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Abstract Ample clinical and preclinical evidence indi-
cates that macrophages interact with tumor cells as well as
with virtually all populations of host cells present in the
tumor microenvironment. This crosstalk can strongly pro-
mote malignancy, but also has in principle the potential to
inhibit tumor growth. Thus, it is of the utmost importance
to improve our understanding of the mechanisms driving
the pro- and antimalignant behavior of tumor-associated
macrophages (TAMs) in order to develop better anticancer
therapies. In this review, we discuss the biological conse-
quences of reciprocal interactions between TAMs, cancer
cells, endothelial cells, fibroblasts and other leukocyte
subfractions within tumors. It was recently elucidated that
tumors specifically educate macrophages to secrete growth
arrest-specific gene 6 (Gas6), the common ligand of the
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Tyro3, Axl, Mer receptor (TAMR) family. In turn, Gas6
fosters tumor growth by promoting cancer cell prolifera-
tion. Therefore, the Gas6—-TAMR axis might represent a
novel target for disrupting tumor—macrophage crosstalk.
We summarize here what is known about TAMR and their
ligands in (human) cancer biology. In order to shed more
light on the role of macrophages in human cancer, we
additionally provide an overview of what is currently
known about the prognostic impact of TAMs in human
cancer.

Keywords TAM (Tumor-associated macrophages) -
Gas6 - TAMR (Tyro3, Axl, Mer receptors) -
Tumor-macrophage crosstalk - Cancer - Inflammation

Introduction

Cancer represents a heterogeneous class of diseases origi-
nating from neoplastic cells capable of uncontrolled
growth. More than 10 years ago, six essential “hallmarks
of cancer” were extracted from several decades of research
in order to define malignancy [1]: (1) self-sufficiency in
growth signals, (2) insensitivity to antigrowth signals,
(3) evasion of apoptosis, (4) limitless replicative potential,
(5) sustained angiogenesis, and (6) tissue invasion and
metastasis. Today, however, this tumor cell-centered pic-
ture of cancer represents a rather simplistic view that
neglects the complex microenvironment of the host. This
microenvironment forms an integral part of every tumor
and it is crucially involved in every single step of carci-
nogenesis, ranging from cancer initiation to metastasis
[2, 3]. Cancer cells are surrounded by numerous different
stromal cell types, including vascular and lymphatic
endothelial cells, pericytes, vascular smooth muscle cells,
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mesenchymal cells, adipocytes, cancer-associated fibro-
blasts (CAFs) as well as a large variety of bone marrow-
derived cells (BMDCs) [2-5]. Tumor-infiltrating BMDCs
comprise a heterogeneous population of leukocytes with
immunological properties such as B- and T-lymphocytes,
NK cells, macrophages and related myeloid cells, dendritic
cells, granulocytes and mast cells [4, 6]. This leukocyte
infiltrate varies in size, composition and distribution
between different tumor types and stages of progression
and is often termed “tumor inflammation” [4, 6]. However,
we need to keep in mind that this terminology is misleading
because tumor inflammation lacks many of the cardinal
features of inflammation sensu strictu including fever,
swelling and edema [7]. In this review, we also use “tumor
inflammation”, but we refer to the smoldering, subacute
and chronic inflammation typically found in tumors [8].
Tumor and stroma cells are embedded in an extracellular
matrix consisting of integrins, collagens, hyaluron, laminins
and proteoglycans amongst others, with which tumor cells
intensively communicate via junctions, receptors, growth
factors, hormones and other soluble molecules [3, 9]. Thus,
cancers represent complex mixtures of malignant and non-
malignant (host-derived) cells and components interacting
with one another in a reciprocal manner throughout tumor
development and progression [2—4, 6]. Unfortunately, in
many cases, tumor cells succeed in exploiting the microen-
vironment for their benefit by creating a supportive
environment that promotes cancer initiation and growth, and
eventually its progression to fatal disease [2]. For instance,
induction of angiogenesis is an extensively studied example
of how cancers exploit their host [10—12]. Tumor-infiltrating
inflammatory cells were once assumed to inhibit tumor
growth or to be a consequence of failed cancer cell destruc-
tion. However, in the light of recent data, it is becoming
increasingly clear that these cells can play key roles in pro-
moting tumors by multiple mechanisms [2, 4, 6, 7]. Even
immunological cell types with potential tumoricidal activity
such as macrophages and neutrophils often are converted
under the influence of cancer cells into tumor-promoting
subpopulations [7, 13]. Macrophages and closely related cell
types can even mediate resistance to conventional chemo-
therapy or targeted antiangiogenic treatment [14, 15].
Thus, cells of the immune system act as “double-edged
swords” in the context of tumor biology because they are
in principle capable of destroying and promoting cancers.
However, in many cases immune cells seem to show pro-
tumoral activity [6]. However, because many patients who
died of non-malignant causes have been found to host
occult carcinomas, for instance in their breast or prostate,
which failed to progress to advanced cancer [16], we also
need to consider that the microenvironment can and does
constrain malignant cells. Obviously, it would be desirable
to tilt the microenvironment more towards destruction of
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tumors. As a consequence, development of anticancer
drugs has moved from a traditional cancer cell-centered
approach towards increased targeting of the microenvi-
ronment, as reflected by development of numerous
compounds acting primarily on host-derived cells or
structures [16]. Unfortunately, despite tremendous efforts
in the field of tumor immunology and immunotherapy,
attempts to instruct immune cells to fight the progression of
established tumors has had only limited success [17].
Therefore, it is of the utmost importance to better dissect
the molecular and cellular basis of these fatal interactions
between tumor cells and immune cells in order to improve
our knowledge of cancer biology and to develop more
effective therapies for cancer patients.

The importance and high priority of this issue are also
reflected in the recent appreciation of tumor inflammation
as seventh hallmark of cancer [18-20]. Different cell types
and mechanisms related to this topic have recently been
extensively reviewed elsewhere [4, 6, 7]. In this review, we
specifically highlight the bidirectional crosstalk between
macrophages and tumors (i.e. tumor cells and microenvi-
ronmental host cells) with a special focus on the role of the
Tyro3, Axl and Mer (TAM) receptors and of their ligands
growth arrest-specific gene 6 (Gas6) and protein S.

In the following section we first summarize the role of
macrophages in cancer and then focus on their interaction
with different cell types. We mainly discuss preclinical
insights, but also provide links to human (clinical) data
where appropriate.

Role of macrophages in cancer

Macrophages are differentiated cells of the myelomono-
cytic lineage capable of phagocytosis. They are important
components of the innate immune system. In mice, mac-
rophages express the cell surface markers CD11b, F4/80
and colony-stimulating factor-1 receptor (CSF-1R;
CD115), but they do not display the Ly6G epitope of Grl.
In humans, macrophages are characterized by the presence
of CD16, CD68, CD163 and CD312 [7]. By combining
these cell surface profiles with morphological parameters
macrophages can be differentiated from other closely
related myeloid cell types with partially overlapping phe-
notypes such as polynuclear neutrophils and eosinophils
[7]. In general, macrophages originate from monocytes,
which are recruited from the peripheral blood into tissues,
where they differentiate into macrophages. Tissue macro-
phages adopt various organ-specific phenotypes such as
Kupffer cells in the liver, Langerhans cells in the skin,
osteoclasts in the bone and microglia in the brain [7]. The
details of this process including monocytic lineage differ-
entiation from CD34" hematopoietic stem cells and the
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regulation by growth factors have been reviewed elsewhere
[21].

TAMs and T cells are the most abundant immune cells
in the tumor microenvironment [4, 22]. It is important to
note that mononuclear phagocytes exhibit remarkable
plasticity and diversity. Besides prototypic macrophages
(as described above), subpopulations including a TIE2-
expressing monocyte subset (TEMs), myeloid-derived
suppressor cells and myeloid dendritic cells occur within
the population of myelomonocytes in tumors [4]. These
cells share certain phenotypic and functional properties
with macrophages such as the cell surface marker CD11b
and the ability to promote tumor progression. The precise
role of each of these players in cancer biology remains to
be determined.

