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Tumour-associated macrophages (TAM) represent the major inflammatory component of
the stroma of many tumours, and can affect different aspects of the neoplastic tissue. Many
observations indicate that TAM express several M2-associated pro-tumoural functions,
including promotion of angiogenesis, matrix remodelling and suppression of adaptive
immunity. The pro-tumoural role of TAM in cancer is further supported by clinical studies

Keywords: that found a correlation between the high macrophage content of tumours and poor patient
TAM prognosis. Evidence is presented here supporting the view that TAM represent a unique and
Cancer distinct M2-skewed myeloid population and are a potential target for anti-cancer therapy.
Inflammation © 2006 Elsevier Ltd. All rights reserved.
1. Introduction at the tumour site. Here, in contrast, differentiating macro-

Accumulation of leukocyte subpopulations is the hallmark
of several pathological conditions, including tumours.® A
prominent component of solid tumours is represented by
non-tumoural cells, including stromal cells (fibroblasts and
endothelial cells) and leukocytes. Among the latter, macro-
phages are the major component.? Tumour-associated mac-
rophages (TAM) have been studied extensively for their
relationship with tumour cells and their multi-faceted func-
tions in the tumour micro-environment. Immunologists
have long considered the presence of TAM as evidence of
a host response against the growing tumour. Several studies
have demonstrated that macrophages have the potential to
kill tumour cells in vitro when appropriately stimulated, e.g.
following treatment with lipopolysaccharides (LPS) and
interferon (IFN)-y. However, bacterial stimuli and Th1 cyto-
kines inducing M1 type polarisation are usually not present
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phages are likely to encounter factors that most frequently
polarise them toward M2 type macrophages (e.g. interleukin
(IL)-10). Over the years it has become increasingly clear that
TAM are active players in the process of tumour progression
and invasion. In several experimental tumour models, the
activation of an inflammatory response (most frequently
mediated by macrophages) is essential for full neoplastic
transformation and progression.? Furthermore, in clinical
studies high numbers of intra-tumour macrophages corre-
late with high vessel density and tumour progression.

The strategic location of TAM suggests that these cells are
important regulators of anti-tumour immunity. Characterisa-
tion of the phenotype of TAM is therefore essential to the
understanding of tumour-derived signals guiding polarisation
of innate and adaptive immunity in cancer bearers and to the
identification of molecular mechanisms that might be ame-
nable to therapeutic intervention.
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2. Recruitment of myeloid cells at the
tumour site

2.1. Monocyte-macrophages

Since the first observation by Rudolf Virchow, who noticed the
infiltration of leukocytes into malignant tissues and sug-
gested that cancers arise at regions of chronic inflammation,
the origin of TAM has been studied in terms of recruitment,
survival and proliferation. TAM derive from circulating mono-
cytes and are recruited at the tumour site by a tumour-derived
chemotactic factor for monocytes, originally described by this
group® and later identified as the chemokine CCL2/MCP-1>°
(Fig. 1). Evidence supporting a pivotal role of chemokines in
the recruitment of monocytes in neoplastic tissues includes:
correlation between production and infiltration in murine
and human tumours, passive immunisation and gene modifi-
cation.” In addition, the central role of chemokines in shaping
the tumour micro-environment is supported by the observa-
tion that tumours are generally characterised by the constitu-
tive expression of chemokines belonging to the inducible
realm.? The molecular mechanisms accounting for the con-
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stitutive expression of chemokines by cancer cells have been
defined only for CXCL1 and involve NF-«xB activation by NF-
kB-inducing kinase.’

CCL2 is probably the most frequently found CC chemokine
in tumours. Most human carcinomas produce CCL2 (Table 1)
and its levels of expression correlate with the increased infil-
tration of macrophages.>***! Interestingly, CCL2 production
has also been detected in TAM, indicating the existence of
an amplification loop for their recruitment.>*? Other CC che-
mokines related to CCL2, such as CCL7 and CCL8, are also pro-
duced by tumours and shown to recruit monocytes.*®

