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OPINION

Tumour-educated macrophages
promote tumour progression

and metastasis

Jeffrey W. Pollard

Evidence from clinical and experimental
studies indicates that macrophages
promote solid-tumour progression and
metastasis. Macrophages are educated
by the tumour microenvironment, so that
they adopt a trophic role that facilitates
angiogenesis, matrix breakdown and
tumour-cell motility — all of which are
elements of the metastatic process.
During an inflammatory response,
macrophages also produce many
compounds — ranging from mutagenic
oxygen and nitrogen radicals to
angiogenic factors — that can contribute
to cancer initiation and promotion.
Macrophages therefore represent an
important drug target for cancer
prevention and cure.

Solid tumours comprise not only malignant
cells, but also many other non-malignant cell
types. This produces a unique microenviron-
ment that can modify the neoplastic proper-
ties of the tumour cells. However, there has
been an almost exclusive experimental focus
on the malignant cells that make up
tumours. This is probably because of the suc-
cess of studies that defined the requirement
for several mutational events in epithelial
cells for the formation of malignant
tumours; the isolation of transforming onco-
genes, the epithelial-restricted expression of
which causes cancers in animals; and the fact
that these experimental results are intellectu-
ally compatible with epidemiological studies

that indicate that multiple events are
required for malignancy. Nevertheless,
recent studies, particularly of oncogene-dri-
ven tumours in transgenic mice, have shown
that the outcome of primary oncogenic
events in epithelial cells can be significantly
modified by the nature of the surrounding
non-malignant cells'®. So, it is becoming
apparent that the microenvironment has an
important role in allowing the tumour to
express its full neoplastic phenotype and
that non-malignant cells can be used as
therapeutic targets.

The tumour microenvironment con-
tains many resident cell types, such as
adipocytes and fibroblasts, but it is also
populated by migratory haematopoietic
cells, most notably macrophages, neu-
trophils and mast cells. These haematopoi-
etic cells have pivotal roles in the progression
and metastasis of tumours?¢-°, and this
review will focus on one such class — the
tumour-associated macrophages (TAMs).
I will argue that the tumour microenviron-
ment, in a similar way to that seen in
normal development (Box 1), educates
macrophages to perform supportive roles
that promote tumour progression and
metastasis. In addition, because of their fun-
damental role in mediating the inflamma-
tory response, and the growing appreciation
that chronic inflammation is a significant
cause of cancer (Box 2), | suggest that
macrophages can initiate and promote
tumorigenesis.

TAMs: markers of poor prognosis
The observation of leukocytes in tumours
dates back to the middle of the nineteenth
century®. Until recently, however, they were
usually overlooked*. Nevertheless, it is now
appreciated that most solid tumours are
abundantly populated with TAMs and that
these cells can alter clinical outcomest*. In
normal tissues, pathogenic challenge or
wounding results in the local expression of a
wide variety of growth factors — colony-
stimulating factor 1 (CSF-1; also known as
macrophage CSF), granulocyte—macrophage
CSF (GM-CSF), macrophage-stimulating
protein (MSP) and transforming growth
factor-B1 (TGF-B1) — and chemokines
(chemotactic cytokines), which include
CCL2,CCL7,CCL8 (monocyte chemoattrac-
tant protein family-1-3), CCL3 (macrophage
inflammatory protein-1a (MIP-1a)), CCL4
(MIP-1B8) and macrophage migration
inhibitory factor (MIF). These factors,
together with the products of tissue break-
down, recruit circulating monocytes and
stimulate them to differentiate into
macrophages. Macrophages, in turn, mediate
immune responses, kill pathogens, stimulate
angiogenesis and effect tissue repair'>*,
Macrophages — TAMs — are also
recruited to tumours by a similar range of
growth factors and chemokines, which are
often produced by the tumour cells them-
selves®®14, Clinical studies have, on balance,
shown a correlation between an abundance
of TAMs and poor prognosis'. These data are
particularly strong for breast, prostate, ovar-
ian and cervical cancers; the data for stomach
and lung cancers are contradictory®#, and in a
small study in colorectal cancer, their pres-
ence was associated with good prognosis®®.
However, taking all reports into account —
regardless of method and sample number —
more than 80% show a significant correlation
between TAM density and poor prognosis,
whereas less than 10% associate TAM density
with a good prognosis*. So, increased TAM
density is usually associated with advanced
tumour progression and metastasis.
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Itis also striking that, in the tumour types
in which high TAM density correlates with
poor prognosis, there is also a substantial
body of clinical literature that shows that
overexpression of macrophage growth factors
or chemokines correlates with poor progno-
sis. CCL2 is widely expressed in tumours,
including ovarian, cervical, bladder and breast

tumours, and gliomas — this last being the
original source of its purification — and high
levels of CCL2 correlate with poor prognosis
in breast, cervical and bladder cancer®617,
CSF-1 — the main growth factor that is
responsible for the survival, proliferation, dif-
ferentiation and chemotaxis of mononuclear
phagocytes, such as macrophages — is widely

