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Macrophage diversity in cancer dissemination and metastasis
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Invasion and metastasis are hallmarks of cancer. In addition to the well-recognized hematogenous and lymphatic pathways of
metastasis, cancer cell dissemination can occur via the transcoelomic and perineural routes, which are typical of ovarian and
pancreatic cancer, respectively. Macrophages are a universal major component of the tumor microenvironment and, in established
tumors, promote growth and dissemination to secondary sites. Here, we review the role of tumor-associated macrophages (TAMs)
in cancer cell dissemination and metastasis, emphasizing the diversity of myeloid cells in different tissue contexts (lungs, liver, brain,
bone, peritoneal cavity, nerves). The generally used models of lung metastasis fail to capture the diversity of pathways and tissue
microenvironments. A better understanding of TAM diversity in different tissue contexts may pave the way for tailored diagnostic

and therapeutic approaches.
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INTRODUCTION

Macrophages play essential physiological roles in ontogenesis and
organ function. Moreover, mononuclear phagocytes are central
players in chronic inflammation and tissue repair [1-4]. Inflamma-
tion is a driver of carcinogenesis in mice and humans [5-8], and
myeloid cells are a universal component of the tumor micro-
environment (TME) [9-16].

Tumor-associated macrophages (TAMs) can act as double-edged
swords [1]. Classically activated macrophages (e.g., by interferon-y,
IFNy) can kill tumor cells or elicit destructive tumor responses. These
M1-like cells are likely to contribute to cancer cell disposal in the
early steps of carcinogenesis [17] and to respond to checkpoint
blockade immunotherapy [12, 18]. Conversely, in established,
metastatic malignant tumors, the net impact of the diversity of
TAM clusters in the TME is to promote cancer progression and
contribute to resistance to checkpoint blockade immunotherapy
[11, 12, 19]. Single-cell analysis and topological localization of
macrophages in relation to cancer cells and other immunocompe-
tent cells have added a new dimension of complexity to the current
understanding of the TME and the role of TAMs (e.g., [20-35]).

Invasion, dissemination, and metastasis are hallmarks of the
malignant behavior of tumors and represent major clinical
challenges. Metastasis at different anatomical sites, such as the
brain, liver, and bone, poses specific challenges to cytoreductive
therapies and immunotherapy. Here, we review the role of
mononuclear phagocytes in dissemination and metastasis via the
classic hematogenous and lymphatic routes, as well as via the all
too frequently forgotten transcoelomic and perineural routes. The
emphasis will be on the diversity of TAMs in the distinct ecological
niches of different organs and on their clinical implications.

PATHWAYS OF METASTASIS AND THE ROLE OF TAMS

Figure 1 provides an overview of the routes of cancer cell
dissemination and metastasis. The hematogenous and lymphatic
routes of metastasis are most widely utilized by tumors of
different origins, and lymph node involvement is a cornerstone of
clinical staging and dictates therapeutic approaches, as exempli-
fied in breast cancer. Podoplanin-expressing TAMs promote
lymphangiogenesis, lymphatic vessel invasion, and metastasis
[36]. The occurrence of perineural invasion (PNI) and transcoe-
lomic spread through the peritoneal cavity is underestimated, and
these pathways of cancer cell dissemination are frequently
overlooked. Ovarian cancer and gastrointestinal tumors spread
through the peritoneal cavity, interact with lining mesothelial cells,
and form secondary neoplastic nests. PNI occurs in many tumors
(e.g., colon and breast) but is a major clinical challenge in
pancreatic ductal adenocarcinoma.

The tumor-promoting functions of TAMs have been summar-
ized in previous reviews, which provide the framework of the
present study (e.g., [9-16]). Schematically, macrophage-
mediated tumor promotion includes the following: provision of
growth factors; promotion of angiogenesis; suppression and
inappropriate skewing of adaptive and innate lymphoid cell-
mediated immunity. While these are general mechanisms
involved in the immunobiology of TAMs, there is evidence that
the tissue context plays a role in shaping the TME, including the
phenotype of myeloid cells (e.g., [37-39]). The following sections
discuss available information on the role of mononuclear
phagocytes in metastasis, with emphasis on the different
pathways of dissemination and on the different tissue con-
textures where seeding and growth occur.
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Overview of pathways involved in cancer cell dissemination and metastasis. Cancers of different origins can use different pathways for

dissemination: hematogenous, lymphatic, perineural, and transcoelomic. Created with Biorender.com

METASTATIC ORGAN NICHES

Lung

In patients and preclinical models, the lung is one of the most
common sites of cancer metastasis. Dissemination from the
primary lesion occurs via hematogenous or lymphatic routes or
direct invasion. The cancers that most commonly metastasize to
the lung parenchyma are breast, lung, and colorectal cancer
uterine leiomyosarcoma and head/neck squamous cell carcino-
mas, whereas colorectal, renal, and lung cancer, and lymphomas
spread to the endobronchial tree.

Figure 2 summarizes selected key aspects and molecular players
in the pathogenesis of lung metastasis. Seminal preclinical studies
on breast cancer metastasis have shown that the metastatic
seeding and persistent growth of tumor cells are dependent on
macrophages [40, 41]. Similarly, in primary breast tumors and lung
metastases, macrophages are among the most abundant immune
cells found in the microenvironment, and their frequency
positively correlates with reduced overall survival in patients
[42]. In these mouse preclinical models, metastases were artificially
induced by i.v. injection of Polyoma Middle T-induced tumor cells;
however, the relevance of macrophages was confirmed in
different spontaneous metastatic breast cancer models. The
relevance of macrophages in promoting breast cancer lung
metastasis was investigated via a genetic mouse model of
macrophage deficiency caused by deficiency of colony stimulating
factor-1 (CSF-1), the major macrophage growth factor, and then
confirmed by depleting macrophages with liposomes encapsu-
lated with clodronate, even after metastatic growth was
established [41].