Along with the supposed pro-tumoural role of TAM, the lo-
cal production of chemokines and the extent of TAM infiltra-
tion have been studied as prognostic factors. For example, in
human breast and oesophagus cancers, CCL2 levels corre-
lated with the extent of macrophage infiltration, lymph-node
metastasis and clinical aggressiveness.’**® In an experimen-
tal model of non-tumourigenic melanoma, low-level of CCL2
secretion, with ‘physiological’ accumulation of TAM, pro-
moted tumour formation, while high CCL2 secretion resulted
in massive macrophage infiltration into the tumour mass and
in its destruction.® In pancreatic cancer patients, high serum
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Fig. 1 - Tumour-derived chemotactic factors (CC-chemokines, e.g. CCL2), macrophage colony stimulating factor (M-CSF) and
vascular endothelial growth factor (VEGF), actively recruit circulating blood monocytes at the tumour site. In the tumour
micro-environment monocytes differentiate into tumour-associated macrophages (TAM), which establish a symbiotic
relationship with tumour cells. The above tumour-derived factors positively modulate TAM survival. From their own, TAM
secrete growth factors, which promote tumour cell proliferation and survival, regulate matrix deposition and remodelling

and activate neo-angiogenesis.
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Table 1 - Tumor- and/or stroma-derived chemokines

Ligand Producing tumor

CXC family

CXCL1/Groa Colon carcinoma®®

CXCLS8/IL-8 Melanoma®’, breast™

CXCL9/Mig Hodgkin’s disease®®

CXCL10/IP-10 Hodgkin lymphoma and nasopharygeal
carcinoma®?

CXCL12/SDF-1 Melanoma®?; prostate, breast, ovary’;
pancreas’®®

CXCL13/BCA1 Non-Hodgkin B-cell lymphoma®*

CC family

CCL1/1-309 Adult T-cell leukemia®®

CCL2/MGCP-1 Pancreas’®; sarcomas, gliomas, lung,

breast, cervix, ovary, melanoma’-®

CCL3/MIP-1a Schwann cell tumors®®

CCL3LI/LD78b Glioblastoma®’
CCL5/RANTES Breast'?; melanoma®®
CCL6 NSLC?

CCL7/MCP-3 Osteosarcoma®!
CCL8/MCP-2 Osteosarcoma®
CCL11/eotaxin T-cell lymphoma'®
CCL17/TARC Lymphoma®**
CCL18/PARC Ovary®?

CCL22/MDC Ovary™®

CCL28/MEC Hodgkin’s disease'®?

levels of CCL2 were associated with more favourable progno-
sis and with a lower proliferative index of tumour cells.””
These biphasic effects of CCL2 are consistent with the ‘mac-
rophage balance’ hypothesis'® and emphasise the concept
that levels of macrophage infiltration similar to those ob-
served in human malignant lesions express pro-tumour
activity.*®

A variety of other chemokines have been detected in neo-
plastic tissues as products of either tumour cells or stromal
elements (Table 1). These molecules play an important role
in tumour progression by direct stimulation of neoplastic
growth, promotion of inflammation and induction of angio-
genesis. In spite of constitutive production of neutrophil che-
motactic proteins by tumour cells, CXCL8 and related
chemokines, neutrophils are not a major and obvious constit-
uent of the leukocyte infiltrate. However, these cells, though
present in minute numbers, may play a key role in triggering
and sustaining the inflammatory cascade.

Macrophages are also recruited by molecules other than
chemokines. In particular, tumour-derived cytokines interact-
ing with tyrosine kinase receptors, such as vascular endothe-
lial growth factor (VEGF) and macrophage colony stimulating
factor (M-CSF)'®>?° promote macrophage recruitment, as well
as macrophage survival and proliferation, the latter generally
limited to murine TAM?>'2° (Fig. 1). Using genetic ap-
proaches, it has been demonstrated that depletion of M-CSF
markedly decreases the infiltration of macrophages at the tu-
mour site, and this correlates with a significant delay in tu-
mour progression. By contrast, overexpression of M-CSF by
tumour cells dramatically increased macrophage recruitment
and this was correlated with accelerated tumour
growth.'®?122 M-CSF overexpression is common among tu-
mours of the reproductive system, including ovarian, uterine,

breast and prostate, and correlates with poor prognosis.** Re-
cently, placenta-derived growth factor (PIGF), a molecule re-
lated to VEGF in terms of structure and receptor usage, has
been reported to promote the survival of TAM.?*

