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Simple Summary: While both the fields of cancer metastasis research and cancer immunology have
been heavily investigated, their combination—the immunology of metastasis—is underrepresented
given the fact that metastasis is responsible for up to 90% of cancer deaths. Additionally, evading
detection by the immune system is a key prerequisite for the spread of tumor cells to distant organs. In
this review, we explore the connections between a master regulator of metastasis, MACC1, and both
its direct and indirect links with immunological processes. Specifically, we highlight MACC1-induced
alterations of signaling pathways and secreted factors and how this translates into changed immuno-
logical outcomes including effects on immune cell infiltration, activity, and their regulation through
immunological checkpoints.

Abstract: Metastasis remains the most critical factor limiting patient survival and the most challenging
part of cancer-targeted therapy. Identifying the causal drivers of metastasis and characterizing their
properties in various key aspects of cancer biology is essential for the development of novel metastasis-
targeting approaches. Metastasis-associated in colon cancer 1 (MACC1) is a prognostic and predictive
biomarker that is now recognized in more than 20 cancer entities. Although MACC1 can already be
linked with many hallmarks of cancer, one key process—the facilitation of immune evasion—remains
poorly understood. In this review, we explore the direct and indirect links between MACC1 and
the mechanisms of immune escape. Therein, we highlight the signaling pathways and secreted
factors influenced by MACC1 as well as their effects on the infiltration and anti-tumor function of
immune cells.

Keywords: metastasis; MACC1; immune evasion

1. Clinical Significance of MACC1 for Cancer Metastasis

The formation of metastasis remains the most lethal attribute of cancers, being re-
sponsible for the majority of cancer-related deaths, and—in some entities—making up the
cause of about 90% of cancer deaths [1–3]. Although therapeutic strategies are successful
in limiting cancer growth and progression, cancer cells will continue to evolve and later
form metastases. This highlights the clinical need for the development and evaluation of
biomarkers capable of predicting metastasis formation as well as therapy success. In the
last ten years, metastasis-associated in colon cancer 1 (MACC1) has been recognized as
such a biomarker in over 20 solid cancer entities [4]. It is a causal driver of metastasis,
and its level in initially metastasis-free patients is a highly accurate predictor of metastasis
formation and overall as well as metastasis-free patient survival. Importantly, multiple
studies have so far confirmed that both intra-tumoral MACC1 expression as well as blood
levels of MACC1 can serve as a marker predicting metastasis formation [5–8]. Despite
its promising capabilities as a biomarker, MACC1 is so far not widely used in the clinic.
Although the role of MACC1 for the initiation and propagation of metastasis has been well-
studied, its physiological role in normal cell function remains largely unknown. One study,
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however, reported that MACC1 defects during embryonal development can lead to mal-
formations [9]. Additionally, MACC1 has been linked to metabolic pathways that mainly
regulate glucose and glutamine metabolism [10]. Functionally, MACC1 acts as a transcrip-
tion factor within the hepatocyte growth factor (HGF)/c-MET signaling pathway, therein
relaying extracellular signals [4]. Furthermore, MACC1 is involved in the regulation of cel-
lular functions through many other pathways including mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinases (ERK), phosphoinositide 3-kinases
(PI3K)/protein kinase B (AKT)/β-catenin, signal transducers and activators of transcription
(STAT)1/3, and twist-related protein (TWIST)/vascular endothelial growth factor (VEGF).
Therefore, functionally, MACC1 is involved in mediating cellular proliferation, metabolic
activity, cancer cell stemness properties, and angiogenesis, which all lead to the promotion
of a metastasis-associated phenotype [4]. Conclusively, it is not surprising that MACC1 is
therefore being evaluated as a target of metastasis-specific therapeutic intervention.

While various molecules have been identified that are capable of reducing the expres-
sion of MACC1, the most promising approach to date is to use agents from the class of
statins. These drugs were initially developed to lower plasma cholesterol levels but have re-
cently shown great potential in inhibiting a MACC1-induced metastatic phenotype in vitro
and metastasis in animal models. Moreover, most strikingly, an evaluation of the clinical
data from over 300,000 patients including more than 50,000 cancer patients revealed strong
evidence of a cancer-preventive effect by statins [11,12]. While all of these highlight the
importance and potential that MACC1 possesses as a biomarker for metastasis, additional
research is needed to fully elucidate MACC1’s specific physiological functions as well as
further understand its role in mediating key cancer processes.

One such process that to date remains only vaguely comprehended is in what manner
MACC1 is involved in regulating how tumor cells interact with their environment, and
specifically with close-by immune cells. This is of special importance as one key prerequisite
for the formation of metastasis is the development of distinct attributes that allow cancerous
cells to evade their detection and attack by surveilling immune cells [13]. These immune-
evasive features will need to already develop early within the primary tumor, but they
become increasingly relevant within the circulation where circulating tumor cells (CTCs)
come in close contact with immune cells, and furthermore in the secondary organs in which
metastatic cells aim to take root. In this review, we provide a comprehensive overview
over the known links between the metastasis-driver MACC1 and the mechanisms of
immune evasion.

2. MACC1 Correlates with Immune Cell Infiltration

To date, the experimental evidence of MACC1 expression possessing immunological
consequences has largely been centered around correlations of MACC1 levels with intra-
tumoral immune cell infiltration. The first study, which used bioinformatic analysis of colon
adenocarcinoma (COAD) patients based on The Cancer Genome Atlas (TCGA), identified
MACC1 as a positive regulator of the infiltration of natural killer (NK) cells, macrophages,
and neutrophils. However, this study could not ascertain any effects on the levels of
infiltrating dendritic cells, B cells and T helper, cytotoxic, or regulatory T cells [14]. A
second study in breast cancer confirmed the positive effect of MACC1 on the infiltration of
macrophages, in this case, specifically of anti-inflammatory, tumor-associated macrophages
(TAMs). Here, however, the effect on NK cell infiltration was negatively associated with
MACC1, as was the infiltration of cluster of differentiation (CD)8+ cytotoxic T lymphocytes
(CTLs) [15]. Of note, one study reported that the levels of MACC1 were closely related with
the expression of the immunological checkpoint programmed cell death 1 ligand 1 (PD-L1).
Here, the ectopic manipulation (up- or downregulation) of MACC1 translated into corre-
sponding changes of PD-L1, and ultimately into alterations of the anti-tumor effects and
immune cell-mediated killing capacity of peripheral blood mononuclear cells (PBMCs)
in a co-culture setting [16]. Although this provides the first experimental evidence of the
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correlation between MACC1 and the immune system, further links can be drawn between
MACC1 target genes and immune cell infiltration and function.

3. MACC1 Influences Immune Cell Infiltration and Tumor-Immunity through Positive
Feedback Loop and Vascularization

One of the main functions of MACC1 is to act as a transcription factor. In this regard, a
number of its target genes have been described to possess the potential for inducing effects
of immunological relevance. First and foremost, in a positive feedback loop following
the activation of MACC1 downstream of HGF/c-Met, MACC1 induces the expression
of c-Met [17,18]. c-Met itself possesses various properties related to the immune system.
Most notably, HGF stimulation can induce the expression of PD-L1 through c-MET and
thereby contribute to cancer cell immune evasion [19,20], a process likely dependent on
MACC1 as a core regulator/effector of this signaling pathway. Moreover, HGF/c-Met
regulates the recruitment of immune cells into the tumor microenvironment (TME) and can
create an immunosuppressive milieu (e.g., by inducing anti-inflammatory T helper cells
and macrophages as well as shifting the cytokine milieu toward the secretion of immune
system-regulating cytokines). Specifically, HGF-stimulation can diminish the production of
IFN-γ, whilst interleukin (IL)-4 and IL-10 secretion increases [19,21,22].