Due to the diversity of macrophage function several
attempts were initiated to categorize them, resulting in one
commonly used classification, which is based on their
immunogenic function [7, 23]. “Classically activated”
macrophages are involved in the type I immune response
mediated by T helper 1 (Th1) cells and they were therefore
coined M1 macrophages. M1 macrophages are activated by
microbial products, interferon gamma and by Toll-like
receptor signaling [7, 24]. They release high levels of
proinflammatory cytokines including IL-1, IL-6, IL-12, IL-
23 and tumor necrosis factor alpha (TNFo), and express
high levels of major histocompatibility complex molecules
[6, 7, 24]. Moreover, M1 macrophages secrete Thl cell-
attracting chemokines including CXCL9 and CXCLI0.
They also generate reactive oxygen species and nitric oxide
[25]. Thus, M1 macrophages exhibit a proinflammatory
phenotype able to support antitumoral immune responses
by activating other immune cells and by engulfing tumor
cells.

In contrast, another subtype of macrophages is termed
“alternatively activated” M2 in response to cytokines of T
helper 2 (Th2) type, such as IL-4, IL-10 and IL-13. Also
alternative mediators, which are abundantly present within
the tumor microenvironment, including IL-6, LIF and
prostaglandin E2 can induce M2 polarization of macro-
phages [26, 27]. M2 macrophages express IL-1RA,
IL-1decoy receptor and the chemokines CCL17, CCL22
and CCL24. Furthermore, they down-modulate MHC II and
IL-12 expression, and thus have a less inflammatory and
immunoactivating phenotype than M1 macrophages. IL-10
activates STAT3 signaling and IL-4 activates STAT6, both
of which further downstream induce transcription of
M2-specific genes such as arginase-1 and arginase-2, and
inhibit NFxB signaling [28-31]. M2 macrophages show
increased expression of immunosuppressive modulators
including IL-10, scavenger receptor A, ornithine and argi-
nase. In addition, they express different proangiogenic
cytokines including vascular endothelial growth factor

(VEGF), epidermal growth factor (EGF) and semaphorin
4D (see below). Besides their proangiogenic activity, M2
macrophages are potent inducers of lymphangiogenesis.
Transcriptional profiling has revealed further significant
differences in the transcriptome of M2 macrophages as
compared to that of M1 macrophages, including expression
of cyclooxygenase 1, mannose receptor 1, macrophage
scavenger receptor 1 and the C-type lectin receptor Dectin-1
[32]. In general, M2 macrophages dampen inflammation
and promote tissue remodeling and tumor progression [23].

As a note of caution, we need to keep in mind that
classifying TAMs into M1 and M2 is a (useful) over-sim-
plification, because macrophages are more plastic and less
determined than Thl and Th2 cells. Most likely TAMs
rather form a continuum with partially overlapping func-
tions than represent strictly binary M1 or M2 macrophages
[7, 33]. This notion is supported by recent data demon-
strating coexpression of M1 and M2 markers in subsets of
TAMs in murine skin cancer [34]. Similarly, coexpression
of CD163 (M2) and CXCLI10 (M1) was observed in liver
metastases of human colon cancer [35]. Interestingly, M1
and M2 macrophages exhibited different spatial distribu-
tions in a model of mammary carcinoma, where Ml
macrophages resided more in normoxic tumor tissues,
while M2 macrophages rather accumulated in hypoxic
tumor regions [36]. To add further to the complexity of
TAMs, certain macrophages, which resemble macrophages
involved in tissue development during embryogenesis and
in tissue-shaping during adulthood, coexist within the
tumor microenvironment [21]. These “trophic” macro-
phages fail to fit into the immunological classification of
M1 and M2 macrophages because they mainly develop in
response to CSF-1 and show lower levels of expression of
MI1- and M2-related factors [37]. Altogether, TAMs rep-
resent different macrophage phenotypes; thus a dynamic
model probably more accurately reflects their phenotype
than the rather static M1/M2 classification. In any case,
more work is needed to define better the specific fractional
and functional contribution of different TAM phenotypes
to tumor inflammation. However, the majority of TAMs
isolated from established murine and human tumors exhibit
immunosuppressive and tumor-fostering M2 properties,
and thus promote rather than inhibit tumor progression
[23].

This notion is supported by some clinical data indicating
an adverse prognostic effect of macrophage infiltration in
different cancers (Table 1; see also Supplementary Mate-
rial Table 1 for detailed information). In breast cancer,
uterine cancer, kidney cancer and melanoma the majority
of published studies (three or more independent studies
each) show a negative clinical impact of high TAM num-
bers, and in these cancers no data exist so far supporting
a positive association between TAMs and prognosis.
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In contrast, in lung cancer, more studies indicate no associ-
ation (three studies) or a favorable association (four studies)
between TAM numbers and prognosis than a negative
prognostic impact. In other cancer types, including glioma,
prostate cancer, gastric cancer, colorectal cancer and ovarian
cancer, the numbers of studies indicating negative or
no/positive correlations are almost equal. In some cancers
only one or two studies have yet been reported. Hence, it is
too early to draw conclusions about the prognostic impact of
TAMs. Interestingly, in different histological subtypes of
breast cancer (intraductal carcinoma vs. infiltrative lobular
carcinoma) [38] and leiomyosarcoma (gynecological vs.
non-gynecological) [39], TAMs have a negative or no
prognostic impact, respectively (Supplementary Material
Table 1). Thus, it cannot be excluded that interaction of
TAMs with different types of cancer cells influences the
tumor-promoting capacity of macrophages.

The spatial localization of TAMs also seems to matter,
because in lung cancer TAM density in the surrounding
stroma has been shown to have a negative association with
prognosis, while the opposite is true when TAMs are present
within tumor cell nests [40, 41]. Similarly, in melanoma [42]
and uterine cancer [43] macrophages, which were located at
the invasive front of tumors, have a negative impact on
prognosis. Thus, macrophages at the invasive front might
promote malignancy, while macrophages within tumors
might be tumoricidal. Taken together, the picture is not yet
crystal clear, and this might also be due to methodology.
Possible reasons for incoherent data include small sample
sizes, different markers used for macrophage identification
and interobserver variability in immunohistochemical
analysis. Clearly, in order to elucidate the prognostic impact
of TAMs, larger studies are warranted, in which tissues are
simultaneously stained, ideally on tissue microarrays. Also,
it might be more informative to analyze phenotypes and the
activation status of TAMs, rather than only determining their
number, because function is most likely more important. In
line with this, osteopontin-positive macrophages have a
negative impact on prognosis in bulky ampullary cancer,
which might be explained by the well-described promigra-
tory action of this cytokine [44]. In another study, the
presence of TAMs expressing high levels of thymidine
phosphorylase, which promotes tumor growth and metas-
tasis by enhancing angiogenesis, was independently
associated with shorter survival, while thymidine phos-
phorylase expression by tumor cells was not significantly
associated with prognosis [45]. Of note, TAMs isolated from
patients with advanced clinical lung cancer produce higher
levels of IL-10 when isolated and cultured in vitro than
TAMs from patients with earlier disease stages [46].

