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Abstract

Macrophage receptor with collagen structure (MARCO) is a member of scavenger receptor class A (SR-A) and shares
structural and functional similarities with SR-A1. In recent years, many studies have shown that MARCO can trigger
an immune response and has therapeutic potential as a target for immunotherapy. Studies have shown that alterations in
MARCO expression following pathogen infection cause changes in the functions of innate and adaptive immune cells,
including macrophages, dendritic cells, B cells, and T cells, affecting the body’s immune response to invading pathogens;
thus, MARCO plays a crucial role in triggering the immune response, bridging innate and adaptive immunity, and elimi-
nating pathogens. This paper is a comprehensive summary of the recent research on MARCO. This review focuses on the
multiple functions of MARCO, including adhesion, migration, phagocytosis, and cytokine secretion with special emphasis
on the complex interactions between MARCO and various types of cells involved in the immune response, as well as
possible immune-related mechanisms. In summary, in this review, we discuss the structure and function of MARCO and
its role in the immune response and highlight the therapeutic potential of MARCO as a target for immunotherapy. We
hope that this review provides a theoretical basis for future research on MARCO.
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PAMPs  pathogen-associated molecular patterns Introduction
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TLRs Toll-like receptors The immune system, including the innate and adaptive
SRs scavenger receptors immune responses plays a vital role in the body’s mechanism
SRCR scavenger receptor cysteine rich of defense. The innate immune response promptly detects
TNFa tumor necrosis factor alpha invading pathogens and triggers the activation of adaptive
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pathogens by inflammatory reactions during the early stages
of infection [1]. Known as pathogen-associated molecular
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and initiating intracellular cascade reactions. Through the
presentation of antigens, these reactions subsequently acti-
vate the adaptive immune system [4, 5]. In recent years, an
extensive amount of research has been conducted focusing
on macrophage PRRs. Notable examples of these receptors
include Toll-like receptors (TLRs), NOD-like receptors,
C-type lectin receptors, and scavenger receptors (SRs) [1,
5].

SRs exhibit the ability to bind multiple ligands and par-
ticipate in various biological processes including phagocy-
tosis, secretion, and adhesion. Additionally, these receptors,
as components of the innate immune system, play a vital
function in identifying, degrading, and eliminating patho-
gens. Among the diverse subtypes of SRs, SR-A is par-
ticularly important because it contributes to a multitude of
biological functions and participates in various pathophysi-
ological processes within the host. In recent years, studies
have mainly focused on elucidating the physiological roles
of SR-A, such as cell adhesion, apoptosis clearance, lipid
metabolism, and antigen presentation. According to the
naming criteria established in 2017, there are the follow-
ing six SR-A subtypes: SR-Al, SR-Al.1, SR-A3, SR-A4,
SR-AS5 and SR-A6 (also known as MARCO) [6, 7].

The structure of MARCO

In 1995, Elomaa and colleagues successfully cloned a
receptor with a structure similar to SR-A1, now referred
to as MARCO, for the first time. This achievement was
accomplished by screening a mouse macrophage cDNA

Fig. 1 The differences between
the MARCO and SR-A1 struc-
tures (By Figdraw). MARCO
has a longer collagenous domain
and does not have the a-helical
coiled-coil domain that is present
in SR-A1; MARCO directly
binds ligands via the SRCR
domain, whereas SR-A1 primar-
ily binds ligands through its
collagenous domain
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library using a ¢cDNA probe [8]. Subsequently, in 1998,
Elomaa’s team cloned the MARCO gene from human liver
and spleen DNA libraries by employing mouse MARCO
cDNA probes. Furthermore, they compared the amino acid
sequence of MARCO in humans and mice using the BestFit
program. A comparative analysis was conducted based on
the amino acid sequences of MARCO in humans and mice,
revealing that 68% of the amino acids exhibited consis-
tency, while 77% displayed similarity [9]. Additionally, in
2000, Elshourbagy et al. conducted an expressed sequence
tag analysis of human macrophage cDNA libraries, which
further confirmed the substantial homology between human
and mouse MARCO [10].

