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Introduction

Activation of the Wnt/B-catenin pathway is associated with poor prognosis in a variety

of cancers. Perhaps the most notable example is colorectal carcinoma, where mutations

of the tumor suppressor gene APC are present in over 80% of cases (1). With the

recent renaissance in tumor immunology and checkpoint inhibitor therapy, there has

been increased interest in elucidating drivers of tumor immune evasion, in particular the
roles of Wnt signaling. Transcriptional analyses of melanoma patients treated with anti-
PD1 immunotherapy shows that non-responders have higher Wnt ligand expression and
activation of both p-catenin-dependent and B-catenin-independent Wnt pathways compared
to responders (2). Wnt/B-catenin signaling is known to be important for the development,
maturation, and differentiation of many immune cells including cytotoxic NK cells and
undifferentiated and memory CD8* T cells (3,4). Wnt signaling is downregulated in
effector CD8* T cells, which are important drivers of anti-tumor immunity (4). Wnt driven
immunotherapy resistance may also involve exclusion of cytotoxic CD8* T cells from the
tumor microenvironment all together (5,6). Indeed, dendritic cells and tumor-associated
macrophages (TAMSs) may be critical components of the immune microenvironment
orchestrating this T cell exclusion (2,6-8). While the role of Wnt signaling in dendritic
cell-driven anti-tumor immunity was recently reviewed (9), the roles of Wnt signaling

Correspondence: Vivian Weiss, M.D. Ph.D., Pathology, Microbiology, and Immunology, Vanderbilt University Medical Center, 1161
215t Ave. S., MCN C-3321, Nashville, TN 37232, Phone: 615-875-3002, Vivian.l.weiss@vumc.org.

Disclosure: WAW and EL are founders of StemSynergy Therapeutics Inc., a company commercializing small-molecule signaling
inhibitors, including Wnt inhibitors. All other authors declare no potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tigue et al.

Page 2

in TAM-mediated tumor immunity have not been thoroughly explored. In addition to
suppressing anti-tumor immune responses, TAMs can directly promote tumor progression
and metastasis (8,10). Meta-analyses in several different cancers have found a correlation
between a high-density of TAMs and poor patient prognosis (11-14). Understanding the
signaling pathways that support TAM enrichment in the tumor microenvironment can offer
strategies for future therapeutic intervention (8,15,16). This review will focus on the ways
in which Wnt signaling affects the establishment of TAMs in the tumor microenvironment,
TAM polarization, and TAM promotion of cancer progression.

Macrophages in the tumor microenvironment

Origin of macrophages

Macrophages are phagocytic antigen-presenting cells of the innate immune system that

are found in tissues throughout the body. Tissue-resident macrophages are tissue-specific
and exhibit specialized and heterogenous functions. Examples include liver Kupffer cells,
alveolar macrophages in the lung, and microglia of the brain. Generally, these macrophages
are thought to be embryonically-derived and can self-renew within a given tissue under
normal conditions (17). However, there is also evidence that when depleted or in states

of inflammation, tissue-resident macrophages can be replenished by circulating monocytes
derived from hematopoietic stem cells (HSCs) (18,19).

HSC-derived monocytes originate from the bone marrow and circulate in the blood (20).
Monocytes can respond to inflammatory signals by extravasating through the endothelium
and differentiating into macrophages or dendritic cells within the inflamed tissue (21-23).
Colony stimulating factor 1 (CSF1; also known as M-CSF) has been identified as an
essential factor for monocyte differentiation into macrophages, as well as for establishment
of tissue-resident macrophages (23,24). Murine bone marrow derived monocytes or human
monocytes isolated from peripheral blood can be stimulated with M-CSF in vitro to produce
macrophages (25). Both circulating monocytes and tissue-resident macrophages are believed
to be important sources of TAMs (reviewed in (26)). In order to target TAMs, it is important
to define the signals that attract monocytes into tumors and support macrophage renewal and
survival within a tissue.

Macrophage polarization

Upon tissue recruitment and differentiation, macrophages play an important role in

tissue homeostasis and the immune response. Although there is still debate concerning
nomenclature, macrophages are traditionally classified based on 1) phenotypic expression
of particular protein markers and 2) cytokines or other factors that induce their distinct
phenotypes in vitro (reviewed in (27)). Using this system, macrophages can be placed on
a spectrum of functional polarization, with M1-type macrophages representing an immune-
promoting phenotype and M2-type macrophages being considered anti-inflammatory and
cancer-promoting (Figure 1A). Pro-inflammatory macrophages are stimulated /n vitro by
IFN-y and/or LPS, secrete cytokines and chemokines such as I1L-12, TNF, and CXCL10,
and recruit other immune cells to promote inflammation (27-29). Pro-inflammatory
macrophages can be further distinguished by markers including MHCII, iNOS, and CD80,
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among others (Figure 1A) (28,29). On the other end of the spectrum are M2-type, anti-
inflammatory macrophages, which can be generated via stimulation with I1L-4/IL-10 /n
vitro (27). Notable anti-inflammatory markers include CD163, CD206, CCL17, and TGF,
among others (Figure 1A) (27,29). M2 polarized macrophages are thought to be important
in wound healing and tissue remodeling (30). Macrophages that are generated from
monocytes /n vitro and have not been stimulated with polarizing cytokines can be labeled as
unpolarized or MO-like macrophages and can be used as a baseline for comparison of gene
or protein expression profiles (27).

The significant plasticity of macrophages, which comprise a wide spectrum of activation
states /n1 vivo, is not fully reflected in the current model of inflammatory versus anti-
inflammatory polarization (27,29,31). Additionally, TAMs likely have a phenotype that is
distinct from tissue-resident macrophages or traditionally polarized macrophages altogether
(32-35). Still, much of the literature continues to distinguish TAMs as either M1-like or
M2-like based on their expression of established markers (36). While depicting TAMs in
this binary system may over-simplify their diverse functionality, there is strong evidence that
TAMs expressing M1 markers are pro-inflammatory and anti-tumorigenic, whereas M2-like
TAMSs support tumor growth and progression (14,37-40) (Figure 1B).

TAMSs can influence tumor progression through a number of mechanisms including growth
factor secretion, promation of angiogenesis, cytokine secretion to regulate immune cell
recruitment and tolerization, and support of cancer cell invasion and metastasis (11,13)
(reviewed in (41)). In numerous cancers, including pancreatic, breast, and colorectal cancer
among others, a higher density of M2-like TAMs in tissue correlates with an aggressive
tumor phenotype and worse prognosis (14,37,38) (reviewed in (42)). In contrast, M1-like
TAM infiltration has been correlated with a favorable prognosis in non-small cell lung
cancer, hepatocellular, ovarian, and gastric cancer (42,43). However, the role of TAMs

in oncology may not always be dependent on M1 vs. M2 polarization, as humerous
inflammatory cytokines, such as IL-6 and IL-1p, are known to promote tumor development,
and diverse TAMs can be associated with increased T cell activation and tumor clearance
(43,44). Nonetheless, efforts to develop therapies aimed at eliminating TAMSs, enhancing
M1 and limiting M2 macrophage polarization, and inhibiting macrophage recruitment

into tumors are noteworthy (reviewed in (16,45)). Further elucidation of the role of Wnt
signaling in modulating pro-tumor TAM phenotypes is essential for assessing whether Wnt
represents a potential therapeutic target.

Wnt signaling

The wingless (wg) gene was first discovered in the 1970s and was shown to be critical

for proper development in Drosophila melanogaster (46). In the ensuing decades, 19

distinct vertebrate Wnt proteins have been identified. Wnts are cysteine-rich, lipid-modified,
secreted proteins that generally have a short-range of action due to their limited solubility.
Whnts are morphogens and act as both paracrine and autocrine signals in a variety of human
tissues. Wnit signaling is critical for normal development, maintenance of stem cells in adult
tissues, and cancer initiation and progression. Wnt ligands can bind with varying affinities to
their receptors and co-receptors (47). The receptors/co-receptors for Wnts include Frizzled
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(FZD) proteins (10 in humans), which are seven-transmembrane receptors, the single-pass
low-density lipoprotein receptor-related proteins (LRP5 and LRP6), as well as the ROR
family of receptor tyrosine kinase-like orphan receptors (ROR1 and ROR2) (48,49).

