animal models, 
to block the functions of stromal cells discussed in this 
Review, including EGFR and CSF1R antagonists, vEGFA 
and vegfr inhibitors, TNFα inhibitors, S100 antibodies, 
protease inhibitors, anticoagulants and chemokine inhib-
itors, including CXCR4 antagonists. It is likely that these 
will need to be used in combination to attack the meta-
static microenvironment in its diversity and to under-
mine its robustness. Moreover, it is unlikely that any of 
these strategies will work alone without the incorporation 
of a direct attack on the tumour cell itself.

An emerging concept in anticancer therapy involves 
the mobilization of several types of BMDC following 
treatment with traditional chemotherapeutics or tar-
geted therapies, which may contribute either to a lack 
of response or acquired drug resistance. For example, 
EpCs are rapidly mobilized through SDF1 and vEGFR2 
signalling in response to certain chemotherapies, includ-
ing the taxanes and 5-fluorouracil. Resistance to these 
drugs can be overcome in part through anti-vEGFR2 
blocking antibodies, or by genetic ablation of EpCs in 
ID1 and ID3-deficient mice134,135. BMDCs can also confer 
an inherent refractoriness to therapy, as in the case of 
MDSCs, which are recruited to certain tumour models in 
response to anti-vEGFA treatment136. However, when the 
anti-vEGFA antibody was combined with an anti-GR1 
antibody, tumour growth was effectively reduced. These 
examples indicate that it will be important to inhibit 
mobilized BMDCs alongside drugs that target cancer 
cells, and this synergy may in fact explain some of the 
therapeutic efficacy observed in certain combination tri-
als in mice and humans to date.

Among the stromal cell types important for meta-
static dissemination and outgrowth, drugs that target 
endothelial cells are the most clinically advanced. Several 
vegf antagonists have been approved by the uS Food 
and Drug Administration137 that increase survival in 
patients with metastatic breast cancer138 and metastatic 
colorectal cancer139 when combined with chemotherapy. 
The translational promise of this first targeted therapy 
against the tumour microenvironment, however, is 
somewhat tempered by emerging instances of resistance 
to anti-angiogenic therapy140, and examples of stromal cell 
targeting in animal models that unexpectedly resulted 
in increased invasion48 or metastasis141. These data rein-
force the importance of fully understanding the intricacy 
of cellular interactions in the tumour microenvironment, 
using approaches discussed in this Review, in order 
to isolate the cancer cells from their multiple support  
networks and effectively destroy them.
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