MARCO, also known as SR-A6, plays an important role
as an SR-A. The MARCO gene is located on chromosome
2 and encodes a transmembrane protein that can form tri-
mer molecules by binding collagenous domains. The fol-
lowing five domains make up MARCO: a short cytoplasmic
domain, a transmembrane domain, a spacer domain, a long
collagen domain and a scavenger receptor cysteine rich
(SRCR) domain [11]. There are notable structural similari-
ties between MARCO and SR-A1; however, MARCO has a
longer collagenous domain and does not have the a-helical
coiled-coil domain that is present in SR-A1(Fig. 1). Addi-
tionally, MARCO directly binds ligands via two conserved
arginine residues (R x R motifs) within the SRCR domain,
whereas SR-A1 primarily binds ligands through its col-
lagenous domain due to the absence of R x R motifs. Fur-
thermore, the SRCR domain of MARCO serves various
functions, including ligand binding, cell recognition, the
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augmentation of proinflammatory signals, and the regula-
tion of cell adhesion [12-14].

The distribution and ligands of MARCO

MARCO expression and distribution are highly specific;
its expression is not ubiquitous among macrophages but
rather limited to certain subsets. Previous research has dem-
onstrated that, under physiological conditions, MARCO
expression exclusively occurs in macrophages that reside
in the spleen, lymph nodes, and peritoneum, while mac-
rophages in other tissues do not have MARCO expression
[8]. Yet later studies have shown that MARCO can also be
expressed in lung tissue [15]. Nevertheless, upon stimula-
tion by pathogens such as bacteria or viruses, macrophages
in various tissues and organs may express MARCO. For
instance, in cases of lung infection by Streptococcus pneu-
moniae or the inhalation of environmental particles such
as silica, lung macrophages express MARCO [16-20].
Similarly, in autoimmune hepatitis model mice, liver mac-
rophages have higher levels of MARCO expression [21].
Furthermore, in Alzheimer’s disease model mice, the pres-
ence of MARCO on microglia was detected [22]. Addition-
ally, several studies have indicated that certain subtypes
of tumor-associated macrophages express MARCO, and
MARCO-expressing tumor-associated macrophages often
accumulate around tumor cells [23]. As mentioned above,
macrophages are the only cells that express MARCO,
according to previous studies. However, according to recent
studies, MARCO may also be expressed on dendritic cells
and epithelial cells such as keratinocytes, in addition to
macrophages [24-26].

Regarding the ligands of MARCO, MARCO possesses
cationic residue clusters within its domain that are respon-
sible for ligand binding [27]. Consequently, the ligands of
MARCO exhibit a polyanionic structure and can be broadly
classified as follows: (1) un-opsonized and environmen-
tal particles such as silicon dioxide, latex beads, nanopar-
ticles, and titanium dioxide [17, 18, 28, 297; (2) chemically
modified proteins such as modified low-density lipoproteins
(ac-LDL, ox-LDL) [19, 30, 31]; (3) a variety of bacterial
products, including oligodeoxynucleotides, lipopolysaccha-
rides, and teichoic acid [21, 32, 33]; (4) polynucleotides,
such as polyinosinic acid and polyguanylic acid (polyG)
[21]; and (5) other molecules with polyanionic structures,
such as fucoidan. In addition, endogenous ligands such
as soluble oligomeric amyloid-f peptide have also been
reported [22].

The function of MARCO
Cell adhesion and migration

The adherence and migration of immune cells play a crucial
role in the normal functioning of both innate and adaptive
immunity. Prior studies on SRs have shown a strong cor-
relation between SR-A and the adhesion of macrophages
[34, 35]. Due to the similarity in structure to SR-A1, we
speculate that MARCO is also involved in cell adhe-
sion and migration. Previous studies have indicated that
MARCO might function as the main scavenger recep-
tor for astrocyte and microglia adherence to Bf-amyloid in
Alzheimer’s disease [36]. Subsequently, according to Chen
et al., MARCO knockout mice displayed notable changes
in macrophage structure within the spleen marginal zone,
including decreased cell adhesion and a significant decrease
in the number of resident macrophages. These observations
suggest that MARCO may impact the adhesion and migra-
tion of macrophages [37]. Furthermore, a study on dendritic
cells revealed that MARCO can influence the adhesion and
migration of dendritic cells, as evidenced by the close rela-
tionship between MARCO expression and the formation
of lamellipodia and dendritic structures in dendritic cells
[38, 39]. These results suggest that MARCO can mediate
the adhesion and migration of immune cells. Therefore,
MARCO may play an important role in the migration, resi-
dence and function of immune cells at the invasion site of
pathogens. This hypothesis provides a possible direction for
study of the activation and initiation of the immune response
(Fig. 2a).