The mechanisms of metastasis promotion by macrophages
include their ability to enhance tumor cell motility, invasion, and
intravasation at the primary tumor site; efficient tumor cell
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extravasation and angiogenesis [11, 12]; and metastasis progres-
sion through the promotion of cancer cell extravasation, T-cell
suppression, and chemoresistance [43]. Generated by breast
tumor cells and stromal cells, CCL2 is the major driver chemokine
that recruits CCR2+ inflammatory monocytes and differentiated
macrophages during metastasis and activates a chemokine
cascade in these cells, which includes the CCL3-CCR1 axis, further
amplifying the process and effectively promoting lung micro-
metastasis [44, 45]. Initial transcriptional and functional studies
revealed that metastasis-associated macrophages are distinct
from primary tumor TAMs and express markers associated with
inflammatory monocytes and macrophages and the chemokine
receptor CCR2 [44, 46]. Lung metastasis-associated macrophages
promote survival signals in breast cancer cells (BCCs) by binding to
VCAM-1 on cancer cells [46].

Of particular interest is the contribution of myeloid cells and
macrophages in particular, in creating the premetastatic niche in
which circulating tumor cells settle and grow. Premetastatic
niches are preferred metastatic sites in target organs where
owing to a preconditioned microenvironment, metastatic tumor
cells home, under the control of primary tumor-derived growth
factors, chemotactic and inflammatory mediators, as well as
tumor-derived exosomes, and thrive [47-49]. The contribution of
primary tumor-derived exosomes in instructing lung macro-
phages has been shown in different preclinical cancer models.
The engulfment of tumor-derived microparticles induced tran-
scriptional, phenotypical, and metabolic reprogramming of
macrophages in the early metastatic lung in an mTOR-
dependent manner, resulting in spatiotemporal metabolic
changes driving a functional shift from an antitumor to a
protumor state [50]. Similarly, tumor cell-derived exosomes
induce an immunosuppressive phenotype in tissue-resident
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Fig. 2 Macrophages are key components of lung metastases. Cytokines, chemokines, and exosomes driving TAM features and prometastatic
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vessels and promote tumor cell dissemination through the lymphatic system and hematogenous route. Pdpn podoplanin, Fn1 fibronectin 1.
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macrophages through glycolytic-dominant metabolic reprogram-
ming, which is associated with increased PD-L1 expression and
T-cell suppression [51]. The role of myeloid cells in premetastatic
niche formation was demonstrated by the finding that tumor-
derived granulocyte colony-stimulating factor (G-CSF) was
sufficient to mimic the premetastatic lung microenvironment
and promote metastasis in mouse models [52]. In addition,
intravascular tissue factor-mediated clot formation in the lungs is
associated with the recruitment of macrophages to the premeta-
static niche [53]. Macrophages recruited in the premetastatic
niche are sources of cytokines, such as IL-1, which promote the
recruitment and seeding of metastatic cancer cells at niche sites
[1], as well as prometastatic neutrophils [54]. Early on, IL-1 was
shown to promote metastasis [55, 56].

Using mouse models of spontaneous metastasis, it has been
shown that macrophages of the primary tumor are involved in
educating tumor cells for retention, extravasation, and survival in
the lung premetastatic niche, as well as the acquisition of
stemness and dormancy features [57]. IL-4 is an upstream driver
of macrophage-dependent prometastatic functions [58, 59]. IL-4
induces the expression of CCR1, CCL2, and CCL3, which drive
monocyte and macrophage recruitment and function. In addition,
IL-4 induces the expression of VEGF receptor 1/Flt1, which
regulates inflammatory response genes, including colony-
stimulating factor 1 (CSF1), a master regulator of macrophage
functions [44, 60], in response to VEGFA and increases vascular
permeability and tumor cell intravasation [61].

In preclinical lung metastases of the MMTV-PyMT mammary
tumor model, combined treatment with chemotherapy or anti-PD-1
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therapy with epigenetic reeducation of macrophages with
histone deacetylase (HDAC) inhibitors resulted in macrophage
reprogramming into proinflammatory and immunostimulatory
effectors and increased antitumor effects [62]. Adjuvant epige-
netic therapy alone was sufficient to reduce metastatic spread via
the inhibition of myeloid cell recruitment to premetastatic niches
[63]. Similarly, in osteosarcoma lung metastasis, anti-PD-1 therapy
reduces the number of metastases due to macrophage repro-
gramming into activated tumor M1-like macrophages with a
reduction in the number of M2-like macrophages [64]. Re-
education of TAMs in highly metastatic mouse models of
melanoma and breast and lung cancer has also been performed
via immune-metabolic strategies. In particular, inhibition of the
enzyme glutamine synthase, which generates glutamine from
glutamate, is associated with reprogramming of TAMs into
antitumor effectors, resulting in reduced metastasis formation,
angiogenesis, and immunosuppression [65]. Effective control of
lung metastasis has also been observed in models of sarcoma
upon macrophage reprogramming through the combination of
TLR agonists, such as poly(l:C) and resiquimod (R848) [66],
complement anaphylatoxin inhibition [67], or genetic engineer-
ing of IL-12 [68]. In these metastasis models, macrophage
reprogramming was associated with effective T-cell-dependent
control of tumor growth and metastasis spread, and in the case of
C3aR inhibition by the antagonist SB 290157 trifluoroacetate salt,
a better response to immunotherapy with anti-PD-1 was
observed [67]. In the same model, the macrophage tetraspan
MS4A4A, which is specifically expressed in macrophages during
differentiation and polarization, is essential for dectin-1-mediated
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activation of macrophages and natural killer (NK) cell-mediated
sarcoma lung metastasis control [69].

Chemotherapy promotes metastasis by increasing the density
of perivascular macrophages, which promote tumor revasculariza-
tion and relapse in both mouse and human tumors [11, 70]. The
mechanisms responsible for this pathway include chemotherapy-
induced reactive myelopoiesis biased toward monocyte develop-
ment, increased CCL2 production, and the upregulation of
coagulation factor X (FX) in lung interstitial macrophages. Thus,
chemotherapy may favor metastasis by promoting the recruit-
ment of monocytes/macrophages and the interplay between
coagulation and inflammation in the lungs [71].

Alveolar macrophages are the most abundant population of
embryonically derived tissue-resident macrophages in the lung.
They are responsible for tuned inflammatory responses and
maintenance of metabolic homeostasis under normal conditions
and act as a first line of defense in lung infections. Whereas
alveolar macrophages are generally self-renewing cells, interstitial
macrophages that reside in proximity to blood vessels, nerves, and
airways are derived from circulating monocytes and acquire
specific features dependent on tissue imprinting [72, 73]. Both
tissue-resident macrophages and bone marrow-derived mono-
cytes recruited and differentiated into macrophages at the
metastatic site have protumor functions, promoting the survival,
migration, and growth of metastatic cells, with differences
depending on the experimental model and the metastatic site.