Additionally, one of the functional outcomes of HGF/c-Met stimulation is the MACC1-
mediated induction of angiogenesis through increasing the production and secretion of
VEGF [23,24]. VEGF, in turn, can directly influence the recruitment, differentiation, and
activity of cells belonging to the innate as well as adaptive immune system. Specifically,
the secretion of VEGF leads to the specific recruitment of a variety of regulatory immune
cells such as regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSCs). Fur-
thermore, VEGF pushes macrophage differentiation into an anti-inflammatory M2-subset.
Additionally, VEGF influences the maturation of dendritic cells (DCs) and increases their
expression of immuno-regulatory molecules such as PD-L1, which act as immune check-
points and can limit the activation and function of other immune cells in close proximity to
those DCs. All of these mechanisms promote an anti-inflammatory milieu and a pro-tumor
environment. Additionally, VEGF can directly influence the proliferation, recruitment, and
cytotoxicity of killer cells such as CTLs and NK cells, decreasing their recognition and
effector functions against cancer cells [25,26]. Notably, MACC1 increases the vessel density
and vascularization through VEGF/Twist. However, VEGF also influences the expres-
sion of adhesion molecules on endothelial cells, specifically blocking the upregulation of
molecules such as intercellular adhesion molecules (ICAMs), vascular cell adhesion protein
(VCAM), or selectins that are induced by inflammatory mediators. This decreases the
extravasation and tumor infiltration of various immune cells normally mediated by those
adhesion molecules. Additionally, VEGF can also specifically increase other endothelial
adhesion molecules such as CLEVER-1 and Fas-ligand (FasL). CLEVER-1 is a scavenging
receptor and correlates with the selectively increased infiltration of anti-inflammatory and
pro-tumor immune cells such as Tregs and M2 macrophages. Endothelial expression of
FasL initiates apoptosis pathways specifically in activated T cells, with Tregs being resis-
tant to FasL-mediated killing. Ultimately, this is associated with decreased numbers of
intra-tumoral CTLs [27]. Interestingly, a direct link has already been described between the
expression of MACC1 and the Fas/FasL apoptosis pathway.

4. MACC1 Mediates Immune Evasion through STAT1/3 and Fas

The tumor-intrinsic expression of MACC1 is relevant for the sensitization to death
receptor-mediated apoptosis via Fas/FasL. In this context, the presence of MACC1 in-
creases the activation and phosphorylation of STAT proteins that induce the expression of
myeloid cell leukemia-1 (MCL1), which in turn decreases the expression of Fas [4]. This
effect can protect cancer cells from Fas-agonist induced apoptosis induction and likely,
in a more physiological context, from immune cell-induced destruction. Interestingly,
STAT proteins can also mediate other mechanisms of immune evasion. Of note, the STAT
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signaling pathway—when induced by interferon (IFN)-γ—can drive the overexpression of
PD-L1, thereby inhibiting the anti-cancer functions of tumor-targeting immune cells [28].
Interestingly, there is already a reported connection between MACC1 and PD-L1. In gastric
cancer tissues, the levels of MACC1 were positively correlated with the expression of PD-L1.
Furthermore, alterations in the expression of MACC1 through genetic manipulation such
as silencing or induced overexpression translated into corresponding changes of PD-L1
expression. However, it is unclear which cells within the TME are expressing PD-L1 in
this study. Therefore, additional investigations are needed to elucidate whether there is
a direct link of MACC1 and the expression of immunological checkpoints [16]. In a more
general context, STAT1 expression not only correlates with the expression of PD-L1 and
its interaction partner programmed cell death protein 1 (PD-1), but can also be associated
with disease stage and tumor grade [29]. Moreover, one transcriptional target of STAT
proteins is c-Myc, which can be induced by STAT3 in early tumorigenesis and in response
to T cell immunosurveillance. The induction of c-Myc can then drive immunoediting,
leading to decreased T cell recognition and generally an immune-suppressive TME [30].
However, STAT proteins are also responsible for the regulation of the expression of major
histocompatibility complex (MHC) molecules induced by IFN-γ. Therein, they are centrally
involved in how cancer cells present antigens and how they are recognized and targeted by
immune cells. Importantly, many cancers dysregulate pathways of antigen presentation,
however, the used strategies for achieving this are plentiful. Overall, the outcome of STAT
protein expression and function can vary, even within a specific cellular subset. However,
if pro- or anti-tumor functions predominate, depends on the individual context as well
as additional contributing factors [31,32]. Finally, as STAT proteins are major immune
regulators, one key aspect is that they can induce the production of cytokines by cancer
cells [33,34].

5. The Role of Cytokines and Stemness Factors for MACC1 and the Immune System

In this context, cancer cells can use inflammatory mediators such as cytokines to
promote their own growth. Moreover, chronic inflammatory conditions can initiate the
aberrant changes leading to cancer formation, and these conditions can also continuously
drive cancer progression. MACC1, in particular, has been identified as one target initiated
through the tumor-promoting effects of two major regulators: the cytokines tumor necrosis
factor (TNF)-α and IFN-γ [35]. Here, the signaling cascades activated by the cytokines
lead to the activation of nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
(NFkB), resulting in the induction of transcription factors binding to the MACC1 promoter
and thereby to a shift toward a metastasis-associated phenotype mediated by MACC1
itself. Although these cytokines naturally influence many cells within the TME, this is an
interesting example of how the inflammatory properties surrounding cancerous cells can
contribute to metastasis. Interestingly, large amounts of various cytokines can be produced
by cancer stem cells [36], which have already been linked to MACC1.

While cancer stem cells (CSCs) only make up a small fraction of the total tumor cells,
they likely provide the basis for the majority of malignant human tumors and are critically
important in initiating metastasis [37,38]. In this context, MACC1 has been identified to
regulate the cancer cell stemness properties through the induction of transcription factors
known as core regulators of multipotency such as octamer-binding transcription factor
4 (Oct4) and Nanog [39]. Importantly, CSCs possess a variety of strategies to avoid im-
mune recognition. Most notably, they employ immune checkpoint molecules to evade
cell contact-induced killing by immune cells and can secrete extracellular vesicles (EVs),
growth factors, metabolites, and cytokines to modulate the TME in a wider scope [40].
Specifically, CSCs exhibit high levels of expression for the inhibitory molecules PD-L1,
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), T-cell immunoglobulin, and mucin-
domain containing-3 (TIM-3) as well as lymphocyte-activation gene 3 (LAG3). Additionally,
CSCs often downregulate the expression of MHC class I molecules in comparison to more
differentiated cancer cells, a feature that conveys their protection from T cell recogni-
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tion and destruction. Interestingly, CSCs are also capable of reducing the expression of
tumor-associated antigens, thereby additionally limiting immune cell surveillance [41].
Furthermore, CSCs increase the expression of CD47, a transmembrane protein that trans-
mits inhibitory signals toward macrophages and hinders phagocytosis, thereby acting
as an immune checkpoint for the innate immune system [42]. Through the secretion of
soluble factors, CSCs can further manipulate their surroundings. EVs, for instance, are
capable of suppressing T cell functions, inhibiting dendritic cell maturation, and pushing
macrophages into the anti-inflammatory M2 subtype [41]. In addition, CSCs secrete a
variety of cytokines including IL-4, IL-8, transforming growth factor (TGF)-β, macrophage
colony-stimulating factor (M-CSF), and granulocyte-macrophage colony-stimulating factor
(GM-CSF), all possessing immunosuppressive capabilities and collaborating to produce a
pro-tumor environment through the manipulation of the anti-tumor activity of immune
cells [42]. Importantly, these functional outcomes can be directly linked to core multipo-
tency factors such as Oct4 [43], which in turn can be induced by active MACC1 [39]. Along
the same lines, Nanog conveys this immune-resistant phenotype and can also be upregu-
lated by MACC1 [39,44]. Finally, MACC1 can induce stemness properties by stimulating
LGR5 expression [45].