Whnt/p-catenin signaling

Historically, Wnt signaling is classified as either canonical or non-canonical. Canonical
signaling (i.e., Wnt/p-catenin) encompasses a well-described conserved signaling cascade
that is B-catenin-dependent. In the absence of Wnt, a complex consisting of glycogen
synthase kinase 3 (GSK3), adenomatosis polyposis coli (APC), the scaffold protein

axin, and casein kinase la (CKla)) comprise the “destruction complex”, which targets
[B-catenin for phosphorylation and subsequent ubiquitin-mediated proteasomal degradation
(50) (Figure 2A). Binding of a Wnt ligand to FZD recruits Dishevelled to the receptor and,
in a process that is still somewhat ill-defined, mediates oligomerization, receptor/co-receptor
activation, and inhibition of the destruction complex (51). This allows stabilization and
accumulation of cytoplasmic B-catenin. Cytosolic f-catenin then enters the nucleus, where
it associates with family members of the transcriptional factors T cell factor (TCF) and
lymphoid enhancer-binding factor (LEF1) to form a transcriptional complex and recruits
transcriptional co-activators, such as cyclic AMP response element-binding protein (CBP)
or its homolog p300 (47,52,53). This complex activates Myc, Jun, and a host of other Wnt
target genes involved in cell differentiation and proliferation (47). Nuclear localization of
[B-catenin is often used as a surrogate marker of Wnt/g-catenin pathway activation (Figure
2A).

p-catenin-independent Wnt signaling

Non-canonical Wnt signaling encompasses numerous p-catenin-independent pathways that
are not fully understood at the molecular level (reviewed in (54)). Wnt mediated inhibition
of GSK3 and the destruction complex has even been proposed to affect the degradation

of several proteins besides p-catenin (55). Other p-catenin-independent pathways rely on
different receptors and/or co-receptors. There is evidence that some of these pathways

may overlap with each other or with the B-catenin pathway. Some of the most studied
non-canonical pathways are the planar cell polarity, Wnt-Ca2*, and Wnt/ROR signaling
pathways. However, tools needed to examine these pathways are still not well developed.

Much of the diversity pertaining to how Whnt ligands affect downstream signaling cascades
and thus cellular phenotypes is determined by receptor and co-receptor availability
(reviewed in (56,57)). Although several Wnt ligands may preferentially activate p-catenin-
dependent or -independent pathways, it is now understood that receptor/co-receptor
combination is critical in determining which downstream signaling pathway will be
activated (56-59). Because the expression of specific Wnt receptors is both cell type and
context dependent, it cannot be assumed that a particular Wnt ligand will activate the same
signaling cascade in different contexts. Wnt5a, Wnt7a, and Wnt11, specifically, are ligands
that are traditionally considered non-canonical activators, but are able to trigger or inhibit
Whnt/B-catenin signaling or activate any of the B-catenin-independent pathways, depending
on the cellular context (49,60-70). Recognizing these nuances in Wnt signaling is important
to consider when designing and interpreting experiments that imply activation of a certain
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signaling cascade based only on which Wnt ligands are used. Here we review roles that
various Wnt ligands and their potential downstream signaling pathways play in the biology
of TAMs.

Wnt signaling in the establishment of TAMs

TAM formation from tissue-resident macrophages

There are two proposed origins for TAMs: tissue-resident macrophages and circulating
monocytes (26). One recent study suggests that Wnt/p-catenin signaling may be important
for the formation of TAMs from tissue-resident macrophages. To study TAMs derived
from tissue-resident macrophages (Kupffer cells) in the liver, Ye and colleagues (2019)
blocked TAM differentiation from monocytes, which increased the Kupffer cell-like TAM
(F4/80MCd11b'°Ly6G~Ly6C!) population in Hepa 1-6 liver tumors (71). Wnt/B-catenin
signaling was activated in these Kupffer cell-like TAMs as measured by elevated total and
nuclear p-catenin, as well as elevated levels of p-catenin target genes AxinZ, c-Myzc, and
cyclin D1. 1ICG-001 is a small molecule that disrupts the transcription of Wnt target genes
through inhibiting CBP, a scaffold protein that potentiates p-catenin-mediated transcription
(72). Through this inhibition of Wnt signaling, and potentially though additional off-target
effects, ICG-001 reduced the number and proliferation index of Kupffer cell-like TAMs
and suppressed tumor growth (71). This study suggests that in orthotopic liver tumors,
Whnt signaling is important for the proliferation of pro-tumorigenic TAMs derived from
tissue-resident Kupffer cells. Given the diversity of tissue-resident macrophages in the body,
more research is needed to determine if this relationship with g-catenin signaling exists in
other organ systems.

Monocyte recruitment

Circulating monocytes, likely the primary source of TAMs in most tumors, migrate from
the blood into a tissue before differentiating into macrophages (26,73). It is unclear
whether Wnt signaling is involved in monocyte recruitment and trafficking (22). Few, if
any, published papers have looked at the direct effects of Wnt ligands and downstream

Whnt signaling on monocyte migration into tumors. Nonetheless, there is evidence that

Whnt signaling can promote monocyte/macrophage motility and migration. In a murine
orthotopic model of HCC, knockout of Whtless, a transmembrane protein necessary for
secretion of all Wnt ligands, led to recruitment of fewer F4/80*CD11b* Ly6G~ TAMs

in resected tumors and decreased proliferation of Hepal-6 cells (74). The authors could

find no difference in TAM proliferation, as measured by Ki67 staining of resected tumors,
suggesting that disruption of Wnt ligand secretion in this setting directly impeded monocyte
recruitment, though the effect was modest (74). This study also did not determine which
downstream Whnt signaling pathways were affected. Other /n vitro studies demonstrated that
upstream or downstream activation of the Wnt/B-catenin pathway enhanced macrophage
migration (75,76). Neither of these studies directly examined Wnt ligand mediated effects.
Additionally, both /n vitro studies addressed macrophage migration rather than the migratory
properties of undifferentiated monocytes, which are the population that would need to be
recruited from the blood and travel through the endothelium into tissues to become TAMs.
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Therefore, further work is needed to resolve the roles that Wnt signaling plays in monocyte
recruitment /n vivo.

Wwnt Signaling in TAM differentiation and polarization

Once monocytes have infiltrated into a tumor, Wnt signaling may play a critical role in
promoting TAM differentiation and polarization. RNA sequencing of patient samples has
validated that CD206* TAMs in lung cancer exhibit increased Wnt/B-catenin signaling
compared to matched normal macrophages (33). CD68*MR*/ARG1" M2-like TAMs in
HCC have Wnt/p-catenin pathway activation as measured by p-catenin nuclear localization
(74). General CD68* TAMs in colorectal carcinoma (CRC) and M2-like, CD163* TAMs
in breast cancer express the Wnt ligand, Wnt5a, which can promote Whnt signaling through
a variety of pathways in both cancer and stromal cells (54,77,78). Additionally, it has

been shown that a high Wnt5a*CD68*/Wnt5a"CD68" TAM ratio is associated with poor
recurrence-free and overall survival in CRC patients (77). This underlies the importance of
Whnt pathway activation in and by TAMs.

Activation of Wnt/B-catenin signaling promotes an M2 phenotype in macrophages

Higher infiltration of M2-like TAMs has been correlated with poor prognosis in a

variety of cancers (14,37-39). In infectious or other inflammatory settings, significant
experimental evidence supports a role for Wnt/B-catenin pathway activation in promoting
anti-inflammatory macrophage polarization. /n vitro, recombinant Wnt3a can promote
macrophage polarization to an M2-like phenotype despite co-administration of M1 inducers,
such as LPS + IFN-vy (74). Similarly, Wnt3a conditioned media (CM) decreased the
inflammatory (M1-type) response in macrophages infected with M. tuberculosis or treated
with IFN-y, as measured by TNF levels (79). B-catenin-dependent signaling may also be
important in models of lung fibrosis, which are thought to rely on M2 macrophage function
(80). Wnt2b overexpression in macrophages derived from the human leukemic THP-1 cell
line, which has been used extensively to study macrophage function, led to an increase

in MRNA levels of M2 markers and a decrease in M1 markers (81,82). Wnt1 increased
expression of M2 markers in THP-1 cells and promoted the expression of CD36, which

is upregulated in M2 macrophages, during macrophage differentiation from monocytes
(83-85). Likewise, blockade of Wnt/p-catenin signaling with ICG-001 or p-catenin deletion
in macrophages reduced the expression of M2 markers following stimulation with IL-4,

an inducer of M2 polarization (74,86). Wnt/p-catenin signaling enhances, and may be
necessary for, M2 polarization of macrophages in these inflammatory, non-cancerous
settings.