Several efforts have been made in preclinical studies to dissect
the heterogeneity and function of specific macrophage subsets in
the metastatic process in the lung, with the aim of developing
targeted immunotherapeutic approaches that preserve
macrophage-mediated antitumor control. Initial studies have
shown that bone marrow-derived mature macrophages recruited
to the lung after metastatic cell seeding promote their subsequent
establishment and growth, whereas yolk sac-derived tissue-
resident macrophages, which resist depletion through CSF-1
deficiency, are not involved [41]. In contrast, in a metastatic/
orthotopic lung cancer model induced by i.v. injection of cancer
cells, both tissue-resident interstitial macrophages, and CCR2-
dependent recruited macrophages contributed to the pool of
TAMs. Resident macrophages are associated with tumor cell
growth in vivo, whereas monocyte-derived TAMs are associated
with the support of tumor spread, and after chemotherapy,
phagocytosis-mediated tumor clearance occurs [74]. The origin
and dynamics of monocyte-derived macrophages and self-
maintained tissue-resident macrophages were further investi-
gated in a mouse model of lung adenocarcinoma via a rigorous
genetic approach combined with single-cell RNA sequencing
(scRNA-seq) and lineage tracing. This study shows that TIL
populations differ in origin and have distinct temporal and spatial
distributions in the TME. Tissue-resident macrophages are the
main source of TAMs and provide a nurturing niche in the very
early phases of progression by promoting epithelial-mesenchymal
transition and invasiveness in tumor cells and inducing a potent
regulatory T-cell response that prevents effective antitumor
adaptive immunity. Later, monocyte-derived macrophages are
recruited to the tumor site and promote neoplastic development
[75]. Resident macrophages, particularly alveolar macrophages,
also contribute to the formation of the premetastatic niche by
promoting immunosuppression through the inhibition of tumor-
icidal T helper 1 cell function as well as the maturation of DCs [76].

Transcriptional analysis via scRNA-seq of macrophages from
lung metastases of mammary tumors revealed that macrophage
subsets are heterogeneous and include populations associated
with antigen presentation, self-renewal, immunosuppression,
protumorigenic inflammation, myeloid-cell recruitment, and lipid
metabolism. In particular, a cluster of lipid-associated macro-
phages expressing markers of alveolar macrophages, similar to
atherosclerosis-associated foamy macrophages, was expanded in
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metastasis-bearing lungs. This subset was enriched for genes
defining pathways related to lipid metabolism, extracellular matrix
remodeling, and immunosuppression [77], including lipid-laden
macrophages reported within the metastasis of colorectal tumors
[20]. Differential transcriptional features of metastasis-associated
macrophages have been confirmed by spatial and longitudinal
analyses at the single-cell level of the breast tumor metastatic
environment within the lung [78]. In particular, enrichment of
immunosuppressive TREM2+ macrophages was detected at the
invasive margin of the metastasis, both in mouse models and in
human samples [78]. Extracellular matrix remodeling is a common
feature of lung metastatic macrophages. In spontaneously
metastatic models of breast cancer, host-derived osteopontin
(OPN, Spp-1), a matricellular protein particularly produced by the
monocytic subset of myeloid-derived suppressor cells (MDSCs),
renders the metastatic site more immunosuppressive [79].

In contrast with these studies, nonclassical “patrolling” mono-
cytes, which are enriched in the microvasculature of the lung in a
CX3CR1-dependent manner, interact with metastasizing tumor
cells, scavenge tumor material from the lung vasculature, and
promote NK cell recruitment and activation. Through these
mechanisms, “patrolling” monocytes reduce tumor metastasis in
multiple mouse metastatic tumor models [80].

As discussed above, CCL2 has long been associated with TAM
recruitment [81]. A recent study shed new light on the molecular
mechanisms responsible for CCL2 production by lung adenocarci-
noma (LUAD) [82]. The long noncoding RNA (IncRNA) metastasis-
associated lung adenocarcinoma transcript-1 (MALAT1) is corre-
lated with survival and metastasis in several human tumors,
including LUAD. In the present study, MALAT1 overexpression in
cancer cells promoted metastasis in a noncell autonomous way.
MALAT1 increases global chromatin accessibility and CCL2
production, driving the recruitment of protumorigenic TAMs.
Although CCL2 here and in previous studies has long been known
to contribute to TAM recruitment, in many tumors, clinical trials
targeting this chemokine have failed [12]. This historical failure
may reflect the multiplicity of pathways driving TAM
accumulation.

Liver

The liver is characterized by unique features in terms of the
organization and functions of immunocompetent cells. In general,
immunity in the liver is, skewed toward tolerance in many
respects, as shown by transplantation and autoimmunity [83-87].
However, the liver represents a first line of innate resistance and is
inhabited by a large population of innate lymphoid cells (ILCs),
with Kupffer cells serving as a first line of resistance to pathogens
entering via the portal blood (e.g., [88]). These peculiarities impact
on the role of macrophages in hepatic metastasis.

The liver is a key organ target for tumor metastasis, particularly
in colorectal and pancreatic cancer, and macrophages contribute
to many aspects of the seeding and organization of the hepatic
metastatic niche [89]. The protumor functions of macrophages,
such as stimulating angiogenesis, cancer cell invasion into vessels,
and metastatic niche formation, facilitate the seeding of cancer
cells in the liver. Liver macrophages produce hepatic growth
factor that binds to c-Met expressed by tumor cells, promoting
their extravasation within the liver [90].

Hepatic macrophages include both Kupffer cells, which are self-
renewing and long-lived, and monocyte-derived macrophages,
which are rapidly recruited from the circulation into the injured
liver [66, 91]. More recently, more specific cluster populations have
been described, and the potential of multidimensional analyses is
progressively increasing in number.