6. MACC1 Manipulates the TME via PI3K/Akt and Wnt Pathways

Another link of MACC1 with mechanisms of immune evasion is mediated through the
regulation of the PI3K/AKT pathway. Various studies have identified MACC1 as a positive
regulator of PI3K/AKT signaling [46,47], at least in part through a negative regulation
of the phosphatase and tensin homolog (PTEN) [4,48,49]. Activation of this pathway can
create an inhibitory myeloid TME and reduce the overall numbers of infiltrating CTLs [50].
Furthermore, through the loss of activity from PTEN, specific changes in the cytokine
milieu such as a high production of chemokine (C-X-C motif) ligand (CXCL)17 can induce
the recruitment of MDSCs, Tregs, and anti-inflammatory M2 macrophages. Moreover, the
loss of PTEN or its secreted variant PTEN-L can diminish the production and release of
pro-inflammatory cytokines such as TNF-α and IL-6. Importantly, reduced PTEN-activity
is also linked to an increased expression of immunological checkpoints such as PD-1 and
PD-L1 [51]. All of these described alterations collaborate to create an immunosuppressive
environment as well as overall favorable conditions for continuous tumor cell growth.

One of the outcomes of increased AKT kinase activity is the stabilization of β-catenin
and the promotion of its nuclear translocation, thereby connecting the PI3K/Akt pathway
closely with the Wnt/β-catenin pathway. Various studies have already linked MACC1 with
the Wnt pathway [52]. In this context, MACC1 has been established as a transcriptional
target of Wnt/β-catenin [53], and more importantly, MACC1 can regulate the expression of
Wnt target genes such as VEGF, c-Myc, cyclin D1/E, and matrix metalloproteinases [4,39].
The activation of Wnt signaling in tumor cells can then, in turn, promote immune eva-
sion through the direct induction of PD-L1 and CD47 expression, and furthermore via
an alteration of the infiltration and function of immune cells within the TME. Specifi-
cally, increased levels of Wnt-induced secreted protein 1 (WISP1) facilitate a pro-tumor
microenvironment by promoting TAMs whereas the downregulation of chemokines such
as chemokine (C-C motif) ligand (CCL)4 and CCL5 reduce the numbers of DCs [54,55].
Additionally, an inverse correlation has been described between Wnt/β-catenin signaling
activity and the infiltration of T cells into cancerous tissue [56]. One key target gene of
this signaling pathway is S100A4, also referred to as metastasin. This master regulator
of metastatic functions including epithelial–mesenchymal transition (EMT) [57] has been
shown to be a transcriptional target of MACC1 [5]. S100A4 can stimulate tumor cells to
secrete numerous inflammatory cytokines, most notably IL-8 and CCL2, which then shape
the TME toward a pro-tumor state and favor metastatic growth [58]. Furthermore, S100A4
is also positively linked with the expression of PD-L1 and the inhibition of anti-tumor T cell
activity. Of note, this is not only a direct effect, but can also act on the surrounding cells,
as S100A4 can be transmitted (e.g., via extracellular vesicles) [59]. Interestingly, MACC1
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and S100A4 have been independently established as key drivers of metastasis and can
individually be used to stratify patients according to their specific metastatic risk. However,
combining both markers yields the greatest potential for patient stratification. Additionally,
therapeutic strategies have been developed to target both MACC1 as well as S100A4. Here,
again, combining the interventional therapies works synergistically and has the highest
therapeutic value in vitro and in limiting metastasis formation in animal models [5].

7. Additional Mechanisms by Which MACC1 Might Influence Immune Cell Infiltration
and Function

Interestingly, MACC1 can also influence metastasis and immune evasion via a rather
unexpected pathway—by modulating the mechanisms of endocytosis. MACC1 has been
described to promote receptor internalization and recycling as part of clathrin-mediated
endocytosis (CME) [60]. In the context of metastasis, the stimulation or continuation of
CME can facilitate stronger or longer lasting signals from growth factor receptors such as
the EGFR, thereby stabilizing oncogenic signaling [61]. Interestingly, endocytic pathways
can also influence tumor immunity and tumor-induced immune suppression through
the regulation of tumor surface antigens. Here, especially the degradation of molecules
involved in antigen presentation, namely MHC class I, is of considerable importance [62,63].
Endocytosis, as a pathway that is based around membrane-vesicles deemed for the degra-
dation and recycling of intra- and extracellular components, is furthermore mechanistically
closely related to another pathway, autophagy [64]. Importantly, MACC1 has been de-
scribed as a positive regulator of 5′ adenosine monophosphate-activated protein kinase
(AMPK)/Unc-51-like autophagy-activating kinases (ULK1) induced autophagy. Tumor
cells employing this tool can reroute MHC class I molecules toward lysosomes, leading to
their destruction and an overall diminished T cell recognition. Through autophagy, tumor
cells can also alter the secretion of cytokines into the TME, affecting, for instance, CXCL1,
CXCL2, CXCL5, and CXCL12 production. This ultimately leads to an attraction of MDSCs
and immunosuppressive macrophages as well as an overall pro-tumor environment. Fur-
thermore, autophagy diminishes the release of the chemokine CCL5, which facilitates the
infiltration of NK cells into the TME. Additionally, through autophagic processes, tumor
cells become capable of degrading granzyme B, a factor secreted by activated CTLs and NK
cells with the aim to induce apoptosis in target cells, thereby effectively blocking immune
cell induced tumor cell destruction [65]. Autophagy is also a process providing additional
energy when the metabolism of a cell is challenged [66]. Interestingly, there is a more direct
link described between MACC1 and the metabolic system.

First and foremost, MACC1 is capable of altering important metabolic pathways, lead-
ing to elevations in glucose and glutamine uptake. In this way, MACC1 functions through
the upregulation of specific transporter proteins such as glucose transporter (GLUT)1 and
GLUT4 as well as via the regulation of glycolytic enzymes including hexokinase, pyru-
vate dehydrogenase kinase, and lactate dehydrogenase [10,67]. Through the induction of
these metabolic changes—namely by promoting the so-called Warburg-effect, leading to
an increased use of glucose—cancer cells promote nutrient depletion, oxygen-deprivation,
increased acidity, and the release of potentially toxic metabolites into their surrounding
area [68]. These changes promote a TME that is highly immunosuppressive, hinders im-
mune cell infiltration (immune exclusion), and can even mediate the loss of efficacy of
adoptive cell therapies and immune checkpoint inhibitors [69]. Additionally, it has been
described that hypoxia can induce the expression of PD-L1 on various cell types of the
TME including tumor cells. Furthermore, the combination of glucose and oxygen depri-
vation can diminish the overall antigen presentation on cancer cells via the MHC class I
system [70,71].

Although also linked to metabolism but independent from cancer formation, a re-
lationship between MACC1 and obesity has been described. In this study, higher levels
of cell-free MACC1 in plasma were observed in obese adults in comparison to normal
weight control individuals. Reducing the total body fat resulted in lowered MACC1 lev-



Cancers 2024, 16, 1330 7 of 12

els. Additionally, rats with high-fat diet-induced obesity demonstrated higher MACC1
levels and a more severe colon tumor outcome [72]. Importantly, obesity can promote
chronic inflammation and induce systemic changes in T cell and macrophage populations,
exacerbating various diseases including cancer [73].