Phagocytosis

The primary focus of research on the MARCO is its role
in mediating phagocytosis. Notably, MARCO is known to
facilitate phagocytosis through the recognition of the fol-
lowing three main ligands: environmental particles, micro-
organisms, and apoptotic and necrotic cells. Upon ligand
recognition, MARCO triggers the reorganization of the
macrophage cytoskeleton, upregulates F-actin expression,
increases filopodium formation, and promotes macrophages
to clear invading pathogens in a noninflammatory manner
[40—42]. According to previous studies, there is a significant
reduction in the ability of MARCO™~ mouse macrophages
to phagocytize bacteria, un-opsonized particles, and apop-
totic cells [28, 43—46]. Furthermore, investigations have
revealed that MARCO on the surface of lymphatic endo-
thelial cells aids in the capture of viral particles by endo-
thelial cells. The entry of viruses into the bloodstream from
the lymphatic system leads to their recognition and subse-
quent clearance by macrophages expressing MARCO, and
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Fig.2 The function of MARCO (By Figdraw). (a) MARCO is involved in cell adhesion and migration. (b) MARCO mediates phagocytosis and the
inflammatory response of immune cells. (¢) Macrophages regulate lipid metabolism by regulating MARCO expression through the PI3K pathway

MARCO knockout mice exhibited more severe viremia and
more viral spread [47]. Therefore, MARCO plays a key role
in macrophage-mediated phagocytosis. The promotion of
macrophage phagocytosis by MARCO helps it clear patho-
gens and maintain internal homeostasis (Fig. 2b).

Inflammation

Inflammation serves as the body’s defensive reaction to
external stimuli, and there are both infectious and nonin-
fectious forms. Typically, this response is beneficial as it
eliminates invading pathogens; however, there are instances
where it exacerbates harm. Extensive research has shown
that the activation of intracellular signaling pathways, the
transcription of inflammation-related genes, and the stim-
ulation of macrophages to produce cytokines associated
with inflammation, such as IL-1a, IL-1p, IL-15, and tumor
necrosis factor alpha (TNFa), can be initiated by the bind-
ing of ligands to MARCO. For example, in the context of a
silicosis mouse model, alveolar macrophages possessed the
ability to identify silica particles via the MARCO receptor,
thereby initiating the activation of inflammasomes and sub-
sequently triggering an inflammatory response. Conversely,
the absence of MARCO expression in knockout mice signif-
icantly diminished the level of inflammation [20]. Addition-
ally, MARCO also plays an important role in augmenting
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the bactericidal capabilities of macrophages by promoting
cytokine production and recruiting monocytes. Previous
studies have indicated that MARCO knockout mice exhibit
higher susceptibility to lung infections than abdominal
infections [48]. And research has demonstrated that follow-
ing adenovirus infection, macrophages expressing MARCO
are activated. This activation process facilitates the trans-
duction and recognition of adenovirus, augments the proin-
flammatory immune response and facilitates the elimination
of adenovirus and virus-containing cells by macrophages
[49]. Nevertheless, some studies have indicated that mac-
rophages lacking MARCO expression are more likely to
activate inflammatory responses and release proinflam-
matory cytokines. This phenomenon is associated with an
augmented degree of inflammation in the early stages of
lung tissue and an exacerbation of lung injury in MARCO
knockout mice [50, 51]. Consequently, the regulation of the
inflammatory response by MARCO may be influenced by
numerous factors, including the infectious environment,
ligand type, and cellular state (Fig. 2b).

