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Our understanding of the tumor microenvironment (TME), including the interplay between
tumor cells, stromal cells, immune cells, and extracellular matrix components, is
mandatory for the innovation of new therapeutic approaches in cancer. The cell-cell
communication within the TME plays a pivotal role in the evolution and progression of
cancer. Cancer-associated fibroblasts (CAF) and tumor-associated macrophages (TAM)
are major cell populations in the stroma of all solid tumors and often exert protumorigenic
functions; however, the origin and precise functions of CAF and TAM are still incompletely
understood. CAF and TAM hold significant potential as therapeutic targets to improve
outcomes in oncology when combined with existing therapies. The regulation of CAF/
TAM communication and/or their differentiation could be of high impact for improving the
future targeted treatment strategies. Nevertheless, there is much scope for research and
innovation in this field with regards to the development of novel drugs. In this review, we
elaborate on the current knowledge on CAF and TAM in cancer and cancer
immunotherapy. Additionally, by focusing on their heterogenous functions in different
stages and types of cancer, we explore their role as potential therapeutic targets and
highlight certain aspects of their functions that need further research.

Keywords: cancer-associated fibroblasts, tumor-associated macrophages, tumor microenvironment, cancer
immunotherapy, cancer biology
INTRODUCTION

Originating from the neighboring healthy tissues and recruited from the circulation, a multitude of
proliferating non-neoplastic cells such as fibroblasts, macrophages, immune cells, and endothelial
cells contribute to carcinogenesis within the tumor microenvironment (TME) (1). Cancer-
associated fibroblasts (CAF) and tumor-associated macrophages (TAM) are the major cell
populations within the stroma of all solid tumors in which they often exert protumorigenic
functions. Although their precise interactions remain to be elucidated, CAF and TAM strongly
modulate disease progression, therapy resistance, and clinical outcomes (2–7) and may function
in synergy.

Targeting the cytokines, inhibitory immune checkpoint ligands expressed by CAF and TAM,
and antiphagocytic signaling by tumor cells have shown some efficacy in preclinical trials. The
results of clinical trials are nonetheless ambiguous. Antibodies, chemokines, and chemokine ligands
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that interfere with CAF/TAM interactions, and their
combinations hereof, are highly prioritized in experimental
clinical regimens that are aimed at modulating the TME (8).
THE FIBROBLAST

Fibroblasts can be clearly identified and characterized by their
elongated morphology, the lack of epithelial, endothelial,
leukocytic, and malignant-cell markers, and the positivity for
mesenchymal markers such as vimentin. Under normal
circumstances, fibroblasts are present in abundance in the
connective tissues in a dormant state, transiently being activated
duringperiodsof tissue remodeling and repair. They are involved in
the production of extracellular matrix (ECM) and modulation of
inflammation, as well as the proliferation and differentiation of
epithelial cells.

Well-established fibroblast-activating signals include
inflammatory mediators, transforming growth factor-beta
(TGF-b), and lysophosphatidic acid which increase the activity of
SMAD transcription factors and drive the expression of alpha-
smooth muscle actin (a-SMA) that provides the fibroblast with a
highly contractile phenotype (usually known as myofibroblast or a-
SMA+

fibroblast). The activated fibroblasts produce chemokines and
cytokines to regulate the communication with other mesenchymal,
epithelial, and immune cells (9). Importantly, all of these functions
are utilized and enhanced in cancer (10, 11).
CANCER-ASSOCIATED FIBROBLASTS

Structure and Functions
Within a tumor, the mesenchymal cells that comply with the
aforementioned definitions above, are generally referred to as
CAF. Compared with regular fibroblasts, they tend to be slightly
larger with darker nuclei and branched cytoplasm. CAF may
differentiate from quiescent fibroblasts and bone marrow-
derived mesenchymal stem cells or trans-differentiate from
epithelial cells, smooth muscle cells, pericytes, and adipocytes (12).
Abbreviations: a-SMA, alpha smooth muscle actin; b-FGF, basic fibroblast
growth factor; CAF, cancer-associated fibroblasts; CAFEx, CAF-derived
exosomes; CCL, C-C motif ligand; CRC, colorectal cancer; CTC, circulating
tumor cell; CXCL, C-X-C motif ligand; CCR, C-C chemokine receptor; CD,
cluster of differentiation; CSF1R, colony-stimulating factor 1 receptor; CSM,
consensus molecular subtypes; ECM, extracellular matrix; EGF, epidermal
growth factor; EMT, epithelial-mesenchymal transition; FAP, fibroblast
activation protein; GM-CSF, granulocyte-macrophage colony-stimulating factor;
HCC, hepatocellular carcinoma; IL, interleukin; myCAF, cancer-associated
myofibroblast; miR, micro-RNA; MMP, matrix metalloproteinase; OPN,
osteopontin; PDAC, pancreatic ductal adenocarcinoma; PD-1, programmed
death receptor 1; PD-L1 and 2, programmed death receptor ligand 1 and 2;
PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth receptor;
STAT3, signal transducer and activator of transcription 3; TAM, tumor-associated
macrophages; TGF, transforming growth factor; TME, tumor microenvironment;
TNF, tumor necrosis factor; TSE, tumor-derived exosomes; TSF, tumor-derived
factors; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial
growth factor receptor.
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CAF are present during all stages of solid malignancies (13)
and their functional impact on the biology of cancer is assumed
to be similar across all tumor types (14).

CAF are the predominant cell type in the tumor stroma and they
contribute to theproliferative,pro-inflammatory, immunosuppressive,
angiogenic, pro-invasive, and pro-metastatic TME that is required for
the evolution and progression of cancer (15).

Inflammatory mediators such as TGF-b, interleukin (IL)-1,
and IL-6 produced by tumor cells and non-malignant stromal
cells promote CAF activation and contribute to a pro-
inflammatory profile, that directly support carcinogenesis (16).
The activation of specific transcriptional programs and the lack
of negative feedback mechanisms launch CAF into self-
sustaining trajectories (17, 18).

Additionally, CAF drive the epithelial-mesenchymal transition
(EMT), whereby cancer cells lose polarity and adhesion molecules
and gain the motility necessary for dissemination (19). Despite the
overall pro-tumorigenic effects, functional dualities have been
observed. A hypothesis is that initially CAF are tumor suppressive
but as cancer evolves they transform into pro-tumorigenic
cells (20).
Heterogeneity of CAF Subtypes
Withinamulti-clonal solid tumor,CAFaredifferentially exposed to a
multitude of tumor secreted factors (TSF) explaining their
heterogeneity. However, the essential molecular mechanisms
underlying the activation and pro-tumorigenic activities of
fibroblasts may be common to various cancers, which present a
manifold of targets for innovative CAF-targeted therapies. Signaling
cascades mainly involve the Wnt/b-catenin, TGF-b, epidermal
growth factor receptor, JAK/STAT, and Hippo pathways.

Several studies have characterized distinct CAF subgroups that
differentially express the CAF markers, e.g. a-SMA, fibroblast
activation protein (FAP), and platelet-derived growth factor
receptor (PDGFR), and show that CAF subpopulations may have
various and even opposing functions. Tumor-suppressive CAF
populations have been characterized by activated Hedgehog
signaling pathways in mouse models of colon, pancreatic, and
bladder cancers. However, the full complement of CAF
populations remains unclear, and more detailed classifications
and functions of CAF subtypes are needed (21–25).

In a mouse model of pancreatic ductal adenocarcinoma
(PDAC), the ablation of CAF led to enhanced hypoxia, EMT,
increased vascularity, cancer cell proliferation, and disease
progression demonstrating that CAF to some extent can
restrain tumor growth (26, 27). Similarly, an initial expansion
of local fibroblasts circumscribing early or premalignant lesions
in response to tissue neoplasia was observed in mouse models
and human tissue studies (14, 28, 29).