Box 1 | Macrophages have important developmental roles

The immunological and repair functions of macrophages are well documented. It is known that
they are among the first cells to arrive at sites of wounding and/or infection, where they perform
several functions. They produce cytokines and chemokines to orchestrate the recruitment and
actions of other immune cells, and produce growth factors, angiogenic factors and proteases to
promote tissue repair. They also kill pathogens through the production of reactive oxygen and
nitrogen radicals and present foreign antigens to cytotoxic T cells. What is less well appreciated is
their important role in tissue morphogenesis during development. Nevertheless, analysis of mice
that are deficient for macrophages and other mononuclear phagocytic cells (such as osteoclasts)
because of a null mutation in the gene that encodes colony-stimulating factor 1 (Csf-1) shows
that these cells have a significant role in the morphogenesis of many tissues®*#4. Developmental
defects include osteopetrosis, dermal hypoplasia, aberrant development of the sex-steroid-
hormone feedback response in the brain, delayed and aberrant pancreatic morphogenesis and
impaired branching morphogenesis of the mammary gland. In this last case®, as shown in the
figure, the ends of the developing ducts form a unique multi-laminate structure called the
terminal end bud (TEB), which grows out through the mammary fat pad and gives rise to the
basal arborized ductal tree. As these TEBs form, they recruit macrophages; the absence of these
in the Csf-1-null mutant mouse results in delayed ductal development and a poorly branched,
atrophic ductal tree. Similar experiments, in which macrophages are ablated by other means,
show important roles in eye development®. Together, these experiments show that cells of the
mononuclear phagocytic lineage have important developmental roles through their remodelling
and trophic functions.

1t seems likely that tumours co-opt the normal developmental roles of macrophages to
promote their own development and invasion through the surrounding stroma®. In contrast to
normal epithelia, however, tumour cells — owing to intrinsic transforming mutations — have
lost positional identity, and so they continue to send out ‘help me’ signals that result in invasion
into the vasculature.
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overexpressed in tumours of the reproductive
system, including ovarian, uterine, breast and
prostate tumours’¥-2, In each case, overex-
pression of CSF-1 correlates with poor prog-
nosis”?. In breast cancer, CSF-1 expression
correlated with high grade and poor prognosis
and was also associated with a dense leukocytic
infiltrate in 90% of the tumours that were
analysed?. These clinical data therefore provide
significant support for the theory that, in most
types of solid tumour, TAMs are involved in
tumour progression through their recruitment
to these sites by chemokines and CSF-1.

Cytokines alter TAM function

The conventional wisdom about TAM func-
tion is that they are recruited to reject the
tumour, which has been recognized as foreign
because tumours express unique antigens.
However, there is a growing body of evidence
that the tumour microenvironment is
immunosuppressive???, perhaps as a result of
selection for such an environment — a
process recently termed ‘immunoediting’®.
So, even when bona fide tumour antigens —
such as MUCI — are expressed, there seems
to be an attenuated immune response to these
antigens®. Recent data indicate that TGF-31
has an important role in suppressing these
local responses and that inhibiting this mole-
cule can result in tumour rejection®. It is
noteworthy that TAMs can both produce
TGF-B1 and process latent TGF-f3s to pro-
duce their active forms?. In addition, the local
cytokine milieu in the tumour tends to block
the immunological functions of these newly
recruited mononuclear phagocytes — such as
antigen presentation and cytotoxicity —
towards tumours, and diverts them towards
specialized TAMs that are immunosup-
pressed and trophic? (FiG.1). A principal com-
ponent of this cytokine mixture is CSF-1,
which locally blocks the maturation of den-
dritic cells so that they are unable to present
antigens and promotes the development of
immunosuppressed trophic TAMS. In sup-
port of this hypothesis, studies have shown
that renal-carcinoma cell-line production of
interleukin-6 (IL-6) and CSF-1 inhibits den-
dritic-cell maturation. This effect can be
reversed by cytokines such as IL-4 and 1L-13,
which divert the immune response to one
that favours cytotoxic T cells?®-! (FIG.1).