The metastatic liver of colorectal (CRC) cancer patients has been
the subject of several studies aimed at dissecting macrophage
diversity and involvement in metastatic disease [83, 92-95].
Figure 3 shows selected key populations of macrophages in liver
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metastases. In general, early activated macrophages, which were
recently derived from recruited monocytes, are more frequently
associated with antitumor functions, possibly because of limited
exposure to the tumor microenvironment [92] (Fig. 3). These cells
express early inflammatory markers, such as SERPINB2 and ST00A8.
TAM signatures, on the other hand, overlap more with resident
macrophages than with macrophages recently differentiated from
inflammatory monocytes [21]. The key genes expressed by TAMs
in CRC liver metastasis are SPP1, TREM2, GPNMB, and MARCO. The
transcriptomes of these TAM populations are very similar to those
of macrophages found in pathological liver conditions, such as
lipid-associated macrophages (LAMs) found in steatotic livers and
scar-associated macrophages described in liver fibrosis. A
comparison of macrophages populating the liver metastatic niche
with those found in the primary tumor revealed the liver-specific
presence of SPP1™ and CCL18" TAMs [93, 94]. The diversity of
TAMs was recently investigated in silico via a number of available
datasets in an effort to construct a pancancer atlas of infiltrating
mononuclear phagocytes [96]. Although metastases were mini-
mally represented in the datasets, the limited data available
indicated that the SPP1-expressing cluster was enriched in liver
metastases.

Liver metastases are resistant to immunotherapy and represent
a clinical challenge [83]. In mouse models, monocyte-derived
macrophages in the liver triggered the apoptosis of CD8+ T cells.
These findings were mirrored by data from patients whose liver
secondaries presented lower tumor T-cell diversity and function
[83]. Thus, liver metastasis exploits liver-specific mechanisms of
tolerance.

GPNMB was found to be a marker gene of protumor TAMs and
was strongly associated with a poor prognosis [92]. Using mice
genetically deficient in GPNMB, it was found that GPNMB
promoted growth and metastasis in the lungs and liver [97].
GPNMB has complex functions, including skewing of macrophage
function and suppression of T-cell immunity. GPNMB has emerged
as a marker gene of protumor TAMs in several single-cell studies.

Cellular & Molecular Immunology (2024) 21:1201 - 1214

These results suggest that this molecule contributes to TAM-
mediated tumor progression.

In murine models of liver metastasis from CRC and primary
carcinogenesis, macrophages were found to produce IL-18, which
stimulated NK cell antitumor effector functions [38, 98].

TAM:s in liver metastases can also be classified according to their
morphology into large and small TAMs [20]. The two populations
have distinct transcriptional profiles; in particular, large TAMs
activate cholesterol metabolism and lipid handling (NR1H3, ABCAI,
CETP, FASN) and are associated with a worse prognosis for patients
with metastatic disease [20]. Distinct macrophage populations
differ in topological localization, with protumor populations found
in tumor regions, which are exposed to tumor-derived and tissue
damage signals, and hypoxia, whereas inflammatory populations
accumulate more densely in the invasive margin [21].

Metastasis-associated macrophages (MAMs) have also been
described for other tumor types; for example, MAMs are required
for pancreatic metastasis to the liver [99, 100]. Mechanistically,
MAMs secrete granulin, which induces the activation of stellate
cells into myofibroblasts, resulting in a protumorigenic fibrotic
environment that sustains pancreatic cell tumor growth in the
liver [99]. Moreover, granulin-mediated efferocytosis to clear dead
parenchymal cells promoted macrophage reprogramming and
liver metastasis [100].

IL-1R8 is a negative regulator of members of the IL-1 receptor
family [98] and is highly expressed in selected lymphoid popula-
tions, including NK cells. Targeting IL-1R8 unleashes NK cell-
mediated effector functions in response to IL-18 in murine and
human NK cells [38, 101]. IL-1R8 gene-targeted mice are resistant to
primary carcinogenesis in the liver but not in other organs and to
CRC metastases. The selectivity of the impact of IL-1R8 inactivation
was most likely a reflection of the hepatic tissue contexture,
characterized by high numbers of ILCs. Thus, while in general, the
liver milieu is conducive to tolerance, the high number of ILCs and
NK cells, particularly with resident and recruited macrophages, may
provide opportunities for therapeutic targeting.
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Re-educating macrophages has been pursued via a variety of
approaches [12]. Kerzel et al. [102] developed an original strategy
to target Kupffer cells and TAMs in liver metastasis. They took
advantage of lentiviral vectors, which are preferentially taken up
by liver mononuclear phagocytes, and engineered them using the
promoter sequence of the mannose receptor, which is expressed
in Kupffer cells, M2-like macrophages, and TAMs. They used this
lentiviral strategy to engineer the expression of IFNa in Kupffer
cells and TAMs. This strategy results in macrophage activation,
T-cell activation, reshaping of the TME, and antitumor activity. The
reported lentiviral vector-based strategy may pave the way for the
development of novel therapeutic strategies in patients with liver
metastasis.

The function of mononuclear phagocytes is subjected to
negative regulation by a limited set of diverse molecules [12]
that inhibit or skew effector functions (myeloid checkpoints).
These include the “don’t eat me signal” SIRPa, Clever-1, TREM2,
and more. Kerneur et al. [103] recently reported that butyrophilin
(BTN)2A1 is highly expressed in TAMs from different cancers,
including colorectal liver metastasis. BTN2A1 was found to be
upregulated by M2-like signals and by tumor cell supernatants. An
anti-BTN2AT mAb was found to re-educate normal M2-like
macrophages and TAMs to exert antitumor effects and reverse
the immunosuppressive effects on T cells. The activity of BTN2A1
is mediated by spleen tyrosine kinase (SYK) and ERK phosphoryla-
tion. Inhibition of SYK or ERK phosphorylation abolished M2-like
reprogramming upon BTN2A1 engagement.

Thus, the dissection of molecular pathways may provide new
tools to address the clinical challenge of liver metastasis.

Bone
Bone metastases are prevalent in advanced stages of various
cancers, including prostate, breast, and lung tumors. Bone is a
favored site for metastasis, likely because of its highly vascularized
nature, which facilitates the seeding of circulating tumor cells.
Bone metastases can manifest as either osteoblastic, characterized
by increased bone formation, or osteolytic, marked by enhanced
bone destruction, and both processes often coexist within the
same metastatic lesions [104]. Metastases to bone disrupt bone
homeostasis, leading to significant complications, including pain,
bone fragility, anemia, and metabolic alterations [105].