Activation of Wnt signaling promotes an M2-like phenotype in TAMs

While TAMs are a heterogeneous population and exhibit phenotypes distinct from
traditionally polarized macrophages, there is strong evidence that Wnt signaling also
supports an immunosuppressive phenotype in TAMs. /n vitro, TAMs are often generated
by treatment with tumor-conditioned media (TCM) or co-culturing with tumor cells, which
generally promotes an immunosuppressive phenotype that more closely resembles in vivo
TAMSs compared to IL-4/IL-10 stimulated macrophages (32,33,81). Co-culturing THP-1
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macrophages with thyroid cancer cells upregulated Wnt1 and Wnt3a expression (87). TCM
from HCC cell lines also upregulated the expression of Wnt2b and other Wnt ligands

by undifferentiated macrophages and promoted nuclear localization of p-catenin (74,81).
Further, silencing Wnt2b or CTNNBI (the gene for p-catenin), knockdown of Wnitless,

or inhibiting the Wnt/p-catenin pathway with ICG-001 reversed the upregulation of M2
markers following treatment with TCM (74,81). Similarly, when ex vivo lung-tumor TAMs
(CD68%) and M2-like co-culture-generated TAMs were transfected with CTANBI shRNA,
M1 markers were upregulated and M2 markers were downregulated (33). While there is
some limited evidence that Wnt activation can promote an M1-like phenotype in tissue
resident microglia of the brain, others demonstrated that microglia treated with glioblastoma
TCM+Wnt3a indeed had increased markers of M2 polarization (88-90). These studies
suggest both an increase in Wnt ligand production by TAMs and a reliance of the M2-like
phenotype on Wnt/B-catenin signaling within TAMSs in nearly all tumor contexts.

Although Wnt/B-catenin signaling has been shown to be important for anti-inflammatory
polarization in macrophages and TAMs, the effects of B-catenin-independent Whnt signaling
on macrophage polarization are less clear. TAMs in both human breast and CRC tumors
express Wnt5a, which is known to act through both B-catenin-dependent and B-catenin-
independent pathways (54,77,78). There is evidence to suggest that signaling mediated by
Whnt5a is necessary for the secretion of pro-inflammatory cytokines by M1 macrophages
(91,92). However, there is also substantial evidence in both cancerous and non-cancerous
settings that Wnt5a induces a tolerogenic, M2-like phenotype of macrophages (77,78,93,94).
Distinct p-catenin-independent pathways are triggered by Wnt5a in these divergent contexts
(77,78,92-94). A recent review of Wnt5a in the tumor microenvironment suggests that
activation of different signaling pathways at different times permits Wnt5a to exhibit both
pro-inflammatory and immunosuppressive effects (95). Additionally, there is evidence that
Whnt7a, which can also activate multiple B-catenin-independent Wnt pathways, decreases the
production of both pro- and anti-inflammatory cytokines by macrophages under different
stimulation conditions (96). This study did not assess the downstream pathways affected by
Whnt7a in these macrophages. These works highlight the need to carefully examine which
downstream signaling pathways are being activated by unique Wnt ligands in different
contexts in order to fully appreciate the role that Wnt signaling plays in macrophage
polarization and to develop successful therapeutic strategies targeting these pathways.

Wnt signaling supports TAMs as drivers of tumor growth

TAM-intrinsic Wnt signaling supports the pro-tumorigenic functions of TAMs

Whnt signaling increases M2 markers on TAMs generated /n vitro, and M2-like TAMs
exhibit tumor-promoting roles /n vitro and in vivo (14,37-40). Multiple studies have
validated the importance of Wnt signaling on the tumor-supporting functions of TAMs.
Specifically, culturing tumor cells with macrophages (or CM from macrophages) with
downregulated Wnt/B-catenin signaling reduced colony formation, migration, and invasion
(33,34,74,81,87). In vivo experiments using small molecule inhibitors of the Wnt/B-catenin
pathway support these /n vitro models. Treating orthotopic hepatocellular tumors with
ICG-001 suppressed tumor growth and reduced F4/80MCD11b!® TAM proliferation and
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IL-10 production (71). In three different lung cancer models in mice, treatment with
XAV939 (a tankyrase inhibitor that promotes B-catenin degradation by stabilizing axin
within the destruction complex) significantly reduced the growth of tumors and shifted
F4/80* TAMs to a tumor-inhibiting M1-like phenotype (33,97,98). Wnt/B-catenin signaling
within M2-like TAMs clearly plays a role in supporting their tumor-promoting functions.

TAM-derived Wnt ligands support tumorigenesis

Aside from TAM-intrinsic Wnt signaling, production of Wnt ligands by TAMs may also
influence tumor growth through TAM-tumor crosstalk. CM of Wnt2b overexpressing
macrophages promoted epithelial to mesenchymal transition (EMT) of HCC cells,
supporting a malignant phenotype (81). Wht5b knockdown in M2 polarized macrophages
decreased self-renewal of ovarian cancer stem cells (CSC), increased their sensitivity to
carboplatin, and decreased migration and growth of CSC/M2 hetero-spheroids /in vitro and
in vivo (99). Knockdown of Wntl or Wnt3a in THP-1 macrophages co-cultured with thyroid
cancer cells led to decreased tumor growth and decreased expression of genes associated
with EMT in an /in vivo model (87). Additionally, in xenograft models of colorectal
carcinoma, Wntba production by TAMs supported tumor growth, likely through a p-catenin-
independent pathway (77).

In breast and other major cancer types, TAMs have been implicated in facilitating cancer
cell invasion and metastasis (10,100). Further studies of TAMs in breast cancer found
macrophage derived Wnt ligands to play an important role in this process. In whole human
breast cancer samples, increased expression of Wnt7b was associated with positive lymph
node metastasis (101). Ojalvo and colleagues (2010) found that expression of Wnt56 and
Wht7b were upregulated in invasive TAMs, which were associated with breast cancer cell
invasion and metastasis, as compared to general TAMs isolated from mouse mammary
tumors or splenic macrophages (101). Other studies demonstrated that Wnt5a expression
was upregulated in macrophages cultured with the MCF-7 breast cancer cell line, and
Whnt5a-containing microvesicles isolated from these TAMs enhanced the invasiveness of
MCEF-7 cells in vitro (102,103). These studies suggest that TAM-derived Wnt ligands
support cancer growth, invasion, and disease progression. Inhibition of Whnt signaling could
therefore impact tumor progression in two distinct ways: by limiting the pro-tumorigenic
effects of M2-like TAMs and directly affecting cancer cell proliferation, invasion, and
metastasis that may be in part driven by TAM-secreted Wnt ligands.

Additionally, it is known that Wnt signaling in T cells decreases the propensity of CD8* T
cells to become cytotoxic effector T cells and inhibits CD4" T cell differentiation into type 1
and type 17 helper T cells (4). TAMs are known to inhibit these inflammatory phenotypes of
T cells as well, while promoting an immunosuppressive environment. /n vivo, inhibition of
Wht signaling improves CD8+ T cell infiltration into tumors (104). Whether TAM-derived
Whnt ligands are the primary mediators of these anti-inflammatory T cell phenotypes has

not been well studied. One group did demonstrate /n vivo that TAM-intrinsic Wnt/B-catenin
signaling was important for TAM inhibition of CD8+ T cell proliferation (74). Further work
is needed to determine how Whnt facilitates interactions between macrophages and T cells in
the tumor microenvironment.
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Conclusion

There are 19 total Wnt ligands and various Wnt signaling pathways that could have

arole in regulating TAM polarization and pro-tumorigenic TAM function. While Wnt
ligand production by tumors likely stimulates monocyte recruitment and supports TAM
development from tissue-resident macrophages, research on this topic is limited. On the
other hand, there is ample evidence establishing a role for various Wnt ligands and
Whnt/B-catenin signaling in the polarization and pro-tumorigenic functions of M2-like TAMs
(Figure 2B). Wnt ligands and their signaling pathways are highly complex, posing a
challenge for studying their effect on TAMs. Additionally, mapping which Wnt ligands
and receptors are uniquely expressed in different tumor types is a technically challenging
endeavor that could be important for determining how Wnt signaling may be facilitating
tumor-stroma crosstalk and tumor growth. Moreover, in the field of TAM biology, there is
still debate about whether defining TAMs as M1-like and M2-like adequately describes the
complex spectrum of /n vivo TAM functionality (27).

The complex interactions between tumors and their stromal and immune environments are

a major topic of ongoing research. Targeting these interactions to impede tumor growth is

an enticing and sometimes very effective therapeutic strategy. Because TAMSs have been
shown to impede infiltration of CD8 T cells into tumors and may play a role in resistance

to immunotherapies, they are being considered as a novel therapeutic target in combination
with immune checkpoint inhibitors (8,16). Clinical trials with a variety of TAM-targeting
therapies are currently underway (reviewed in (16)). Many of these therapies aim to
reprogram TAMSs towards an M1-like phenotype, rather than eliminate them, in order to
potentially benefit from the pro-inflammatory properties of M1 macrophages. CSF1 receptor
inhibitors are just one class of inhibitors developed with this goal; unfortunately, early
clinical trials of these drugs used in combination with checkpoint inhibitors do not show
promising results (105). A major current limitation of developing TAM-targeted therapies

is the lack of reliable and specific markers of pro-tumorigenic TAMs. Combining inhibitors
of Wnt signaling and immune checkpoint blockade may be another promising approach

to reprogram TAMs and combat T cell exclusion, with several ongoing Phase | and 11
clinical trials currently testing this drug combination (2,106). Wnt inhibitors, however, do
have dose-limiting toxicities affecting organ systems that rely on Wnt signaling for normal
functioning, such as the gastrointestinal tract and the skeletal system. Finding ways to target
Whnt inhibitors to a tumor or the tumor microenvironment represent a significant challenge in
the field.