8. Outlook and Conclusions

Since its first description in 2009, MACC1 has been recognized as a prognostic and
predictive biomarker as well as a driver of metastasis formation in over 20 cancer entities.
MACC1 levels analyzed from tumor tissue or liquid biopsies can be used to determine the
individual metastatic risk and predict patient survival and therapy outcomes. However,
there is only limited data of MACC1 as a biomarker of immune system status and anti-
tumor immunity. Several studies have identified correlations between MACC1 expression
levels and the infiltration of immune cells into the tumor surrounding areas [14,15]. Fur-
thermore, a bioinformatic analysis of COAD using multiple databases identified MACC1
as a potential predictor for immune responses as well as a novel target for immunotherapy-
based intervention strategies [74]. Further evidence is provided by the general use of
statins, potent transcriptional inhibitors of MACC1 expression, as they are widely used and
are often also prescribed to patients treated for cancer. Here, multiple studies have reported
that statins are not only capable of preventing cancer development [12], but also augment
already established immune-targeting treatment regimens. In this case, statins can enhance
therapy responses when targeting immunological checkpoints such as PD-L1, a factor that
can be regulated in its expression by MACC1 [16,75–77]. However, direct experimental
links are still rare and future studies need to provide additional and more extensive con-
nections between MACC1 as a metastatic switch and its impact on the immune system.
Here, the description of a direct link between intra-tumoral MACC1 expression and the
state/function of nearby immune cells would especially help further the understanding
of the immunological consequences of MACC1. Additionally, it would be interesting to
study whether there is any difference in the MACC1 expression levels between immune
checkpoint therapy responders or non-responders.

In this review, we have demonstrated that the intra-tumoral expression of MACC1
facilitates cancer immune evasion through multiple processes (Figure 1, Table 1), all leading
toward the altered expression of immune system-controlling surface molecules or cytokines,
ultimately inducing changes in the composition and function of the TME. While MACC1 is
already established as a marker of metastasis, we highlight here that it possesses additional
value as a predictor for cancer immune evasion by manipulating immune cell infiltration
and function. Furthermore, the points made in this review indicate that there is a close
relationship between metastasis and immune evasion that has been largely underestimated
in the past. Here, additional work should be performed to analyze the links between
molecules associated with or causally driving metastasis and their potential immunological
consequences. Taken together, we have demonstrated that MACC1 shapes the environment
for tumor cells to promote the formation of metastasis by mediating various strategies
relevant to immune escape mechanisms of cancer cells.

Table 1. Immunological consequences of MACC1 expression. Upwards-pointing arrows indicate an
upregulation or increase, downwards-pointing arrows a downregulation or decrease.

MACC1 Effect Direct/Indirect Consequences Effect on Immune System Investigated Entity References

MACC1 expression
itself • PD-L1 ↑

• Reduced anti-tumor
immune function • Gastric cancer [16]

Positive feedback to
HGF/c-Met

• PD-L1 ↑
• Anti-inflammatory TME

(Th cells, macrophages)
• Immune system-

regulating cytokines ↑

• Altered immune cell
infiltration

• Reduced anti-tumor
immune function

• Renal cancer
• Autoimmune

diseases
[19–22]
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Table 1. Cont.

MACC1 Effect Direct/Indirect Consequences Effect on Immune System Investigated Entity References

Induction of VEGF
• ICAM, VCAM,

Selectins ↓
• CLEVER-1, FasL ↑

• Specific recruitment of
Tregs and MDSCs

• M2 macrophage
polarization

• Recruitment/anti-tumor
effect of CTLs/NK cells ↓

• Endothelial cells
• Breast cancer [25–27]

Activation of
STAT1/3

• Fas expression ↓
• PD-L1 ↑
• C-Myc ↑

• Protection against
receptor-induced
apoptosis

• Reduced anti-tumor
immune function

• Immunoediting ↑
• Immuno-suppressive

TME

• Renal cancer
• Oral/gastric

cancer
• Skin cancer
• Lung cancer
• Breast cancer

[28,30–34]

Facilitation of cancer
stemness via Oct4
and Nanog

• Immune checkpoints ↑
• MHC class I ↓
• CD47 ↑
• Cyto-/Chemokines and

EVs to modulate TME

• Immuno-suppressive
TME

• Reduced anti-tumor
immune function

• Evasion of T cell
recognition

• Colorectal cancer
• Brain cancer
• Breast cancer
• Colon cancer
• Head and

neck cancer

[36,39–44]

PI3K/Akt signaling

• PTEN ↓
• Changed cyto-/

chemokine milieu
• PD-1/PD-L1 ↑

• Inhibitory myeloid TME
• Infiltration of CTLs ↓
• Recruitment of MDSCs,

Tregs and TAM

• Skin cancer
• Lung cancer
• Breast cancer
• Colorectal cancer
• Brain cancer

[50,51]

Wnt signaling

• Wnt target genes (VEGF,
c-Myc, cyclin D1/E,
MMPs)

• PD-L1/CD47 ↑
• Changed cyto-

/chemokine milieu
• Induction of S100A4

• Reduced infiltration of
DCs and CTLs

• Promoting TAMs

• Brain cancer
• Skin cancer
• Lung cancer

[54–59]

Endocytosis and
autophagy

• Stronger/longer signals
from growth factor
receptors

• Tumor surface antigen ↓
• MHC class I ↓
• Changed cyto-

/chemokine milieu

• Evasion of T cell
recognition

• Pro-tumor environment
characterized by MDSCs
and TAMs

• Infiltration of NK cells ↓
• Degradation of granzyme

B → protection from
immune cell destruction

• Pancreatic cancer
• Lung cancer [62,64,65]

Metabolism

• Glucose transporters/
glycolytic enzymes ↑

• PD-L1 ↑
• MHC class I ↓

• Nutrient depletion,
oxygen-deprivation,
increased acidity,
and accumulation
of metabolites

• Highly
immunosuppressive TME

• Immune exclusion

• Breast cancer
• Lung cancer
• Fibrosarcoma
• Skin cancer

[68–71]
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microenvironment and creates a tumor-favorable milieu.

Author Contributions: S.T. performed the literature search as well as the drafting and writing of the
manuscript. S.T. prepared the table and figure and performed all revision modifications. U.S. and
W.W. were involved in reviewing and editing the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors are thankful to Nina Heisterkamp for proof-reading the manuscript.

Conflicts of Interest: All authors declare no conflict of interests.

References
1. Dillekås, H.; Rogers, M.S.; Straume, O. Are 90% of deaths from cancer caused by metastases? Cancer Med. 2019, 8, 5574–5576.

[CrossRef] [PubMed]
2. Seyfried, T.N.; Huysentruyt, L.C. On the Origin of Cancer Metastasis. Crit. Rev. Oncog. 2013, 18, 43–73. [CrossRef] [PubMed]
3. Fares, J.; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A hallmark of cancer revisited.

Signal Transduct. Target. Ther. 2020, 5, 1–17. [CrossRef] [PubMed]
4. Radhakrishnan, H.; Walther, W.; Zincke, F.; Kobelt, D.; Imbastari, F.; Erdem, M.; Kortüm, B.; Dahlmann, M.; Stein, U. MACC1-the

first decade of a key metastasis molecule from gene discovery to clinical translation. Cancer Metastasis Rev. 2018, 37, 805–820.
[CrossRef] [PubMed]

5. Kortüm, B.; Radhakrishnan, H.; Zincke, F.; Sachse, C.; Burock, S.; Keilholz, U.; Dahlmann, M.; Walther, W.; Dittmar, G.; Kobelt, D.;
et al. Combinatorial treatment with statins and niclosamide prevents CRC dissemination by unhinging the MACC1-β-catenin-
S100A4 axis of metastasis. Oncogene 2022, 41, 4446–4458. [CrossRef] [PubMed]