The establishment and growth of metastases at distant sites are
thought to depend on the intrinsic features of cancer cells, with
specific mutations driving dissemination to particular organs.

(A) Bone metastasis in breast cancer
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However, the genetic landscape and type of cancer do not fully
explain the mechanisms underlying seeding into bone, and
interactions between tumor cells and the host environment are
considered crucial in influencing the metastatic process [106-108].
The interplay between cancer cells and the bone microenviron-
ment involves various cellular components, including osteoblasts,
osteoclasts, endothelial cells, and immune cells, particularly
macrophages. Under physiological conditions, macrophages play
a crucial role in maintaining bone homeostasis, as evidenced by
the neurological and skeletal diseases observed in patients with
CSF1R mutations [109]. The bone harbors different macrophage
subsets, including osteal macrophages, also called osteomacs,
which are associated with bone surfaces, and resident macro-
phages within the bone marrow [110, 111]. In metastatic lesions,
both bone-resident and monocyte-derived macrophages adopt
protumoral functions, facilitating cancer progression [112].

Examination of bone metastases in breast cancer models
revealed a subset of macrophages originating from Ly6C+CCR2+
inflammatory monocytes characterized by increased expression of
CD204 and IL4R, which have tumor-supportive functions (Fig. 4).
Specific deletion of IL4R or blockade of CCR2 attenuated
metastatic growth and prolonged survival [112]. Another study
on bone lesions in patients with breast cancer revealed that
CD137 is expressed by myeloid cells within the bone, promoting
monocyte/macrophage migration to the tumor site and differ-
entiation into osteoclasts, thus enhancing metastasis. Administra-
tion of a liposomal nanoparticle encapsulating an anti-CD137
antibody significantly inhibited bone metastasis, highlighting the
protumoral role of CD137+ macrophages [113].

Notably, the composition of immune cells, including macro-
phages, differs between primary tumors and metastases. Immu-
nophenotyping of breast cancer patients revealed significant
differences in immune cell profiles between primary breast tumors
and metastases, with a greater abundance of protumoral
macrophages in peripheral lesions. ScCRNA-seq and single-cell
spatial transcriptomics profiling of breast tumors and matched
bone metastases revealed activated macrophages in the stroma of
both primary tumors and bone lesions, along with a reduction in
lymphoid cells in bone. BMP2 is significantly upregulated in bone
tissue, and BMP inhibition in vitro and in mouse models hinders
metastatic progression [114].

The heterogeneity of bone macrophages was also observed in
prostate cancer lesions. Immunohistochemical analysis revealed
diverse macrophage subsets within the tumor mass and

(B) Bone metastasis in prostate cancer
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Fig. 4 TAMs in bone metastasis. (A, upper panel) Monocytes are recruited to the metastatic site through CCL2 and differentiate into
CD204 + ILAR+ TAMs that sustain cancer. (A, lower panel) CD137 expression on TAMs mediates macrophage migration to the tumor site.
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pathological woven bone tissue (Fig. 4). Depletion of CD169+
macrophages in an immune-competent mouse model of prostate
cancer reduced cancer-induced woven bone formation, high-
lighting the role of macrophages in bone pathology [115]. SCRNA-
seq of bone lesions from prostate cancer patients revealed two
monocyte/macrophage subtypes, TIMS (tumor inflammatory
monocytes) and TAMS, which are also found in bone metastases
of melanoma. A comparison of bone macrophages within solid
tumor lesions and matched distant sites revealed an increased
proportion of protumoral macrophages in the tumor.
Macrophage-expressed CCL20 was identified as an activator of
CCR6 in Tregs, leading to the inhibition of cytotoxic T cells.
Targeting the CCL20-CCR6 axis in mouse models resulted in
tumor inhibition [116].

Additionally, RNA dataset deconvolution from prostate cancer
patients revealed an enrichment of macrophages in bone
metastases compared with other organs or primary tumors.
Examination of primary tumors and metastatic sites in a model
involving the androgen-resistant MycCap cell line with high
tropism for bone revealed that TAM-derived Activin A triggers an
ECM-related transcription program in cancer cells, leading to
enzalutamide resistance. Fibronectin 1 (FN1) activated by activin A
sustains SRC-mediated signaling in tumor cells, increasing
proliferation [117].

The evidence of an immunosuppressive environment in bone
lesions, orchestrated by macrophages, may explain the resistance
to therapies at this metastatic site. Notably, bone lesions in cancer
patients have been reported to be resistant to immune checkpoint
inhibitors, but whether the composition of macrophages dictates
resistance still needs to be clarified [118-120]. In light of these
findings, targeting bone macrophages appears to be crucial for
limiting skeletal complications and underscores potential ther-
apeutic strategies to mitigate the impact of bone tumors and
increase the response to therapies.

Brain

Brain metastases represent up to 90% of all brain malignancies
and are associated with significant morbidity and poor prognosis
due to the brain’s critical functions and limited regenerative
capacity [121]. Several types of primary tumors, including lung
cancer, breast cancer, and melanoma, have a high propensity to
metastasize to the brain. The preferential invasion of certain
tumors rather than others may be due to the distinct features of
the brain. Compared with other sites, the CNS is unique because
of its location and the requirement for cancer cells to cross the
blood-brain barrier (BBB), which must be disrupted for metastasis
to occur. Additionally, the brain TME is dominated by astrocytes
and protumorigenic macrophages, with scarce infiltration of
lymphocytes [27, 122].