Thus, the TME comprises a heterogeneous population of CAF
subtypes or clusters with different functions associated with
immunomodulation, immunosuppression, and immunotherapy
resistance (30).

Furthermore, in a mouse model on early and late PDAC stages,
fibrosis associatedwith type I collagenprovided a protective response
from the host rather than a pro-tumorigenic response (26).
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These results demonstrate that at least some stromal
constituents may restrain rather than promote tumor
progression and illustrate the high degree of temporal
differentiation plasticity within the diverse cell populations of
tumors. This may also explain the conflicting reports regarding
antitumor and pro-tumor functions of CAF.

In a preclinical trial on lung cancer, the depletion of CAF
significantly reduced the number of metastases (31, 32). To
establish the clinical relevance of primary tumor CAF in the
formation of metastasis, this research group examined human
brain metastases (since the normal brain is devoid of fibroblasts)
from lung, breast, kidney, and endometrium, and found a
distribution of activated CAF within these metastases. These
findings support the view that the CAF shed from the primary
tumor, together with cancer and non-tumor cells from the TME,
survive during the blood circulation and proliferate at the
metastatic site (31).

With respect to human PDAC specimens, the patients with a
higher expression of FAP were found to be associated with shorter
disease-free survival and overall survival when compared to those
with low FAP expression (33). The immune suppression caused by
FAP+ CAF is mediated by the CXCL12 receptor CXCR4 that
excludes T cells from the tumor. Notably, CXCR4 inhibition leads
to an elimination of tumor cells by a rapid accumulation of
cytotoxic CD8+ T cells (34). Moreover, the deletion of FAP+

CAF using a FAP-targeted immune-based therapeutic approach
or a genetic ablation approach inhibited cancer growth in murine
PDAC models (32, 35). Thus, the inhibition of CAF-induced pro-
tumorigenic signals is a highly attractive future strategy to improve
outcomes in pancreatic cancer.

In human triple-negative breast cancer, a subset of CAF with
myofibroblast characteristics (myCAF) (a-SMA+/FAP+ or S1
CAF) was identified as a key player in immunosuppression
through the attraction of Tregs and inhibition of effector T cell
proliferation (36) and it was hypothesized that targeting the
CAF-S1-mediated immunosuppression could enhance anti-
tumor immunity.

In PDAC, CAF are linked to worse overall survival. PDAC is
infamous for the abundance of fibrotic ECM with the majority of
the tumor volume being composed of a-SMA+ CAF. Preclinical
and clinical trials targeting stromal a-SMA+ CAF, however,
resulted in an apparent, paradoxical acceleration in disease
progression and reduction in survival, halting clinical trials and
adding further layers of complexity to CAF functions (26, 37).

Another study on murine models of lung carcinoma and
PDAC revealed that the deletion of FAP led to a significant
reduction in CAF infiltration and tumor tissue necrosis, and an
increase in infiltration of CD8+ T cells (38). Moreover, in murine
models of breast and colon cancer, the administration of a DNA-
based vaccine targeting FAP induced the killing of CAF by CD8+

T cells and lead to a substantial increase in the uptake of
chemotherapeutic agents by otherwise multi-drug-resistant
cancer cells (39). Further, in immunocompetent mice, the cell
transfer of FAP-specific chimeric antigen receptor T cells
boosted host immunity and arrested pancreatic tumor growth;
however, it also led to significant lethal toxicity and cachexia
(40). These examples indicate that specific CAF subsets could be
Frontiers in Oncology | www.frontiersin.org 3
potential targets for improving immunotherapy. Future studies
are needed to develop targeted therapies aimed at specific CAF
populations (41).

Secreted Factors and Exosomes in
CAF-Tumor Cells Interplay
The cytokines and chemokines produced by CAF may have both
immunosuppressive and immuno-activating effects on various
leukocytes, including CD8+ T cells, immunosuppressive
regulatory T cells (Tregs), and macrophages (Figure 1).
However, the consensus is that the overall effects of CAF are
immunosuppressive (14). IL-6, CXC-chemokine ligand (CXCL)
9, and TGF-b, which are produced by CAF, have well-established
roles in suppressing anti-tumor T cell responses (34). This is also
supported by an inverse association between CAF and CD8+ T
cell cytotoxicity.

The staining of the inhibitory immune-receptor ligand
programmed death-ligand 2 (PD-L2) and tumor necrosis
factor-alpha (TNF-a) ligand OX40L in human breast cancer
sections revealed T lymphocytes at the surface of CAF. This
confirmed that subsets of CAF attract and retain T lymphocytes
at the periphery of the tumor through distinct mechanisms
involving chemokine signaling (chemokine ligand [CCL]-11,
CXCL12–14), cell adhesion molecules, activation of inhibitory
immune checkpoints, and CD8+ T cell anergy (36).

In a murine PDAC model, it was demonstrated that CAF,
programmed by TGF-b to express a leucine-rich protein
(LRRC15), were associated with a poor response to anti–PD‐L1
therapy (42). Additionally, CAF are a source of various growth
factors including TGF-b, vascular endothelial growth factor
(VEGF), fibroblast growth factor 5, growth differentiation factor
15, hepatocyte growth factor and insulin-like growth factor (43,
44). The secretion of pro-stemness paracrine factors such as
insulin-like growth factors, inflammatory cytokines (IL-6 and
IL-8), and chemokines (CCL2 and CCL5) promotes the
conversion of cancer cells into cancer stem cells and reinforce
the stemness of existing cancer stem cells (45–47). Moreover, the
secretion of IL-6 make CAF an important mediator of EMT in
cancer cells (48, 49).

Exosomes are extracellular vesicles released by all cell types
and are found in all bodily fluids (50). They contain genetic
material, proteins, and lipids and are essential for intercellular
communication. The activation, recruitment, and conversion of
fibroblasts into activated CAF depend on TSF and tumor-
secreted exosomes (TSE) containing various oncogenic
molecules such as microRNAs (miRs), fusion gene mRNAs,
long non-coding RNAs, mutated DNA fragments, and a
manifold of cell‐signaling molecules (51). The circulating levels
of exosomal miRNA accurately reflect disease progression and
could serve as a prognostic tool among various cancers following
resection of the primary tumor (52–58).

In addition to TSF, TSE and CAF-derived exosomes (CAFEx)
secreted by tumor cells and CAF, respectively, in the primary tumor
are critical mediators of cancer cell-immune cell communication
and they drive the formation of pre-metastatic niches (PMN) (59).
Moreover, CAF may enter the circulation and promote the
development of PMN and subsequent metastatic lesions (60, 61).
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Integrins (ITG) are known to determine tumor cell
organotropism. In a mouse model, CAF promoted lung
metastasis by the construction of PMN via CAFEx. CAFEx-
derived ITGa2b1 were found to home to the lung fibroblasts and
subsequently activate the TGF-b signaling pathway. To prepare
for subsequent colonization of the lung tissue by extravasating
circulating tumor cells (CTC), the lung microenvironment is
remodeled by the activated lung fibroblasts (58). Surface ITG
guide the TSE to organ-specific ECM ligands (collagen,
fibronectin, fibrinogen, and E-cadherin) in the target organs,
e.g. ITGa6b1 and ITGa6b4 adhere to the epithelial cells and
fibroblasts in the lung and ITGavb5 binds to resident liver
macrophages (Kupffer cells) and upregulate the genes for cell
migration and S100 protein (62). Organ-specific TSE have been
identified for 28 different metastatic cell lines. Furthermore, TSE
comprising TGF-b and PDGF mediate the activation,
differentiation, and recruitment of CAF through all stages of all
solid cancers (13).

In early-stage colorectal cancer (CRC), TSE were found to
promote highly proliferative and angiogenic CAF, while those
from late-stage metastatic CRC cell lines were observed to induce
highly invasive CAF which, through the secretion of ECM-
degrading proteases and increased expression of the pro‐
invasive modulators of membrane protrusion, enabled the
penetration of ECM (51).