6. Treese, C.; Werchan, J.; von Winterfeld, M.; Berg, E.; Hummel, M.; Timm, L.; Rau, B.; Daberkow, O.; Walther, W.; Daum, S.; et al.
Inhibition of MACC1-Induced Metastasis in Esophageal and Gastric Adenocarcinomas. Cancers 2022, 14, 1773. [CrossRef]

https://doi.org/10.1002/cam4.2474
https://www.ncbi.nlm.nih.gov/pubmed/31397113
https://doi.org/10.1615/CritRevOncog.v18.i1-2.40
https://www.ncbi.nlm.nih.gov/pubmed/23237552
https://doi.org/10.1038/s41392-020-0134-x
https://www.ncbi.nlm.nih.gov/pubmed/32296047
https://doi.org/10.1007/s10555-018-9771-8
https://www.ncbi.nlm.nih.gov/pubmed/30607625
https://doi.org/10.1038/s41388-022-02407-6
https://www.ncbi.nlm.nih.gov/pubmed/36008464
https://doi.org/10.3390/cancers14071773


Cancers 2024, 16, 1330 10 of 12

7. Link, T.; Kuhlmann, J.D.; Kobelt, D.; Herrmann, P.; Vassileva, Y.D.; Kramer, M.; Frank, K.; Göckenjan, M.; Wimberger, P.; Stein, U.
Clinical relevance of circulating MACC1 and S100A4 transcripts for ovarian cancer. Mol. Oncol. 2019, 13, 1268–1279. [CrossRef]
[PubMed]

8. Hagemann, C.; Neuhaus, N.; Dahlmann, M.; Kessler, A.F.; Kobelt, D.; Herrmann, P.; Eyrich, M.; Freitag, B.; Linsenmann, T.;
Monoranu, C.M.; et al. Circulating MACC1 Transcripts in Glioblastoma Patients Predict Prognosis and Treatment Response.
Cancers 2019, 11, 825. [CrossRef]

9. Melvin, V.S.; Feng, W.; Hernandez-Lagunas, L.; Artinger, K.B.; Williams, T. A Morpholino-based screen to identify novel genes
involved in craniofacial morphogenesis. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2013, 242, 817–831. [CrossRef]

10. Lisec, J.; Kobelt, D.; Walther, W.; Mokrizkij, M.; Grötzinger, C.; Jaeger, C.; Baum, K.; Simon, M.; Wolf, J.; Beindorff, N.; et al.
Systematic Identification of MACC1-Driven Metabolic Networks in Colorectal Cancer. Cancers 2021, 13, 978. [CrossRef]

11. Juneja, M.; Kobelt, D.; Walther, W.; Voss, C.; Smith, J.; Specker, E.; Neuenschwander, M.; Gohlke, B.-O.; Dahlmann, M.; Radetzki,
S.; et al. Statin and rottlerin small-molecule inhibitors restrict colon cancer progression and metastasis via MACC1. PLoS Biol.
2017, 15, e2000784. [CrossRef] [PubMed]

12. Gohlke, B.-O.; Zincke, F.; Eckert, A.; Kobelt, D.; Preissner, S.; Liebeskind, J.M.; Gunkel, N.; Putzker, K.; Lewis, J.; Preissner, S.; et al.
Real-world evidence for preventive effects of statins on cancer incidence: A trans-Atlantic analysis. Clin. Transl. Med. 2022, 12, e726.
[CrossRef] [PubMed]

13. Nguyen, P.H.D.; Wasser, M.; Tan, C.T.; Lim, C.J.; Lai, H.L.H.; Seow, J.J.W.; DasGupta, R.; Phua, C.Z.J.; Ma, S.; Yang, J.; et al.
Trajectory of immune evasion and cancer progression in hepatocellular carcinoma. Nat. Commun. 2022, 13, 1441. [CrossRef]
[PubMed]

14. Liu, B.-X.; Yang, J.; Zeng, C.; Chen, Y. MACC1 Correlates with Tumor Progression and Immune Cell Infiltration of Colon
Adenocarcinoma and is Regulated by the lncRNA ZFAS1/miR-642a-5p Axis. J. Oncol. 2022, 2022, 8179208. [CrossRef] [PubMed]

15. Ali, D.A.; El-Guindy, D.M.; Elrashidy, M.A.; Sabry, N.M.; Kabel, A.M.; Gaber, R.A.; Ibrahim, R.R.; Samy, S.M.; Shalaby, M.M.;
Salama, S.A.; et al. The Prognostic Significance of MACC1 Expression in Breast Cancer and Its Relationship to Immune Cells in
the Tumor Microenvironment and Patient Survival. Med. Kaunas Lith. 2021, 57, 934. [CrossRef] [PubMed]

16. Tong, G.; Cheng, B.; Li, J.; Wu, X.; Nong, Q.; He, L.; Li, X.; Li, L.; Wang, S. MACC1 regulates PDL1 expression and tumor immunity
through the c-Met/AKT/mTOR pathway in gastric cancer cells. Cancer Med. 2019, 8, 7044–7054. [CrossRef]

17. Wen, J.; Xie, Y.; Zhang, Y.; Li, J.; Li, J.; Zhang, Y.; Lu, X.; Zhang, Y.; Liu, Y.; Liu, T.; et al. MACC1 Contributes to the Development
of Osteosarcoma Through Regulation of the HGF/c-Met Pathway and Microtubule Stability. Front. Cell Dev. Biol. 2020, 8, 00825.
[CrossRef] [PubMed]

18. Sheng, X.-J.; Li, Z.; Sun, M.; Wang, Z.-H.; Zhou, D.-M.; Li, J.-Q.; Zhao, Q.; Sun, X.-F.; Liu, Q.-C. MACC1 induces metastasis in
ovarian carcinoma by upregulating hepatocyte growth factor receptor c-MET. Oncol. Lett. 2014, 8, 891–897. [CrossRef] [PubMed]

19. Papaccio, F.; Della Corte, C.M.; Viscardi, G.; Di Liello, R.; Esposito, G.; Sparano, F.; Ciardiello, F.; Morgillo, F. HGF/MET and the
Immune System: Relevance for Cancer Immunotherapy. Int. J. Mol. Sci. 2018, 19, 3595. [CrossRef]

20. Balan, M.; Mier y Teran, E.; Waaga-Gasser, A.M.; Gasser, M.; Choueiri, T.K.; Freeman, G.; Pal, S. Novel roles of c-Met in the
survival of renal cancer cells through the regulation of HO-1 and PD-L1 expression. J. Biol. Chem. 2015, 290, 8110–8120. [CrossRef]

21. Futamatsu, H.; Suzuki, J.; Mizuno, S.; Koga, N.; Adachi, S.; Kosuge, H.; Maejima, Y.; Hirao, K.; Nakamura, T.; Isobe, M. Hepatocyte
growth factor ameliorates the progression of experimental autoimmune myocarditis: A potential role for induction of T helper 2
cytokines. Circ. Res. 2005, 96, 823–830. [CrossRef] [PubMed]

22. Zambelli, A.; Biamonti, G.; Amato, A. HGF/c-Met Signalling in the Tumor Microenvironment. In Tumor Microenvironment:
Signaling Pathways—Part B; Birbrair, A., Ed.; Advances in Experimental Medicine and Biology; Springer International Publishing:
Cham, Switzerland, 2021; pp. 31–44. [CrossRef]

23. Wang, L.; Zhou, R.; Zhao, Y.; Dong, S.; Zhang, J.; Luo, Y.; Huang, N.; Shi, M.; Bin, J.; Liao, Y.; et al. MACC-1 Promotes Endothelium-
Dependent Angiogenesis in Gastric Cancer by Activating TWIST1/VEGF-A Signal Pathway. PLoS ONE 2016, 11, e0157137. [CrossRef]
[PubMed]

24. Lv, M.; Jiao, Y.; Yang, B.; Ye, M.; Di, W.; Su, W.; Zhong, J. MACC1 as a Potential Target for the Treatment and Prevention of Breast
Cancer. Biology 2023, 12, 455. [CrossRef] [PubMed]