Tissue-resident macrophages, primarily microglia and border-
associated macrophages, are abundant in the healthy brain.
Microglia, which are identifiable by the expression of P2RY12,
TMEM119, and TAL1, are essential for maintaining brain home-
ostasis. They participate in synaptic pruning, respond to injuries,
modulate the endothelium of the BBB, and defend against
pathogens. In the context of brain tumors, including metastases,
macrophages can also be derived from monocytes recruited from
the bloodstream (MDM) and are characterized by markers such as
CD49d, FCGR2B, CLEC10A, and CD209 [26, 123]. Both MDMs and
resident microglia contribute to tumor progression, influencing
tumor growth, invasion, and the response to therapies. High-
dimensional approaches have provided significant insights into
macrophage characteristics in the central nervous system (CNS)
and highlighted differences between primary brain tumors and
metastases. Single-cell profiling of tissue samples by mass
cytometry and scRNA-seq revealed that the primary tumor niche
predominantly features tissue-resident CD49d"°"  microglia,
whereas brain metastases are characterized by an accumulation

Cellular & Molecular Immunology (2024) 21:1201 - 1214

A. Mantovani et al.

of CD49d®"'9" MDMs [26, 27]. Additionally, brain metastases from
primary breast, lung, and melanoma tumors show increased
infiltration of T cells with an exhausted phenotype. In brain
metastases, TAM populations are more frequently found in
neighboring T cells than in primary lesions, indicating possible
interactions and T-cell inhibition.

Notably, the TME of brain metastases differs depending on the
genetic composition of the tumor (e.g., IDH mutation or wild type)
and the type of extracranial tumor of origin. The diverse TMEs and
macrophage compositions may explain the divergent responses
of primary brain tumors and metastases to therapies. Indeed,
studies in mice have shown that phenotypic alterations in TAMs
result in antitumor efficacy in glioblastoma [124], whereas TAM
depletion prevents brain metastasis outgrowth [125]. Further
investigations are needed to shed light on these aspects and
enhance our understanding of therapeutic outcomes in these
distinct settings [126]. Importantly, CD206+ macrophages are
correlated with disease severity in brain malignancies, suggesting
that targeting macrophages could be a viable strategy for treating
these lesions [27]. Among therapeutic strategies, preclinical
studies have demonstrated that inhibitors of CSF1R can achieve
antitumor efficacy in brain tumors, although resistance has been
observed. Time-course studies have revealed that myeloid cells
evolve during tumor treatment, with surviving macrophages
becoming dependent on the CSF2-Stat5 pathway. Consequently,
combination approaches, including the use of both CSF1 and CSF2
inhibitors, have shown promise in overcoming this resistance
[127].

In general, both MDMs and microglia in brain tumors are
associated with immunosuppression, suggesting a role in T-cell
inhibition [123, 128]. Microglia have also been reported to directly
promote extracranial tumor invasion, a process that can be
reversed by WNT inhibition [129]. However, certain macrophage
subsets may retain their antitumor function. High-dimensional
spatial mapping of the brain TME in primary gliomas and
metastases through imaging mass cytometry (IMC) identified a
unique subset of MPO-positive, neutrophil-like macrophages that
appear to increase patient survival [130]. As in other contexts,
these findings suggest that selective targeting of macrophages,
rather than indiscriminate depletion, should be pursued against
brain lesions.

Recently, a novel route of migration for cancer cells through
bone to the brain has been described in mice. From the vertebral
or calvarial bone marrow, BCCs enter the blood circulation and
metastasize to the leptomeninges. Tumor migration is sustained
by perivascular macrophages expressing glial-derived neuro-
trophic factor (GDNF), and disruption of the NCAM-GDNF axis
limits metastatic growth in leptomeninges [131].

Nerves

Nerves are often overlooked components of the TME that
contribute to the growth and progression of cancer [132-134], a
finding suggested by histopathological evidence of an increased
number of nerve fibers within human tumor tissues [135].
Mechanistically, peripheral nerves innervating tumor tissues and
exposed to microenvironmental cues modify their transcriptional
profile, resulting in structural alterations and the release of neural
molecules that can nurture tumor growth [136]. Once invaded by
cancer cells, not only does the interaction between neuron cells
and tumor cells result in tumor promotion, but nerves can also
provide a route for metastasis.

Perineural invasion (PNI), the phenomenon through which
cancer cells disseminate along nerves (and possibly spread to
distant organs), is a forgotten route of metastasis. Initially,
regarded as a passive event, because the connective tissue
covering nerves provides minimal resistance to the dissemination
of cancer cells, PNI is now considered a well-orchestrated event
that comprises bidirectional communication between nerves,
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cancer cells and immune cells [137]. Over the years, evidence that
cancer cells actively migrate along axons has been collected, and
both secreted and membrane-bound molecules, including neuro-
trophic factors (nerve growth factor, GDNF, neurturin, and
artemin), chemokines (CXCL13, CX3CL1, and CCL2), neurotrans-
mitters (catecholamines, acetylcholine, and neuropeptides), and
adhesion molecules (L1 cell adhesion molecules), have been
shown to contribute to PNI [137]. The interaction between nerves
and tumor cells is reciprocal: nerves stimulate tumor survival,
invasion, and migration, and tumor cells reactivate neural
programs, leading to neural sprouting toward cancer cells [138].

In addition to the interaction between nerves and tumor cells,
the peripheral nervous system is also known to control the
function of immune cells (the so-called neuroimmune axis),
including tumor-infiltrating immune cells [139].

Among immune cells, the key players involved in PNI are
macrophages, mast cells, and T lymphocytes, which are recruited
to invaded nerves via the local release of chemoattractants.
Various cell types within the perineurium, such as macrophages,
Schwann cells, neurons, and fibroblasts, produce CCL2, a
chemoattractant for monocytes and macrophages [140]. Genetic
ablation of CCR2 and therefore impaired monocyte recruitment
resulted in reduced PNI, suggesting a role for macrophages in this
process, whereas pharmacologic inhibition of CSF-1 in a preclinical
model of pancreatic cancer significantly reduced the number of
endoneurial macrophages and ameliorated the severity of PNI
[140]. Mechanistically, endoneurial macrophages support tumor
cell growth by secreting high levels of GDNF [137, 140].
Macrophages can also promote neural invasion by cancer cells
through the secretion of cathepsin B [141]. Interestingly,
pharmacological modulation of the nervous system restrained
tumorigenesis by reducing TAM infiltration and TNFa production
[142]. In recent work on the relevance of intratumor morpholo-
gical variants of pancreatic cancer cells, different “biotypes” of
cancer cells were found to localize either inside or outside nerves
[143]. The differential localization suggested the adaptation of
cancer cells to microenvironmental cues, including signals from
nerves.

The chemokine axis CX3CR1/CX3CL1 plays a critical role in
adhesion between tumor cells and nerves [144]. Pancreatic tumors
expressing high levels of CX3CR1 display increased local
recurrence, a clinical feature closely linked to the specific tropism
of cancer cells for nerves [144].