2.2. Dendritic cells

Although usually rare, dendritic cells (DC) have been detected
in several tumour types, including lung, prostate, nasophar-
ynx, kidney, thyroid, breast, ovarian carcinoma and mela-
noma.”®? Again, chemokines are involved in the
recruitment of DC within the tumour mass.***° A few chemo-
kines are more restricted for DC. CCL20 interacts with CCR6, a
receptor expressed by Langerhan’s cells but not by monocyte-
derived DC. Infiltration of Langerhan’s-like DC, positive for
the marker Langerin, was noted in breast cancer expressing
CCL20.*° The presence of plasmacytoid DC (P-DC), a distinct
DC subset of lymphoid origin, is a more recent finding. P-DC
have been shown to accumulate in breast metastatic lymph
nodes®! and in ovarian cancer, in correlation with the expres-
sion of CXCL12 to which they respond.?® Primary melanoma
are infiltrated with both myeloid and P-DC.?”-*> DC can also
derive from blood monocytes recruited at the tumour site.
M-CSF, is expressed abundantly in the tumour cytokine
milieu and, together with IL-6, blocks local DC maturation.>?
Indeed, intra-tumour DC have been shown to express an
immature phenotype more frequently and therefore to have
low immuno-stimulatory properties.

The significance of recruitment of antigen-presenting cells
in the tumour, especially whether it is a sign of active im-
mune response, is not clear. DC are well equipped to pick
up tumour antigens and cross-present them to T lympho-
cytes, as documented by several studies.**>® However, DC
can also potently induce tolerance®-*® and, as mentioned
above, the tumour micro-environment contains immuno-
suppressive factors. Thus the immunological functions of
the newly recruited mononuclear phagocytes, such as antigen
presentation and anti-tumour cytotoxicity, are severely inhib-
ited. Nevertheless there are reports of tumour models where
chemokines induced DC accumulation and tumour regres-
sion, but the exact role of DC has not been investigated.
The chemokines involved in these studies included CCL7,
CCL16, CCL21 CCL20, CCL19 and CXCL12. Therefore, the role
of tumour-associated DC in the establishment of anti-tumour
immunity, or in the induction of tolerance, remains to be
elucidated.

3. Distinct properties of M1 and M2
macrophages

The ability to express distinct functional programs in re-
sponse to different micro-environmental signals is a biologi-
cal feature of macrophages, which is typically manifested in
pathological conditions such as infections and cancer.>*°
Chronic infections can tightly regulate the immune re-
sponses, being able to trigger highly polarised type I or type
II inflammation and immunity. Central to the development
of type I or type II polarisation is the specificity of the host-
pathogen interaction. While intracellular pathogens induce
a type I polarised inflammation, with strong neutrophils,
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macrophage infiltrate, typical in granulomas, parasites such
as helminths trigger strong type II inflammation, character-
ised by extensive eosinophilia, mastocytosis and tissue
remodelling.®

Several studies on tumour-host interaction have high-
lighted the importance of inflammatory responses in the
early steps of carcinogenesis, as well as in established pro-
gressive tumours and are beginning now to identify the con-
tribution of polarised inflammatory responses in cancer
progression.

For a long period, classical or M1 macrophage activation
was recognised as the unique activation program in response
to microbial products and interferon-y and has only recently
become clear that anti-inflammatory molecules, such as glu-
cocorticoid hormones, IL-4, IL-13 and IL-10, are more than
simple inhibitors of macrophage activation, since they induce
distinct M2 activation programs.>*~**

However, this tight distinction between M1 and M2 macro-
phages does not fully represent the continuum of functional

and produce copious amounts of pro-inflammatory cytokines
(Fig. 2).

At the opposite extreme, type II macrophages (M2) tune
inflammatory responses and adaptive Thl immunity, scav-
enge debris, and promote angiogenesis, tissue remodelling
and repair. Various signals elicit different M2 activation forms
that commonly share selected functional properties (e.g. low
IL-12) (Table 2) (reviewed in®°). Integration with, and promo-
tion of, type II responses prevail for IL-4- or IL-13-stimulated
M2a macrophages, whereas suppression and regulation of
inflammation and immunity are predominant in IL-10-stimu-
lated M2b cells. Macrophages exposed to immune complexes
(IC) and agonists of Toll-like receptors (TLRs) or IL-1R are char-
acterised by an IL-10high and IL-12low phenotype and pro-
mote type II responses; they have been called type I

Table 2 - Various forms of M2 polarization

states that macrophages can express and is rather a simpli- Population Polarizing signals Functions
fied view of these two extremes of pollarltsatlo.n. M2a IL-4 and 1L-13 I p—

Classical or M1 macrophage activation in response to inflammation; allergy;
microbial products or interferon-y are characterised by: high killing and
capacity to present antigen; high interleukin-12 (IL-12) and encapsulated parasites
IL-23 production®® and consequent activation of a polarised M2b IC+TLR/IL-1R ligands  Th2 activation;
type I response; and high production of toxic intermediates immunoregulation