Lipid metabolism
Prior research has demonstrated that macrophages modu-

late lipid metabolism [52], with particular emphasis on the
pivotal role of SRs located on macrophage surfaces in the
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regulation of lipoprotein cholesterol metabolism. These
receptors have the ability to bind and internalize modified
lipids, thereby contributing to reduced cholesterol levels
and the preservation of optimal lipid metabolism [31, 53].
Rerez et al. found that the increase in LPS-induced macro-
phage uptake of chylomicrons treated with dalcetrapib was
parallel to the expression level of MARCO on its surface,
suggesting that there was a correlation between the expres-
sion of MARCO and the uptake of chylomicrons treated
with dalcetrapib [54]. Recent investigations have further
suggested that the presence of MARCO may enhance the
binding and internalization of lipids. In a study of MARCO
knockout mice, fat uptake by macrophages was reduced,
and insulin resistance and glucose tolerance were more
likely. This study showed that macrophages can drive the
expression of MARCO through the PI3K signaling pathway
to promote lipid uptake, decomposition and metabolism,
thus promoting metabolic balance [55]. This study further
revealed that MARCO plays a critical role in the metabo-
lism of lipids, and these results may provide ideas for the
treatment of metabolic diseases (Fig. 2¢).

MARCO and the immune response

MARCO regulates the functions of innate immune
cells

The innate immune response is recognized as the primary
defense mechanism in the body. Numerous studies have
linked the level of MARCO expression following pathogen
infection to functional modifications in neutrophils, den-
dritic cells, macrophages, and natural killer cells. Extensive
research has demonstrated that MARCO plays a crucial
role in regulating the development, activation, and immune
response of innate immune cells.

Macrophages are key components of the innate immune
response, often being perceived as the “sentinels” and “resi-
dent troops” of the immune system. They act as the initial
protective line by monitoring pathogen invasion and sub-
sequently initiating relevant responses. Furthermore, mac-
rophages facilitate the recruitment and activation of other
innate immune cells, which then collectively combat patho-
gen invasion. Notably, the expression of MARCO in macro-
phages can be induced by bacterial, fungal, and viral stimuli,
and the role of MARCO in pathogen infection is complex,
and distinct types of pathogen infection can induce diverse
functional alterations associated with MARCO. MARCO
regulates macrophage polarization, adhesion, migration,
phagocytosis, cytokine secretion, and other essential bio-
logical functions, as mentioned earlier. These studies also

suggest that MARCO may mediate the interaction between
macrophages and other immune cells.

When acute injury takes place, macrophages and neu-
trophils collaborate. Neutrophils constitute the majority
of white blood cells in the bloodstream and account for
approximately 50-70% of peripheral white blood cells.
Neutrophils are among the initial cells that are recruited fol-
lowing pathogen invasion. In instances of local infection or
injury, they can swiftly traverse the blood vessel wall and
infiltrate the tissue to fulfil their function. Studies have indi-
cated that compared to wild-type mice, MARCO™ ~mice
exhibit downregulated expression of chemokines or chemo-
kine receptors, resulting in impaired recruitment of neutro-
phils. As a result, the number of neutrophils remains stable
throughout the injury process [56]. This study suggests that
MARCO may be involved in the chemotaxis and recruit-
ment of neutrophils, although the mechanism needs to be
further explored. In view of the functions of neutrophils in
resistance to bacterial invasion, the phagocytosis of patho-
gens, and inflammation, these studies also indirectly indi-
cate that MARCO may play a role in the above processes.

Monocytes, the largest white blood cells, serve as a cru-
cial defense mechanism against intracellular bacterial and
parasitic infiltration in human. Additionally, they contribute
to the preservation of overall immune function by identi-
fying and eliminating tumor cells and participating in the
immune response. Moreover, monocytes are key in the pro-
cess of antigen presentation to lymphocytes and they initiate
specific immune responses through phagocytosis. Accord-
ing to the findings of Xu et al., compared to MARCO™'*
mice, MARCO ™~ mice exhibited a notable decrease in the
recruitment and accumulation of monocytes in the early
stage of Cryptococcus neoformans infection. This finding
suggests that the expression of MARCO in the lung facili-
tates the recruitment and accumulation of monocytes, which
promotes resistance against pathogen invasion [57]. There-
fore, MARCO can affect the innate immune response by
modulating the aggregation and function of monocytes; this
finding indicates that MARCO plays an important role in
initiating the innate immune response.