The cytokine profile of the tumour
microenvironment is therefore extremely
important to the phenotype of the local
mononuclear phagocytes. This is probably
why, under certain circumstances, a high
density of TAMs correlates with good prog-
nosis. One can hypothesize that, in these
cases, the environment pushes the TAMs
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Box 2 | Cancer as an inflammatory disease

The concept of inflammation as a cause of cancer dates back to the work of Virchow in the 1850s
and to the work of Fibiger and Yamagiwa in the early twentieth century, which showed that
chronic irritation could trigger cancer®. Although this topic has been largely overlooked in the
past, a growing body of evidence has recently indicated that this inflammatory process is a
contributor, if not a cause, of a wide variety of neoplasms?. First, it is now recognized that at least
15% of tumours worldwide have a direct infectious origin®. Generally, the pathogens that are
responsible establish chronic infections that cause a persistent inflammatory response. Perhaps
the best documented are the roles of Helicobacter pylori in stomach cancer, herpes viruses in
cervical cancer and schistosomes in bladder cancers®-°%, Continuous irritants, such as asbestos,
silica and cigarette smoke, also increase the probability of developing bronchial cancer®?. Colonic
inflammation, such as that found in ulcerative colitis or Crohn’s disease, predisposes sufferers to
colorectal cancer®. Indeed, even the prototypical oncogenic retrovirus, Rous sarcoma virus,
requires an inflammatory response to induce tumours at secondary sites in chickens®.
Furthermore, the classical studies of skin carcinogens showed that a second, non-carcinogenic
compound, such as a phorbol ester, could increase the effects of low doses of a primary
carcinogen. These promoters set up an acute inflammatory response and cause alterations in
cytokine signalling pathways that are required for the carcinoma to form?.

Inflammatory responses recruit many immune cells, among which macrophages are key
players®. Macrophages produce angiogenic factors, proteases and growth factors, which result in
an environment that stimulates epithelial-cell migration, survival and proliferation. They are also
key signalling cells that help to organize the responses of other cells— most notably mast cells
and neutrophils. Both of these cell types have, along with tumour-associated macrophages
(TAMs), been shown to have causal roles in tumour progression*2%°7, The signals responsible for
this are thought to be immune cytokines, including tumour necrosis factor-o (TNF-a),
interleukin-1 (IL-1), IL-6 and a plethora of chemokines, such as IL-8. Not only do these cytokines
and chemokines recruit immune cells to specific sites that stimulate tumour progression, but it
has also recently been shown that their receptors are often found on tumour cells themselves,
where they can increase tumour growth and migration. For example, GRO (growth-related
oncogene, which is probably the same as CXCL1) — an IL-8-related chemokine — stimulates
melanoma migration and proliferation®. Such data indicate that chemokines might make a
permissive environment for tumour-cell growth and migration. Consistent with this are recent
studies that show that the expression of specific chemokines defines the site of tumour
metastasis®. Indeed, it seems more and more likely that tumour cells might subvert the pathways

that leukocytes use to migrate to specific sites.

Altogether, the data show that inflammation creates a microenvironment that causes
neoplastic transformation and potentiates the progression of cancers. Such a realization should
alter therapeutic strategies, both for prophylaxis and for treatment of acute disease.

either to be immunologically neutral, or to
differentiate to become active participants
in the immune response against tumours
through their presentation of tumour anti-
gens to T cells or by direct tumour-cell
killing. In determining this balance, another
macrophage colony-stimulating factor —
GM-CSF — together with interferon-y
(IFN-y), are likely to be important, as these
direct macrophages towards more cytotoxic
and antigen-presenting phenotypes®.
Interestingly, even the type of CSF-1 that is
expressed seems to determine the nature of
the immune response. CSF-1 is made both
as a cell-surface glycoprotein and as a
secreted proteoglycan®. Glioma cells that
express the cell-surface form of CSF-1 were
rejected when transplanted intracranially
into mice, and 80% of the mice survived. By
contrast, 100% of mice that were implanted
with the same cells died if they had been