25. Geindreau, M.; Ghiringhelli, F.; Bruchard, M. Vascular Endothelial Growth Factor, a Key Modulator of the Anti-Tumor Immune
Response. Int. J. Mol. Sci. 2021, 22, 4871. [CrossRef] [PubMed]

26. Li, Y.-L.; Zhao, H.; Ren, X.-B. Relationship of VEGF/VEGFR with immune and cancer cells: Staggering or forward? Cancer Biol.
Med. 2016, 13, 206–214. [CrossRef]

27. Hendry, S.A.; Farnsworth, R.H.; Solomon, B.; Achen, M.G.; Stacker, S.A.; Fox, S.B. The Role of the Tumor Vasculature in the Host
Immune Response: Implications for Therapeutic Strategies Targeting the Tumor Microenvironment. Front. Immunol. 2016, 7, 621.
[CrossRef]

28. Radhakrishnan, H.; Ilm, K.; Walther, W.; Shirasawa, S.; Sasazuki, T.; Daniel, P.T.; Gillissen, B.; Stein, U. MACC1 regulates Fas
mediated apoptosis through STAT1/3—Mcl-1 signaling in solid cancers. Cancer Lett. 2017, 403, 231–245. [CrossRef] [PubMed]

29. Liu, F.; Liu, J.; Zhang, J.; Shi, J.; Gui, L.; Xu, G. Expression of STAT1 is positively correlated with PD-L1 in human ovarian cancer.
Cancer Biol. Ther. 2020, 21, 963–971. [CrossRef] [PubMed]

https://doi.org/10.1002/1878-0261.12484
https://www.ncbi.nlm.nih.gov/pubmed/30927479
https://doi.org/10.3390/cancers11060825
https://doi.org/10.1002/dvdy.23969
https://doi.org/10.3390/cancers13050978
https://doi.org/10.1371/journal.pbio.2000784
https://www.ncbi.nlm.nih.gov/pubmed/28570591
https://doi.org/10.1002/ctm2.726
https://www.ncbi.nlm.nih.gov/pubmed/35184411
https://doi.org/10.1038/s41467-022-29122-w
https://www.ncbi.nlm.nih.gov/pubmed/35301339
https://doi.org/10.1155/2022/8179208
https://www.ncbi.nlm.nih.gov/pubmed/36545127
https://doi.org/10.3390/medicina57090934
https://www.ncbi.nlm.nih.gov/pubmed/34577857
https://doi.org/10.1002/cam4.2542
https://doi.org/10.3389/fcell.2020.00825
https://www.ncbi.nlm.nih.gov/pubmed/33425885
https://doi.org/10.3892/ol.2014.2184
https://www.ncbi.nlm.nih.gov/pubmed/25009663
https://doi.org/10.3390/ijms19113595
https://doi.org/10.1074/jbc.M114.612689
https://doi.org/10.1161/01.RES.0000163016.52653.2e
https://www.ncbi.nlm.nih.gov/pubmed/15774858
https://doi.org/10.1007/978-3-030-47189-7_2
https://doi.org/10.1371/journal.pone.0157137
https://www.ncbi.nlm.nih.gov/pubmed/27280289
https://doi.org/10.3390/biology12030455
https://www.ncbi.nlm.nih.gov/pubmed/36979146
https://doi.org/10.3390/ijms22094871
https://www.ncbi.nlm.nih.gov/pubmed/34064508
https://doi.org/10.20892/j.issn.2095-3941.2015.0070
https://doi.org/10.3389/fimmu.2016.00621
https://doi.org/10.1016/j.canlet.2017.06.020
https://www.ncbi.nlm.nih.gov/pubmed/28649004
https://doi.org/10.1080/15384047.2020.1824479
https://www.ncbi.nlm.nih.gov/pubmed/33043814


Cancers 2024, 16, 1330 11 of 12

30. Tsai, C.-H.; Chuang, Y.-M.; Li, X.; Yu, Y.-R.; Tzeng, S.-F.; Teoh, S.T.; Lindblad, K.E.; Matteo, M.D.; Cheng, W.-C.; Hsueh, P.-C.;
et al. Immunoediting instructs tumor metabolic reprogramming to support immune evasion. Cell Metab. 2023, 35, 118–133.e7.
[CrossRef]

31. Owen, K.L.; Brockwell, N.K.; Parker, B.S. JAK-STAT Signaling: A Double-Edged Sword of Immune Regulation and Cancer
Progression. Cancers 2019, 11, 2002. [CrossRef]

32. Zhang, Y.; Liu, Z. STAT1 in Cancer: Friend or Foe? Discov. Med. 2017, 24, 19–29. [PubMed]
33. Ni, Y.; Low, J.T.; Silke, J.; O’Reilly, L.A. Digesting the Role of JAK-STAT and Cytokine Signaling in Oral and Gastric Cancers. Front.

Immunol. 2022, 13, 835997. [CrossRef]
34. Yu, H.; Pardoll, D.; Jove, R. STATs in cancer inflammation and immunity: A leading role for STAT3. Nat. Rev. Cancer 2009,

9, 798–809. [CrossRef]
35. Kobelt, D.; Zhang, C.; Glauben, R.; Siegmund, B.; Stein, U. Pro-inflammatory TNF-α and IFN-γ promote tumor growth and

metastasis via induction of MACC1. Front. Immunol. 2020, 11, 525727. [CrossRef]
36. Lei, M.M.L.; Lee, T.K.W. Cancer Stem Cells: Emerging Key Players in Immune Evasion of Cancers. Front. Cell Dev. Biol. 2021,

9, 692940. [CrossRef]
37. Shiozawa, Y.; Nie, B.; Pienta, K.J.; Morgan, T.M.; Taichman, R.S. Cancer Stem Cells and their Role in Metastasis. Pharmacol. Ther.

2013, 138, 285–293. [CrossRef] [PubMed]
38. Steinbichler, T.B.; Savic, D.; Dudás, J.; Kvitsaridze, I.; Skvortsov, S.; Riechelmann, H.; Skvortsova, I.-I. Cancer stem cells and their

unique role in metastatic spread. Semin. Cancer Biol. 2020, 60, 148–156. [CrossRef]
39. Lemos, C.; Hardt, M.S.; Juneja, M.; Voss, C.; Förster, S.; Jerchow, B.; Haider, W.; Bläker, H.; Stein, U. MACC1 Induces Tumor

Progression in Transgenic Mice and Colorectal Cancer Patients via Increased Pluripotency Markers Nanog and Oct4. Clin. Cancer
Res. 2016, 22, 2812–2824. [CrossRef] [PubMed]

40. Wu, B.; Shi, X.; Jiang, M.; Liu, H. Cross-talk between cancer stem cells and immune cells: Potential therapeutic targets in the
tumor immune microenvironment. Mol. Cancer 2023, 22, 38. [CrossRef]

41. Tsuchiya, H.; Shiota, G. Immune evasion by cancer stem cells. Regen. Ther. 2021, 17, 20–33. [CrossRef]
42. Galassi, C.; Musella, M.; Manduca, N.; Maccafeo, E.; Sistigu, A. The Immune Privilege of Cancer Stem Cells: A Key to

Understanding Tumor Immune Escape and Therapy Failure. Cells 2021, 10, 2361. [CrossRef] [PubMed]
43. Ma, T.; Hu, C.; Lal, B.; Zhou, W.; Ma, Y.; Ying, M.; Prinos, P.; Quiñones-Hinojosa, A.; Lim, M.; Laterra, J.; et al. Reprogramming

Transcription Factors Oct4 and Sox2 Induce a BRD-Dependent Immunosuppressive Transcriptome in GBM-Propagating Cells.
Cancer Res. 2021, 81, 2457–2469. [CrossRef] [PubMed]