Understanding how Wnt signaling mediates an immunosuppressive environment through
recruitment and polarization of M2-like TAMs could allow for more expansive yet targeted
use of these novel combinatorial therapies. For instance, Wnt inhibitors could be considered
as preferential therapy in patients without known aberrations in Wnt signaling but with high
TAM infiltration. In numerous tumors mentioned in this review, including hepatocellular,
breast, thyroid, lung, and pancreas, Wnt signaling promotes TAM polarization toward an
M2-like phenotype. Given the poor prognosis associated with TAM infiltration, patients with
highly macrophage-ridden tumors may stand to benefit from these clinical trials immensely.
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Indeed, targeting TAM recruitment and polarization through inhibitors of Wnt signaling may
prove beneficial to patients with a wide range of cancer types.

Financial Su

pport:

Funding was provided by the ACS (133934-CSDG-19-216-01-TBG and RSG-22-084-01-MM to VLW) and NIH
(K08CA240901 and RO1CA272875 to VLW and R35GM122516 and RO1CA244188 to EL)

References
1.

10

11.

12.

13.

14.

15.

Muzny DM, Bainbridge MN, Chang K, Dinh HH, Drummond JA, Fowler G, et al. Comprehensive
molecular characterization of human colon and rectal cancer. Nature. 2012 [cited 2021 Dec
14];487:330-7. Available from: https://pubmed.ncbi.nlm.nih.gov/22810696/ [PubMed: 22810696]

. DeVito NC, Sturdivant M, Thievanthiran B, Xiao C, Plebanek MP, Salama AKS, et al.

Pharmacological Wnt ligand inhibition overcomes key tumor-mediated resistance pathways to anti-
PD-1 immunotherapy. Cell Rep. 2021;35:109071. [PubMed: 33951424]

. Haseeb M, Pirzada RH, Ain QU, Choi S. Wnt Signaling in the Regulation of Immune

Cell and Cancer Therapeutics. Cells. 2019 [cited 2021 Oct 26];8. Available from: /pmc/articles/
PMC6912555/

. Li X, Xiang Y, Li F, Yin C, Li B, Ke X. WNT/B-catenin signaling pathway regulating T cell-

inflammation in the tumor microenvironment. Front Immunol. 2019;10:2293. [PubMed: 31616443]

. Luke JJ, Bao R, Sweis RF, Spranger S, Gajewski TF. WNT/p-catenin Pathway Activation Correlates

with Immune Exclusion across Human Cancers. Clinical Cancer Research. 2019 [cited 2021
Nov 30];25:3074-83. Available from: https://clincancerres.aacrjournals.org/content/25/10/3074
[PubMed: 30635339]

. Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic p-catenin signalling prevents anti-tumour

immunity. Nature. 2015 [cited 2021 Nov 30];523:231-5. Available from: https://www.nature.com/
articles/nature14404 [PubMed: 25970248]

. Zhao F, Xiao C, Evans KS, Theivanthiran T, DeVito N, Holtzhausen A, et al. Paracrine Wnt5a-f-

Catenin Signaling Triggers a Metabolic Program that Drives Dendritic Cell Tolerization. Immunity.
2018;48:147-160.e7. [PubMed: 29343435]

. Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin S, Kantari-Mimoun C, et al. Macrophages

impede CD8 T cells from reaching tumor cells and limit the efficacy of anti—PD-1 treatment.
Proc Natl Acad Sci U S A. 2018 [cited 2021 Dec 15];115:E4041-50. Available from: https://
www.pnas.org/content/115/17/E4041 [PubMed: 29632196]

. Suryawanshi A, Hussein MS, Prasad PD, Manicassamy S. Wnt Signaling Cascade in Dendritic Cells

and Regulation of Anti-tumor Immunity. Front Immunol. 2020;11:122. [PubMed: 32132993]

. Qian BZ, Pollard JW. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell.

2010;141:39-51. [PubMed: 20371344]

Wang XL, Jiang JT, Wu CP. Prognostic significance of tumor-associated macrophage infiltration
in gastric cancer: a meta-analysis. Genet Mol Res. 2016 [cited 2021 Dec 14];15. Available from:
https://pubmed.ncbi.nlm.nih.gov/27966749/

Wu P, Wu D, Zhao L, Huang L, Chen G, Shen G, et al. Inverse role of distinct subsets and
distribution of macrophage in lung cancer prognosis: a meta-analysis. Oncotarget. 2016 [cited
2021 Dec 14];7:40451. Available from: /pmc/articles/PMC5130019/ [PubMed: 27248173]
Zhao X, Qu J, Sun 'Y, Wang J, Liu X, Wang F, et al. Prognostic significance of tumor-associated
macrophages in breast cancer: a meta-analysis of the literature. Oncotarget. 2017 [cited 2021 Dec
14];8:30576. Available from: /pmc/articles/PMC5444766/ [PubMed: 28427165]

Yu M, Guan R, Hong W, Zhou Y, Lin Y, Jin H, et al. Prognostic value of tumor-associated
macrophages in pancreatic cancer: a meta-analysis. Cancer Manag Res. 2019 [cited 2021 Dec
14];11:4041. Available from: /pmc/articles/PMC6504556/ [PubMed: 31118813]

Tormoen GW, Crittenden MR, Gough MJ. Role of the immunosuppressive microenvironment
in immunotherapy. Adv Radiat Oncol. 2018 [cited 2021 Dec 13];3:520. Available from: /pmc/
articles/PMC6200899/ [PubMed: 30370351]

Cancer Res. Author manuscript; available in PMC 2023 July 04.


https://pubmed.ncbi.nlm.nih.gov/22810696/
https://clincancerres.aacrjournals.org/content/25/10/3074
https://www.nature.com/articles/nature14404
https://www.nature.com/articles/nature14404
https://www.pnas.org/content/115/17/E4041
https://www.pnas.org/content/115/17/E4041
https://pubmed.ncbi.nlm.nih.gov/27966749/

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tigue et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 11

Xiang X, Wang J, Lu D, Xu X. Targeting tumor-associated macrophages to synergize tumor
immunotherapy. Signal Transduction and Targeted Therapy. 2021 [cited 2021 Dec 13];6:1-12.
Available from: https://www.nature.com/articles/s41392-021-00484-9 [PubMed: 33384407]

Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-resident
macrophages self-maintain locally throughout adult life with minimal contribution from
circulating monocytes. Immunity. 2013 [cited 2022 Apr 1];38:792-804. Available from: http://
www.cell.com/article/S107476131300157X/fulltext [PubMed: 23601688]

Davies LC, Jenkins SJ, Allen JE, Taylor PR. Tissue-resident macrophages. Nature Immunology.
2013 [cited 2021 Dec 4];14:986-95. Available from: https://www.nature.com/articles/ni.2705
[PubMed: 24048120]

Schulz C, Perdiguero EG, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf K, et al. A lineage of
myeloid cells independent of myb and hematopoietic stem cells. Science. 2012 [cited 2021 Nov
17];335:86-90. Available from: https://www.science.org/doi/abs/10.1126/science.1219179

Yang J, Zhang L, Yu C, Yang XF, Wang H. Monocyte and macrophage differentiation:
Circulation inflammatory monocyte as biomarker for inflammatory diseases. Biomark Res.
2014 [cited 2022 Apr 1];2:1-9. Available from: https://biomarkerres.biomedcentral.com/articles/
10.1186/2050-7771-2-1 [PubMed: 24398220]

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with
distinct migratory properties. Immunity. 2003 [cited 2021 Dec 9];19:71-82. Available from: http://
www.cell.com/article/S1074761303001742/fulltext [PubMed: 12871640]

Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nat Rev

Immunol. 2011 [cited 2021 Dec 9];11:762. Available from: /pmc/articles/PMC3947780/ [PubMed:
21984070]

Ginhoux F, Jung S. Monocytes and macrophages: developmental pathways and tissue homeostasis.
Nature Reviews Immunology. 2014 [cited 2022 Apr 1];14:392-404. Available from: https://
www.nature.com/articles/nri3671

Dai XM, Ryan GR, Hapel AJ, Dominguez MG, Russell RG, Kapp S, et al. Targeted disruption

of the mouse colony-stimulating factor 1 receptor gene results in osteopetrosis, mononuclear
phagocyte deficiency, increased primitive progenitor cell frequencies, and reproductive defects.
Blood. 2002;99:111-20. [PubMed: 11756160]

Becker S, Warren MK, Haskill S. Colony-stimulating factor-induced monocyte survival and
differentiation into macrophages in serum-free cultures. The Journal of Immunology. 1987;139.
Cotechini T, Atallah A, Grossman A. Tissue-Resident and Recruited Macrophages in Primary
Tumor and Metastatic Microenvironments: Potential Targets in Cancer Therapy. Cells. 2021 [cited
2022 Apr 3];10. Available from: /pmc/articles/PMC8074766/