PNI has been reported as a key pathological feature with clinical
relevance and is associated with worse disease in several tumor
types, especially pancreatic adenocarcinoma and head and neck,
prostate, colorectal, and stomach cancer [137, 144-146]. A
perineural inflammatory response characterized by immune cells
infiltrating the perineurium of invaded nerves is a typical feature
of PNI and is pathogenetic for neuritis [137, 144-146]. Finally, pain,
which is frequently associated with neural invasion by cancer cells
and in the resulting nerve damage, is a critical aspect of PNI and
has an important impact on the quality of life of cancer patients
[147, 148]. In a preclinical model of melanoma, Schwann cells
released CSF-1, thus sustaining the expansion of macrophages
that mediate pain through an oxidative stress mechanism [149].

PERITONEUM AND TRANSCOELOMIC DISSEMINATION

The peritoneal cavity serves as the major, if not exclusive,
dissemination pathway of ovarian cancer, although it is occasion-
ally involved in gastric and colon cancer [150]. Even after
hematogenous dissemination, high-grade serous ovarian carci-
noma (HGSOC), which accounts for most ovarian cancers, can
reach the peritoneum [150]. Dissemination via the transcoelomic
route involves tissue-specific mechanisms (Fig. 5A). After leaving
the primary tumor, ovarian cancer cells aggregate and form
spheroid-like structures in the peritoneal fluid. The omentum is a
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frequent site of secondary implantation of HGSOCs. Omentum
“milky spots” are preferential sites of initial secondary implanta-
tion. Milky spots are aggregates of T cells, B cells and
macrophages, with interruptions in the mesothelial lining, and
serve as niches for metastasis [151].

Ovarian cancer cells, which disseminate as individual elements
or aggregates, interact with mesothelial cells, which line the
peritoneal cavity. Mesothelial cells play an active role in
inflammation and cancer by expressing adhesion molecules
(e.g., P selectin, VCAM-1, and ICAM) and by producing and
responding to cytokines and chemokines [152, 153].

Macrophages are a major component of the ecological niche of
ovarian cancer at the primary tumor site, in the peritoneal fluid, in
ascites, and at secondary implantation sites (Fig. 5B). Early on,
TAMs from ovarian cancer were the first human phagocyte
population in the TME to be shown to promote tumor growth
[154-157]. Under homeostatic conditions, inflammation, and
cancer, tissue macrophages can originate from embryonic
precursors or from circulating monocytes of hematopoietic origin
[158]. Ovarian cancer cells and inflammatory cells produce CCL2
and other chemokines that are potent attractants of monocytes in
the TME of primary lesions, ascites, and metastases [81, 159]. In a
mouse model of ovarian cancer, a subset of tissue-resident
macrophages (Tim4+-CD163+) has been shown to play a key role
in metastatic seeding at these sites [160, 161]. Notably, bone
marrow-derived macrophages displace embryo-derived macro-
phages in serous cavities [162]. It is therefore likely that, in analogy
with lung cancer, local tissue-resident mononuclear phagocytes
are a source of tumor-promoting TAMs at early stages, with
monocyte-derived cells taking the baton later and becoming the
dominant population (e.g., [12, 75]).

Myeloid cells infiltrating human neoplasms exhibit substantial
diversity, as assessed, for example, by single-cell transcriptomics
and IMC [20, 22-32]. Although spatial transcriptomic and/or IMC
data are not currently available for ovarian cancer and its
metastases, there is evidence of different clusters of TAMs in
preclinical models and in clinical HGSOC (e.g., [160, 161, 163-170])
(Fig. 5B). In general, a substantial proportion of TAMs in the TME of
HGSOC express molecules such as CD163, CD206, and chemo-
kines, which are associated with an M2-like phenotype
[163, 164, 166-168, 170]. The functional orientation of TAM
clusters is mediated by complex signals originating from tumor
cells and immunocompetent cells (Fig. 5B). Ovarian cancer cells
are major drivers of the functional skewing of macrophages
[171-174]. Tumor-derived signals include TGF(3, CSF1 and micro-
RNAs delivered via exosomes. Interestingly, ovarian cancer mucins
engage the mannose receptor (CD206), which is associated with
M2-like polarization, and educate macrophages to perform
protumor functions [174]. Similarly, the scavenger receptor
(CD163), which is associated with M2-like skewing and is
prognostically relevant, was shown to promote progression in a
mouse model [175].

Tim4+ TAMs in a mouse model exhibited high oxidative
phosphorylation and autophagic adaptation to oxidative stress
[169]. In general, metabolism is an essential component of
macrophage plasticity and function [176-178]. Metabolic adapta-
tion is a key determinant of the suppression of T-cell responses
and the promotion of metastasis [169]. Human ovarian TAMs
expressing complement receptors of the Ig superfamily (CR Ig)
have similar transcriptional, metabolic, and functional orientations
[169]. Thus, macrophages have emerged as friendly companions
of cancer cells that metastasize to the peritoneal cavity by
affecting all steps of transcoelomic dissemination (Fig. 5).

TAMs obtained from ascites or solid tumors promote tumor cell
proliferation [154, 155]. Macrophage-derived growth factors
include hepatocyte growth factor-1 (HGF-1), insulin-like growth
factor-1 (IGF-1), and TGFB [179-181]. In groundbreaking sets of
experiments, Frances Balkwill and collaborators reported that TNF
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sets a circuit of ovarian cancer growth in vitro and in vivo (e.g.,
[182-184]). Macrophages promote invasiveness by activating the
NF-kB and JNK pathways [184]. In many tumors, including ovarian
cancer, TAMs produce TGFB and the extracellular proteins
tenascin C and fibronectin [185, 186], which have been reported
to stimulate migration and metastasis.

Ovarian carcinoma disseminates as single cells and multicellular
spheroids [187]. TAMs have been reported to favor the formation
of spheroids [188]. Spheroid-like structures may include cells with
cancer stem cell properties.