- . . . . M2c IL-10 Immunoregulation;
(nitric oxide (NO), reactive oxygen intermediates (ROI)). Based . o

. . matrix deposition and
on this, M1 macrophage.s arfa generall}.l considered to be po- tissue remodelling
tent effector cells that kill micro-organisms and tumour cells
MONOCYTE
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Fig. 2 - Monocytes differentiate into polarised macrophage subsets when exposed to different cytokine milieu. In the
presence of granulocyte-macrophage colony stimulating factor (GM-CSF), interferon (IFN)-y, lipopolysaccharide (LPS) and
other microbial products monocytes differentiate into M1 macrophages. In the presence of macrophage colony stimulating
factor (M-CSF), interleukin (IL)-4, IL-13, IL-10 and immuno-suppressive agents (corticosteroids, vitamin D3, prostaglandins),
monocytes differentiate into M2 macrophages. M1 and M2 subsets differ in terms of phenotype and functions. M1 cells have
high microbicidal activity, immuno-stimulatory functions and tumour cytotoxicity. M2 cells have high scavenging ability,
promote tissue repair and angiogenesis and favour tumour progression.
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activated macrophages.*® Finally, human monocytes differen-
tiated with granulocyte-macrophage colony stimulating fac-
tor (GM-CSF) or M-CSF have M1 and M2 properties,
respectively, and have been referred to as Mgl and Mg2.*

A comprehensive picture of the polarised functions of
macrophages is represented in Fig. 1. M1 macrophages ex-
posed to the classic activation signals IFN-y and LPS express
opsonic receptors (e.g. FcyRIII (CD16)), whereas M2 macro-
phages express preferentially non-opsonic receptor (e.g. man-
nose receptor and scavenger receptors).

Arginine metabolism gives rise to high levels of inducible
nitric oxide synthase (INOS; NOS2) in the M1 population. In
contrast, M2 macrophages express a predominant activation
of the arginase pathway and the consequent production of
ornithine and polyamines. This metabolic switch occurs
preferentially during the activation of the M2a and M2c
polarisation programs.*® The LPS receptor TLR4 and the
adapter molecule MyD88 are increased by IFN-y, while in
contrast IL-10 inhibits their expression. By analogy, the IL-1
system appears to be differentially regulated by M1 and M2
signals. IFN-y and LPS foster the IL-1-mediated functions
by inhibiting the decoy receptor IL-1RII and upregulating
the signalling IL-1RI, and IL-1R accessory protein.? In con-
trast, IL-4, IL-13 and glucocorticoid hormones attenuate the
IL-1 system by inducing expression of the decoy receptor
IL-1RII. Moreover, IL-4 and IL-13 induce IL-1 receptor antago-
nist (IL-1ra) production and inhibit IL-1.*” While M1 macro-
phages express high levels of pro-inflammatory cytokines
(IL-1, TNF, IL-6 and IL-23), M2 cells are generally character-
ised by their low production.

The M1 phenotype is typically IL-12high and IL-10low,
whereas M2 macrophages are typically IL-10high and IL-
12low. However, macrophages exposed to IC and LPS (M2b)
(Fig. 2) are an exception, in that they retain high levels of
inflammatory cytokine production with concomitant high
IL-10 and low IL-12.%¢ In spite of their high production of
inflammatory cytokines and toxic molecules, M2b cells pro-
tect mice against LPS toxicity,*®*® promote Th2 differentiation
and humoural antibody production.

SUPPRESSION OF
ADAPTIVE IMMUNITY

MATRIX
REMODELING

CHEMOKINES,
MMPs, TNF

4. TAM express selected M2 pro-tumoural
functions

The cytokine network expressed at the tumour site plays a
central role in the orientation and differentiation of recruited
mononuclear phagocytes, thus contributing to direct the local
immune system away from anti-tumour functions.? This
idea is supported by both pre-clinical and clinical observa-
tions™* that clearly demonstrate an association between
macrophage number/density and prognosis in a variety of
murine and human malignancies.

The immunosuppressive cytokines IL-10 and transforming
growth factor (TGF)-B are produced by both cancer cells
(ovary) and TAM.? IL-10 promotes the differentiation of mono-
cytes to mature macrophages and blocks their differentiation
to DC.*° Thus, a gradient of tumour-derived IL-10 may ac-
count for differentiation along the DC versus the macrophage
pathway in different micro-anatomical locations in a tumour.
Such a situation was observed in papillary carcinoma of the
thyroid, where TAM are evenly distributed throughout the tis-
sue, in contrast to DC, which are present in the periphery.?® In
breast carcinoma, DC with a mature phenotype (DC-LAMP+)
were localised in peri-tumoural areas, while immature DC
were inside the tumour.?