transfected with a complementary DNA
encoding the soluble form of CSF-1. Other
studies indicate that this difference is
because macrophages ‘lock’ onto the cell-
surface form of CSF-1 and kill the tumour
cells — either directly, or indirectly through
antigen presentation to T cells®%, In
humans, the soluble form predominates
in those tumours that overexpress CSF-1'81°,
So, one hypothesis that explains the relative
lack of immune response in tumours is that
they produce soluble CSF-1 and cytokines,
which suppress dendritic-cell maturation
and recruit TAMSs, the immune and killing
functions of which are suppressed and the
trophic and remodelling functions of which
are enhanced (FIG. 1).1t will be important to
know how other macrophage chemokines,
such as CCL2 and CCL3 — which are pro-
duced in high concentrations by tumours
— affect local immune responses, and
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whether manipulation of microenvironments
containing these cytokines through therapies
using GM-CSF, IFN-yand IL-12 will be effec-
tive means of promoting the immune rejec-
tion of tumours. These issues are discussed in
depth in another article in the same issue of
this journal®, which indicates that such
approaches might be used effectively to cause
immunological rejection of tumours.

TAMs potentiate tumour progression
The clinical evidence described above indi-
cates that, in most tumour types in which it
has been studied, an abundance of TAMs
that are matured in the right cytokine envi-
ronment has a negative impact on patient
survival. Several recent experiments with
animal models support this view by showing
that TAMs potentiate tumour progression
and metastasis. Lin et al.* used mice carrying a
null mutation in the gene that encodes Csf-1
to prevent macrophages accumulating in
mammary tumours that were induced by the
mammary-epithelial-restricted expression of
the polyoma middle-T oncoprotein (known
as PyMT mice). In the macrophage-deficient
mice, the incidence and initial rates of
growth of primary tumours were not differ-
ent from those seen in normal mice, but the
rate of tumour progression was slowed and
their metastatic ability was almost com-
pletely abrogated when compared with mice
that contained normal numbers of
macrophages. Increasing the abundance of
TAMs in the null mutant mice by expressing
Csf-1in a restricted fashion in tumours,
using transgenic technology, accelerated the
rate of tumour progression and restored the
rate of metastasis to wild-type levels.
Interestingly, overexpression of Csf-1 in
wild-type mice also accelerated tumour pro-
gression and increased their metastatic rate.
These data indicate that the clinical correla-
tion between overexpression of CSF-1 and
poor prognosis might be due to the ability of
CSF-1 to recruit and modulate the behaviour
of TAMs.

Consistent with these genetic experiments,
when immunocompromised mice that had
been xenografted with either a human malig-
nant embryonic tumour or human colon-
cancer cells were treated with antisense
oligonucleotides directed against mouse Csf-1,
the growth of the embryonic tumour was
completely suppressed, and the growth rate of
the colon cancer was halved, with an increased
survival rate in these mice. As the human cells
did not express the CSF-1 receptor, and the
antisense oligonucleotides did not inhibit
human CSF-1 expression, these data argue for
an effect on the host, and not on the tumour.
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Figure 1 | Pro- and anti-tumorigenic properties of macrophages depend on the cytokine
microenvironment in the tumour. Tumours are populated by macrophages and dendritic cells that
are derived from mononuclear phagocytic progenitor cells. In many tumours, a high concentration of
soluble colony-stimulating factor-1 (CSF-1) educates macrophages to be trophic to tumours and,
together with interleukin-6 (IL-6), inhibits the maturation of dendritic cells. This creates a
microenvironment that potentiates progression to metastatic tumours. By contrast, CSF-1 presented
in a transmembrane form on the tumour surface activates macrophages to kill tumour cells. This —
together with high concentrations of IL-4, IL-12, IL-13 and GM-CSF — causes dendritic cells to
mature, allowing the presentation of tumour antigens to cytotoxic T cells, with the consequent

rejection of the tumour.

This was confirmed by the reduction seen in
Csf-1 messenger RNA levels and serum Csf-1
concentrations, which correlated with a
reduction in the number of TAMSs®,

In another set of experiments in mice, pri-
mary-tumour-stimulated macrophages were
shown to increase the metastatic ability of
tail-vein-injected tumour cells. In these exper-
iments, the ability of the injected cells to colo-
nize and grow in the host lungs only occurred
in mice that also carried a separate primary
tumour®, This study provided evidence that
macrophages — modified by their exposure
to the primary tumour — promoted the
seeding and vascularization of the injected
tumour cells through the induction of matrix
metalloproteinase 9 (Mmp-9) and vascular
endothelial growth factor (\Vegf).