Mast cells, along with macrophages and dendritic cells
are extensively distributed in tissue and are the primary cell
populations involved in pathogen recognition and interac-
tion in the immune system. Upon recognizing pathogens,
mast cells release inflammatory factors into the cytoplasm,
recruit diverse immune cells to combat infection, and ini-
tiate the inflammatory process. As stated by Brown et al.,
mast cells can identify silica, generate cytokines and ROS,
and induce proteolytic activity, all of which are closely asso-
ciated with the abundance of MARCO on their surface. The
generation of ROS and TNFa in the bone marrow mast cells
of MARCO™" mice was significantly decreased following
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exposure to silica compared to that in the bone marrow
mast cells of control mice. Previous research suggests that
MARCO plays a more prominent role in promoting the
mast cell response to silica than SR-A1 [58]. These findings
suggest that mast cells can release inflammatory mediators
upon the recognition of silica, and MARCO is believed to
augment the mast cell response to silica, thereby contribut-
ing to the recruitment of immune cells.

Dendritic cells play a pivotal role in the immune system
by serving as the principal cells responsible for antigen
presentation. As crucial intermediaries between the innate
and adaptive immune systems, dendritic cells present anti-
gens to various immune cells, thereby initiating an immune
response. In their investigation of gene expression patterns
in tumor lysates, Grolleau et al. observed a significant upreg-
ulation of MARCO expression in pulsed dendritic cells
compared to non-pulsed dendritic cells. Based on the role of
MARCO in ligand binding and phagocytosis in the immune
response, they hypothesized that MARCO may be involved
in the formation of plate-like structures and dendritic pro-
cesses in dendritic cells [24]. Furthermore, Granucci et al.
demonstrated a correlation between MARCO expression
and dendritic cell shape and adhesion, as well as the abil-
ity of MARCO to induce cytoskeleton rearrangement in
these cells. Transfection of immature dendritic cells with
MARCO resulted in the acquisition of mature dendritic cell
characteristics, whereas MARCO knockout preserved the
morphology of immature dendritic cells [59]. Xu et al. dis-
covered that dendritic cells exhibited reduced recruitment
and maturation efficiency in MARCO ™~ mice, and MARCO
played a crucial role in the phagocytosis of Cryptococcus
neoformans particles by dendritic cells [57]. The aforemen-
tioned studies indicate that the expression of MARCO in
dendritic cells significantly influences their functionality.
To gain deeper insights into the role of MARCO, Kissick’s
research team conducted a transcriptome analysis of den-
dritic cells in MARCO-deficient mice. The study provided
evidence that defects in MARCO can impact the function
of dendritic cells and various signal transduction pathways,
including cell migration, the endocytosis signaling pathway,
tight junction signaling, dendritic cell maturation, and the
Rho family signaling pathway, among others, and modify
the transcription levels of members in the proinflammatory
NF-kB family [60]. These findings suggest that MARCO
could serve as a promising target for modulating the mor-
phology and function of dendritic cells to regulate innate
immunity.

Moreover, natural killer cells play pivotal roles in the
immune system of humans. Functioning as immune cells,
they are tasked with eliminating aberrant cells, including
those afflicted by aging damage and viral infection. In addi-
tion to their formidable cell-killing capabilities, natural killer
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cells also have a robust immune regulatory function, which
allows them to modulate the body’s immune system through
interactions with other immune cells. Consequently, natural
killer cells exhibit potent cell-killing and immune regulatory
functions in the defense against external pathogen intru-
sion. In clinical investigations, natural killer cells exhibit
therapeutic efficacy against several malignant tumors; thus,
natural killer cells have promising prospects in diverse appli-
cations. Eisinger et al. conducted an experiment in which
they stimulated natural killer cell activation in mice by
administering antibodies that specifically targeted MARCO.
The findings of their study revealed that the administration
of MARCO-targeting antibodies resulted in the activation
of TNF-related apoptosis-inducing ligands, which subse-
quently reversed the inhibition of natural killer cell activa-
tion by macrophages within the tumor microenvironment.
Furthermore, this activation augmented the cytotoxic capa-
bilities of natural killer cells, thereby enhancing their ability
to eliminate tumor cells [61]. Following this study, La Fleur
et al. discovered a strong association between the expres-
sion of MARCO in tumor-associated macrophages and the
quantity of natural killer cells in small cell lung cancer.
MARCO expression decreased the proliferation and activa-
tion of natural killer cells, thereby diminishing their ability
to effectively eliminate tumors. Conversely, natural killer
cells lacking MARCO exhibited increased antitumor activ-
ity [62]. Sarhan et al. further showed that inhibitory tumor-
associated macrophages expressing MARCO impeded the
infiltration of natural killer cells into tumor tissues, thus
impairing their killing function in pancreatic ductal adeno-
carcinoma, and when macrophages were repolarized by
targeting MARCO, natural killer cell function was signifi-
cantly enhanced [63]. Based on the findings of these studies,
the expression of MARCO is likely intricately associated
with the functional capacity of natural killer cells. By spe-
cifically targeting MARCO, the cytotoxicity of natural killer
cells can be enhanced; thus, strategies targeting MARCO
offer a viable approach for tumor treatment when combined
with other immunotherapeutic strategies.