However, the majority of published studies did not dis-
tinguish between different macrophage phenotypes, because
CD68 expression was mainly used to identify TAMs. Few

studies in humans have analyzed M1 and M2 macrophages,
with CD68TCD163~ macrophages being considered M1-
polarized, while M2-polarized macrophages are considered
CD68TCD163™ [23]. Some of these analyses are in line with
the concept that M2 macrophages foster tumor progression,
whereas M1 macrophages inhibit tumor development. For
instance, in intrahepatic cholangiocarcinomas and in uveal
melanoma, high infiltration with CD163" M2 macrophages
is correlated with shorter disease-free survival and overall
survival, respectively, compared to low M2 infiltration
[47, 48]. In contrast, the density of M1-polarized macro-
phages is positively associated with survival in lung cancer
[49, 50]. Hence, therapeutic approaches aimed at skewing
macrophage polarization towards an M1 phenotype might
open up novel therapeutic avenues. In this respect, recent
studies indicate that M2 macrophages can be induced to
acquire an M1-like phenotype by inhibitors targeting cyclo-
oxygenase 2 and placental growth factor (PIGF) [51, 52].
Moreover, CD4" Thl cells are also capable of skewing
macrophages from M2 to M1 polarization [27]. A recent
study has shown that autocrine CXCL12 production by
macrophages enhances their proangiogenic and immuno-
suppressive phenotype in vitro [53]. Interestingly, 60-90% of
TAMs in primary metastatic melanoma coexpress CD68,
CD163 and CXCL12; thus this mechanism might be of rel-
evance in human cancer. Consequently, CXCL12 could be an
additional target with the potential to decrease M2 properties
of TAMs [53]. However, as the majority of human cancer
studies did not distinguish between M1 and M2 (Supple-
mentary Material Table 1), more work is needed to get a
better view of the prognostic impact and target potential of
M2-polarized macrophages. However, such correlative
studies obviously need to be interpreted with caution, and
more mechanistic studies are warranted to answer the ques-
tion when and why TAMs show pro- and antitumoral activity.

Taken together, emerging data suggest an important role
of TAMsS in tumor biology. In the following section we
describe how macrophages and closely related myeloid cell
types interact with various cellular players present in
tumors and vice versa (see Fig. 1 for an overview). For
information about how other leukocyte populations interact
with tumors, we refer the readers to recent comprehensive
reviews on this topic [3, 4, 6].

Crosstalk between macrophages and different tumor
components

Crosstalk between macrophages and tumor cells
from cancer initiation until metastasis

There is a tight link between cancer initiation and inflam-
mation, because an inflammatory microenvironment can
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Fig. 1 Pleiotropic roles of
macrophages in the tumor
microenvironment. In the tumor
microenvironment different
types of “tumor-promoting”
macrophages (red) can display
protumorigenic roles during
virtually every step of tumor
development and progression
(top panel). In contrast, “tumor-
suppressive” macrophages
(green) can fight tumor growth
mainly by stimulating the
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directly increase the mutation rate of cancer cells. Inter-
estingly, during tumor initiation, macrophages obtain a
more proinflammatory profile as opposed to the immuno-
suppressive M2 phenotype observed in established tumors
(see previous section). These proinflammatory macro-
phages are characterized by strong activity of the NFxB
pathway, which is induced by pathogen associated
molecular patterns, by Toll-like receptor ligands and by
cytokines including TNFo and IL-1f. As a result, they
secrete abundant proinflammatory and protumoral cyto-
kines such as IL-12, inducible nitric oxide synthase
(iNOS), TNF« and IL-6 [28, 54, 55].

The importance of the NFxB pathway for tumor initia-
tion is emphasized by data indicating reduced expression of
several proinflammatory cytokines after ablation of IxB
kinase (IKKf) in myeloid cells. This dampened inflam-
matory reaction substantially reduced tumor incidence and
progression in mouse models of intestinal cancer [56].
Furthermore, deletion of IKKf in Kupffer cells (the mac-
rophages of the liver) or inhibition of TNFo reduces
hepatocellular carcinogenesis [57, 58]. The NFxkB pathway
also plays an important role in spontaneous mouse models
of skin cancer, because tumorigenesis after application of
carcinogens only occurs after additional induction of a
pronounced inflammation by TNFo through tumor necrosis
factor receptor 1 (TNFR1), a strong inducer of NFxB
activity [59, 60]. Amongst other cell types, macrophages
play a particularly important role in this NFxB-mediated
inflammation, because they are induced to enter tumors by
TNFa and at the same time secrete large amounts of this
cytokine. TNFo can induce the Wnt/f-catenin signaling
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pathway in tumor cells, which is a strong promotor of
tumorigenesis [61-63]. As TNFu« is one of the main
inducers of NFxB signaling, its secretion creates a feed-
forward autocrine loop fueling further proinflammatory
activity in the macrophages, but also activates other
inflammatory cells present in the microenvironment of the
developing tumor by acting in a paracrine manner [61].
Furthermore, TNFo promotes the formation of reactive
oxygen species in macrophages, which directly induce
DNA damage and genomic instability [25]. Reactive oxy-
gen species and TNFa can cause inactivation of enzymes or
regulators involved in DNA mismatch repair including p53
and poly-adenosine ribose polymerase [18, 25]. This sup-
pression of DNA repair generates a promutagenic
environment, which is further promoted by nitric oxide
synthesized in macrophages by iNOS. Nitric oxide is a
highly reactive substance that gives rise to intermediates
directly causing mutations in epithelial cells [18].
Successful initiation of cancer depends on increased cell
proliferation and reduced cell death, both of which are
fostered by TAMs [7]. To achieve this, they produce a
plethora of cytokines including IL-1, IL-6 and TNFa. After
binding to their receptors at the tumor cell surface, these
mediators activate the transcription factors NFxb, STAT3
and AP1. STAT3 elicits tumor cell proliferation by acti-
vating cyclin D1, cyclin D2, cyclin B and c-myc [64, 65].
NFxb and STAT3 promote cell survival by inducing
expression of the antiapoptotic proteins Bcl-2 and Bcel-x1
[65, 66]. The importance of IL-6 for tumor initiation has
been underscored by the reduced risk of hepatocellular
carcinoma in female mice, which produce lower levels of
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IL-6 after treatment with a chemical carcinogen, whereas
ablation of this growth factor leads to equal hepatocarci-
nogenesis in both genders [67]. Furthermore, macrophages
can secrete heparin-binding EGF, which supports survival
and proliferation of colon cancer cells via their Herl
receptor. Interestingly, in response, cancer cells produce
GM-CSF, which acts on macrophages and induces them to
further upregulate heparin-binding EGF expression [35].
Thus, macrophages are a rich source of cytokines directly
promoting tumor initiation via autocrine and paracrine
feed-back loops. Interestingly, recent data indicate a posi-
tive correlation between TAM density and the density of
glioma-initiating cells in primary glioma [68]. Thus, TAMs
might support cancer stem cells, which are regarded as key
cellular components sustaining malignancy.

Interestingly, in established tumors, NFxB signaling in
macrophages is suppressed due to constitutive expression
of pS0 homodimers. These homodimers are unable to
induce transcription, but possess higher DNA-binding
affinity than the bioactive p50/p65 heterodimer. Conse-
quently, in the presence of p5S0 homodimers, macrophages
express fewer NFxB target genes including IL-12, iNOS
and TNFo, while M2-specific genes including arginase-1
and Fizz1 become upregulated [28, 69]. Therefore, TAMs
in established human and murine tumors often acquire an
M2 phenotype [70-73] (see above). This phenotypic M1 to
M2 shift can be mimicked in vitro by blocking the NFxB
pathway in macrophages by inhibition of IKKu. In addition
to suppression of NFxB signaling in macrophages, cancer
cells also secrete IL-4, IL-10 and IL-13, mediators capable
of polarizing macrophages towards an M2 phenotype
[4, 20, 74]. Thus, via different pathways, tumor cells can
induce M2 polarization of macrophages, which in turn
promote tumor progression.

In order to recruit more cancer-promoting macrophages,
tumor cells produce different cytokines including CSF-1,
monocyte chemotactic protein-1 (MCP-1/CCL2) and PIGF.
The importance of CSF-1 has been amply demonstrated by
a significant reduction in infiltrating macrophages after
deletion of CSF-1 from transgene models of breast cancer,
colon cancer and osteosarcoma, while their numbers were
increased after overexpressing CSF-1 [62, 75, 76]. As a
consequence, tumor progression was reduced or enhanced,
respectively [62, 75, 76]. Consistent with these findings,
therapeutic inhibition of CSF-1 by neutralizing antibodies
or antisense strategies blocks tumor growth and metastasis
in murine xenograft models [77, 78]. PIGF induces mac-
rophage recruitment via VEGF receptor 1 (VEGFR-1).
Consequently, inhibition and genetic ablation of PIGF
inhibits tumor progression by reducing macrophage
recruitment [14, 79, 80].