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al. Macrophage

Activation and Polarization: Nomenclature and Experimental Guidelines. Immunity. 2014;41:14—
20. [PubMed: 25035950]

Liu YC, Zou XB, Chai YF, Yao YM. Macrophage Polarization in Inflammatory Diseases. Int J
Biol Sci. 2014 [cited 2021 Dec 21];10:520. Available from: /pmc/articles/PMC4046879/ [PubMed:
24910531]

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev
Immunol. 2008 [cited 2021 Dec 21];8:958. Available from: /pmc/articles/PMC2724991/ [PubMed:
19029990]

Novak ML, Koh TJ. Macrophage phenotypes during tissue repair. J Leukoc Biol. 2013 [cited 2021
Dec 21];93:875. Available from: /pmc/articless/PMC3656331/ [PubMed: 23505314]

Jayasingam SD, Citartan M, Thang TH, Mat Zin AA, Ang KC, Ch’ng ES. Evaluating the
Polarization of Tumor-Associated Macrophages Into M1 and M2 Phenotypes in Human Cancer
Tissue: Technicalities and Challenges in Routine Clinical Practice. Front Oncol. 2020;9:1512.
[PubMed: 32039007]

Benner B, Scarberry L, Suarez-Kelly LP, Duggan MC, Campbell AR, Smith E, et al.

Generation of monocyte-derived tumor-associated macrophages using tumor-conditioned media
provides a novel method to study tumor-associated macrophages in vitro. J Immunother Cancer.

Cancer Res. Author manuscript; available in PMC 2023 July 04.


https://www.nature.com/articles/s41392-021-00484-9
http://www.cell.com/article/S107476131300157X/fulltext
http://www.cell.com/article/S107476131300157X/fulltext
https://www.nature.com/articles/ni.2705
https://www.science.org/doi/abs/10.1126/science.1219179
https://biomarkerres.biomedcentral.com/articles/10.1186/2050-7771-2-1
https://biomarkerres.biomedcentral.com/articles/10.1186/2050-7771-2-1
http://www.cell.com/article/S1074761303001742/fulltext
http://www.cell.com/article/S1074761303001742/fulltext
https://www.nature.com/articles/nri3671
https://www.nature.com/articles/nri3671

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tigue et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 12

2019 [cited 2021 Nov 7];7:1-14. Available from: https://jitc.biomedcentral.com/articles/10.1186/
540425-019-0622-0 [PubMed: 30612589]

Sarode P, Zheng X, Giotopoulou GA, Weigert A, Kuenne C, Gunther S, et al. Reprogramming
of tumor-associated macrophages by targeting p-catenin/FOSL2/ARID5A signaling: A potential
treatment of lung cancer. Sci Adv. 2020 [cited 2021 Oct 31];6:6105-10. Available from: https://
www.science.org/doi/abs/10.1126/sciadv.aaz6105

Tang Y, Jiang M, Chen A, Qu W, Han X, Zuo J, et al. Porcupine inhibitor LGK-974 inhibits
Whnt/B-catenin signaling and modifies tumor-associated macrophages resulting in inhibition of the
malignant behaviors of non-small cell lung cancer cells. Mol Med Rep. 2021 [cited 2021 Oct
31];24:1-10. Available from: http://www.spandidos-publications.com/10.3892/mmr.2021.12189/
abstract

Franklin RA, Liao W, Sarkar A, Kim M v., Bivona MR, Liu K, et al. The cellular and molecular
origin of tumor-associated macrophages. Science. 2014 [cited 2021 Nov 7];344:921-5. Available
from: https://pubmed.ncbi.nim.nih.gov/24812208/ [PubMed: 24812208]

Boutilier AJ, Elsawa SF. Macrophage Polarization States in the Tumor Microenvironment. Int J
Mol Sci. 2021 [cited 2021 Dec 21];22. Available from: /jpmc/articles/PMC8268869/

LiJ, Xie Y, Wang X, Li F, Li S, Li M, et al. Prognostic impact of tumor-associated

macrophage infiltration in esophageal cancer: a meta-analysis. Future Oncol. 2019 [cited

2021 Dec 14];15:2303-17. Available from: https://pubmed.nchi.nim.nih.gov/31237146/ [PubMed:
31237146]

Dong P, Ma L, Liu L, Zhao G, Zhang S, Dong L, et al. CD86%/CD206", Diametrically Polarized
Tumor-Associated Macrophages, Predict Hepatocellular Carcinoma Patient Prognosis. Int J Mol
Sci. 2016 [cited 2021 Dec 14];17. Available from: https://pubmed.ncbi.nlm.nih.gov/26938527/

Xu M, LiuM, Du X, Li S, Li H, Li X, et al. Intratumoral Delivery of IL-21 Overcomes
Anti-Her2/Neu Resistance through Shifting Tumor-Associated Macrophages from M2 to M1
Phenotype. J Immunol. 2015 [cited 2021 Dec 14];194:4997-5006. Available from: https://
pubmed.ncbi.nim.nih.gov/25876763/ [PubMed: 25876763]

Rey-Giraud F, Hafner M, Ries CH. In Vitro Generation of Monocyte-Derived Macrophages under
Serum-Free Conditions Improves Their Tumor Promoting Functions. PLoS. 2012 [cited 2021 Nov
18];7. Available from: /pmc/articles/PMC3412794/

Li C, Xu X, Wei S, Jiang P, Xue L, Wang J. Tumor-associated macrophages: potential

therapeutic strategies and future prospects in cancer. J Immunother Cancer. 2021 [cited 2022

Jun 30];9:e001341. Available from: https://jitc.bmj.com/content/9/1/e001341 [PubMed: 33504575]

Fridman WH, Zitvogel L, Sautes-Fridman C, Kroemer G. The immune contexture in cancer
prognosis and treatment. Nature Reviews Clinical Oncology. 2017 [cited 2022 Jun 1];14:717-34.
Available from: https://www.nature.com/articles/nrclinonc.2017.101

Greten FR, Grivennikov Sl. Inflammation and Cancer: Triggers, Mechanisms and Consequences.
Immunity. 2019 [cited 2022 Jun 30];51:27. Available from: /pmc/articles/PMC6831096/ [PubMed:
31315034]

Broz ML, Binnewies M, Boldajipour B, Nelson AE, Pollack JL, Erle DJ, et al. Dissecting

the tumor myeloid compartment reveals rare activating antigen-presenting cells critical for

T cell immunity. Cancer Cell. 2014 [cited 2022 Jul 13];26:638-52. Available from: https://
pubmed.ncbi.nim.nih.gov/25446897/ [PubMed: 25446897]

Lin Y, Xu J, Lan H. Tumor-associated macrophages in tumor metastasis: biological

roles and clinical therapeutic applications. Journal of Hematology & Oncology. 2019

[cited 2021 Dec 4];12:1-16. Available from: https://jhoonline.biomedcentral.com/articles/10.1186/
513045-019-0760-3 [PubMed: 30606227]

Sharma RP, Chopra VL. Effect of the wingless (wgl) mutation on wing and haltere development in
Drosophila melanogaster. Dev Biol. 1976;48:461-5. [PubMed: 815114]

Saito-Diaz K, Chen TW, Wang X, Thorne CA, Wallace HA, Page-Mccaw A, et al. The way Wnt
works: Components and mechanism. 2012;

Wehrli M, Dougan ST, Caldwell K, O’Keefe L, Schwartz S, Valzel-Ohayon D, et al. arrow
encodes an LDL-receptor-related protein essential for Wingless signalling. Nature. 2000 [cited

Cancer Res. Author manuscript; available in PMC 2023 July 04.


https://jitc.biomedcentral.com/articles/10.1186/s40425-019-0622-0
https://jitc.biomedcentral.com/articles/10.1186/s40425-019-0622-0
https://www.science.org/doi/abs/10.1126/sciadv.aaz6105
https://www.science.org/doi/abs/10.1126/sciadv.aaz6105
http://www.spandidos-publications.com/10.3892/mmr.2021.12189/abstract
http://www.spandidos-publications.com/10.3892/mmr.2021.12189/abstract
https://pubmed.ncbi.nlm.nih.gov/24812208/
https://pubmed.ncbi.nlm.nih.gov/31237146/
https://pubmed.ncbi.nlm.nih.gov/26938527/
https://pubmed.ncbi.nlm.nih.gov/25876763/
https://pubmed.ncbi.nlm.nih.gov/25876763/
https://jitc.bmj.com/content/9/1/e001341
https://www.nature.com/articles/nrclinonc.2017.101
https://pubmed.ncbi.nlm.nih.gov/25446897/
https://pubmed.ncbi.nlm.nih.gov/25446897/
https://jhoonline.biomedcentral.com/articles/10.1186/s13045-019-0760-3
https://jhoonline.biomedcentral.com/articles/10.1186/s13045-019-0760-3