Taken together, these recent experiments
support a role for TAMs in tumour progression

and metastasis and provide experimental sup-
port for the clinical observations that increased
TAM density promotes tumour malignancy.

Functions of TAMs

Macrophages are therefore multifunctional
cells, the phenotypes of which are modified by
the local environment, and have important
roles in the morphogenesis of tissues. They
take on non-immunological functions, which
provide trophic support to tissues (8ox 1). |
suggest that a similar ‘education’ process
within a tumour results in macrophages that,
on balance, promote the progression of the
tumour to a more malignant state. In addi-
tion, in the context of an inflammatory
response, macrophage functions can result in
the initiation or promotion of tumorigenesis.
These diverse functions are summarized in
FIG.2, and are discussed below.

Macrophages promote angiogenesis. It is
widely recognized that tumours require angio-
genesis to grow beyond a certain size. This
process involves a wide range of soluble medi-
ators that are both stimulatory and inhibitory,
including basic fibroblast growth factor
(bFGF), VEGF, the angiopoietins (ANG1 and
ANG2), IL-1, IL-8, tumour necrosis factor-a
(TNF-a), thymidine phosphorylase (TP; also
known as vascular-derived endothelial growth
factor), the matrix metalloproteinases MMP-9
and MMP-2, and nitric oxide (NO)®*%. These
molecules, which are expressed in a coordi-
nated spatial and temporal fashion, result in
the proliferation and migration of endothelial
cells, matrix remodelling and the eventual for-
mation of stabilized vessels*:. Macrophages are
perfectly designed to promote these processes,
as their monocytic precursors can migrate
into sites where they differentiate into
macrophages, and these wandering cells can
synthesize the required angiogenic molecules
on demand in specific locations*.

Macrophages are important, although not
the only, producers of VEGF, which is a key
component of the process of angiogenesis in
tumours®#, Studies by Harris and co-workers
in human breast cancer showed that TAMs
cluster in‘hot spots’ in avascular areas®. These
hot spots correlate with a high level of angio-
genesis, and also with decreased relapse-free
and overall survival®. It was suggested that
hypoxia— or the cytokines that are produced
in response to this condition — is one of the
local attractants for macrophages, and that
hypoxia itself upregulates the transcription
factor hypoxia-inducible factor-2a (HIF-2a)
in macrophages. HIF-2a, in turn, induces
VEGF expression®#® (FiG. 2). VEGF is also
upregulated by CSF-1 in macrophages*, and
the CSF-1 antisense experiments described
above showed a reduction in VEGF expression
and an inhibition of angiogenesis®’. VEGF is
also a chemoattractant for macrophages*“’
and, as such, this might result in a positive-
feedback loop, providing rapid vascularization
to tumours.

TAMs also produce many other pro-
angiogenic cytokines®“. They are key pro-
ducers of TNF-a*, the expression of which
increases in these cells as tumours become
invasive carcinomas*, and which upregu-
lates TP in breast cancer cell lines®.
Correlative studies indicate that it also does
so in breast tumours, and that TP expres-
sion is significantly correlated with angio-
genesis and poor prognosis in these
tumours®®. TNF-a also induces MMP-9
expression, and this in turn can release
bioactive VEGF from its extracellular-
matrix (ECM)-bound latent form®. TAMs
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Figure 2 | Pro-tumorigenic functions of tumour-associated macrophages. Macrophages are
recruited to tumours by chemotactic factors and provide many trophic functions that promote tumour
progression and metastasis. These tumour-associated macrophages (TAMs) migrate to hypoxic areas
within the tumour, where they stimulate angiogenesis by expressing factors such as vascular
endothelial growth factor (VEGF), angiopoietin 1 (ANG1) and ANG2, and recruit other haematopoietic

cells — mast cells and neutrophils — that can perform similar tasks. TAMs also promote tumour
invasion by producing proteases — such as urokinase-type plasminogen activator (uPA), matrix
metalloproteinase 9 (MMP-9) and cathepsins — that break down the basement membrane and
remodel the stromal matrix. MMP-9 also contributes to angiogenesis. Various growth factors and
chemokines — epidermal growth factor (EGF), transforming growth factor-p (TGF-p), interleukin-8 (IL-8)
and tumour necrosis factor-a (TNF-a) — contribute to the migration of tumour cells towards vessels
and provide proliferative and anti-apoptotic signals to these cells. Macrophages that are attracted to
sites of inflammation or tissue breakdown can also initiate or promote tumorigenesis through their
synthesis of oestrogens and the generation of mutagens as a by-product of their production of

reactive oxygen and nitrogen-oxide radicals.