Macrophages promote additional hallmarks of malig-
nancy including cancer cell migration, invasion and

metastasis. In murine xenograft breast cancer models and
spontaneous breast tumors, cancer cells produce CSF-1,
thereby stimulating and attracting macrophages, which in
response produce EGF. EGF subsequently activates tumor
cells in a vicious circle to migrate. Interestingly, inhibition
of either CSF-1 or EGF signaling is sufficient to impair
migration and chemotaxis of both cell types, which under-
lines the central importance of this reciprocal paracrine
interaction [81-84]. Of note, this crosstalk is further
amplified in hypoxic conditions, because hypoxia activates
hypoxia-inducible factor 2a (HIF-20), which upregulates
expression of EGFR in tumor cells and of CSFR in macro-
phages [85, 86]. In this way, via interaction with
macrophages, tumor cells can better escape hostile hypoxic
tumor environments. Interestingly, the presence of IL-4 is
required, because in its absence TAMs are not able to induce
invasion and migration of breast and pancreatic tumor cells,
which strongly reduces the metastatic capacity of cancer
cells [74, 84]. Besides IL-4 and EGF, other macrophage-
derived mediators including Wnt5a and TNFo promote
tumor cell invasiveness [7]. Interestingly, macrophages
even physically promote extravasation of tumor cells by
forming clusters on the abluminal side of blood vessels,
through which tumor cells enter the circulation [82]. Of note,
the transcriptome of these “tumor cell-bridging” macro-
phages closely resembles that of “trophic” macrophages,
but has little similarity to M1 or M2 macrophages [7].

Crosstalk between macrophages and vascular
endothelial cells

TAMs and closely related TEMs are involved in regulation
and remodeling of blood vessels. Both TAMs and TEMs
express higher levels of proangiogenic molecules than
circulating monocytes [87, 88]. TAMs are required for the
angiogenic switch and for vascular remodeling in sponta-
neous mammary tumors, because angiogenesis is impaired
after inhibition of macrophage recruitment due to inacti-
vation of CSF-1 [89]. Similarly, upon macrophage
depletion by different approaches, such as clodronate
liposomes, angiogenesis is reduced in different tumor
models [7]. Conversely, CSF-1 overexpression, and sub-
sequently enhanced TAM infiltration, substantially
increases angiogenesis [89]. The proangiogenic function of
M2-polarized TAMs is at least partly mediated by the
transcription factor Fra-1, because its down-modulation in
macrophages greatly decreases their ability to induce
angiogenesis in experimental breast cancer [90]. The con-
cept of potent induction of angiogenesis by TAMs is
further substantiated by clinical data revealing a correlation
between a high density of TAMs and increased microvessel
density in different cancers, including lung cancer [91] and
breast cancer [92].
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TAMs are recruited specifically to hypoxic tumor
regions, because important macrophage chemoattractors,
including VEGF, endothelins and stromal cell-derived fac-
tor-1, are upregulated in hypoxia [93]. This process is further
amplified in hypoxic conditions, where macrophages acti-
vate HIF-2a. HIF-2« then induces upregulation of M-CSFR
and CXCR4, which potentiate chemotaxis of macrophages
towards hypoxic tumor regions [86]. Once arrived, TAMs
secrete VEGF, PIGF and other proangiogenic cytokines
[94]. These potent mediators increase angiogenesis and at
the same time, by acting on endothelial cells and pericytes,
induce blood vessel abnormalities such as increased leaki-
ness, multilayered endothelium and immaturity, together
termed “vessel abnormalization”. As the end result, vessel
abnormalization leads to dysfunctional, hypoperfused
vessels, which fail to adequately supply the tumor with
oxygen and nutrients [95, 96]. Consequently, hypoxia
increases, which leads to further fueling of macrophage
infiltration. Therefore, vessel abnormalization increases
even more, and as consequence, tumor cell intravasation
through a leaky endothelial cell layer is enhanced [7, 97].
VEGF and PIGF not only act on endothelial cells, but can
also stimulate tumor cell motility by activating VEGF
receptors [14, 98]. These multitasking cytokines are addi-
tionally involved in TAM polarization towards an M2
phenotype [52, 79]. Consistently, in PIGF-deficient mice
TAMs are skewed from the proangiogenic M2-like pheno-
type towards a more proinflammatory phenotype [52]. As a
consequence, vessel abnormalization is decreased and tumor
cells elicit less invasiveness and metastasis [52].

The TEM subset of monocytes predominantly resides
close to tumor blood vessels, where they can potently induce
angiogenesis [99]. This close association depends on endo-
thelial secretion of angiopoietin-2 (Ang-2). Consequently,
blockade of Ang-2 reduces tumor growth and angiogenesis
partly by disrupting the close physical interaction of TEMs
and endothelial cells [100]. Recent data indicate a similar
localization of tissue-resident macrophages close to the tips
of branching blood vessels, where they facilitate fusion of
two adjacent vessel sprouts. Implications for tumor biology
as well as molecular mechanisms are still not fully explored,
but the Notch/Dll4 or Tie2/Ang-2 systems might mediate
this interaction between macrophages and blood vessels
[101, 102]. Altogether, TAMs represent potent inducers of
angiogenesis and vessel abnormalization, and hence
approaches aimed at inhibiting these important protumoral
actions of TAMs may lead to novel cancer treatments.

Crosstalk between macrophages and lymphatic
endothelial cells

Besides their role in angiogenesis, macrophages are
involved in lymphangiogenesis during development and
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disease. Indeed, lymphatic vessel development was
impaired in op/op mice exhibiting reduced macrophage
numbers due to an inactivating mutation in the Csf]/ gene
[75]. Macrophages are an important source of the lymph-
angiogenic cytokines VEGF-C and VEGF-D in different
disease conditions including cancer [14, 103]. Consistent
with this, depletion of macrophages strongly impairs
lymphangiogenesis in different experimental cancer mod-
els, mainly because of reduced intratumoral levels of
prolymphangiogenic cytokines. As a consequence, lym-
phatic metastasis is reduced [14, 104]. These findings may
have implications for human cancer, because TAMs in
primary human cutaneous squamous cell carcinomas are
important producers of VEGF-C [105]. A novel concept of
macrophage and lymphatic interaction has been found in
the RipTag2 pancreatic tumor model and TRAMP-C1
prostate cancer model, in which BMDCs of the myelo-
monocytic lineage become integrated into tumor-
associated lymphatic vessels. This effect is not based on
cell fusion, but rather on phenotypical conversion of
myeloid cells into lymphatic endothelial cells. Depletion of
macrophages consequently reduces the lymphatic vessel
density [106]. In line with the role of macrophages in
lymphangiogenesis, TAM infiltration correlates with tumor
lymphatic vessel density in lung cancer [107] and in pan-
creatic cancer [108].