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tigue et al.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 13

2021 Dec 14];407:527-30. Available from: https://pubmed.ncbi.nlm.nih.gov/11029006/ [PubMed:
11029006]

Oishi I, Suzuki H, Onishi N, Takada R, Kani S, Ohkawara B, et al. The receptor tyrosine

kinase Ror2 is involved in non-canonical Wnt5a/JNK signalling pathway. Genes to Cells. 2003
[cited 2021 Dec 21];8:645-54. Available from: https://onlinelibrary.wiley.com/doi/full/10.1046/
.1365-2443.2003.00662.x [PubMed: 12839624]

Liu C, Li Y, Semenov M, Han C, Baeg GH, Tan Y, et al. Control of beta-catenin phosphorylation/
degradation by a dual-kinase mechanism. Cell. 2002 [cited 2021 Dec 14];108:837-47. Available
from: https://pubmed.nchi.nim.nih.gov/11955436/ [PubMed: 11955436]

Ma W, Chen M, Kang H, Steinhart Z, Angers S, He X, et al. Single-molecule dynamics of
dishevelled at the plasma membrane and Wnt pathway activation. Proc Natl Acad Sci U S A. 2020
[cited 2022 Jun 11];117:16690-701. Available from: https://www.pnas.org [PubMed: 32601235]

Takemaru Kl, Moon RT. The Transcriptional Coactivator Cbp Interacts with g-Catenin to Activate
Gene Expression. J Cell Biol. 2000 [cited 2022 Apr 3];149:249. Available from: /pmc/articles/
PMC2175158/ [PubMed: 10769018]

Hecht A, Vleminckx K, Stemmler MP, van Roy F, Kemler R. The p300/CBP acetyltransferases
function as transcriptional coactivators of B-catenin in vertebrates. EMBO J. 2000 [cited 2022 Apr
3];19:1839. Available from: /pmc/articles/PMC302022/ [PubMed: 10775268]

van Amerongen R. Alternative Wnt Pathways and Receptors. Cold Spring Harb Perspect Biol.
2012 [cited 2021 Dec 21];4:7914-5. Available from: /pmc/articles/PMC3475174/

Kim NG, Xu C, Gumbiner BM. Identification of targets of the Wnt pathway destruction complex
in addition to B-catenin. Proceedings of the National Academy of Sciences. 2009 [cited 2021 Nov
21];106:5165-70. Available from: https://www.pnas.org/content/106/13/5165

van Amerongen R, Mikels A, Nusse R. Alternative Wnt Signaling Is Initiated by
Distinct Receptors. Sci Signal. 2008 [cited 2021 Nov 4];1. Available from: https://
www.science.org/doi/abs/10.1126/scisignal.135re9

Niehrs C. The complex world of WNT receptor signalling. Nature Reviews Molecular Cell
Biology. 2012 [cited 2021 Dec 4];13:767-79. Available from: https://www.nature.com/articles/
nrm3470 [PubMed: 23151663]

Grumolato L, Liu G, Mong P, Mudbhary R, Biswas R, Arroyave R, et al. Canonical and
noncanonical Wnts use a common mechanism to activate completely unrelated coreceptors. Genes
Dev. 2010 [cited 2021 Dec 21];24:2517. Available from: /pmc/articles/PMC2975928/ [PubMed:
21078818]

De A. Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochim Biophys Sin. 2011 [cited
2022 Jan 9];43:745-56. Available from: https://academic.oup.com/abbs/article/43/10/745/1010
[PubMed: 21903638]

van Amerongen R, Fuerer C, Mizutani M, Nusse R. Wnt5a can both activate and repress Wnt/g-
catenin signaling during mouse embryonic development. Dev Biol. 2012;369:101-14. [PubMed:
22771246]

Topol L, Jiang X, Choi H, Garrett-Beal L, Carolan PJ, Yang Y. Wnt-5a inhibits the canonical
Wnt pathway by promoting GSK-3-independent B-catenin degradation. Journal of Cell Biology.
2003 [cited 2021 Dec 15];162:899-908. Available from: http://www.jch.org/cgi/doi/10.1083/
jch.200303158 [PubMed: 12952940]

Mikels AJ, Nusse R. Purified Wnt5a Protein Activates or Inhibits p-Catenin—-TCF Signaling
Depending on Receptor Context. PLoS Biol. 2006 [cited 2021 Nov 13];4:e115. Available

from: https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0040115 [PubMed:
16602827]

Bisson JA, Mills B, Helt JCP, Zwaka TP, Cohen ED. Wnt5a and Wnt11 inhibit the

canonical Wnt pathway and promote cardiac progenitor development via the Caspase-dependent
degradation of AKT. Dev Biol. 2015 [cited 2021 Dec 4];398:80-96. Available from: https://
pubmed.ncbi.nlm.nih.gov/25482987/ [PubMed: 25482987]

Qian D, Jones C, Rzadzinska A, Mark S, Zhang X, Steel KP, et al. Wnt5a functions in planar
cell polarity regulation in mice. Dev Biol. 2007 [cited 2021 Dec 4];306:121. Available from: /pmc/
articles/PMC1978180/ [PubMed: 17433286]

Cancer Res. Author manuscript; available in PMC 2023 July 04.


https://pubmed.ncbi.nlm.nih.gov/11029006/
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-2443.2003.00662.x
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-2443.2003.00662.x
https://pubmed.ncbi.nlm.nih.gov/11955436/
https://www.pnas.org
https://www.pnas.org/content/106/13/5165
https://www.science.org/doi/abs/10.1126/scisignal.135re9
https://www.science.org/doi/abs/10.1126/scisignal.135re9
https://www.nature.com/articles/nrm3470
https://www.nature.com/articles/nrm3470
https://academic.oup.com/abbs/article/43/10/745/1010
http://www.jcb.org/cgi/doi/10.1083/jcb.200303158
http://www.jcb.org/cgi/doi/10.1083/jcb.200303158
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0040115
https://pubmed.ncbi.nlm.nih.gov/25482987/
https://pubmed.ncbi.nlm.nih.gov/25482987/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tigue et al.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78

79.

Page 14

Maye P, Zheng J, Li L, Wu D. Multiple Mechanisms for Wnt11-mediated Repression of

the Canonical Wnt Signaling Pathway. Journal of Biological Chemistry. 2004 [cited 2021

Dec 4];279:24659-65. Available from: http://www.jbc.org/article/S0021925820666042/fulltext
[PubMed: 15067007]

Pandur P, L&sche M, Eisenberg LM, Kiihl M. Wnt-11 activation of a non-canonical Wnt signalling
pathway is required for cardiogenesis. Nature. 2002 [cited 2021 Dec 4];418:636—41. Available
from: https://www.nature.com/articles/nature00921 [PubMed: 12167861]

Cha SW, Tadjuidje E, Tao Q, Wylie C, Heasman J. Wnt5a and Wnt11 interact in a maternal
Dkk1-regulated fashion to activate both canonical and non-canonical signaling in Xenopus axis
formation. Development. 2008;135:3719-29. [PubMed: 18927149]

Tao Q, Yokota C, Puck H, Kofron M, Birsoy B, Yan D, et al. Maternal wnt11 activates

the canonical wnt signaling pathway required for axis formation in Xenopus embryos. Cell.

2005 [cited 2021 Dec 4];120:857-71. Available from: https://pubmed.ncbi.nlm.nih.gov/15797385/
[PubMed: 15797385]

von Maltzahn J, Bentzinger CF, Rudnicki MA. Wnt7a/Fzd7 Signalling Directly Activates the
Akt/mTOR Anabolic Growth Pathway in Skeletal Muscle. Nat Cell Biol. 2012 [cited 2022 Jun
30];14:186. Available from: /pmc/articles/PMC3271181/

le Grand F, Jones AE, Seale V, Scime A, Rudnicki MA. Wnt7a Activates the Planar Cell Polarity
Pathway to Drive the Symmetric Expansion of Satellite Stem Cells. Cell Stem Cell. 2009 [cited
2022 Jun 30];4:535. Available from: /pmc/articles/PMC2743383/ [PubMed: 19497282]

Ye YC, Zhao JL, Lu YT, Gao CC, Yang Y, Liang SQ, et al. Notch signaling via Wnt regulates the
proliferation of alternative, CCR2-independent tumor-associated macrophages in hepatocellular
carcinoma. Cancer Res. 2019;79:4160-72. [PubMed: 31266773]

Emami KH, Nguyen C, Ma H, Kim DH, Jeong KW, Eguchi M, et al. A small molecule

inhibitor of p-catenin/cyclic AMP response element-binding protein transcription. Proceedings

of the National Academy of Sciences. 2004 [cited 2021 Nov 13];101:12682—7. Available from:
https://www.pnas.org/content/101/34/12682

Movahedi K, Laoui D, Gysemans C, Baeten M, Stangé G, van den Bossche J, et al.