also synthesize other proteins that influence
angiogenesis — for example, urokinase-
type plasminogen activator (uPA)%, which
is activated by CSF-1 receptor signalling in
macrophages®> and by TGF-B1 (REF. 53).
Expression of uPA and its inhibitor, plas-
minogen-activator inhibitor type 1 (PAI-1),
has clinical and prognostic value®. uPA and
its receptor are upregulated in TAMs
in breast cancert. The complex of uPA
and its receptor is fully active, and might
contribute to the ECM breakdown that is

required for vascular invasion to occur.
Consistent with this, the expression of the
UPA receptor in TAMs has been clinically
correlated with high microvessel density
and poor prognosis®*®®. In addition, a sig-
nificant correlation exists between PAI-1
expression, vessel remodelling, and node
status and tumour grade®s-*8, These data
indicate that the uPA system is important in
establishing the vascular network in
tumours and that TAMs have an important
role in its expression and regulation.

PERSPECTIVES

TAMs also release other molecules that can
influence angiogenesis. They produce IL-1,
which — through cyclooxygenase 2 (COX 2)
— upregulates HIF-1qa, resulting in an increase
in the transcription of VEGF®. VEGF produc-
tion is also increased by IL-1(3 in co-cultures of
tumour cells and macrophages. IL-1 is synthe-
sized by macrophages and, in these experi-
ments, IL-13 was required for tumour-cell
invasiveness and angiogenesis®. TAMs also
release NO through the induction of the
enzyme inducible NO synthase (iNOS)®.
Expression of INOS has been correlated with
tumour grade®?, and its ablation delays
tumour progression in mouse models of
breast cancer®. Increased NO is likely to result
in vasodilation and increased vascular flow.
Interestingly, endothelin 2 — another vasoac-
tive molecule involved in inflammation and
angiogenesis that is expressed in tumours — is
a chemoattractant for macrophages, which
indicates that it might recruit TAMs to
hypoxic areas®.

In conclusion, migratory TAMs are
equipped to enter areas of the tumour
where vascularization is needed. Here, these
cells synthesize angiogenic regulators, which
results in the formation of new vessels that
allows further tumour growth and access of
tumour cells to the vasculature for escape
into the circulation. At these sites, a com-
plex mixture of factors — ranging from
hypoxia to cytokines — controls the expres-
sion of these regulators. This is consistent
with the hypothesis that macrophages are
educated to perform specialized tasks at
specific sites.

Macrophages produce growth factors and pro-
teases that enhance tumour progression. It is
apparent from the discussion above that
macrophages are important producers of
proteases, which range from uPA to a variety
of matrix metalloproteinases — especially
MMP-7 and MMP-9. In our detailed study
of the progression of PyMT-induced
tumours”®, we noted that at the time of
malignant transition, leukocytic infiltrates
were present that coincided with areas of
basement-membrane breakdown and
tumour-cell egress (FIG. 3). It is not clear
whether these invading leukocytes cause the
initial breakage of the basement membrane
or if this is a result of the activities of the
tumour cells themselves. Regardless of the ini-
tiating mechanism, approximately 50% of the
leukocytes are TAMSs, which produce pro-
teases that degrade the basement membrane,
so creating a portal through which tumour
cells enter the stroma. This is a key step in
tumour metastasis.
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Figure 3 | The leukocytic infiltration site as a
portal for the exit of tumour cells. Many
tumours, as they become invasive, also have
leukocytic infiltration sites that are abundantly
populated by macrophages. So, a hypothesis to
explain the role of macrophages in tumour
invasion and metastasis is that these cells,
through their proteolytic activity, break down the
basement membrane around pre-invasive
tumours, thereby enhancing the ability of tumour
cells to escape into the surrounding stroma.
Macrophages also stimulate angiogenesis at
these sites of tumour egress and send ‘come
hither’ signals to cells, causing them to move out
of the tumour mass towards blood vessels. So,
tumour cells flow out from the ductally constrained
tumour mass into the surrounding stroma, thereby
gaining access to the vasculature, with the
consequent ability to colonize distant sites.