44. Noh, K.H.; Kim, B.W.; Song, K.-H.; Cho, H.; Lee, Y.-H.; Kim, J.H.; Chung, J.-Y.; Kim, J.-H.; Hewitt, S.M.; Seong, S.-Y.; et al. Nanog
signaling in cancer promotes stem-like phenotype and immune evasion. J. Clin. Investig. 2012, 122, 4077–4093. [CrossRef]
[PubMed]

45. Erdem, M.; Lee, K.H.; Hardt, M.; Regan, J.L.; Kobelt, D.; Walther, W.; Mokrizkij, M.; Regenbrecht, C.; Stein, U. MACC1 Regulates
LGR5 to Promote Cancer Stem Cell Properties in Colorectal Cancer. Cancers 2024, 16, 604. [CrossRef] [PubMed]

46. Liu, J.; Pan, C.; Guo, L.; Wu, M.; Guo, J.; Peng, S.; Wu, Q.; Zuo, Q. A new mechanism of trastuzumab resistance in gastric cancer:
MACC1 promotes the Warburg effect via activation of the PI3K/AKT signaling pathway. J. Hematol. Oncol. J Hematol Oncol. 2016,
9, 76. [CrossRef]

47. Wang, J.; Wang, W.; Cai, H.; Du, B.; Zhang, L.; Ma, W.; Hu, Y.; Feng, S.; Miao, G. MACC1 facilitates chemoresistance and cancer
stem cell-like properties of colon cancer cells through the PI3K/AKT signaling pathway. Mol. Med. Rep. 2017, 16, 8747–8754.
[CrossRef] [PubMed]

48. Hohmann, T.; Hohmann, U.; Dehghani, F. MACC1-induced migration in tumors: Current state and perspective. Front. Oncol.
2023, 13, 1165676. [CrossRef] [PubMed]

49. Qian, L.-Q.; Li, X.-Q.; Ye, P.-H.; Su, H.-Y.; Wang, G.; Liu, Y.; Shen, G.-H.; Gao, Q.-G. Downregulation of MACC1 inhibits the
viability, invasion and migration and induces apoptosis in esophageal carcinoma cells through the phosphatase and tensin
homolog/phosphoinositide 3-kinase/protein kinase B signaling pathway. Oncol. Lett. 2017, 14, 4897–4905. [CrossRef] [PubMed]

50. Collins, N.B.; Al Abosy, R.; Miller, B.C.; Bi, K.; Zhao, Q.; Quigley, M.; Ishizuka, J.J.; Yates, K.B.; Pope, H.W.; Manguso, R.T.; et al.
PI3K activation allows immune evasion by promoting an inhibitory myeloid tumor microenvironment. J. Immunother. Cancer
2022, 10, e003402. [CrossRef]

51. Vidotto, T.; Melo, C.M.; Castelli, E.; Koti, M.; dos Reis, R.B.; Squire, J.A. Emerging role of PTEN loss in evasion of the immune
response to tumours. Br. J. Cancer 2020, 122, 1732–1743. [CrossRef]

52. Meng, F.; Li, H.; Shi, H.; Yang, Q.; Zhang, F.; Yang, Y.; Kang, L.; Zhen, T.; Dai, S.; Dong, Y.; et al. MACC1 Down-Regulation
Inhibits Proliferation and Tumourigenicity of Nasopharyngeal Carcinoma Cells through Akt/β-Catenin Signaling Pathway. PLoS
ONE 2013, 8, e60821. [CrossRef] [PubMed]

53. Kim, H.J.; Moon, S.J.; Kim, S.-H.; Heo, K.; Kim, J.H. DBC1 regulates Wnt/β-catenin-mediated expression of MACC1, a key
regulator of cancer progression, in colon cancer. Cell Death Dis. 2018, 9, 831. [CrossRef] [PubMed]

54. Katoh, M.; Katoh, M. WNT signaling and cancer stemness. Essays Biochem. 2022, 66, 319–331. [CrossRef] [PubMed]
55. Tao, W.; Chu, C.; Zhou, W.; Huang, Z.; Zhai, K.; Fang, X.; Huang, Q.; Zhang, A.; Wang, X.; Yu, X.; et al. Dual Role of WISP1 in

maintaining glioma stem cells and tumor-supportive macrophages in glioblastoma. Nat. Commun. 2020, 11, 3015. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.cmet.2022.12.003
https://doi.org/10.3390/cancers11122002
https://www.ncbi.nlm.nih.gov/pubmed/28950072
https://doi.org/10.3389/fimmu.2022.835997
https://doi.org/10.1038/nrc2734
https://doi.org/10.3389/fimmu.2020.00980
https://doi.org/10.3389/fcell.2021.692940
https://doi.org/10.1016/j.pharmthera.2013.01.014
https://www.ncbi.nlm.nih.gov/pubmed/23384596
https://doi.org/10.1016/j.semcancer.2019.09.007
https://doi.org/10.1158/1078-0432.CCR-15-1425
https://www.ncbi.nlm.nih.gov/pubmed/26758557
https://doi.org/10.1186/s12943-023-01748-4
https://doi.org/10.1016/j.reth.2021.02.006
https://doi.org/10.3390/cells10092361
https://www.ncbi.nlm.nih.gov/pubmed/34572009
https://doi.org/10.1158/0008-5472.CAN-20-2489
https://www.ncbi.nlm.nih.gov/pubmed/33574085
https://doi.org/10.1172/JCI64057
https://www.ncbi.nlm.nih.gov/pubmed/23093782
https://doi.org/10.3390/cancers16030604
https://www.ncbi.nlm.nih.gov/pubmed/38339354
https://doi.org/10.1186/s13045-016-0302-1
https://doi.org/10.3892/mmr.2017.7721
https://www.ncbi.nlm.nih.gov/pubmed/28990068
https://doi.org/10.3389/fonc.2023.1165676
https://www.ncbi.nlm.nih.gov/pubmed/37051546
https://doi.org/10.3892/ol.2017.6790
https://www.ncbi.nlm.nih.gov/pubmed/29085498
https://doi.org/10.1136/jitc-2021-003402
https://doi.org/10.1038/s41416-020-0834-6
https://doi.org/10.1371/journal.pone.0060821
https://www.ncbi.nlm.nih.gov/pubmed/23573286
https://doi.org/10.1038/s41419-018-0899-9
https://www.ncbi.nlm.nih.gov/pubmed/30082743
https://doi.org/10.1042/EBC20220016
https://www.ncbi.nlm.nih.gov/pubmed/35837811
https://doi.org/10.1038/s41467-020-16827-z
https://www.ncbi.nlm.nih.gov/pubmed/32541784


Cancers 2024, 16, 1330 12 of 12

56. Martin-Orozco, E.; Sanchez-Fernandez, A.; Ortiz-Parra, I.; Ayala-San Nicolas, M. WNT Signaling in Tumors: The Way to Evade
Drugs and Immunity. Front. Immunol. 2019, 10, 2854. [CrossRef] [PubMed]

57. Nirala, B.; Baskin, D.; Yun, K. Cell-autonomous and non-autonomous functions of S100A4 in regulating stemness, mesenchymal
transition, and metastasis. Oncoscience 2017, 4, 166–167. [CrossRef] [PubMed]

58. Bettum, I.J.; Vasiliauskaite, K.; Nygaard, V.; Clancy, T.; Pettersen, S.J.; Tenstad, E.; Mælandsmo, G.M.; Prasmickaite, L. Metastasis-
associated protein S100A4 induces a network of inflammatory cytokines that activate stromal cells to acquire pro-tumorigenic
properties. Cancer Lett. 2014, 344, 28–39. [CrossRef] [PubMed]

59. Wu, X.; Zhang, H.; Jiang, G.; Peng, M.; Li, C.; Lu, J.; Jiang, S.; Yang, X.; Jiang, Y. Exosome-transmitted S100A4 induces
immunosuppression and non-small cell lung cancer development by activating STAT3. Clin. Exp. Immunol. 2022, 210, 309–320.
[CrossRef]

60. Imbastari, F.; Dahlmann, M.; Sporbert, A.; Mattioli, C.C.; Mari, T.; Scholz, F.; Timm, L.; Twamley, S.; Migotti, R.; Walther, W.; et al.
MACC1 regulates clathrin-mediated endocytosis and receptor recycling of transferrin receptor and EGFR in colorectal cancer.
Cell. Mol. Life Sci. CMLS 2021, 78, 3525–3542. [CrossRef]

61. Khan, I.; Steeg, P.S. Endocytosis: A pivotal pathway for regulating metastasis. Br. J. Cancer 2021, 124, 66–75. [CrossRef]
62. Dersh, D.; Yewdell, J.W. Immune MAL2-practice: Breast cancer immunoevasion via MHC class I degradation. J. Clin. Investig.