Different tumor microenvironments contain functionally distinct subsets of macrophages

derived from Ly6C(high) monocytes. Cancer Res. 2010 [cited 2022 Apr 3];70:5728—

39. Available from: https://aacrjournals.org/cancerres/article/70/14/5728/559724/Different-Tumor-
Microenvironments-Contain [PubMed: 20570887]

Yang Y, Ye YC, Chen Y, Zhao JL, Gao CC, Han H, et al. Crosstalk between hepatic tumor cells
and macrophages via Wnt/B-catenin signaling promotes M2-like macrophage polarization and
reinforces tumor malignant behaviors. Cell Death Dis. 2018;9.

Borrell-Pags M, Romero JC, Juan-Babot O, Badimon L. Wnt pathway activation, cell migration,
and lipid uptake is regulated by low-density lipoprotein receptor-related protein 5 in human
macrophages. Eur Heart J. 2011 [cited 2022 Jan 16];32:2841-50. Available from: https://
academic.oup.com/eurheartj/article/32/22/2841/433914 [PubMed: 21398644]

Sha H, Zhang D, Zhang Y, Wen Y, Wang Y. ATF3 promotes migration and M1/M2 polarization
of macrophages by activating tenascin-C via Wnt/p-catenin pathway. Mol Med Rep. 2017
[cited 2021 Dec 15];16:3641-7. Available from: http://www.spandidos-publications.com/10.3892/
mmr.2017.6992/abstract [PubMed: 28714032]

Liu Q, Yang C, Wang S, Shi D, Wei C, Song J, et al. Wnt5a-induced M2 polarization

of tumor-associated macrophages via IL-10 promotes colorectal cancer progression. Cell
Communication and Signaling. 2020 [cited 2021 Nov 14];18:1-19. Available from: https://
biosignaling.biomedcentral.com/articles/10.1186/s12964-020-00557-2 [PubMed: 31900175]

. Bergenfelz C, Medrek C, Ekstrém E, Jirstrom K, Janols H, Wullt M, et al. Wnt5a induces a

tolerogenic phenotype of macrophages in sepsis and breast cancer patients. J Immunol. 2012
[cited 2021 Nov 13];188:5448-58. Available from: https://pubmed.ncbi.nlm.nih.gov/22547701/
[PubMed: 22547701]

Neumann J. Frizzled 1 is a marker of inflammatory macrophages and its ligand Wnt3a is involved
in reprogramming Mycobacterium tuberculosis-infected macrophages. FASEB J. 2010;24:4599—
612. [PubMed: 20667980]

Cancer Res. Author manuscript; available in PMC 2023 July 04.


http://www.jbc.org/article/S0021925820666042/fulltext
https://www.nature.com/articles/nature00921
https://pubmed.ncbi.nlm.nih.gov/15797385/
https://www.pnas.org/content/101/34/12682
https://aacrjournals.org/cancerres/article/70/14/5728/559724/Different-Tumor-Microenvironments-Contain
https://aacrjournals.org/cancerres/article/70/14/5728/559724/Different-Tumor-Microenvironments-Contain
https://academic.oup.com/eurheartj/article/32/22/2841/433914
https://academic.oup.com/eurheartj/article/32/22/2841/433914
http://www.spandidos-publications.com/10.3892/mmr.2017.6992/abstract
http://www.spandidos-publications.com/10.3892/mmr.2017.6992/abstract
https://biosignaling.biomedcentral.com/articles/10.1186/s12964-020-00557-2
https://biosignaling.biomedcentral.com/articles/10.1186/s12964-020-00557-2
https://pubmed.ncbi.nlm.nih.gov/22547701/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Tigue et al.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

Page 15

Sennello JA, Misharin A v., Flozak AS, Berdnikovs S, Cheresh P, Varga J, et al. Lrp5/b-Catenin
signaling controls lung macrophage differentiation and inhibits resolution of fibrosis. Am J
Respir Cell Mol Biol. 2017 [cited 2022 Jan 16];56:191-201. Available from: www.atsjournals.org
[PubMed: 27668462]

Jiang Y, Han Q, Zhao H, Zhang J. Promotion of epithelial-mesenchymal transformation

by hepatocellular carcinoma-educated macrophages through Wnt2b/p-catenin/c-Myc signaling
and reprogramming glycolysis. Journal of Experimental & Clinical Cancer Research. 2021

[cited 2021 Oct 27];40:1-18. Available from: https://jeccr.biomedcentral.com/articles/10.1186/
513046-020-01808-3 [PubMed: 33390177]

Chanput W, Mes JJ, Wichers HJ. THP-1 cell line: an in vitro cell model for immune modulation
approach. Int Immunopharmacol. 2014 [cited 2022 Mar 23];23:37-45. Available from: https://
pubmed.ncbi.nlm.nih.gov/25130606/ [PubMed: 25130606]

Wang S, Sun Z, Zhang X, Li Z, Wu M, Zhao W, et al. Wnt1 Positively Regulates CD36 Expression
via TCF4 and PPAR-y in Macrophages. Cellular Physiology and Biochemistry. 2015 [cited 2022
Jun 12];35:1289-302. Available from: https://www.karger.com/Article/Full Text/373951 [PubMed:
25721714]

Oh J, Riek AE, Weng S, Petty M, Kim D, Colonna M, et al. Endoplasmic Reticulum Stress
Controls M2 Macrophage Differentiation and Foam Cell Formation. J Biol Chem. 2012 [cited
2022 Jun 12];287:11629. Available from: /pmc/articles/PMC3320912/ [PubMed: 22356914]

Yang B, Su K, Sha G, Bai Q, Sun G, Chen H, et al. LINC00665 interacts with BACHL1 to activate
Whntl and mediates the M2 polarization of tumor-associated macrophages in GC. Mol Immunol.
2022;146:1-8. [PubMed: 35395473]

Feng Y, Ren J, Gui Y, Wei W, Shu B, Lu Q, et al. Wnt/b-catenin—Promoted macrophage alternative
activation contributes to kidney fibrosis. Journal of the American Society of Nephrology.
2018;29:182-93. [PubMed: 29021383]

Lv J, Feng ZP, Chen FK, Liu C, Jia L, Liu PJ, et al. M2-like tumor-associated macrophages-
secreted Wntl and Wnt3a promotes dedifferentiation and metastasis via activating B-catenin
pathway in thyroid cancer. Mol Carcinog. 2021 [cited 2022 Jan 9];60:25-37. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1002/mc.23268 [PubMed: 33283877]

Matias D, Dubois LG, Pontes B, Rosario L, Ferrer VP, Balca-Silva J, et al. GBM-Derived

Wnit3a Induces M2-Like Phenotype in Microglial Cells Through Wnt/B-Catenin Signaling.

Mol Neurobiol. 2019 [cited 2021 Nov 22];56:1517-30. Available from: https://link.springer.com/
article/10.1007/s12035-018-1150-5 [PubMed: 29948952]

Halleskog C, Mulder J, Dahlstrom J, Mackie K, Hortobagyi T, Tanila H, et al. WNT signaling in
activated microglia is pro-inflammatory: WNT/B-catenin signaling in microglia. Glia. 2011 [cited
2021 Nov 22];59:119. Available from: /pmc/articles/PMC3064522/ [PubMed: 20967887]

Yang Y, Zhang Z. Microglia and Wnt Pathways: Prospects for Inflammation in Alzheimer’s
Disease. Front Aging Neurosci. 2020;12:110. [PubMed: 32477095]

Blumenthal A, Ehlers S, Lauber J, Buer J, Lange C, Goldmann T, et al. The Wingless homolog
WNT5A and its receptor Frizzled-5 regulate inflammatory responses of human mononuclear cells
induced by microbial stimulation. Blood. 2006;108:965-73. [PubMed: 16601243]

Kim J, Chang W, Jung Y, Song K, Lee I. Wnt5a activates THP-1 monocytic cells via a B-catenin-
independent pathway involving JNK and NF-xB activation. Cytokine. 2012;60:242-8. [PubMed:
22763043]

Feng Y, Liang Y, Zhu X, Wang M, Gui Y, Lu Q, et al. The signaling protein Wnt5a promotes
TGF1-mediated macrophage polarization and kidney fibrosis by inducing the transcriptional
regulators Yap/Taz. Journal of Biological Chemistry. 2018 [cited 2022 Apr 8];293:19290-302.
Available from: http://www.jbc.org/article/S0021925820341533/fulltext [PubMed: 30333225]
Mehmeti M, Bergenfelz C, Kallberg E, Millrud CR, Bjork P, Ivars F, et al. Wntba is a TLR2/4-
ligand that induces tolerance in human myeloid cells. Commun Biol. 2019 [cited 2022 Apr 8];2.
Available from: /pmc/articles/PMC6509336/

Lopez-Bergami P, Barbero G. The emerging role of Wnt5a in the promotion of a pro-
inflammatory and immunosuppressive tumor microenvironment. Cancer and Metastasis Reviews.
2020 [cited 2022 Apr 10];39:933-52. Available from: https://link.springer.com/article/10.1007/
510555-020-09878-7 [PubMed: 32435939]

Cancer Res. Author manuscript; available in PMC 2023 July 04.


http://www.atsjournals.org
https://jeccr.biomedcentral.com/articles/10.1186/s13046-020-01808-3
https://jeccr.biomedcentral.com/articles/10.1186/s13046-020-01808-3
https://pubmed.ncbi.nlm.nih.gov/25130606/
https://pubmed.ncbi.nlm.nih.gov/25130606/
https://www.karger.com/Article/FullText/373951
https://onlinelibrary.wiley.com/doi/full/10.1002/mc.23268
https://link.springer.com/article/10.1007/s12035-018-1150-5
https://link.springer.com/article/10.1007/s12035-018-1150-5
http://www.jbc.org/article/S0021925820341533/fulltext
https://link.springer.com/article/10.1007/s10555-020-09878-7
https://link.springer.com/article/10.1007/s10555-020-09878-7

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tigue et al.