In addition, TSE alter CAF metabolism and induce the
production of CAFEx containing nutrient metabolites (amino
acids and tricarboxylic acid cycle intermediates) that fuel the
Frontiers in Oncology | www.frontiersin.org 4
tumor cells and increase their survival (31, 63). A study on
breast-cancer cell lines revealed that TSE containing miR-105
could re-program CAF metabolism and enable them to increase
glucose metabolism when nutrient levels were sufficient as well as
detoxify metabolic wastes into energy-rich metabolites when
nutrients were scarce (64).

As shown in PDAC, lactate produced by cancer cells
promotes extensive epigenomic reprogramming of CAF (65).
In CRC, and during protein deprivation, CAF accumulate fatty
acids, phospholipids, and fatty acid synthetase. The uptake of
lipid metabolites by the CRC cells secreted by CAF seem to be
essential for their migration (66).

Another potent promotor of malignancy is the heat shock
factor 1 which is frequently activated in CAF. It drives a program
that supports the survival and metastatic potential of cancer cells
by inhibiting apoptosis and promoting migration. The activation
of heat shock factor 1 has been associated with poor outcomes in
CRC, lung-, breast-, and hepatocellular carcinoma (HCC) (67).

Of the important players, the gene that deservesmentioning is the
HMG-box 2 (SOX2). It codes for transcription factors controlling the
expressionof several genes involved inearly embryonicdevelopment.
The upregulated stromal SOX2 drives the reprogramming of colonic
fibroblasts that results inenhancedb-CateninandTGF-b signaling in
CRC cells supporting cancer progression. Nonetheless, the precise
mechanism remains to be determined (68).

The subset of CAF with myofibroblasts characteristics (myCAF)
mediate a chronically deranged wound healing program in tumors
and play a key role in the development of a continuously evolving
FIGURE 1 | Major effects of CAF on immune cells in the tumor microenvironment. TGF-b, transforming growth factor beta; VEGF, vascular endothelial growth factor;
IL, interleukin 6; GM-CSF, granulocyte-macrophage colony-stimulating factor; M-CSF, macrophage colony stimulating factor; CCL, C-C motif chemokine ligand;
CXCL, C-X-C motif ligand.
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fibrotic stroma. myCAF are highly responsive to chemokines and
metabolically and morphologically distinctive from CAF. When
activated, their proliferation rate drops and the production of
ECM components increases dramatically. The cytoplasmic
microfilaments of myCAF connect to the extracellular fibronectin
domains, creating very contractile mechanisms. The following
extracellular deposition of collagen reinforces and stiffens the
ECM (69).

Not only does it contribute to the increasing stromal density,
but the remodeling of the stroma by CAF-produced matrix-
enzymes also provides tracks for cancer cell invasion and
migration (14). The stromal stiffness results in increased
interstitial pressure, abnormal vasculature, collapsed blood
vessels, hypoxia, and acidity which lead to inefficient drug
delivery and reduced response to therapy. These physical and
chemical barriers are hostile to cytotoxic immune cells such as
CD8+ T cells and natural killer (NK) cells (70).

CAF and Circulating Tumor Cells (CTC)
The presence of CAF in the circulation of cancer patients and
their levels in the peripheral blood correlates with cancer
progression and worse prognosis. Notably, the high levels of
CAF-CTC aggregates in the blood samples from patients should
be considered an important marker of worse clinical outcomes
(71). For instance, CTC have higher viability in the blood stream
when accompanied by stroma cells that also provide an
advantage with respect to early survival and growth of tumor
cells at the metastatic site (31). Traveling in clusters with
macrophages, immune cells, and platelets, CAF support, shield,
and increase the survival of CTC. Adjoining neutrophils may aid
in the survival of CTC through the suppression of leukocyte
activation (72). Through strong intercellular adhesions, CAF
maintained the viability and proliferative capacity of CTC in
cellular aggregates in presence of high levels of hemodynamic
forces (> 1,000 dyn/cm2). This protective role was observed in
prostate cancer, usually spreading through blood vessels rather
than the lymphatic system (61).

Only a minority of CTC travel in clusters; however, in a
mouse model, it was estimated that the probability of metastasis
formation originating from clusters (and especially those of
Frontiers in Oncology | www.frontiersin.org 5
oligoclonal tumor cell groupings) is fifty times higher
compared with that originating from a single CTC (73).

As EMT of tumor cells may proceed within the clusters, the
association between neutrophils and CTC drives tumor cell
mitosis and expands the metastatic potential of CTC (74).
Upon arrival in the PMN, tissue-resident fibroblasts contribute
to the mesenchymal-epithelial transition (MET). Thus, CAF are
considered key players in promoting the survival of CTC.

Targeting CAF-Associated Pathways
To revert CAF to a quiescent state by targeting the activation
pathways is an appealing concept. CAF-secreted Wnt2 accelerates
the Wnt/b-catenin signaling pathway which corresponds with the
absence of CD8+ T cells. The effects of vitamin D seen in
epidemiological studies of PDAC and CRC are partly related to
the reduced CAF-related Wnt/b-catenin signaling which was
relayed by vitamin D metabolites (Table 1) (75).

Alternatively, targeting CAF-derived cytokines and chemokines
(e.g. CXCL, IL-6, and TGF-b) could improve anticancer efficiency
in combination with immunotherapy. Several IL-6 inhibitors such
as sarilumab and tocilizumab that are already approved for
autoimmune and myeloproliferative disorders, are being
investigated for their role in anticancer therapy either alone or
in combination.

Anti-TGF-b in combination with anti-PD-L1 antibodies
inhibited TGF-b signaling in CAF and facilitated T cell penetration
into solid tumors (76). A summary of RCT examining the effects of
targeting IL-6 and TGF-b have been presented in Table 2. The
complexity and incomplete understanding of CAF functions
necessitate further research before anti-CAF targeted therapy can
be integrated into clinical practice.
THE MACROPHAGE AND ITS M1
AND M2 SUBTYPES

Representing another major stromal cell population,
macrophages are remarkable, heterogenic, and versatile cells.
These cells are capable of switching functions and phenotypes,
depending on their unique microenvironment (77). They engulf
TABLE 1 | Clinical trials targeting Wnt/b-catenin signaling related to CAF in different types of cancer.

Cancer type Trial number Target Mechanism of action Treatment/Intervention

CRC NCT04094688 CAF-related Wnt/
b-catenin
signaling

Wnt pathway: Vitamin D3 promotes the upregulation of
DKK-1 (tumor suppressor) and downregulation of DKK 4
b catenin: Vitamin D3 promotes VDR-dependent
inhibition of b-catenin (1)

High dose vitamin D3 + FOLFOX/FOLFIRI +
Bevacizumab

PDAC NCT03520790 Gemcitabine + Nab-paclitaxel + Paricalcitol IV/oral
Melanoma NCT01748448 Vitamin D
Urothelial cancer NCT04197089 Vitamin D
Prostate cancer NCT03103152 High/Low dose Aspirin + Vitamin D
Gynecologic
cancers

NCT03192059 Vitamin D + Aspirin + Cyclophosphamide +
Lansoprazole + Pembrolizumab + Radiation +
Curcumin

Breast cancer NCT02786875 Low glycemic diet, Physical activity, and Vitamin D
FOLFOX: leucovorin, 5-fluorouracil, and oxaliplatin; FOLFIRI: leucovorin, 5-fluorouracil, and irinotecan
CRC, colorectal cancer; PDAC, pancreatic ductal adenocarcinoma; CAF, cancer-associated fibroblasts; VDR, vitamin D receptor; DKK 1, DICKKOPF 1.
(1) Pendás-Franco, Natalia et al. “Vitamin D and Wnt/beta-catenin pathway in colon cancer: role and regulation of DICKKOPF genes.” Anticancer research vol. 28,5A (2008): 2613-23.
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tissue and microbial debris; orchestrate inflammatory processes
(78); and contribute to tissue remodeling, angiogenesis, and
homeostasis. The conventional binary model distinguishes
between the M1 and M2 macrophages.