TAMs also produce a wide variety of
growth factors that can stimulate the growth
and motility of tumour cells®%. These
include fibroblast growth factor (FGF),
hepatocyte growth factor (HGF), epider-
mal-growth-factor receptor (EGFR)-family
ligands, platelet-derived growth factor
(PDGF) and transforming growth factor-3s
(TGF-Bs). Ligands of the EGFR family seem
to be very important in cancer, particularly
in cancers of the breast and lung, and the
receptors that belong to this family form
a complex group that are able to both

heterodimerize and homodimerize. Some,
such as ERBB3, do not have an active kinase
domain and need to heterodimerize to
transduce a signal. ERBB2, for which a lig-
and has yet to be identified, is overexpressed
in approximately 20% of breast cancers and
is an effective target for therapy®’. Similarly,
a high level of ERBB1 (also known as
EGFR) expression in breast cancer is corre-
lated with poor survival and has important
diagnostic value®®. TAMs have been
reported to be the most significant source of
EGF in tumours® and are associated with
EGFR expression* and poor prognosis.
EGF can promote tumour-cell proliferation
and is also a potent chemoattractant of
breast cancer cells in culture™. We have
recently shown that tumour cells respond to
macrophage-produced EGF ligands in vivo
by chemotaxis and invasion. These
macrophages are often associated with ves-
sels, which indicates that they provide
chemotactic signals that recruit tumour
cells to blood vessels and enhance their
egress into the vasculature (J. Wycoff et al.,
unpublished observations). The absence of
these macrophage signals might be part of
the reason why mice that lack macrophages
show a low rate of metastasis.

A unifying concept for TAM action. In our
studies of PyMT tumours that were dis-
cussed earlier, focal sites of leukocytic infil-
tration were found at the point of transition
of tumours™. Such sites are also commonly
found in human breast cancers™. So, a sce-
nario can be proposed in which intrinsic
mutations that accumulate in the tumour
cells cause them to send out chemoattrac-
tive signals that are similar to those pro-
duced in the developing mammary gland
(Box 1), indicating that they want to break
out through the basement membrane and
into the stroma. These signals recruit
macrophages and other haematopoietic
cells, which interact to cause focal break-
down of the basement membrane (FIG. 3).
Tumour cells consequently exit into the
stroma and TAM-induced angiogenesis
occurs at the location of this escape. These
vessels become sites of macrophage align-
ment. TAMs then provide chemotactic sig-
nals to the tumour cells to promote their
migration towards vessels and cause their
intravasation. Growth factors that are
secreted by TAMs might also promote the
viability of tumour cells by overcoming
the apoptotic signals that are induced by
their detachment from the basement mem-
brane. The same growth factors might also
promote tumour-cell proliferation locally,

and so further select for tumour cells that
contain mutations that enhance apoptosis
resistance and increase motility. The conse-
quence of all these processes is a more
malignant and invasive phenotype.

Macrophages can initiate tumorigenesis
The presence of TAMs in a tumour provides
an environment that enhances the survival,
proliferation and migration of epithelial
cells that have accumulated primary onco-
genic mutations. However, macrophages
might have an even more sinister role by
playing a significant part in establishing the
primary oncogenic events in epithelial cells
(F1G. 2). There is a growing body of evidence
to indicate that inflammation — as a result
of chronic infection, continuous exposure
to irritants or genetic makeup — is a
causative event in many cancers (BOX 2).
Macrophages comprise a key component of
the inflammatory response and function as
key regulators of the activities of many of
the other cell types that are involved in
inflammation. At these inflammatory sites,
macrophages produce high levels of reactive
oxygen and nitrogen species and these —
through the formation of peroxynitite —
can react with DNA, resulting in mutagenic
events in epithelial and surrounding
cells>”, This continuous generation of
mutagenic compounds in response to per-
sistent infection is thought to be the mecha-
nism by which Helicobacter pylori causes
stomach cancer (Box 2). Similarly, some
cytokines that are produced by TAMs and
other immune cells, such as TNF-a and
MIF, might also contribute to the generation
of chromosomal abnormalities. MIF, for
example, suppresses TP53 transcription in
tumour cells, which results in the lack of a
DNA-damage-repair response and, conse-
quently, the accumulation of mutations™.
TNF-a treatment of carcinogen-treated
fibroblasts renders them capable of tumour
formation in nude mice®. Mechanistically,
this may be through the induction of iINOS
in the tumour cells, which results in NO pro-
duction. Studies of mice that lack Tnf-a
showed that this cytokine is also required for
7,12-dimethylbenz(a)-anthracene (DMBA)-
induced, 12-O-tetradecanoyl-phorbol-13-
acetate (TPA)-promoted skin carcinogenesis,
and this is related to the reduced inflamma-
tion that is seen in the absence of Tnf-a,
which decreases the incidence of de novo
carcinogenesis™.