To be implanted throughout the peritoneal cavity, disseminated
cancer cells need to interact with mesothelial cells, which express
adhesion molecules and are sources and targets of cytokines and
chemokines [152, 153]. Ovarian cancer cells engage in complex
three-party interactions with macrophages and mesothelial cells
[186-189]. M2-like TAMs trigger the upregulation of P-selectin in
mesothelial cells via chemokines and enhance cancer cell
proliferation, thus favoring seeding at secondary sites [186]. TGF3
induces mesothelial cell chemokine production, especially SDF1/
CXCL12, and chemokines such as CCL18 are present in ascites and
promote metastasis in the peritoneal cavity [186, 190-192].

The noncanonical Wnt ligand Wnt5a was detected in ovarian
ascites. Wnt5a is secreted by mesothelial cells and induces the
adhesion of ovarian cancer cells to mesothelial linings and the
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invasion and formation of secondary lesions [193]. Experiments in
gene-targeted mice revealed that in the absence of Wnt5a, high
levels of cytotoxic T cells and M1 polarization were observed.
These results indicate that a complex bidirectional interaction
involving tumor cells, macrophages, and mesothelial cells under-
lies the secondary localization of ovarian cancer in the
peritoneal wall.

Together with Treg cells, myelomonocytic cells are key
components of an immunosuppressive microenvironment that
characterizes primary and disseminated ovarian cancers. TAMs
from ovarian ascites were shown to suppress the function of NK
cells and T cells [194]. Interestingly, the suppressive effect of TAMs
on NK cells can be rescued by TLR agonists [195, 196]. TAMs from
ovarian cancer express PD-L1, which triggers checkpoint blockade
and B7-H4 [197, 198]. Moreover, exosomes released by TAMs shift
T cells to a Treg phenotype [199].

Interestingly, the E3 ligase UBR3, which is amplified and
overexpressed in ovarian cancer, was found to play a nonredun-
dant role in promoting ovarian cancer growth and metastasis
[167]. Using gene-targeted mouse and human cell lines, UBR3 was
found to drive the production of cytokines and chemokines, TAM
recruitment and their immunosuppressive function, and
macrophage-enhanced spheroid formation, tumor growth, and
metastasis [167].
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Consistent with the cellular and molecular networks described
above involved in transcoelomatic dissemination, high TAM
infiltration has long been strongly associated with an unfavorable
prognosis in ovarian cancer, especially when CD163+ cells are
considered [92, 170]. TAMs have also been reported to contribute
to the resistance of metastatic ovarian cancer to chemotherapy
checkpoint blockade immunotherapy [165]. These results raise the
issue of diagnostic and therapeutic exploitation of TAMS in this
disease (for review, see ref. [12]).

Concluding remarks

The diversity of tissues where the secondary localization of
cancers of the same or different origins occurs represents a clinical
challenge. The response to conventional therapies and checkpoint
blockade immunotherapy as well as clinical manifestations can
pose distinct problems at sites such as the brain, liver, peritoneal
cavity and bone, as illustrated by resistance to immunotherapy of
hepatic metastases. The evidence summarized here indicates that
TAMs in metastatic foci at different organ sites can show
substantial differences, presumably reflecting broader peculiarities
of the TME and influences of the tissue contexture.

In a recent study in human head and neck squamous cell
carcinoma, macrophage plasticity defined by CXCL9 and SPP1 had
strong prognostic significance and was associated with a
coordinated spatially organized network of TME components
[35]. The importance of a simple CXCL9/SPP1 signature was
extended to a broad range of human tumors. SPP1 has indeed
emerged in a number of studies as a relevant cell cluster marker
gene in primary tumors and liver metastasis (e.g. [21, 25, 26,
32, 33]). Assessing the significance of the CXCL9/SPP1 polarity
signature in metastasis at different anatomical sites is important.

The emphasis of available information and of the data discussed
in this review is on some of the more frequent and clinically
relevant sites of metastasis and on myeloid cell properties in these
different tissue contexts. However, the bone marrow is frequently
seeded early by disseminated tumor cells (e.g., in breast cancer
and neuroblastoma), and even if tumor-free, it may affect the
function of myeloid cells in the blood and tissues. The bone
marrow is a site of secondary neuroblastoma localization. Single-
cell transcriptomics and epigenomics have revealed that tumor
cells drive the skewing of local monocytes in a protumor direction,
mirroring TAMs in solid lesions [200]. In murine and human NSCLC
lesions, via scRNA-seq, IL-4 was found to be the main driver of the
protumor phenotype of monocyte-derived TAMs [201]. However,
the effect of IL-4 occurs at the bone marrow level, with basophils
and eosinophils affecting myeloid precursors, which then infiltrate
tumors. Therefore, bone marrow precursors may be influenced by
cancer cells locally or by systemic signals and may exert remote
control over the diversity, phenotype and function of myeloid cells
in primary lesions and metastatic foci.

Available information on human metastases from different
tumors is still scarce and fragmentary due to obvious difficulties in
sample collection. As discussed here, preclinical mouse models of
metastasis have been invaluable for establishing fundamental
principles, including the role of mononuclear phagocytes in
progression and invasion, the formation of a metastatic niche at
distant organs, and subsequent metastatic growth. However, the
vast majority of studies in preclinical murine models have focused
on hematogenous lung metastasis. This represents a major
limitation of generally used models, which are not representative
of clinically relevant pathways of dissemination. Although
fragmentary, the current evidence suggests that diverse pathways
and properties of myeloid cells are associated with metastasis at
different anatomical sites. Moreover, metastasis to selected organs
is associated with resistance to immunotherapy (liver) or poses
distinct clinical challenges (e.g., bone).

The results summarized here suggest that one should consider
exploiting distinctive features of the organ TME to address

SPRINGER NATURE

resistance, such as IL-1R8, GPNMB, or BTN2AT1, for liver metastasis.
Macrophage functions are inhibited or skewed by myeloid
checkpoints, including the newly discovered BTN2A1 [12, 103]. A
systematic analysis of myeloid negative regulators involved in
metastasis at different anatomical sites is warranted and may pave
the way for novel targeted strategies. Moreover, the liver and
transcoelomic metastasis may provide opportunities for the local
delivery of selected agents. The use of clinically relevant murine
models of metastasis and systematic dissection of the diversity of
myeloid cells at metastatic foci in human tumors, owing to their
inherent difficulties and limitations, may pave the way for
diagnostic and therapeutic approaches focused on TAMs, which
are relevant for addressing clinical challenges.
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