2021, 131, 144344. [CrossRef] [PubMed]
63. Wu, B.; Wang, Q.; Shi, X.; Jiang, M. Targeting Endocytosis and Cell Communications in the Tumor Immune Microenvironment.

Cell Commun. Signal. 2022, 20, 161. [CrossRef] [PubMed]
64. Birgisdottir, Å.B.; Johansen, T. Autophagy and endocytosis—Interconnections and interdependencies. J. Cell Sci. 2020, 133, jcs228114.

[CrossRef] [PubMed]
65. Xia, H.; Green, D.R.; Zou, W. Autophagy in tumour immunity and therapy. Nat. Rev. Cancer 2021, 21, 281–297. [CrossRef]

[PubMed]
66. Kim, K.H.; Lee, M.-S. Autophagy—A key player in cellular and body metabolism. Nat. Rev. Endocrinol. 2014, 10, 322–337.

[CrossRef] [PubMed]
67. Lin, L.; Huang, H.; Liao, W.; Ma, H.; Liu, J.; Wang, L.; Huang, N.; Liao, Y.; Liao, W. MACC1 supports human gastric cancer

growth under metabolic stress by enhancing the Warburg effect. Oncogene 2015, 34, 2700–2710. [CrossRef] [PubMed]
68. Leone, R.D.; Powell, J.D. Metabolism of immune cells in cancer. Nat. Rev. Cancer 2020, 20, 516–531. [CrossRef]
69. Heuser, C.; Renner, K.; Kreutz, M.; Gattinoni, L. Targeting lactate metabolism for cancer immunotherapy—A matter of precision.

Semin. Cancer Biol. 2023, 88, 32–45. [CrossRef]
70. Cruz-Bermúdez, A.; Laza-Briviesca, R.; Casarrubios, M.; Sierra-Rodero, B.; Provencio, M. The Role of Metabolism in Tumor

Immune Evasion: Novel Approaches to Improve Immunotherapy. Biomedicines 2021, 9, 361. [CrossRef]
71. Patterson, L.F.S.; Vardhana, S.A. Metabolic regulation of the cancer-immunity cycle. Trends Immunol. 2021, 42, 975–993. [CrossRef]
72. Bähr, I.; Jaeschke, L.; Nimptsch, K.; Janke, J.; Herrmann, P.; Kobelt, D.; Kielstein, H.; Pischon, T.; Stein, U. Obesity, colorectal

cancer and MACC1 expression: A possible novel molecular association. Int. J. Oncol. 2022, 60, 17. [CrossRef] [PubMed]
73. Rathmell, J.C. Obesity, Immunity, and Cancer. N. Engl. J. Med. 2021, 384, 1160–1162. [CrossRef] [PubMed]
74. Hu, Y.; Wang, M.; Wang, K.; Gao, J.; Tong, J.; Zhao, Z.; Li, M. A potential role for metastasis-associated in colon cancer 1 (MACC1)

as a pan-cancer prognostic and immunological biomarker. Math. Biosci. Eng. MBE 2021, 18, 8331–8353. [CrossRef]
75. Kansal, V.; Burnham, A.J.; Kinney, B.L.C.; Saba, N.F.; Paulos, C.; Lesinski, G.B.; Buchwald, Z.S.; Schmitt, N.C. Statin drugs enhance

responses to immune checkpoint blockade in head and neck cancer models. J. Immunother. Cancer 2023, 11, e005940. [CrossRef]
[PubMed]

76. Choe, E.-J.; Lee, C.-H.; Bae, J.-H.; Park, J.-M.; Park, S.-S.; Baek, M.-C. Atorvastatin Enhances the Efficacy of Immune Checkpoint
Therapy and Suppresses the Cellular and Extracellular Vesicle PD-L1. Pharmaceutics 2022, 14, 1660. [CrossRef]

77. Vos, W.G.; Lutgens, E.; Seijkens, T.T.P. Statins and immune checkpoint inhibitors: A strategy to improve the efficacy of im-
munotherapy for cancer? J. Immunother. Cancer 2022, 10, e005611. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2019.02854
https://www.ncbi.nlm.nih.gov/pubmed/31921125
https://doi.org/10.18632/oncoscience.377
https://www.ncbi.nlm.nih.gov/pubmed/29344551
https://doi.org/10.1016/j.canlet.2013.10.036
https://www.ncbi.nlm.nih.gov/pubmed/24215866
https://doi.org/10.1093/cei/uxac102
https://doi.org/10.1007/s00018-020-03734-1
https://doi.org/10.1038/s41416-020-01179-8
https://doi.org/10.1172/JCI144344
https://www.ncbi.nlm.nih.gov/pubmed/33393509
https://doi.org/10.1186/s12964-022-00968-3
https://www.ncbi.nlm.nih.gov/pubmed/36258231
https://doi.org/10.1242/jcs.228114
https://www.ncbi.nlm.nih.gov/pubmed/32501285
https://doi.org/10.1038/s41568-021-00344-2
https://www.ncbi.nlm.nih.gov/pubmed/33758415
https://doi.org/10.1038/nrendo.2014.35
https://www.ncbi.nlm.nih.gov/pubmed/24663220
https://doi.org/10.1038/onc.2014.204
https://www.ncbi.nlm.nih.gov/pubmed/25043301
https://doi.org/10.1038/s41568-020-0273-y
https://doi.org/10.1016/j.semcancer.2022.12.001
https://doi.org/10.3390/biomedicines9040361
https://doi.org/10.1016/j.it.2021.09.002
https://doi.org/10.3892/ijo.2022.5307
https://www.ncbi.nlm.nih.gov/pubmed/35014688
https://doi.org/10.1056/NEJMcibr2035081
https://www.ncbi.nlm.nih.gov/pubmed/33761213
https://doi.org/10.3934/mbe.2021413
https://doi.org/10.1136/jitc-2022-005940
https://www.ncbi.nlm.nih.gov/pubmed/36650022
https://doi.org/10.3390/pharmaceutics14081660
https://doi.org/10.1136/jitc-2022-005611

	Clinical Significance of MACC1 for Cancer Metastasis 
	MACC1 Correlates with Immune Cell Infiltration 
	MACC1 Influences Immune Cell Infiltration and Tumor-Immunity through Positive Feedback Loop and Vascularization 
	MACC1 Mediates Immune Evasion through STAT1/3 and Fas 
	The Role of Cytokines and Stemness Factors for MACC1 and the Immune System 
	MACC1 Manipulates the TME via PI3K/Akt and Wnt Pathways 
	Additional Mechanisms by Which MACC1 Might Influence Immune Cell Infiltration and Function 
	Outlook and Conclusions 
	References