Crosstalk between macrophages and fibroblasts

The development of cancer is often associated with an
increase in fibroblast proliferation leading to extensive
fibrosis. However, relatively little is known about the
interaction of macrophages and fibroblasts. Recent data in a
chemically induced skin cancer model indicate that FSP1"
CAFs secrete MCP-1 (CCL2), IL-6 and TNFa, by which
they recruit and polarize macrophages towards the M2
phenotype. Depletion of these CAFs consequently reduces
macrophage infiltration and thereby inhibits tumor devel-
opment [109]. These findings were further supported in
experimental breast cancer, because recruitment of TAMs
was enhanced after upregulation of CCL2 in CAFs, pro-
moting tumor progression and metastasis [110]. The
importance of fibroblasts for macrophage recruitment was
also corroborated by in vitro data showing extensive
CCL2-mediated infiltration of tumor-derived 3D fibroblast
spheroids with monocytes. Normal fibroblasts fail to attract
monocytes; hence this fibroblast-macrophage interaction
appears tumor-specific [111]. Of note, CAFs in human
cancer might show similar functions, because in pancreatic
ductal adenocarcinoma and squamous cell carcinoma
models, CAFs attract macrophages by NFxB-mediated
upregulation of CXCL1, CXCL2 and CXCL5 [110]. Sim-
ilarly, in comparison to fibroblasts present in healthy tissue,
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CAFs in primary human prostate cancer tissue upregulate
CCL14, which chemoattracts macrophages. Interestingly,
in murine 4T1 breast tumors, CAFs can additionally act as
immunomodulators, because inhibiting their activation
shifts the immune microenvironment from Th2 towards
Thl polarization. Subsequently, tumor growth and metas-
tasis are strongly reduced, which might be explained by
decreased recruitment and M2 polarization of macrophages
[112]. However, not all CAFs show proinflammatory
functions; for instance CAFs in murine cervical cancer do
not show upregulation of IL-1, IL-6, CXCL1 or CXCL-2
[110]. In addition to recruiting macrophages, CAFs can
also support macrophage maturation. Indeed, coculture of
CAFs with a monocytic cell line induces upregulation of
the macrophage maturation marker F4/80 and induces
morphological changes typical of mature macrophages. At
the functional level, these mature macrophages secrete
higher levels of proinflammatory and protumoral cytokines
such as IL-1f and TNFo upon coculture with tumor cells
when than immature monocytes [113]. In summary, the
crosstalk between CAFs and macrophages plays an
important role in tumor progression; hence it would be of
interest to decipher further interactions at the molecular
and functional levels.

Crosstalk between macrophages and other leukocytes

TAMs are essential players in the suppression of antitu-
moral immune responses. They express high levels of
mediators interfering with T-cell activation and prolifer-
ation such as IL-10, TGFf, prostaglandins and arginase-1
[73, 114]. This might be a reason for the rather weak
antitumoral immune responses observed in most tumors.
The immunosuppressive function of macrophages has
already been extensively reviewed elsewhere [7, 19].
Interestingly, in hypoxic tumor regions, the immune-
suppressive properties of macrophages are even more
enhanced, because activation of HIF-1u« leads to upregu-
lation of arginase-1 and iNOS, both of which dampen
T-cell function [115]. Indeed, macrophage-specific
depletion of HIF-lo reduces breast cancer growth by
activating the cytotoxic T-cell response, but without
changing expression levels of the prototypic HIF-1a target
gene VEGF [115]. Alternatively, in response to autocrine
production of IL-10 and TNFe«, macrophages upregulate
the cosignaling molecule PD-L1 (also called B7-HI1),
which suppresses T-cell function by a yet-undiscovered
mechanism. Therapeutic blockade of PD-L1 reduces
tumor growth by enhancing intratumoral cytotoxic T-cell
function [116]. Of note, in contrast, tumor-infiltrating T
cells can polarize TAMs towards M2 macrophages,
thereby creating another vicious circle promoting tumor

development. Indeed, in a spontaneous breast cancer
model, CD4" cells expressed IL-4, a strong inducer of
M2 polarization of macrophages. Consequently, after
therapeutic or genetic targeting of IL-4, the macrophage
phenotype is skewed towards MI1. Furthermore, IL-4
derived from tumor cells and from T cells induces high
levels of cathepsin B and S protease activity in TAMs of
murine breast and pancreatic tumors. As a consequence,
tumor growth, angiogenesis and invasion are induced,
because cathepsin B and S cleave extracellular matrix
proteins, thereby liberating matrix-bound proangiogenic
molecules [74, 84].

Macrophages not only interact with cytotoxic T cells,
but they also cooperate in a complex manner with several
other immune cell populations in tumors. Within the
immunological tumor microenvironment, regulatory T
cells (Tregs) play an important immunosuppressive role.
Their importance has, for example, been proven in pre-
clinical lymphoma models, where Treg depletion led to
rapid tumor rejection by T cells and NK cells. Consistent
with a protumoral role of Tregs, their density correlates
with a poor prognosis in patients with different cancers,
including hepatocellular cancer [117]. TAMs can augment
the recruitment of Tregs by secreting CCL20, which
chemoattracts them via chemokine receptor 6 (CCRO6).
Accordingly, tumor growth is reduced after macrophage
depletion, because CCL20 levels are lowered and conse-
quently Treg recruitment is reduced [117, 118]. Similarly,
in colorectal cancer patients, macrophages produce high
levels of CXCL11, which is another strong chemoattractant
for Tregs. Tregs, besides their immunosuppressive action,
produce IL-17 in the tumor microenvironment, which
supports survival of colorectal cancer-initiating cells [119].
Interestingly, the crosstalk between TAMs and Tregs is
bidirectional, because upon Treg depletion, TAM numbers
decrease. Additionally, without the influence of Tregs,
TAMs augment their proinflammatory properties by
increasing MHC class II and immunoactivating chemokine
expression (MIP-1f, MIP-2 and TNFx) [120]. However,
similar to TAMs (see above), the role of Tregs may be
different in different cancers. For example, in patients with
gastric cancer, a high CD68%/FoxP3" cell ratio (macro-
phage/Tregs) is associated with shorter survival, indicating
that inhibition of Tregs might not be useful in some cancers
[121].

Besides interacting with different T-cell subpopulations,
macrophages also cooperate with B cells, and vice versa.
For instance, B cells can skew the macrophage phenotype
towards M2 polarization. This ability has been shown in
the B16 melanoma model, because so-called B1 cells were
able to drive macrophages to acquire an M2-biased phe-
notype mainly by secreting IL-10 [122].

@ Springer



1400

T. Schmidt et al.

Macrophages and cancer therapy resistance

Macrophages are implicated in resistance towards chemo-
therapy and biological therapies. Recent data indicate that
breast cancer patients with a high number of TAMs and a
low number of cytotoxic T cells within their tumor tissue
have a poor response to neoadjuvant chemotherapy with
taxanes, antimetabolites and anthracyclines. Interestingly,
both in cancer patients and in mice, elevated CSF-1 levels
and increased numbers of macrophages have been detected
in tumor tissue after chemotherapy. Blockage of CSF-1
signaling or macrophage depletion enhances antitumor
immunity and response to chemotherapy in murine cancer
models, indicating functional involvement of macrophages
in mediating resistance to chemotherapy [123]. Interest-
ingly, TAMs are abundantly present in the bone marrow of
patients with multiple myeloma, where they protect mye-
loma cells from chemotherapy-induced cell death. This
protection depends on direct cell-cell contact and on
ICAM-1, because it does not occur after physical separa-
tion of myeloma cells from TAMs or after antibody-
mediated blockade of ICAM-1. TAMs achieve this
protective effect partly by attenuating the activation and
cleavage of caspase-dependent apoptotic signaling [124].
Interestingly, TAMs can render cancer stem cells, intrin-
sically relatively resistant to chemotherapy, even more
resistant by producing milk-fat globule-epidermal growth
factor VIII (MFG-ES8) and IL-6. MFG-ES is a potent acti-
vator of STAT3 signaling and of the hedgehog pathway,
while IL-6 further fuels STAT3 activation. Both pathways
have been shown to mediate the resistance of colorectal
cancer stem cells by promoting their survival in the pres-
ence of cisplatin [125]. Moreover, in prostate cancer TAMs
can confer resistance to androgen receptor antagonists. In
this process, macrophages adhere to prostate cancer cells
by VCAM-1 and subsequently produce IL-1f, which in
turn blocks the function of nuclear receptor corepressors
N-CoR. N-CoR normally associates with antiandrogens,
and subsequently suppresses androgen-induced gene tran-
scription. However, without binding to N-CoR, androgen
receptor antagonists activate, instead of suppress, andro-
gen-induced gene expression [126].