In summary, MARCO is closely related to the function
of various innate immune cells and participates in various
processes related to innate immunity, which suggests that
MARCO plays a key role in the immune response in the
body (Fig. 3).

MARCO mediates the functions of adaptive immune
cells

Innate immunity and adaptive immunity are intricately
linked. Innate immune cells induce and enhance adaptive
immune responses after recognizing invading pathogenic
microorganisms. As previously discussed, there is a close



Molecular Biology Reports

Page 7 of 14 246

neutrophil monocyte 1
1

1

) 1

1

1

1

chemotaxis. recruitment

mast cell 1
1
) ! ° ‘= ..
WJ} 1 '.O..
| R il
1
1

inflammatory factor

dendritic cell

J

adhesion, phagocytosis.
cytokine secretion

macrophage

MARCO
: I L I
cytotoxic I migration I
y ) I 1
B | |
NK cell : B lymphocyte '

Fig.3 MARCO regulates the functions of immune cells (By Figdraw). MARCO can regulate the biological functions of innate immune cells such
as macrophages, dendritic cells, neutrophils, and adaptive immune cells such as T and B lymphocytes

association between MARCO and the immune system. Fur-
thermore, recent research has elucidated the crucial role of
MARCO in governing the function of adaptive immune
cells, and established its importance in the context of adap-
tive immunity. A notable example is the regulation of B-cell
activation, function, and antigen recognition by MARCO
[64, 65]. Studies have shown that MARCO is important for
the localization of B cells in the marginal zone. MARCO
can influence the interaction between B lymphocytes in the
spleen and macrophages, which consequently impacts the
migration of B lymphocytes [66—68]. These investigations
propose that MARCO on macrophages governs the func-
tionality of B lymphocytes through an unknown mechanis-
tic process.

Moreover, in addition to B lymphocytes, MARCO can
influence humoral immunity by affecting the functionality
of T lymphocytes. Matsushita et al. demonstrated that the
application of monoclonal antibodies targeting MARCO
on dendritic cells can enhance the production of interferon-
gamma (IFN-y) by T cells during cocultivation, thereby
augmenting their antimelanoma efficacy [38]. In the con-
text of C. neoformans infection, the absence of MARCO
led to an elevation in the proportion of TNFa-producing
CD4™ T cells and a reduction in the proportion of IL-5 and
IL-13-producing CD4* T cells, implying that MARCO may
influence T-cell polarization and facilitate the development

of a Th2-type immune response [69]. La Fleur et al. found
a strong correlation between MARCO expression and T
lymphocyte infiltration by analyzing transcriptome data.
The findings indicated a positive correlation between the
levels of MARCO expression and the presence of regula-
tory T-cell genes (e.g., FOXP3, TGF-B1), exhausted T-cell
genes (e.g., PDCDI1, CTLA4), and cytotoxic T-cell genes
(e.g., CD8A, PRF1). Moreover, previous research dem-
onstrated that the expression of MARCO on macrophages
can inhibit T-cell proliferation and activation in vitro, lead-
ing to a reduction in cytokine production, including that of
IFN-y, and impaired T cell tumor-killing capabilities when
cocultured with macrophages [23, 62]. In addition, Sarhan
et al. discovered that the expression of MARCO on tumor-
associated macrophages hinders the proliferation and acti-
vation of T lymphocytes, and targeting MARCO can induce
the repolarization of macrophages, thereby enhancing the
tumor-killing capabilities of T cells [63].