TAMs are abundant in breast cancers®.
Recent studies indicate that these cells might
both respond to and produce oestrogens’s?’.
TAMs in the breast cancer bed express
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aromatase, which converts androgens to
oestrogens’. Interestingly, in a cohort of
women at risk of breast cancer who had
been given intraductal lavages to access
epithelial-cell morphology, it was found
that more than 50% of the retrieved cells
were macrophages™. These cells might syn-
thesize oestrogen, which could explain the
fivefold higher concentration of oestrogens
in the ductal fluid than in serum. As oestro-
gen exposure is the primary risk factor for
breast cancer’, macrophages in both the
pre-malignant and malignant breast could
have an important role in increasing expo-
sure to high concentrations of this steroid
hormone. This, coupled with their muta-
genic properties, which are described
above, could significantly enhance the risk
of breast cancer.

Therapeutic opportunities

The data indicate that continuous inflam-
mation as a result of persistent infection or
other irritants has a causal role in tumour
progression. Is it possible that cancer is
often a pathology of chronic infectious dis-
eases (Box 2)? If so, therapies that are
directed at reducing inflammation or
inhibiting the function of inflammatory
cytokines could reduce cancer risk.
Consistent with this notion is the ability of
non-steroidal anti-inflammatory drugs
(NSAIDs) to significantly lower colon-
cancer risk and, perhaps, to prevent lung,
oesophageal and stomach cancers®®, These
drugs target cyclooxygenase enzymes,
which are involved in the metabolism of
prostaglandins. Prostaglandins have an
important role in inflammatory responses
and are produced abundantly by macro-
phages. It will be important to determine
whether macrophages are the site of action
of these NSAIDs, as COX2 can also be
expressed in tumour cells.

I have argued in this article that the
microenvironment educates macrophages
to take on specific phenotypes that can
increase the risk of cancer and, once cancers
are formed, promote their progression.
Although there is a considerable amount of
data on the phenotype of ‘activated’
macrophages that are involved in immune
responses, there are relatively few data
about the macrophages that are found at
different sites in the body. However, recent
advances that allow macrophages to be
marked in vivo® will allow their isolation,
in a relatively unperturbed state, from spe-
cific sites. The analysis of these cells using
DNA or protein microarrays will then
define their phenotypes. Although most of

the expressed genes will be common to all
macrophages, these experiments will, | sus-
pect, show cohorts that are unique to partic-
ular macrophage environments. TAMs will
therefore be shown to have a unique set of
expressed genes. The intracellular regulators
of these different pathways might therefore
be potential therapeutic targets. The experi-
ments in mouse models that are described
above — in which tumour progression and
metastasis are reduced by the ablation of
CSF-1, either genetically* or by the use of
antisense CSF-1 oligonucleotides®” — sup-
port this idea. In the future, new methods to
reduce the continuous over-exuberant pro-
duction of macrophage chemoattractants,
combined with anti-inflammatory drugs,
might result in a significant abatement
of the aggressive phenotypes of epithelial
neoplasias.

Summary

The data described above indicate that
macrophages affect many processes, ranging
from tumour initiation to the acceleration of
tumour progression and metastasis. The
abilities of these cells to move to specific
sites, increase matrix remodelling and
induce angiogenesis are also essential during
normal development and in normal physio-
logical processes, such as wound healing and
inflammation. This indicates that tumours
recapitulate these developmental signals to
co-opt the normal developmental roles of
macrophages (8ox 1). However, unlike nor-
mal epithelial structures, neoplastic cells
have lost their positional identity due to
intrinsic mutations and, so, they continue to
invade and enter the vascular and lymphatic
systems. Furthermore, these transformed
epithelial cells send out continuous and
unrestrained signals that constantly recruit
macrophages and other haematopoietic cells
to perform these morphogenic roles. This
results in a state that is described by the
phrase “tumours are wounds that never
heal”¢. But this could perhaps be better
stated as “tissues that never cease to develop™
This continuous ‘on’ signal indicates that
strategies that are directed to dampen the
recruitment and tumour-associated func-
tions of macrophages could find an impor-
tant place within the therapeutic arsenal
against tumours.
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