Via CSF-1, cells of the myeloid lineage are also
recruited into tumors treated with VEGF-targeted antian-
giogenic therapies, where they can directly confer
resistance by producing alternative proangiogenic factors
besides VEGF [15, 127]. Consequently, blockade of the
CSF-1 pathway inhibits tumor angiogenesis and acts syn-
ergistically with anti-VEGFR-2-targeted therapy by
reversing myeloid cell-mediated antiangiogenic therapy
resistance [128]. The importance of pathways mediating
myeloid cell recruitment in antiangiogenic escape is further
supported by detection of increased levels of PIGF, stromal
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Fig. 2 Ligand-receptor specificity in TAMR. Gas6 binds to all three
TAMR (Sky, Axl, Mer) with different affinities (Axl > Mer > Sky)
and signals through them. Current knowledge indicates that protein
S(ProtS) binds to Sky and Axl. Tubby-like protein 1 (tulpl) can bind
and signal through all three TAMR, whereas tubby is only found to
signal through Mer. Each receptor induces certain biological
responses indicated below the respective receptor

cell-derived factor-1 and MCP-3 in colorectal cancer
patients treated with anti-VEGF antibodies and chemo-
therapy immediately before disease progression [129].
Overall, TAMs can facilitate a large variety of mechanisms
to render tumors resistant to different therapeutic strategies
[130]. Hence, therapeutic approaches aimed at inhibiting
these TAM properties might be more efficient than current
anticancer therapies.

In summary, TAMs interact with cancer cells and with
different cellular components of the tumor microenviron-
ment. This crosstalk can promote malignancy and therapy
resistance via a plethora of complex mechanisms, but in
principle macrophages can also show antitumoral activity.
In experimental cancer models, some progress has been
made recently in skewing the macrophage phenotype
towards tumoricidal activity and in overcoming therapy
resistance by targeting macrophages, but considerably
more work is necessary to elucidate whether this approach
has therapeutic potential in human cancer.

In the next section we introduce the Tyro3, Axl and Mer
receptor (TAMR) family with their ligands, that are
expressed by tumor cells and macrophages and have
recently been shown to be involved in the tumor—macro-
phage crosstalk (Fig. 2). We also describe their role in
(human) solid cancer and in hematological malignancies.
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TAMR tyrosine Kkinase receptors and their ligands

Receptor tyrosine kinases (RTKs) are key players in cancer
cell biology. They regulate cell survival, proliferation,
migration and differentiation, cell cycle control and apop-
tosis [131]. The prototypical RTKs are activated by ligands
such as growth factors, which induce receptor dimerization
and subsequent autophosphorylation of tyrosine residues
on the intracellular cytoplasmic domain with further
downstream signaling [132]. Currently 58 RTKs, divided
into 20 subfamilies, are known. The TAMR, named after
Tyro3, Axl and Mer or their homologues, are present in
chordates including urochordates and vertebrates [133, 134]
(see below for alternative nomenclature). This RTK
subfamily was identified only in 1991 and TAMR
were initially considered as orphan receptors [135, 136].
Structurally, the TAMR family is characterized by an
extracellular domain consisting of two immunoglobulin-
like domains followed by two fibronectin type 3-like
domains. These extracellular domains are followed by a
transmembrane domain and a cytoplasmic tyrosine kinase
domain [137, 138]. TAMR can be activated by (1) ligand-
independent dimerization, (2) ligand-dependent dimeriza-
tion, (3) heteromeric dimerization of two different TAMR,
(4) heterotypic dimerization with a non-TAMR, and (5)
trans-cellular binding of extracellular domains [139, 140].

Axl was initially identified as a transforming gene
derived from chronic myeloid leukemia cells [136].
Overexpression of this gene in NIH 3T3 cells led to their
transformation and the gene was therefore named ax! from
the Greek word “anexelekto”, which means uncontrolled
[136]. The oncogenic potential of Axl depends on its
intracellular tyrosine kinase domain, because 33 amino
acids of the intracellular domain are able to transform NIH
3T3 cells [141]. Axl is ubiquitously expressed and detect-
able in most organs as well as in different cell lines of
mesenchymal, epithelial and hematopoietic origin. Axl
expression becomes detectable in many tissues during
embryonic development from day E12.5 onwards [142].
Due to independent cloning, Axl was also designated Ufo,
Jktll, Ark, Tyro7; however, Axl is the official NCBI
designation. Axl promotes a large variety of biological
functions including platelet aggregation [143, 144], regu-
lation of proinflammatory cytokine production and control
of the actin cytoskeleton [145]. Moreover, Axl mediates
cell survival, proliferation and migration [139]. The
important function of Axl in regulating survival was
demonstrated in fibroblasts isolated from AxI™~ mice.
These fibroblasts display enhanced serum deprivation-
induced apoptosis when compared to fibroblasts derived
from wild-type mice [146]. AxI controls survival mainly
via the PI3K, AKT, and NFxB pathways, while AxIl-
induced proliferation depends mainly on ERK1/2 signaling

[139, 140]. TAMR share structural features with cell
adhesion proteins, in particular the ectodomain of Axl
elicits adhesive properties. This “stickiness” can mediate
cell—cell contact leading to aggregation of cells, which
might facilitate metastasis. In line with this concept, Axl
expression correlates with adherence of human lung cancer
cell lines [147, 148].

Ample evidence in the literature points to an important
functional role of Axl in tumor biology (Fig. 3). Activation
of Axl induces proliferation [149, 150], survival [151—
154], resistance against apoptosis [151, 155, 156], migra-
tion and invasiveness of cancer cells [149-154].
Furthermore, Axl mediates resistance towards chemo- and
targeted therapy including anti-VEGF or anti-EGFR ther-
apy in part by inducing secretion of proinflammatory and
protumoral cytokines such as IL-6, TNFo and G-CSF in
TAMs, where it is highly expressed [157]. Hence, treat-
ment of breast cancer xenografts with anti-Axl antibodies
inhibits the secretion of protumoral inflammatory cytokines
and chemokines from TAMs, which have an inhibitory
effect on tumor growth [157]. The precise mechanism
involved in the inhibition of the production of inflamma-
tory cytokines in TAMs by anti-Axl antibodies remains to
be elucidated. Furthermore, recent data in thyroid cancer
cell lines indicate constitutive Axl and Sky phosphoryla-
tion induced by autocrine production of Gas6. This
autocrine loop, which is not present in normal thyroid cells,
specifically mediates proliferation and apoptosis resistance
of thyroid cancer cells in vitro and in vivo [151]. Alto-
gether, Axl plays a prominent role in cancer biology by
promoting malignancy at several levels.

In 1993 the Sky receptor was identified, which was also
termed Tyro3, Brt (brain tyrosine kinase), Tif, Dtk, BYK
and Etk-2 [158-160]. In a similar manner to Axl, SKky is
also expressed in several embryonic tissues during devel-
opment [161, 162], but shows a more restricted expression
pattern in adulthood with the predominant expression in the
brain [163—-165], in hematopoietic cells [161], in pulmon-
ary endothelial cells [166], in osteoclasts [167], and in the
kidney, testis and ovary [163, 168]. In a similar manner to
Axl and Mer, Sky is involved in platelet function, but
single Sky ™~ mice display mild platelet dysfunction
without spontaneous bleeding. In contrast, double or triple
TAMR-deficient mice suffer from pronounced bleeding
diathesis [169]. Additionally, Sky plays an important role
in osteoclastic bone resorption [167]. Recently, in exito-
toxic brain injury, protein S has been shown to activate Sky
leading to the suppression of proapoptotic Fas ligand pro-
duction. Thus, by suppressing apoptosis, Sky acts in a
neuroprotective manner [170]. Furthermore, together with
Axl, Sky mediates survival and targeting of GnRH neurons
to the ventral forebrain, which is important for reproductive
function in female mice [152].
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Fig. 3 Role of Gas6 and
TAMR in tumor—-macrophage
interaction. Tumor cells
stimulate macrophages to
upregulate Gas6 by expressing
IL-10 and M-CSF, thereby
inducing a vicious circle,
because Gas6 stimulates tumor
cells to proliferate. Furthermore,
all three TAMR can foster
cancer by promoting different
hallmarks of malignancy
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Sky can transform cells in vitro, but its role in cancer is
less well-defined than that of AxI (Fig. 3) [171, 172]. Sky
can promote malignancy by inducing proliferation, which
is at least partially mediated via PI3K signaling [171]. In
malignant melanoma, activation of Sky induces the tran-
scription factor microphthalmia-associated transcription
factor, which strongly promotes malignancy in melanoma.
Indeed, knock-down of Sky in melanoma cells suppresses
proliferation and sensitizes them to chemotherapy. Con-
versely, Sky overexpression promotes cancer cell survival
by overcoming senescence [173]. In addition, in a similar
manner to Axl, Sky can also exert adhesive functions by
homophilic interaction, which potentially enhances
metastasis [174].