As previously discussed, IL-10 promotes the M2c alterna-
tive pathway of macrophage activation and induces TAM to
express M2-related functions. Indeed, under many aspects
TAM summarise a number of functions expressed by M2 mac-
rophages, involved in tuning inflammatory responses and
adaptive immunity, scavenge debris, promote angiogenesis,
tissue remodelling and repair. The production of IL-10, TGF-
B and prostaglandin E2 (PGE2) by cancer cells and TAM? con-
tributes to a general suppression of anti-tumour activities
(Fig. 3).

TAM are poor producers of NO*° and, in situ in ovarian can-
cer, only a minority of tumours and, in these, a minority of
macrophages localised at the periphery scored positive for
iNOS.>* Moreover, in contrast to M1 polarised macrophages,
TAMs have been shown to be poor producers of reactive

NEO-ANGIOGENESIS

TUMOR GROWTH
SURVIVAL

TUMOR INVASION
METASTASIS

Fig. 3 - Tumour-associated macrophages (TAM) display several pro-tumoural functions. Chemokines have a prominent role
as they induce neo-angiogenesis, activate matrix-metalloproteases (MMPs) and stroma remodelling, and direct tumour
growth. Selected chemokines and immunosuppressive cytokines inhibit the anti-tumour immune response.
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oxygen intermediates (ROIs), consistent with the hypothesis
that these cells represent a skewed M2 population.®?

Moreover, TAM were reported to express low levels of
inflammatory cytokines (e.g. IL-12, IL-1p, TNF-q, IL-6).? Activa-
tion of NF-kB is a necessary event promoting transcription of
several pro-inflammatory genes. Our previous studies* indi-
cated that TAM display defective NF-kB activation in response
to the M1 polarising signal LPS, and we observed similar re-
sults in response to the pro-inflammatory cytokine IL-1B
(Schioppa and colleagues, Istituto di Ricerche Farmacologiche
Mario Negri, Milan, Italy). Thus, in terms of cytotoxicity and
expression of inflammatory cytokines TAM resemble M2
macrophages.

In agreement with the M2 signature, TAM also express
high levels of both the scavenger receptor-A (SR-A) (Biswas
S, unpublished observation) and the mannose receptor (MR)
(P. Allavena, Istituto di Ricerche Farmacologiche Mario Negri,
Milan, Italy). Furthermore, TAM are poor antigen-presenting
cells.?

Arginase expression in TAM has not been studied. How-
ever, it has been proposed recently that the carbohydrate-
binding protein galectin-1, which is abundantly expressed
by ovarian cancer®® and shows specific anti-inflammatory ef-
fects, tunes the classic pathway of L-arginine, resulting in a
strong inhibition of NO production by LPS-activated
macrophages.

Angiogenesis is an M2-associated function, which repre-
sents a key event in tumour growth and progression. In sev-
eral studies in human cancer, accumulation of TAM has
been associated with angiogenesis and with the production
of angiogenic factors such as VEGF and platelet-derived endo-
thelial cell growth factor.” More recently, in human cervical
cancer, VEGF-C production by TAMs was proposed to play a
role in peri-tumoural lympho-angiogenesis and subsequent
dissemination of cancer cells with formation of lymphatic
metastasis®® Additionally, TAM participate to the pro-angio-
genic process by producing the angiogenic factor thymidine
phosphorylase (TP), which promotes endothelial cell migra-
tion in vitro and whose levels of expression are associated
with tumour neovascularisation.>® TAM also contribute to tu-
mour progression by producing pro-angiogenic and tumour-
inducing chemokines, such as CCL2.>° Moreover, TAM accu-
mulate in hypoxic regions of tumours and hypoxia triggers
a pro-angiogenic program in these cells (see below). There-
fore, macrophages recruited in situ represent an indirect
pathway of amplification of angiogenesis, in concert with
angiogenic molecules directly produced by tumour cells. On
the anti-angiogenic side, in a murine model, GM-CSF released
from a primary tumour upregulated TAM-derived metallo-
elastase and angiostatin production, thus suppressing tu-
mour growth of metastases.>