The M1 subtype consists of classically activated, pro‐
inflammatory macrophages with bactericidal, tumor‐suppressive,
and anti-angiogenic functions. They express inducible nitric oxide
synthase (CD86 and CD169) and are activated through their
pattern recognition receptors upon recognition of damage- or
pathogen-associated molecular patterns such as bacterial
lipopolysaccharides and DNA damage. They produce
inflammatory cytokines (e.g. IL‐1b, IL‐6, IL‐12, IL‐23, and
TNF‐a), proliferate, and self-renew in a macrophage colony-
stimulating factor 1 (M-CSF1)- and granulocyte-macrophage
(GM)-CSF-dependent manner (79).

The M2 subtype, the alternatively activated macrophages
expressing CD163, CD206, and CD204, are commonly known
as TAM. They are characterized by the production of anti‐
inflammatory, immunosuppressive chemokines and cytokines,
such as IL-4, IL-6, IL-8, IL-10, IL-13, and TGF-b (80, 81), and are
devoid of cytotoxic activity. They produce various growth
factors, such as basic fibroblast growth factor (b-FGF),
placental growth factor, insulin-like growth factor, epidermal
growth factor (EGF), VEGF, and PDGF (82).

It should be emphasized that macrophages are extremely
plastic. Many context- and tissue- dependant phenotypes on
the spectrum between M1 and M2 exist, depending on multiple
factors of stimulation, and these in-between phenotypes are not
captured by the classical nomenclature. A more comprehensive
classification system that takes the dynamic nature of
macrophages into account has been proposed but so far not
adopted in the literature (83).

Although their origin is still debated, it is generally believed
that macrophages originate via common dendritic cell precursors
in blood, spleen, and from bone marrow hematopoietic stem cell-
derived progenitors with myeloid restricted differentiation.
Embryonic precursors may seed tissues already in the fetal
period and become tissue-resident macrophages (84). Attracted
by chemokines, macrophage progenitors enter the circulation
from reservoirs in the bone marrow and spleen. They leave the
peripheral blood flow and migrate to tissues where local growth
factors and cytokines control their differentiation (85).
Frontiers in Oncology | www.frontiersin.org 6
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The level of infiltratingTAMcorrelateswith tumorprogression and
reduced survival in patients (Figure 2). Growth factors and
immunosuppressive cytokines produced by TAM can enhance
motility, intravasation, and invasion of tumor cells, as well as
stimulate angiogenesis and prevent attacks by T cells and NK cells
(90, 91) as observed in various tumor types including carcinomas,
sarcomas, and lymphomas (92–94). The recruitment of
macrophages and their differentiation into TAM are primarily
promoted by TSF and CAF-derived factors such as M-CSF1,
GM-CSF, CCL2, VEGF, IL-6, and IL-8 (95); and are related to
local anoxia, acidity, and inflammation. The infiltration into the
TME is determined by CC chemokines such as the C-C motif
ligands CCL2, CCL11, CCL16, and CCL21 produced by local
lymphatic endothelial cells and stromal cells as demonstrated in
breast-, lung-, oesophageal-, ovarian-, and cervical cancers (96, 97).
Especially CCL2 exhibits strong chemotactic activity for
macrophages. Producing CCL2 themselves, macrophages recruit
macrophages in a feed-forward loop.

Homing towards increasing gradients of chemotactic
molecules, TAM massively infiltrate hypoxic/necrotic regions
of tumors and survive by shifting their metabolism towards
glycolysis (98). Hypoxic TAM express the transcription factor
hypoxia-inducible factor 1a and secrete VEGF, b-FGF, PDGF,
cyclooxygenase-2, prostaglandin E2, and MMPs (99, 100). In
response to hypoxia, TAM also overexpress PD-L1, PD-L2, and
cytotoxic T-lymphocyte-associated protein 4 ligands that
contribute to immune cell dysfunction and limit the effects of
checkpoint inhibitors (101, 102). Furthermore, the high levels of
IL‐10 and TGF‐b produced by TAM block T cell proliferation
and T cell cytotoxicity, while activating Tregs (92, 103, 104).

Exploring TAM in Different Cancer Types
Activated TAM are significant prognostic biomarkers for breast
cancer, PDAC (105), non-small-cell lung cancer (106), gastric
cancer (107), HCC (108), and stage II colon cancer (109).

In breast cancer, TAM produce metalloproteinases (MMP)
and cathepsins which degrade the ECM and release angiogenic
factors stored in the ECM. TAM-derived MMP-2 and MMP-9
have been correlated to a worse prognosis (110). Using human
metastatic breast cancer cells, it was demonstrated that these cells
TABLE 2 | Clinical trials targeting CAF associated pathways involving IL-6 and TGF-b in different cancers.

Cancer type Trial number Target Mechanism of action Treatment/Intervention

Pancreatic cancer NCT02767557 IL-6 Anti-IL-6 antibody Tocilizumab + Nab-paclitaxel + Gemcitabine
Melanoma NCT03999749 IL-6 Tocilizumab + Nivolumab + Ipilimumab
Prostate cancer NCT03821246 IL-6 Tocilizumab + Atezolizumab + Etrumadenant
Esophageal cancer NCT04595149 TGF-b + PD-L1 Bifunctional antibody against 3 isoforms

of TGF-b and PD-L1 (1)
Paclitaxel + Carboplatin + Bintrafusp alfa + Radiotherapy

Head and neck cancer NCT04247282 TGF-b + PD-L1 Bintrafusp alfa alone/+ TriAd vaccine + N-803
HPV-associated
cancers

NCT04432597 TGF-b + PD-L1 PRGN-2009 alone/+ Bintrafusp alfa
Bintrafusp alfa, Anti-PD-L1/TGF-Beta Trap; N-803, IL-15 super agonist; TriAd vaccine, novel agent targeting 3 human tumor-associated antigens-CEA, MUC1, and brachyury; PRGN-
2009, HPV vaccine.
IL, interleukin; TGF-b, transforming growth factor b; PD-L1, programmed death-ligand 1; HPV, human papillomavirus.
(1) Lind, Hanne et al. “Dual targeting of TGF-b and PD-L1 via a bifunctional anti-PD-L1/TGF-bRII agent: status of preclinical and clinical advances.” Journal for immunotherapy of cancer vol.
8,1 (2020): e000433. doi: 10.1136/jitc-2019-000433.
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stimulate TAM with M-CSF1 and in turn, TAM supply EGF to
them. This paracrine feed forward mechanism between tumor
cells and TAM facilitates the dissemination, intravasation, and
metastatic spread of cancer (111, 112).

In gastric cancer, TAM-derived exosomes that are rich in
miRNA, lncRNA, and specific proteins contribute to tumor cell
dissemination. Mass spectrometric analysis revealed that these
exosomes activated mitogenic signaling through the
phosphatidylinositol 3-kinase (PI3K)/AKT pathway in tumor
cells, inducing EMT and increasing the metastatic potential (113).

In PDAC, TAM-derived exosomes reportedly contribute to
the resistance of tumor cells to gemcitabine. Using a genetic
mouse model of PDAC and electron microscopy analyses, it was
demonstrated that TAM exosomes are selectively internalized by
tumor cells indicating that TAM and tumor cells communicate
closely with each other. Furthermore, it was shown that the
sensitivity of PDAC to gemcitabine was significantly reduced by
the exosomal TAM-derived miR-365 (114).