The Mer receptor was initially cloned as a human pro-
tooncogene from a leukemic cell line [175]. Sequence
comparison indicates that this human kinase is 83% similar
to the previously isolated chicken retroviral oncogene
v-ryk (v-eyk) [175, 176]. Mer was named after its unique
expression pattern in monocytes, epithelium and repro-
ductive tissue. Mer was also designated mertk, eyk, nyk
and rdy. Mer is expressed during most stages of embryonic
development of the mouse [177]. Like the other members
of the TAMR family, Mer is involved in platelet function
[178], exerts mitogenic signals and has transforming ability
[179]. Furthermore, Mer is crucially involved in apoptotic
cell clearance by phagocytic cells including dendritic cells,
macrophages, monocytes and retinal pigment epithelial
(RPE) cells [180]. In order to mediate the cytoskeletal
reorganization crucial for phagocytosis, Mer activates focal
adhesion kinase via an alpha(v) beta(5) integrin-dependent
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pathway. Alternatively, after binding its ligand Gas6, Mer
signaling leads to phosphorylation of Vavl [181]. Both
pathways finally activate Ras-related C3 botulinum toxin
substrate (Rac), which induces cytoskeletal reorganization
with subsequent phagocytosis [181]. In line with this
mechanism, Mer-deficient mice exhibit delayed phagocy-
tosis of apoptotic cells by macrophages. This defect leads
to uncontrolled disposal of dying cells, thereby activating
autoimmune responses, which are normally prevented due
to “controlled” apoptotic cell clearance. As a consequence,
intracellular antigens become exposed to the immune sys-
tem, which fosters development of diseases such as lupus-
like autoimmune disorders [182, 183]. Furthermore,
clearance of degenerated photoreceptor fragments by RPE
cells is impaired, leading to blindness of Mer '~ mice in
adult life [184, 185]. Of note, a 91-kb deletion in exons 1-7
of the Mer gene was found to be present in 30% of patients
with retinitis pigmentosa in an isolated population on the
Faroe Islands. Interestingly, computed tomography
revealed similar morphological changes such as abundant
photoreceptor debris to those observed in Mer™'~ mice.
Thus Mer seems to exert similar functions in humans [186].

Mer is also involved in tumor biology, but data on this
topic is still scarce (Fig. 3). Knocking down Mer in astro-
cytoma cell lines increases apoptosis, but the proapoptotic
effect of knocking down Axl is more pronounced in com-
parison. In a similar manner to Axl, Mer signals through
p-Akt and through p-Erk1/2, thereby enhancing survival
and proliferation. Thus, inhibition of Mer cells leads to
increased chemosensitivity of astrocytoma cells to tem-
ozolomide, carboplatin and vincristine [155]. Interestingly,
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in prostate cancer cell lines, activation of Mer does not
induce proliferation, but instead mediates differentiation of
the cancer cells [187]. In addition, Mer can induce IL-8
secretion by tumor cells via Erkl/2-mediated signaling.
IL-8 can foster angiogenesis and metastasis in murine
prostate cancer. Therefore it is possible that Mer can
enhance malignancy via this mechanism [187]. Interest-
ingly, in a bioinformatic screening of public databases
aimed at identifying differentially regulated genes in mel-
anoma, Mer was among six genes found to be dysregulated
in several independent studies [188]. This finding implies
that Mer might play a more pronounced role in tumor
biology than currently appreciated.

Initially, TAMR were considered to be orphan recep-
tors until the vitamin K-dependent ligands Gas6 and
protein S were discovered [189, 190]. Gas6 is a common
ligand for all three TAMR with different affinities
(Axl > Tyro3 > Mer), whereas protein S activates Tyro3
and Mer, but not Axl [191-194]. Gas6 is upregulated in
NIH 3T3 fibroblasts under starvation conditions and
protein S is a well-known negative regulator of coagula-
tion [195-197]. Gas6 and protein S are structurally related
secreted proteins sharing about 42% amino acid identity.
They consist of a vitamin K-dependent post-translation-
ally modified N-terminal gamma-carboxylated glutamic
acid (Gla) domain, followed by four EGF-like domains
and a C-terminal sex hormone binding globulin that
consists of two laminin G-like domains [139]. Protein S
exhibits a thrombin-sensitive cleavage site, which is not
present in Gasb6.

Gas6 shows pleiotropic functions in health and disease.
Gas6-deficient mice are viable, fertile and born at a
Mendelian frequency [144]. Gas6 induces cell prolifera-
tion, survival and migration [139]. Additionally, Gas6
plays a role in cell-cell adhesion, because Axl overex-
pression leads to aggregation of 32D cells only in the
presence of Gas6. Interestingly, this aggregation does not
induce Axl receptor downstream signaling but rather
depends on extracellular calcium [153]. Gas6 and protein S
play important roles in the immune system mainly by
regulating phagocytosis and inflammatory reactions of
antigen-presenting cells [180, 183, 198]. Gas6 amplifies
platelet aggregation during thrombus formation, and as a
consequence, Gas6 '~ mice are protected against collagen/
epinephrine-induced = thromboembolism, but without
suffering from spontaneous bleeding disorders [143, 144,
198]. Gas6 supports erythropoiesis by enhancing Epo
receptor signaling [199]. Furthermore, it increases leuko-
cyte extravasation by amplifying the response of
endothelial cells in response to inflammatory stimuli [200],
and induces plaque stabilization in atherosclerosis by
enhancing plaque fibrosis [201]. Recent data indicate that
Gasb6 deficiency alleviates hepatic graft-versus-host disease

in allogenic liver transplantation and that Gas6 is hepato-
protective against ischemia reperfusion injury, whereas
Gas6 has been found to be upregulated in allograft rejec-
tion in murine kidney transplantation models and in human
graft dysfunction [202-205].

Recently new light has been shed on the role of mac-
rophage-derived Gas6 in experimental models of solid
tumors, including colorectal cancer and breast cancer
[206]. In this study, tumor cells did not express Gas6, while
CD45" tumor-infiltrating leukocytes showed abundant
expression of this protein. These leukocytes specifically
upregulated Gas6 after entering the tumor, because they do
not secrete Gas6 while circulating in the blood or while
residing in the bone marrow. Further analysis revealed that
TAMs are the main source of Gas6 within the tumor
microenvironment. In contrast, tissue-resident macro-
phages isolated from lungs or from the peritoneum express
much lower levels of Gas6 than TAMs. Thus crosstalk
between tumors and macrophages leads to specific upreg-
ulation of Gas6. Interestingly, Gas6 production in
macrophages can be induced by the cytokines IL-10 and
M-CSF, which are also known to polarize macrophages
more towards an M2-like phenotype [206].

Tumor growth was inhibited by 35-55% in mice with
genetic deletions of Gas6 when compared to wild-type
mice indicating that expression of Gas6 within the (host-
derived) tumor microenvironment promotes tumor pro-
gression. This growth inhibition was due to decreased
proliferation in the absence of Gas6, which is in line with
published literature [207-209]. However, angiogenesis or
tumor infiltration with inflammatory cells remained
unchanged. Functionally, Gas6 is delivered into tumors by
BMDCs, because the reduced tumor growth was abrogated
in Gas6 '~ mice transplanted with wild-type bone marrow
prior to tumor implantation. Conversely, tumor growth
reduction was phenocopied after transplantation of
Gas6 '~ bone marrow into wild-type mice. The importance
of macrophage-derived Gas6 in promoting tumor cell
proliferation has been further underscored by coculture
experiments, in which Gas6~'~ macrophages exhibited a
significant reduction in their capacity to stimulate cancer
cell proliferation when compared to wild-type macro-
phages [206]. Altogether, via the crosstalk with tumors,
TAMs become educated to secrete Gas6 which then fuels
proliferation of tumor cells and thereby promotes malig-
nant progression. However, the relevance of this preclinical
study for human disease still needs to be determined. The
situation in human cancer might be different, because some
studies in different primary cancer tissues have indicated
that cancer cells express Gas6, which was not the case in
the preclinical models. Furthermore, in lung cancer Gasb6 is
exclusively detected in TAMs, but its expression level as
determined by immunohistochemistry is correlated with
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prolonged survival after tumor resection [210] (see section
below and Supplementary Material Table 2). It remains to
be determined how these findings can be reconciled with
the preclinical data.