Finally, TAM express molecules which affect tumour cell
proliferation, angiogenesis and dissolution of connective tis-
sues. These include epidermal growth factor (EGF), members
of the FGF family, TGF-B, VEGF and chemokines. In lung can-
cer, TAM may favour tumour progression by contributing to
stroma formation and angiogenesis through their release of
platelet derived growth factor (PDGF), in conjunction with
TGF-B1 production by cancer cells.? Macrophages can produce
enzymes and inhibitors that regulate the digestion of the

extracellular matrix, such as matrix-metalloproteases
(MMPs), plasmin, urokinase-type plasminogen activator
(uPA) and the uPA receptor. Direct evidence has been pre-
sented that MMP-9 derived from haematopoietic cells of host
origin contributes to skin carcinogenesis.>® Chemokines have
been shown to induce gene expression of various MMPs and,
in particular, MMP-9 production, along with the uPA recep-
tor.>” Evidence suggests that MMP-9 has complex effects be-
yond matrix degradation including promotion of the
angiogenesis switch and release of growth factors.>

5. Modulation of adaptive immunity by TAM

It has long been known that TAM have poor antigen-present-
ing capacity and can actually suppress T cell activation and
proliferation.? The suppressive mediators produced by TAM
include prostaglandins, IL-10 and TGF-b and indoleamine
dioxigenase (IDO) metabolites.”** Moreover, TAM are unable
to produce IL-12, even upon stimulation by IFN-y and LPS.*
With this cytokine profile, which is characteristic of M2 mac-
rophages, TAM are unable to trigger Thl polarised immune
responses, but rather induce T regulatory cells (Treg) (Fig. 4).
Treg cells possess a characteristic anergic phenotype and
strongly suppress the activity of effector T cells and other
inflammatory cells, such as monocytes. Suppression of T cell
mediated anti-tumour activity by Treg cells is associated with
increased tumour growth and hence decreased survival.>® For
instance, in patients with advanced ovarian cancer, an in-
crease in the number of functionally active Treg cells present
in the ascites was predictive of reduced survival.>® Immature
myeloid suppressor cells present in the neoplastic tissue of
some tumours have been shown potently to inhibit T cell re-
sponses.®® The relationship if any, of immature myeloid sup-
pressor cells with TAM remains to be defined.

The complex network of chemokines present at the tu-
mour site can play a role also in the induction of adaptive
immunity. Chemokines also regulate the amplification of
polarised T cell responses (Fig. 4). Some chemokines may en-
hance specific host immunity against tumours, but on the
other hand other chemokines may contribute to escape from
the immune system, by recruiting Th2 effectors and Treg
cells.*® As mentioned above, in addition to being a target for
chemokines, TAM are a source of a selected set of these medi-
ators (CCL2, CCL17, CCL18, CCL22). CCL18 was recently identi-
fied as the most abundant chemokine in human ovarian
ascites fluid. When the source of CCL18 was investigated, it
was tracked to TAM, with no production by ovarian carci-
noma cells.®® CCL18 is a CC chemokine produced constitu-
tively by immature DC and inducible in macrophages by
IL-4, IL-13 and IL-10. Since IL-4 and IL-13 are not expressed
in substantial amounts in ovarian cancer, it is likely that
IL-10, produced by tumour cells and macrophages them-
selves, accounts for CCL18 production by TAM. CCL18 is an
attractant for naive T cells by interacting with an unidentified
receptor.®? Attraction of naive T cells in a peripheral micro-
environment dominated by M2 macrophages and immature
DC is likely to induce T cell anergy.

Work in gene-modified mice has shown that CCL2 can ori-
ent specific immunity in a Th2 direction. Although the exact
mechanism for this action has not been defined, it may
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Fig. 4 - Suppressive effects of tumour-associated macrophages (TAM) on adaptive immunity. TAM produce cytokines,
negatively modulating the outcome of a potential anti-tumour response. Interleukin (IL)-10, IL-6, vascular endothelial growth
factor (VEGF) and transforming growth factor (TGF)-p inhibit the maturation and activation of tumour-associated dendritic
cells (TADC). IL-10, TGF-p and selected chemokines act on T helper 2 (Th2)-polarised lymphocytes and T regulatory cells,
which are ineffective in anti-tumour immunity and suppress anti-tumour responses.

include stimulation of IL-10 production in macrophages.®?
Overall, TAM-derived chemokines most frequently recruit
effector T cell inefficient to mount a protective anti-tumour
immunity. TAM also produce chemokine specifically attract-
ing T cells with immuno-suppressive functions.