In non-small-cell lung cancer tissue samples from 104
patients, M1 macrophages and TAM were identified using
multiplex immunofluorescence staining. TAM predominated
over M1 macrophages in number and proximity to tumor
cells, which was linked with tumor cell survival, particularly in
the hypoxic regions (109).
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In stage II colon cancer, postoperative adjuvant
chemotherapy generally has limited effect, with an improved
survival rate of less than 5% at 5 years after surgery (115, 116). In
a clinical study on human stage II colon cancer, a high density of
CD206+ TAM was significantly associated with poor
differentiation and worse disease-free survival. A high CD206/
CD68 ratio (CD68 being an unspecific marker for the
macrophage lineages) was significantly associated with poor
differentiation, T4 stage, and lymphatic/vascular/perineural
invasion. This ratio was a more reliable prognostic factor than
CD206+ TAM density and other traditional clinicopathologic
high-risk factors. Notably, the CD206/CD68 ratio identified
patients with a low and high risk of tumor recurrence and
effectively predicted which patients would benefit from
adjuvant chemotherapy (117).

Targeting TAM-Associated Pathways
The field of research exploring the mechanisms by which TAM
impact the tumor progression and lower the response to
anticancer therapies is very active, and it includes several
pharmacological strategies to target TAM. While some
strategies revolve around blocking recruitment and depleting
TAM through direct inhibition using small molecules and
monoclonal antibodies, others focus on reprogramming of TAM.
FIGURE 2 | Kaplan–Meier curves depicting overall survival for high and low TAM densities across different cancer types. Overall survival curves, merged data,
various cancers. Gastric cancer: Kaplan–Meier overall survival curves for gastric cancer patients with high TAM density (> 671 cells in five 400x microscopic fields;
green dotted line) and low density (< 671 cells in five 400x microscopic fields; green solid line). The TAM density in the tumor tissue was negatively associated with
overall survival [p=0.0073; (86)]. Breast cancer: Kaplan–Meier curves showing significant correlation (p<0.001) with overall survival according to the numbers of M2
TAM (CD163 high: yellow dotted line; CD163 low: yellow solid line) (87). Multiple myeloma: overall survival outcome based on low and high CD163 TAM (≤ 55 per
high power microscopic field; solid blue line) vs. high CD163 TAM (> 55 per high power microscopic field; dotted blue line) showing significant survival difference
(p<0.001) (88). Ovarian cancer: Kaplan–Meier survival curves comparing high and low M1 (CD80)/M2 (CD163) ratios in patients with ovarian cancer. Patients with an
M1/M2 ratio ≥ 1.4 (solid red line) showed a significantly higher overall survival (p=0.02) than those with an M1/M2 ratio < 1.4 (dotted red line) (89).
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With respect to TAM recruitment, it has been demonstrated
that the blockade of CCR2 suppresses the accumulation of TAM
in tumors. CCR2 inhibitors and anti-CCL2 antibodies (CNTO
888) have demonstrated efficacy in reducing tumor growth and
metastasis in several pre-clinical murine models (118, 119).

It has been reported across multiple murine tumor- and
metastasis models that CCR2 antagonism in combination with
anti-PD-1 therapy lead to sensitization and enhanced tumor
response over anti-PD-1 monotherapy (120). Additionally, in a
clinical trial on PDAC, an objective tumor response was observed
in 16 of the 33 patients (49%) receiving a CCR2 inhibitor (PF-
04136309) plus FOLFIRINOX, compared to FOLFIRINOX alone
(Table 3) (121). CCR5 is another receptor which is highly
upregulated in metastatic cancers, and a study in mice showed
promising response upon treatment with CCR5 antagonist,
maraviroc (118, 122).

Furthermore, several trials investigating the effect of dual
inhibition of CCR2 and CCR5 in patients with locally advanced
pancreatic cancer, CRC, HCC, advanced renal cell carcinoma
and non-small-cell lung cancer are underway (Table 3).

Another strategy is to deplete TAM by pharmacological
blockade of CSF and its receptor CSF-1R, in mono- or
combination therapy, preferentially in patients with advanced
solid tumors. The depletion of TAM by CSF-1R blockade showed
increased infiltration of CD8+ cytotoxic T cells and improved
treatment response in murine models of breast, prostate, and
cervical tumors (123–125). Inhibition of the CSF-1/CSF-1R axis,
using antibodies (AMG 820, IMC-CS4) and small molecule
inhibitors like pexidartinib, is presently being explored in
phase I/II clinical trials (Table 4).

Additionally, the plasticity of macrophages opens up new
avenues for reprogramming TAM to switch to an anti-tumor,
M1-subtype. While drugs targeting toll-like receptors
(imiquimod) are already approved for use, many novel
antibodies and fusion proteins targeting CD47/SIRPa axis are
under investigation (Table 5) (126). Adding to that list, some
preclinical trials are currently investigating the use of CAR-T
adoptive cell transfer and mRNA tumor vaccines. Theoretically,
strategies to reprogram TAM by the delivery of mRNA are
attractive, but this research is still in its nascent stages.
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To this end, TAM are a promising therapeutic target and
further research will benefit in the development of combinational
regimens utilizing multifaceted targeting of the cancers.
THE CAF–TAM COLLABORATION

Although CAF and TAM can play both supportive and
restrictive roles in carcinogenesis and tumor progression, they
are emerging as key players in orchestrating cancer-promoting
inflammation and their interactions likely increase the
malignancy of tumors (127).

Further to the recruitment of monocytes and M2 polarization,
recent data have linked CAF and TAM to a reciprocal interplay
with cancer cells. The anti-inflammatory and immunosuppressive
M2 phenotype facilitates tumor growth and converts healthy
fibroblasts into CAF. Activated CAF secrete factors that
promote TAM, cancer cell aggressiveness, EMT, and stemness.
In return, cancer cell secrete factors that increase CAF activation
and reactivity in a complex that involves various interleukins,
chemokines, growth factors and proteinases (128).

As the synergistic interaction between TAM and CAF was
only recently identified, only a few studies describe their cell-cell
interactions. In CRC and oral squamous cell carcinoma, high
levels and combined presence of CAF and TAM within the TME
was reported as a negative prognostic factor (7, 129). In high-risk
neuroblastoma, pro-inflammatory lipid mediators produced by
CAF contributed to tumor growth and were accompanied by a
high infiltration of CD163+ TAM (130).

The CAF secretome seems to regulate the composition of
tumor-related inflammation, including the presence, phenotypes,
and levels of infiltrating TAM (13). In this case, CAF together with
tumor cells shape the environment to which monocytes/
macrophages are recruited to promote tumor progression (127,
131). To evaluate the effects of CAF on tumor growth and
metastasis, monocytes were co-cultured with colon cancer cells
and stimulated with colon cancer-activated CAF. The inducible
factors that drove monocyte differentiation into pro-invasive TAM
were primarily characterized as CAF-derived GM-CSF and IL-6,
and are known to regulate the presence of TAM and promote
TABLE 3 | Clinical trials targeting CCR2-CCL2 axis and CCR2/CCR5 in TAM.