96.

97.

98.

99.

100

101.

102.

103.

104.

105.

106.

Page 16

Wallace J, Lutgen V, Avasarala S, st. Croix B, Winn RA, Al-Harthi L. Wnt7a induces

a unique phenotype of monocyte-derived macrophages with lower phagocytic capacity and
differential expression of pro- and anti-inflammatory cytokines. Immunology. 2018 [cited 2021
Nov 17];153:203-13. Available from: https://onlinelibrary.wiley.com/doi/full/10.1111/imm.12830
[PubMed: 28872671]

Li C, Zheng X, Han Y, Lv Y, Lan F, Zhao J. XAV939 inhibits the proliferation and migration of
lung adenocarcinoma A549 cells through the WNT pathway. Oncol Lett. 2018 [cited 2021 Nov
27];15:8973-82. Available from: http://www.spandidos-publications.com/10.3892/01.2018.8491/
abstract [PubMed: 29805633]

Huang SMA, Mishina YM, Liu S, Cheung A, Stegmeier F, Michaud GA, et al.

Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling. Nature. 2009 [cited

2022 Apr 3];461:614-20. Available from: https://www.nature.com/articles/nature08356 [PubMed:
19759537]

Raghavan S, Mehta P, Xie Y, Lei YL, Mehta G. Ovarian cancer stem cells and macrophages
reciprocally interact through the WNT pathway to promote pro-tumoral and malignant
phenotypes in 3D engineered microenvironments. Journal for ImmunoTherapy of Cancer.

2019 [cited 2021 Oct 31];7:1-15. Available from: https://jitc.biomedcentral.com/articles/10.1186/
s40425-019-0666-1 [PubMed: 30612589]

. Qiu SQ, Waaijer SJH, Zwager MC, de Vries EGE, van der Vegt B, Schroder CP. Tumor-
associated macrophages in breast cancer: Innocent bystander or important player? Cancer Treat
Rev. 2018;70:178-89. [PubMed: 30227299]

Ojalvo LS, Whittaker CA, Condeelis JS, Pollard JW. Gene expression analysis of macrophages
that facilitate tumor invasion supports a role for Wnt-signaling in mediating their activity in
primary mammary tumors. J Immunol; 2010 [cited 2021 Nov 13];184:702-12. Available from:
https://pubmed.ncbi.nlm.nih.gov/20018620/ [PubMed: 20018620]

Pukrop T, Klemm F, Hagemann T, Gradl D, Schulz M, Siemes S, et al. Wnt 5a signaling is critical
for macrophage-induced invasion of breast cancer cell lines. Proc Natl Acad Sci U S A. 2006
[cited 2021 Nov 14];103:5454-9. Available from: https://pubmed.nchi.nlm.nih.gov/16569699/
[PubMed: 16569699]

Menck K, Klemm F, Gross JC, Pukrop T, Wenzel D, Binder C. Induction and transport of Wnt
5a during macrophage-induced malignant invasion is mediated by two types of extracellular
vesicles. Oncotarget. 2013;4:2057-66. [PubMed: 24185202]

Ganesh S, Shui X, Craig KP, Park J, Wang W, Brown BD, et al. RNAi-Mediated p-Catenin
Inhibition Promotes T Cell Infiltration and Antitumor Activity in Combination with Immune
Checkpoint Blockade. Molecular Therapy. 2018 [cited 2022 Jun 30];26:2567. Available

from: /pmc/articles/PMC6225018/ [PubMed: 30274786]

Lin CC. Clinical Development of Colony-Stimulating Factor 1 Receptor (CSF1R)

Inhibitors. J Immunother Precis Oncol. 2021 [cited 2022 Jun 30];4:105-14. Available

from: https://meridian.allenpress.com/innovationsjournals-JIPO/article/4/2/105/465079/Clinical-
Development-of-Colony-Stimulating-Factor [PubMed: 35663534]

Chehrazi-Raffle A, Dorff TB, Pal SK, Lyou Y. Wnt/B-Catenin Signaling and Immunotherapy
Resistance: Lessons for the Treatment of Urothelial Carcinoma. Cancers. 2021 [cited 2021 Dec
13];13:1-13. Available from: /pmc/articlessPMC7924395/

Cancer Res. Author manuscript; available in PMC 2023 July 04.


https://onlinelibrary.wiley.com/doi/full/10.1111/imm.12830
http://www.spandidos-publications.com/10.3892/ol.2018.8491/abstract
http://www.spandidos-publications.com/10.3892/ol.2018.8491/abstract
https://www.nature.com/articles/nature08356
https://jitc.biomedcentral.com/articles/10.1186/s40425-019-0666-1
https://jitc.biomedcentral.com/articles/10.1186/s40425-019-0666-1
https://pubmed.ncbi.nlm.nih.gov/20018620/
https://pubmed.ncbi.nlm.nih.gov/16569699/
https://meridian.allenpress.com/innovationsjournals-JIPO/article/4/2/105/465079/Clinical-Development-of-Colony-Stimulating-Factor
https://meridian.allenpress.com/innovationsjournals-JIPO/article/4/2/105/465079/Clinical-Development-of-Colony-Stimulating-Factor

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tigue et al.

Page 17

A M1 polarization M2 polarization

IL-12  MHCII IL-1B CXCL11 CD200R SOCS1 CCL17 CD163

TNF iNOS pSTAT1 CCR7 MMP12 MMP1 CCL18 CD206
CXCL10 CD80 CCL5 CD40 IL-177RB  ARG1 CCL4 TGFB
B Tissue resident Anti-inflammatory o

macrophage 0 T

IL-4/1L-10 Tumor ‘

Other promotion
w‘tokme / /

e g
:nMa?:“rophage @ / cymkmj/ Tumor cells
M CSF _> Cytokines/ . A4
GM-CSF Q chemokines Tumor/tissue
e == — L =] -
I
c)

Figure 1. A: Macrophage polarization spectrum.
A simplified illustration of macrophage polarization and associated phenotypic markers

(27). 1B: Stepsin the establishment of immunosuppressive, M 2-like tumor-associated
macrophages (TAMs) and the potential role of Wnt signaling. 1-2: Tumor cells or
other cells within the tumor stroma secrete molecules that recruit monocytes from nearby
vasculature, which then extravasate through the endothelium into the tissue. 3: Monocytes
differentiate into macrophages within the tissue. 4: Monocyte-derived macrophages and
tissue-resident macrophages are polarized to become anti-inflammatory, M2-like TAMs by
cytokines, chemokines, and other molecules secreted into the tumor microenvironment. 5:
M2-like TAMs promote tumor growth and progression and support an anti-inflammatory
environment. Figure created with BioRender.com.
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Figure 2. A. Wnt/B-catenin Signaling.
In the absence of Wnt, a complex consisting of glycogen synthase kinase 3 (GSK3),

adenomatosis polyposis coli (APC), Axin, and casein kinase la (CKla) comprise

the “destruction complex”, which targets B-catenin for phosphorylation and subsequent
ubiquitin-mediated proteasomal degradation. When Wnt ligand binds to FZD and recruit
Dishevelled and LRP5/6 to the membrane, the destruction complex is inhibited and -
catenin degradation is blocked. Consequently, B-catenin enters the nucleus and associates
with transcription factors T cell factor (TCF) and lymphoid enhancer-binding factor (LEF1),
and the transcriptional co-activators, cyclic AMP response element-binding protein (CBP)
or p300, to activate transcription of Wnt target genes, including c-Myrc, ¢-Jun, and other
genes involved in cell differentiation and proliferation. 2B. Theroles of Wnt signaling and
specific Wnt ligandsin TAM polarization and tumor promotion. Figure created with
BioRender.com.
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