The biological consequences of protein S binding to
TAMR are much less well-described than those mediated
by Gas6. Interestingly, protein S reaches plasma concen-
trations around 300 nM, while plasma Gas6 is present only
in subnanomolar concentrations [139]. However, whether
this difference might indicate that Gas6 acts mainly in an
autocrine or paracrine manner over short distances, while
protein S acts as an endocrine factor is currently unknown.
Protein S can exert pro- and antiproliferative effects in
vascular smooth muscle cells and astrocytes, respectively.
Furthermore, protein S promotes phagocytic activity
including bone-resorbing activity of osteoclasts and
phagocytosis of photoreceptor fragments via Sky and Mer
[139]. Additionally, protein S might be implicated in sup-
pressing cell-mediated immune responses [211].

Recently, tubby and tubby-like protein 1 (Tulpl) have
been identified as novel TAMR ligands (Fig. 2). They
facilitate phagocytosis by RPE cells and by macrophages
[212]. Tulpl interacts with all three TAMR, whereas tubby
exclusively binds to Mer. After binding to their receptors,
both ligands serve as “eat-me” signals, thereby marking
cells for phagocytosis. Mainly via Mer, phagocytes then
bind to the C-terminal “prey-binding” domain of Tulpl or
tubby, which together with the N-terminal MerTK-bridging
domain induces Mer receptor phosphorylation and sub-
sequent phagocytic activity. Of note, tubby and Tulpl are
predominantly expressed intracellularly in photoreceptors
and neural tissue, but also occur as soluble “eat-me” sig-
nals, whose role outside their tissues of origin still needs to
be determined [213].

The roles of TAMR and of their ligands in solid tumors
and in leukemia are discussed in the following sections.

TAMR, Gas6 and protein S in human cancer

Ample preclinical evidence indicates prominent involve-
ment of Gas6 and TAMR in the pathobiology of cancer
(see previous section). Therefore, it is not unexpected that
different TAMR and Gas6 are overexpressed in different
human tumor cell lines as well as in primary cancer tissues
[139, 140]. Several studies link expression levels of Gas6
and Axl to prognosis of cancer patients, while only scarce
data exist on the prognostic impact of Sky, Mer and protein
S (Table 2; for more detailed information see Supple-
mentary Material Table 2).

High AxI expression levels as determined by quantita-
tive PCR and/or immunohistochemistry have a negative
prognostic impact in the majority of cancers, while in some

neoplasms, including thyroid and uterine cancer, Axl levels
have no prognostic impact. In ovarian and gastric cancer,
conflicting evidence about the prognostic impact of Axl
exists (Table 2). Of note, no study has thus far found a
positive prognostic impact of Axl expression. Thus,
although more work is necessary to fully elucidate the
prognostic impact of Axl, this receptor represents a
promising novel target for cancer treatment based on
functional and clinical correlative data. Interestingly,
R428, a small-molecule AxIl inhibitor, blocked metastasis
in different preclinical cancer models, but surprisingly
treatment did not influence primary tumor growth. In any
case, it will be worthwhile to evaluate the therapeutic
efficacy of R428 in the clinic [214].

The picture concerning the prognostic implications of
Gas6 expression levels in cancer patients is considerably
more heterogeneous compared with that of Axl, because
positive, negative and absence of correlation with clinical
outcome have been reported (Table 2). Interestingly, one
study in renal cancer found prolonged survival of patients
expressing high levels of Gas6 mRNA in their tumor tissue,
while the opposite was true for high serum Gas6 levels
[215]. This divergence might reflect differences in the
function of Gas6 depending on its location. However, as
mentioned above, in general caution is warranted when
interpreting descriptive data generated with human tumor
tissues using diverse methodology (Supplementary Mate-
rial Table 2). Overall, large studies on uniform sample
types, ideally on tissue microarrays, are warranted to more
accurately determine the prognostic impact of Gas6 and
Axl in different malignancies. Additionally, it would be of
special interest to analyze the impact of Sky, Mer and
protein S in more detail, because almost no data exist on
their roles in human cancer (Supplementary Material
Table 2).

TAMR, Gas6 and protein S in leukemia

Gas6 and TAMR are present in normal and malignant
hematopoiesis as well as in different populations of tumor-
infiltrating leukocytes [138, 206, 216]. AxI is currently the
most well-studied member of this ligand—receptor family in
hematology. Axl is expressed in most hematopoietic
lineages with predominant expression in myeloid precursors
[138,206, 216]. In addition, different myeloid and lymphoid
leukemia cell lines exhibit Axl on their surface [149, 216,
217]. AxI has also been detected in primary leukemia cells
isolated from AML patients and, interestingly, became
upregulated upon treatment with chemotherapy, which
indicates a link to drug resistance [218, 219]. Further data
supporting a role for Axl in chemoresistance in AML cells
comes from a small clinical study indicating a worse
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prognosis for patients with detectable Axl expression
(n = 19) as compared to those who did not express Axl
[219]. However, as a note of caution, the sample size in this
study was small, patients were treated with different
chemotherapeutic regimens and the link to prognosis was
shown only by multivariate analysis, and not by univariate
analysis. In this multivariate analysis, several important risk
factors including cytogenetics were not analyzed [219].
Thus these data need to be corroborated in larger, well-
defined patient cohorts. In addition to its potential role in
AML, Axl was upregulated upon development of imatinib
resistance in a CML cell line [220], and has very recently
been linked to resistance to nilotinib [221]. AxI also plays a
role in B-cell chronic lymphocytic leukemia, because it is
constitutively activated in these leukemia cells and acts as a
docking site for nonreceptor kinases [222]. Hence, AxI plays
a role in myeloid and lymphoid leukemia, but further
research is necessary to better define its functional and
prognostic implications.

Only scarce data exist about the role of Mer in leu-
kemia. Mer is abundantly expressed in pediatric B-cell
and T-cell acute lymphoblastic leukemia (ALL), whereas
healthy B and T cells are negative for Mer expression
[138, 223, 224]. The Gas6—Mer axis has been shown to
mediate homing and survival of B-cell ALL cells in the
bone marrow niche, because Mer-expressing leukemia
cells migrated towards Gas6, which is secreted by bone
marrow stromal cells. Furthermore, Gas6—Mer interaction
mediates survival and prevents chemotherapy-mediated
apoptosis of B-cell ALL cells [225]. Almost nothing is
known about the impact of Tyro3 in leukemia besides its
expression in the chronic myeloid leukemia cell line
K562 [226].

Summary

Crosstalk between tumors and macrophages is emerging
as one of the key mechanisms in the promotion of all the
essential hallmarks of malignancy. However, in principle
macrophages can also support the host in suppressing
cancer growth. This “ying and yang” of TAMs is
reflected in heterogeneous clinical datasets reporting both
positive and negative impacts of macrophage density on
clinical outcome. Thus, it is of high relevance to improve
our understanding of the essential cues driving macro-
phages into a protumoral or an antitumoral mode of
action. Amongst other molecular mechanisms, the
importance of the Gas6-TAMR axis in fostering a pro-
tumoral action of TAMs has recently been recognized.
Disrupting this axis, for example by small molecule Axl
inhibitors, might therefore open up novel avenues in
cancer treatment.
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