Cancer type Trial number Target Mechanism Treatment/Intervention

Metastatic PDAC NCT02732938 CCR2 PF-04136309 binds to CCR2 and inhibits
interaction between CCR2 and CCL2

PF-04136309 + Nab-paclitaxel + Gemcitabine
Locally advanced PDAC NCT01413022 PF-04136309 + FOLFIRINOX
Solid tumors, Bone
metastases

NCT01015560 CCR2 Monoclonal antibody MLN1202

Locally advanced PDAC NCT03767582 CCR2 +
CCR5

BMS-813160 is a small-molecule dual
antagonist of CCR2 and CCR5

BMS-813160 + SBRT + Nivolumab +/- GVAX
CRC and PDAC NCT03184870 BMS-813160 alone or combined with: Nivolumab,

Gemcitabine, Leucovorin, Irinotecan, Nab-paclitaxel, 5-FU
PDAC NCT03496662 BMS-813160, Nivolumab, Gemcitabine, Nab-paclitaxel
NSCLC, HCC NCT04123379 BMS-813160 + BMS-986253 + Nivolumab
Advanced RCC NCT02996110 Nivolumab + Ipilumab/Relatlimab/BMS-986205/BMS813160
Solid tumors NCT00537368 CCL2 Anti-CCL2 recombinant monoclonal antibody CNTO 888 (discontinued)
FOLFIRINOX, 5-fluorouracil, leucovorin, irinotecan, and oxaliplatin; SBRT, stereotactic body radiotherapy; 5-FU, 5-fluorouracil; GVAX, granulocyte-macrophage colony-stimulating factor
(GM-CSF) gene-transfected tumor cell vaccine; PDAC, pancreatic ductal adenocarcinoma; CRC, colorectal cancer; HCC, hepatocellular carcinoma; RCC, renal cell carcinoma; NSCLC,
non-small-cell lung cancer; CCR2/5, C-C chemokine receptor type 2/5; CCL2, chemokine (C-C motif) ligand 2.
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cancer cell invasion and metastasis. Therefore, in the triple cross-
talk between tumor cells, CAF, and TAM, IL-6 and GM-CSF could
become important targets for modulating their interaction (95).

In HCC, osteopontin (OPN) was identified as a key molecule
involved in cancer-CAF-TAM interactions. OPN is a
chemokine-like phosphorylated glycoprotein released by TAM
in the TME. The TAM-secreted OPN promotes the secretion of
Frontiers in Oncology | www.frontiersin.org 9
OPN from CAF and leads to increased cancer cell malignancy
through upregulation of proliferation, ECM degradation, and
migration. Thus, OPN could be a potential new therapeutic
target to inhibit cancer-CAF-TAM interactions in HCC (132).

Based on global gene expression profiles inCRC, bioinformatics
and immunohistochemistry identified stromal markers that were
significantly associated with resistance to therapy, recurrence and
TABLE 4 | Clinical trials targeting TAM through CSF-1 inhibition.

Cancer type Trial number Target Mechanism of action Treatment/Intervention

PC, CRC, NSCLC NCT02713529 CSF1R CSF1R antibody inhibiting binding of
CSF1 and IL34

AMG 820 + Pembrolizumab
Solid tumors NCT01444404 AMG 820 monotherapy
Advanced solid tumors NCT02734433 CSF1R, c-KIT,

FLT3
Multi-targeted receptor tyrosine
kinase inhibitor

Pexidartinib monotherapy
NCT01525602 Pexidartinib + Paclitaxel

Acral and mucosal melanoma NCT02071940 Pexidartinib monotherapy
PVNS, GCT-TS, TGCT NCT02371369 Pexidartinib monotherapy
Sarcoma and Malignant Peripheral
Nerve Sheath Tumors

NCT02584647 Pexidartinib + Sirolimus (rapamycin)

Metastatic breast cancer NCT01596751 Pexidartinib + Eribulin
Breast cancer, neoplasms, and
angiosarcoma

NCT01042379 Standard/neoadjuvant therapies with novel agents
(Pexidartinib in one arm)

Leukemia and solid tumors NCT02390752 Pexidartinib monotherapy
Prostate cancer NCT02472275 Pexidartinib + radiation + antiandrogen therapy
Glioblastoma NCT01790503 Pexidartinib + radiation + Temozolomide
Metastatic/Advanced PC and CRC NCT02777710 Pexidartinib + Durvalumab
Melanoma, NSCLC, GIST, HNSCC,
and ovarian cancer

NCT02452424 Pexidartinib + Pembrolizumab

Advanced solid tumors NCT01346358 CSF1R Monoclonal antibody against
CSF1R

IMC-CS4 monotherapy
NCT02718911 IMC-CS4 + Durvalumab/Tremelimumab

PC NCT03153410 IMC-CS4 + Cyclophosphamide + Pembrolizumab +
GVAX

Breast/Prostate cancer NCT02265536 IMC-CS4 monotherapy
Metastatic sarcomas NCT04242238 Switch pocket of

CSF1R
Highly selective kinase inhibitor DCC-3014 + Avelumab

TGCT and advanced tumors NCT03069469 DCC-3014
PC, pancreatic cancer; CRC, colorectal cancer; PVNS, Pigmented villonodular synovitis; GCT-TS, Giant cell tumors of the tendon sheath; TGCT, Tenosynovial Giant Cell Tumor; CSF1,
colony stimulating factor 1; IL-34, interleukin 34; c-KIT, KIT proto-oncogene receptor tyrosine kinase; CSF1R, CSF1 receptor; FLT-3, FMS like tyrosine kinase 3; NSCLC, non-small-cell
lung cancer; GIST, gastrointestinal stromal tumor; HNSCC, head and neck squamous cell carcinoma; GVAX, granulocyte-macrophage colony-stimulating factor (GM-CSF) gene-
transfected tumor cell vaccine.
TABLE 5 | Clinical trials investigating reprogramming of TAM in combination with other therapies.

Cancer type Trial number Target Mechanism of action Treatment/Intervention

Ovarian cancer NCT03558139 CD47 Monoclonal antibody recognizes CD47 and
blocks the “don’t eat me” signal on SIRPa
receptor on TAM

Magrolimab + Avelumab
Hodgkin lymphoma NCT04788043 Magrolimab + Pembrolizumab
Urothelial carcinoma NCT03869190 Several treatment combinations including Magrolimab
AML NCT04435691 Magrolimab + Azacitidine + Venetoclax
AML and myelodysplastic syndrome NCT03248479 Magrolimab +/- Azacitidine
Solid tumors and advanced CRC NCT02953782 Magrolimab + Cetuximab
Non-Hodgkin lymphoma NCT02953509 Magrolimab + Rituximab + Gemcitabine + Oxaliplatin
Hematologic malignancies and solid
tumors

NCT02663518 CD47 TTI-621 is SIRPaFc, a recombinant fusion
protein blocking CD47:SIRPa axis

TTI-621 alone/+ Rituximab/+ Nivolumab

Lymphoma and myeloma NCT03530683 CD47 SIRPa-IgG4Fc, a recombinant fusion protein
binding to CD47

TTI-622 alone/+ Rituximab/+ Nivolumab/+
Carfilzomib

Hematologic cancers and advanced
solid tumors

NCT03512340 CD47 Anti-CD47 antibody SRF231

PDAC NCT01456585 CD40 CP-870,893 is a fully human, CD40-specific
agonist monoclonal antibody

CP-870,893 + Gemcitabine
Metastatic melanoma NCT01103635 CP-870,893 + Tremelimumab
Metastatic CRC NCT03555149 CD40 Selicrelumab is a human IgG2 agonistic anti-

CD40 monoclonal antibody
Several combinations including Selicrelumab

Metastatic PDAC NCT03193190 Several combinations including Selicrelumab
Locally advanced and metastatic
solid tumors

NCT02304393 Selicrelumab + Atezolizumab
AML, acute myeloid leukemia; CRC, colorectal cancer; PDAC, pancreatic ductal adenocarcinoma; CD47, cluster of differentiation protein-47; TAM, tumor associated macrophages; IgG,
immunoglobulin G; SIRPa, signal regulatory protein a.
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poor prognosis. The predictive power of stromal cell genes was
higher than the power of tumor cell genes (4). In accordance with
and by investigating the four consensus molecular subtypes (CMS)
in CRC, the CMS4 tumors were characterized by heavy infiltration
of mesenchymal cells and displayed worse recurrence-free survival
andoverall survival comparedwith otherCMS subtypes.Moreover,
the CMS4 tumors showed a clear upregulation of genes controlling
EMT, TGF-b signaling, angiogenesis, matrix remodelling, and
inflammation (5).