6. TAM as a therapeutic target

Two major functions of TAM potentially amenable to thera-
peutic interventions are their recruitment and cytotoxicity.
TAM accumulate preferentially in the poorly vascularised re-
gion of tumours, which are characterised by low oxygen ten-
sion. Such an environment promotes TAM adaptation to
hypoxia, which is achieved by the increased expression of hy-
poxia inducible and pro-angiogenic genes, such as VEGF, bFGF
and CXCL8, whose transcription is controlled by the tran-
scription factors HIF-1 and HIF-2.%* The in vivo relevance of
this metabolic adaptation to hypoxia was recently demon-
strated by Cramer and colleagues.®® Ablation of the hypoxia
responsive transcription factor HIF-1la resulted in impaired
macrophage motility and cytotoxicity, in low oxygen condi-
tions. This evidence highlights the relevance that the hypoxia-
HIF-1 pathway may play in the recruitment and activation
of TAM into solid tumours. In support of this, we have re-
cently described that hypoxia can influence the positioning
and function of TAM by selectively upregulating expression
of the chemokine receptor CXCR4.%° Moreover, a recent study
has shown that HIF-1 activation may play a role in the induc-
tion of the CXCR4 ligand, CXCL12.%” It appears therefore that

targeting HIF-1 activity may disrupt the HIF-1/CXCR4 pathway
and affect TAM accumulation.

Due to the localisation of TAM into the hypoxic regions of
tumours, viral vectors were used to transduce macrophages
with therapeutic genes, such as IFN-y, that were activated
only in low oxygen conditions.®®° This work presents prom-
ising approaches that use macrophages as vehicles to deliver
gene therapy in regions of tumour hypoxia.

Chemokines and chemokine receptors are a prime target
for the development of innovative therapeutic strategies in
the control of inflammatory disorders. Recent results suggest
that chemokine inhibitors could affect tumour growth by
reducing macrophage infiltration.”? Preliminary results in
MCP-1/CCL2 gene targeted mice suggest that this chemokine
can indeed promote progression in a Her2/neu-driven sponta-
neous mammary carcinoma model.”? Thus, available infor-
mation suggests that chemokines represent a valuable
therapeutic target in neoplasia.

CSF-1 was identified as an important regulator of mam-
mary tumour progression to metastasis, by regulating infiltra-
tion and function of TAM. Transgenic expression of CSF-1 in
mammary epithelium led to the acceleration of the late
stages of carcinoma and increased lung metastasis, suggest-
ing that agents directed at CSF-1/CSF-1R activity could have
important therapeutic effects.®

Anti-tumour agents with selective cytotoxic activity on
monocyte-macrophages would be ideal therapeutic tools for
their combined action on tumour cells and TAM. We recently
reported that Yondelis (Trabectedin), a natural product
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derived from the marine organism Ecteinascidia turbinata, with
potent anti-tumour activity”? is specifically cytotoxic to mac-
rophages and TAM, while sparing the lymphocyte sub-set. In
addition, Yondelis inhibits the production of CCL2 and IL-6
both by TAM and tumour cells.”* These anti-inflammatory
properties of Yondelis may be an extended mechanism of
its anti-tumour activity.

Linomide, an anti-angiogenic agent, caused significant
reduction of the tumour volume, in a murine prostate cancer
model, by inhibiting the stimulatory effects of TAM on tu-
mour angiogenesis.”> Based on this, the effects of Linomide,
or other anti-angiogenic drugs, on the expression of pro-
and anti-angiogenic molecules by TAM may be considered
valuable targets for anti-cancer therapy.”®

The bisphosphonate zoledronic acid is a prototypical MMP
inhibitor. In cervical cancer this compound suppressed MMP-
9 expression by infiltrating macrophages and inhibited metal-
loprotease activity, reducing angiogenesis and cervical
carcinogenesis.”’