Compared with TAM, and playing a dominant role in the
evolution of TME, a higher density of CAF is usually observed in
tumors of the gastrointestinal tract, pancreas, lung, and prostate. It is
important to mention that TAM are associated with migration and
intravasationof tumor cells,CTC formation, andaidingCTCclusters
in the peripheral circulation in the patients (73, 133, 134). Despite
them being appealing targets, owing to the lack of selectivity,
strategies to attack CAF and TAM have resulted in unwanted side-
effects and thereby, limited their clinical use (14, 135).
THE EXTRACELLULAR MATRIX

The ECM mainly consists of proteins and glycosaminoglycans
that are constantly remodeled by fibroblasts and macrophages in
response to environmental changes.

In preclinical trials on breast and lung cancer, it was reported
that CAF-produced collagen and CAF-derived FAP transformed
the ECM into an environment facilitating the cancer cell motility
through a parallel alignment of the collagen fibers that enhanced
the direction and speed of the migrating cells (136).

Regular tissue fibroblasts synthesize and release ECM
components such as collagen, elastin, fibronectin, and a variety
of proteoglycans that combine to form a web of fibers. This
network regulates the homeostasis of cells, tissues, and organs
and allows the ECM and tumor cells to resist a wide range of
chemical and mechanical stress factors (137).

In a solid tumor, the assembly of ECM fibrils is crucial for the
barrier formation and exclusion of immune cells and therapeutics.
Further, the collagen network in the stroma is key for the
maintenance and exchange offluids and solutes within the tumor.

Elastin, an abundantly expressed protein in the ECM, is
secreted by fibroblasts as a precursor protein, tropoelastin,
which assembles in the elastic fibers that are rich in crosslinks.
The crosslinks render the elastin insoluble and equip the fibers
with the ability to withstand repeated distension. Additionally,
the elastin fibers are tightly associated with collagen fibrils which
are mediated by the cell surface proteoglycans (138).

Fibronectin, also secreted by fibroblasts, binds to the ECM
components such as collagen and fibrin and anchors the fibrils to
the cell-surface integrin receptors (139).

The tyrosine kinase inhibitor, Imatinib—specific to ABL1,
PDGFR, and c-kit—is used to treat hematological malignancies
and gastrointestinal stromal tumors. It is found to increase the
flow of fluids through the interstitial compartment of the tumor,
improving drug delivery, mainly due to a decreased collagen
fibril diameter (140, 141).
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CAF and TAM produce various enzymes, including matrix
metalloproteinases (MMP), fibrinolysin, and cathepsins that
degrade ECM components, accelerate local invasion of tumor
cells, and facilitate their dissemination (142, 143). Some ECM
degradation fragments may even stimulate angiogenesis and
migration (144). MMPs are zinc-dependent ECM-remodelling
endopeptidases deeply implicated in almost all steps of
metastasis. A high MMP expression in the tumor correlates
with poor prognosis and increased risk of recurrence (145). The
CAF expression of MMP-11 in CRC, MMP-2 and MMP-9 in
breast cancer, and MMP-21 in HCC was significantly related to a
high risk of tumor recurrence (146–148).

The presence of hypoxia, acidity, increased interstitial
pressure, and aberrant vasculature in the TME confer tumor
cells with a survival advantage. The environment inhibits the
penetration, navigation, and functionality of cytotoxic immune
cells in their quest to kill tumor cells (149, 150).

To prevent intracellular acidity, tumor cells express various
proton flux regulators, such as H+-ATPases, Na+/H+ exchangers,
monocarboxylate transporters, carbonic anhydrases, and Na+/
HCO3 transporters. Proton pump inhibitors are currently being
used in clinical trials (151, 152), in combination with therapies
targeting carbonic anhydrases: Acetazolamide (carbonic
anhydrase inhibitor) and radiotherapy for small cell lung
cancer (NCT03467360), carbonic anhydrase IX inhibitor and
Gemcitabine (antimetabolite) for PDAC (NCT03450018), and
Acetazolamide and Temozolomide (alkylating agent) for
malignant glioma of the brain (NCT03011671). Additional
clinical trials of therapies that aim to target ECM and ECM-
associated molecules are on-going; however, as therapeutics,
ECM degrading agents must be used with caution as they may
have fundamental consequences on cell and tissue functions,
which could ease the metastatic spread instead of inhibiting
tumor progression (153).
CAF AND TAM IN IMMUNOTHERAPY
AND ANTI-ANGIOGENESIS

The introduction of monoclonal antibodies targeting inhibitory
receptors on immune cells, known as immune checkpoint
inhibitors, has been a great breakthrough in oncology,
immensely improving the clinical outcomes of several cancers.
This therapeutic strategy enhances the efficacy of anti-tumor
immune responses and revitalizes exhausted killer cells such as
CD8+ T cells and NK cells (154).

The exclusion of immune cells from solid tumors is not only
caused by the physical and chemical barrier of the ECM, but also
by the immune checkpoint ligands expressed by cancer cells,
CAF, and TAM (155). In line with this, a study on tissue samples
from patients with PDAC demonstrated that PD-L1 and PD-L2
(both ligands to PD-1) expressed by CAF were involved in
immune cell exclusion and anergy (156).

Adding to the complexity of stromal cell functions, preclinical
studies suggest that some CAF, along with normal fibroblasts, have
the ability to overrule oncogenic signaling from the surroundings
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and act as tumor suppressors (20, 157). Whether these fibroblasts
are subtypes of normal fibroblasts resistant to CAF conversion or
distinct anti-tumor CAF subpopulations remains unknown.
However, the CAF/TAM collaboration do play a vital tumor-
promoting role. It fuels the growth of tumors; induces stemness
and EMT in cancer cells by the production of cytokines,
chemokines, e.g. interleukins, TGF-b, CCL, and CXCL
chemokines (158). It supplies the tumors with energy-rich
metabolites and upregulate the tumor-cell mitochondrial oxidative
phosphorylation (159). Thus, therapeutic regimens targeting the
TAM-CAF interaction in combination with immunotherapy could
improve anti-tumor therapeutic efficacy (160).

CSF-1R receptors are overexpressed on TAM in many cancers,
controlling the production, differentiation, and function of
macrophages. In a mouse model, a CSF-1R-inhibitor blocked the
production of inflammatory mediators in TAM, inhibited the
recruitment of bone marrow-derived suppressor cells (BMDSC),
and enhanced T-cell infiltration and CD8+ T cell activity. However,
the inhibition of CSF-1R signaling caused CAF to secrete
chemokines and chemokine ligands that neutralized the CSF-1R
inhibitor. The supplementation of a chemokine receptor antagonist
reduced the tumor burden, and tumor growth was completely
blocked when an immune checkpoint inhibitor (anti-PD-1) was
further added to the combination (161).

There are currently several clinical trials evaluating the effect
of CSF1R monoclonal antibodies in combination with immune
checkpoint inhibitors in a variety of solid tumors (Table 4).

In a human trial on solid tumors, dual antibody blockade (anti-
TGF-b and anti-PD-L1) led to a significant increase in the number
of cytotoxic CD8+ T cells in the TME. The co-inhibition of TGF-b
and PD-L1 converted an immune excluded tumor phenotype to
an inflamed phenotype, supporting the fact that TGF-b signaling
prevents T-cell invasion. T cell localization was not affected with
either antibody as monotherapy (162). Thus, TAM expressing
immune checkpoint receptor ligands limit the functions of effector
T cells, NK cells, and dendritic cells, and attenuate the effects of
immune checkpoint inhibitor therapy (101, 102).

To prevent phagocytosis, upregulated CD47 surface proteins
on tumor cells provide a “do not eat me” signal by ligating the
inhibitory TAM-receptor signal regulatory protein alpha
(SIRPa). As CD47 also promotes the proliferation of cancer
cells via the PI3K/AKT pathway, the CD47 signaling pathway is
considered an important mechanism of therapy resistance.
Inhibition of CD47 could be a promising therapeutic strategy,
particularly in combination with immune checkpoint inhibitors.

In mouse models of melanoma, colon carcinoma, and
lymphoma, dual targeting of CD47 and PD-L1 was found to
enhance anti-tumor effects (163–165) and several clinical trials
evaluating the efficacy of CD47 or SIRPa monoclonal antibodies
as monotherapy or in combination with immune checkpoint
inhibitors are underway (Table 5; ClinicalTrials.gov).

As VEGF-A is overexpressed in both tumor cells, CAF, and
TAM and is associated with cancer progression and dissemination,
it represents the main target of anti-angiogenic drugs in cancer
therapy. These drugs are widely used in the treatment of various
cancers and have resulted in increased overall survival or
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progression-free survival in gynecologic cancers (166), CRC (167),
and gastric cancer (168). However, due to antiangiogenic drug
resistance of tumor cells, metastasis and mortality continue to occur
during and after cessation of treatment. This resistance comprises
the amplification of pro-angiogenic genes, secretion of multiple
proangiogenic factors, and recruitment of proangiogenic BMDSC
(169). Bevacizumab, a humanized monoclonal antibody that targets
all VEGF-A isoforms and the first anti-angiogenic drug approved
for clinical application, is efficacious in various malignancies such as
CRC and glioblastoma (170). Today, most clinical studies use anti-
angiogenetic drugs in combinatory regimens, e.g. lenvatinib
(multiple kinase inhibitor) inhibiting both VEGFR 1–3 and
PDGFR and Pembrolizumab (anti-PD-1) for the treatment of
endometrial cancer (NCT03517449).

The anti-diabetic drug metformin appears to be a promising
therapeutic agent in neoadjuvant and adjuvant settings. The
metformin‐induced antitumor and anti‐angiogenic effects are
partly related to the skewing of TAM polarization from M2‐ to
M1‐like phenotype and significant inhibition of tumor angiogenesis.
Currently, there is very little insight into the mechanism through
which metformin modulates macrophage function. However, an in
vitro study on breast cancer cells andTAMpolarization revealed that
metformin treatment activated AMPK-NF-kB signaling in cancer
cells. These molecules participate in the regulation of M1 and M2
inducing cytokines.Metforminwasobserved to increasemacrophage
expression of M1-related cytokines IL-12 and TNF-a and attenuate
the expression of the M2-related cytokines IL-8, IL-10, and TGF-b.
Furthermore, the secretion of important cytokines for the M2
phenotype (e.g. IL-4, IL-10, and IL-13) was inhibited in
metformin-treated cancer cells (171).

In cultures of human cholangiocarcinoma cells, and at
concentrations corresponding to plasma levels of metformin in
diabetic patients, metformin inhibited proliferation and cell
migration and induced apoptosis. Expression of vimentin
(mesenchymal marker) and EMT genes was downregulated
and expression of cytokeratin-19 (epithelial marker) was
upregulated (172). The findings from the multiple ongoing
trials (173) may convey a deeper understanding of the anti-
tumor function of metformin in the near future.
DISCUSSION

In a solid tumor, the balance between growth and differentiation
is determined by the TME. TAM and CAF promote cancer
evolution through the inflammatory, immunosuppressive,
angiogenic, energy-rich environment, and also suppress cancer
cells via predominantly unknown mechanisms. The presence
and precise functions of CAF and TAM in the TME are
extremely complex (Figure 3) and incompletely understood,
and only a few studies describe the interplay between these
cells. The general perception is that the TME strongly modulates
tumor cells through all phases of disease progression, and as each
tumor is comprised of multiple clones with myriads of cell types
and signaling molecules, the heterogeneity of each tumor may
therefore require unique therapeutic approaches.
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Improving our understanding of the TME including the
impact of stromal cells, immune cells, and ECM components,
is vital for the innovation of therapeutic strategies. Hence, cell-
cell communication within the TME should be integrated into
future cancer research. However, the manipulation of the
immune system and/or stromal components within the TME
during cancer treatment can be unpredictable. The regulation/
eradication of a-SMA+ or FAP+ CAF have had variable results
and currently, targeting CAF or TAM individually does not seem
to be an appropriate approach.

A CAF-directed therapy could be designed against specific
pro-tumorigenic factors that in turn could prevent CAF
activation or CAF functions. The reprogramming of CAF back
into a normal resting phenotype would be a desirable option;
however, targeting FAP has had a minimal response in human
trials (20). Drugs that target CAF may emerge as a complement
to immunotherapies in solid tumors, though a major obstacle in
the precision strategy of CAF-based therapy is that neither a-
SMA nor FAP is exclusively expressed by CAF.

In theory, TAM antagonists could be used to overcome
resistance to immunotherapy; nevertheless, the type of
approach is yet to be determined. The lack of macrophage
selectivity has so far hindered its introduction into the clinic.

Monoclonal antibodies blocking the interaction between CD47
on tumor cells and SIRPa on innate immune cells is another
interesting direction for future research. Other potential treatment
targets are the MMPs. In the TME, MMPs are expressed by various
cell types, and anumber ofMMP inhibitors have been tested in phase
1, 2, and 3 clinical trials. Unfortunately, all trials across different
cancer types and stages have failed to provide any improvements in
the clinical outcomes (174). Nonetheless, the field is advancing fast
with the development of small-molecule inhibitors and antibodies
targeting specific domains of pro-tumorigenic MMPs.
Frontiers in Oncology | www.frontiersin.org 12
In PDAC, the TME is an important contributor to tumor
progression and prognosis. The increasing amount of ECM and
fibrosis promote tumor progression and correlate with shorter
survival. The aberrant TGF-b signaling in cancer cells leads to an
increased epithelial signal transducer and activator of transcription
3 (STAT3) activity, resulting in increased ECM fibrosis (175).
Therefore, the concept of reducing tumor aggressiveness by
interfering with STAT3 hyperactivity seems intriguing.

Notably, a recent study demonstrated that increased
phosphorylation of STAT3 in CAF was associated with
reduced overall survival in CRC patients (176). To improve
response rates and increase the number of responding cancer
types, combination therapies using STAT3 inhibitors and
immune checkpoint inhibitors are now being undertaken (177).

In conclusion, combinations of immune-modulating agents
are gaining more and more ground in oncology. CAF and TAM
hold significant potential to improve targeted therapy and
outcomes in cancer treatment when combined with existing
therapies. Although in its naive stages, the TME modulating
technology is an active field of research that holds immense
prospects for researchers, clinicians, and patients.
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FIGURE 3 | Interplay between tumor, stromal, and immune cells. Depicts the interplay between cancer-associated fibroblasts (CAF), tumor-associated
macrophages (TAM), growth factors, cytokines, interleukins, and immune cells in the tumor microenvironment (TME). CAF are the predominant cell type in the tumor
stroma, contributing to the proliferative, pro-inflammatory, immunosuppressive, angiogenic, pro-invasive and pro-metastatic TME. They secrete various growth
factors including TGF-b, vascular endothelial growth factor (VEGF), fibroblast growth factor 5, growth differentiation factor 15, and hepatocyte growth factor. CAF
also produce cytokines and interleukins that may have both immunosuppressive and immuno-activating effects on various leukocytes, including CD8+ T cells,
immunosuppressive regulatory T cells (Tregs) and macrophages. A subset of CAFs have myofibroblasts characteristics (myCAF) and play a major role in the
development of the fibrotic stroma in the TME including the regulation of collagen fibre elongation. Growth factors and immunosuppressive cytokines produced by
TAM enhance motility, intravasation, and invasion of tumor cells, while stimulating angiogenesis and suppressing T cell infiltration. Additionally, TGF‐b produced by
TAMs activate immunosuppressive Tregs.
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