Defective NF-kB activation in TAM correlates with im-
paired expression of NF-kB-dependent inflammatory func-
tions (e.g. expression of cytotoxic mediators, NO) and
cytokines (TNFo, IL-1, IL-12).>*° Restoration of NF-kB activity
in TAM is therefore a potential strategy to restore M1 inflam-
mation and intra-tumoural cytotoxicity. In agreement, recent
evidence indicates that restoration of an M1 phenotype in
TAM may provide therapeutic benefit in tumour-bearing mice.
In particular, combination of CpG plus an anti-IL-10 receptor
antibody switched infiltrating macrophages from M2 to M1
and triggered innate response debulking large tumours with-
in 16 h.”® It is likely that this treatment may restore NF-xB
activation and inflammatory functions by TAM. Moreover,
TAM from STA6 —/- tumour-bearing mice display an M1 phe-
notype, with low level of arginase and high level of NO. As a
result, these mice immunologically rejected spontaneous
mammary carcinoma.”” These data suggest that switching
the TAM phenotype from M2 to M1 during tumour progres-
sion may promote anti-tumour activities. In this regard, Src
homology 2 domain-containing inositol 5-phosphatase 1
(SHIP1) was shown to play a critical role in programming mac-
rophage M1 versus M2 functions. Mice deficient for SHIP1 dis-
play a skewed development away from M1 macrophages
(which have high inducible NOS levels and produce NO), to-
wards M2 macrophages (which have high arginase levels
and produce ornithine).%°

The IFN-y-inducible enzyme indoleamine 2,3-dioxygen-
ase (IDO) is a well-known suppressor of T cell activation.
It catalyses the initial rate-limiting step in tryptophan
catabolism, which leads to the biosynthesis of nicotinamide
adenine dinucleotide. By depleting tryptophan from the
local micro-environment, IDO blocks activation of T lym-
phocytes.® It was reported recently that the BAR adapter-
encoding gene Bin-1 inhibits IDO expression in cancer cells
and macrophages and that inhibitors of IDO, such as
methyl-thiohydantoin-tryptophan  (MTH-trp), co-operate
with cytotoxic agents to elicit regression of established
tumours.??

Finally, recent reports have identified a myeloid M2-
biased cell population in lymphoid organs and peripheral
tissues of tumour-bearing hosts, referred to as the myeloid

suppressor cells (MSC), which are suggested to contribute
to the immunosuppressive phenotype.®® These cells are phe-
notypically distinct from TAM and are characterised by the
expression of Gr-1 and CD11b markers. MSC use two en-
zymes involved in arginine metabolism to control T cell re-
sponse: inducible nitric oxide synthase (NOS2) and arginase
(Argl), which deplete the milieu of arginine, causing perox-
initrite generation, as well as lack of CD3({ chain expression
and T cell apoptosis.?*#* In prostate cancer, selective antag-
onists of these two enzymes have been proved beneficial in
restoring T cell-mediated cytotoxicity.?®

7. Conclusion

Though the presence of TAM has long been considered as
evidence for a host response against the growing tumour,
it has become increasingly clear that TAM are active players
in the process of tumour progression and invasion. Molecu-
lar and biological studies have been supported by a large
number of clinical studies that have found a significant cor-
relation between the high macrophage content of tumours
and poor patient prognosis. TAM share many similarities
with prototypic polarised M2 mononuclear phagocyte popu-
lation, in terms of gene expression and functions. In line
with known properties of M2 macrophage populations, sev-
eral studies suggest that TAM promote tumour progression
and metastasis by activating circuits that regulate tumour
growth, adaptive immunity, stroma formation and angio-
genesis (for review, see.»**®) Analysis of the mechanisms
mediating this phenotype involve defective NF-xB activa-
tion,* an event thought to be responsible for the inability
of TAM to mount effective M1 inflammatory responses.®**°
Thus, the M2-associated pro-tumoural properties of TAM
are in apparent contrast with emerging evidence supporting
the view that NF-xB activation in the surrounding stroma
acts as a tumour promoter at distinct phases of malignant
progression.?®®” This discrepancy appears even more strik-
ing when one considers a number of works that have re-
ported diversion of the innate and adaptive immunity
toward an M2 and Th2 polarisation state, respectively, in
several murine and human malignancies.>**> While addi-
tional studies are required fully to clarify mechanisms con-
trolling the immune responses in tumour bearers, it is
possible that this apparent discrepancy may reflect differen-
tial involvement of NF-kB-driven inflammation in early
steps of carcinogenesis, as compared with advanced neopla-
sia, where the established tumour micro-environment
would guide TAM functions toward an M2 suppressive and
tumour-promoting phenotype. This hypothesis is now
accruing new supporting evidence indicating that in vivo
functional switching of infiltrating M2 macrophages towards
an M1 phenotype provides therapeutic benefit in tumour-
bearing mice.”®”® Identification of mechanisms promoting
functional diversion of macrophages towards an M2 direc-
tion may disclose new valuable therapeutic targets against
tumours.
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