These studies revealed the important role of MARCO in
the interaction between macrophages, T lymphocytes, and B
lymphocytes and showed that MARCO plays a crucial role
in the bridge between innate immunity, adaptive immunity,
and the development and maintenance of the local immune
environment; thus, these studies highlight the importance
of MARCO in both innate and adaptive immunity (Fig. 3).
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MARCO regulates immune signaling pathways

The initial defense against bacterial and viral infections
heavily relies on the activation of innate immune cells, and
MARCO plays a pivotal role in this activation. Further-
more, a comprehensive analysis of bioinformatics data con-
ducted by a research team revealed a substantial correlation
between MARCO and various signaling pathways, includ-
ing the NF-«xB, PI3K, STAT3, and P53 signaling pathways
[70].

When the body is invaded by bacteria or viruses, MARCO
plays a crucial role in recognizing and binding to antigenic
proteins or products that these pathogens express. This
interaction triggers various intracellular signal transduction
pathways and leads to alterations in immune cell function,
particularly in macrophages and dendritic cells. Addition-
ally, pathogen invasion can also upregulate the expression
of MARCO through alternative mechanisms, subsequently
inducing changes in cell function. For instance, Wu et al.
conducted in vitro cytological experiments where cells
were treated with IFN-y to simulate the effects of influenza.
The research revealed that IFN-y treatment resulted in an
upregulation of MARCO expression and an enhancement
of MARCO-mediated phagocytosis based on Akt activa-
tion [71]. Additionally, Bacillus baumannii was found to
induce the activation of STAT3 through IL-10, leading to
the induction of MARCO expression and the subsequent
promotion of macrophage bactericidal activity [72]. Fur-
thermore, tumor-derived extracellular vesicles were aug-
mented macrophage phagocytosis by upregulating MARCO
expression through the activation of Akt-STAT3 signaling
[46]. Research has demonstrated that PI3K plays a role in
regulating lipid uptake through the regulation of MARCO
expression, thereby helping maintain metabolic balance
[55]. Recent studies have indicated that cancer cells acti-
vate the STATA3 pathway via IL-6, IL-10, and other factors
to upregulate MARCO expression, leading to macrophage
polarization and the immune escape of cancer cells, which
occurs as a result of the upregulated expression of IL-10,
PD-L1, and other molecules [73].

Activation of MARCO also influences key molecules
involved in the inflammatory pathway. For example, activa-
tion of the ERK1/2 pathway leads to the production of cyto-
kines associated with inflammation, and research has shown
that ERK1/2 is inhibited and cannot produce proinflamma-
tory cytokines in mice lacking MARCO [74]. In addition,
MARCO can interact with TLRs to regulate the secretion
of cytokines. According to previous research, the inhibition
of MARCO expression can significantly downregulate the
expression of TLR4 and the activity of the NF-kB signal-
ing pathway, thereby inhibiting the secretion of inflamma-
tory cytokines [21]. Furthermore, TLRs can regulate the
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expression of MARCO through various signaling pathways
[75]. Studies have shown that TLR2 significantly promotes
the MARCO-mediated inflammatory response by inter-
acting with the SRCR domain of MARCO, and MARCO
expression is downregulated after TLR2 knockout [76].
TLR4 can also regulate MARCO expression via a MyD88-
dependent pathway [64].

Moreover, the upregulation of MARCO expression can
lead to the phosphorylation of Syk kinase, which plays a
crucial role in macrophage phagocytosis. This phosphoryla-
tion event triggers the phosphorylation of PI3K and Rac,
which subsequently activates downstream signaling path-
ways. Phosphorylated PI3K is involved in the regulation
of phagocytic cup formation. The Rac protein can activate
the signal for actin polymeric rearrangement, which sub-
sequently activates the signaling pathway of the proximal
cell membrane. This activation leads to the nucleation of the
actin associated protein 2/3 complex and the polymerization
of F-actin. Therefore, macrophage-mediated phagocytosis
is promoted through the formation of pseudopods [40, 42,
55, 77].

In conclusion, MARCO, as a crucial element of the innate
immune response, plays a role in regulating the phagocyto-
sis of pathogens and the release of cytokines. Thus, further
investigation to understand the role of MARCO following
bacterial and viral infections and the related mechanisms is
warranted (Fig. 4).

The application of MARCO 6.1
Current approaches that target MARCO

When searching the studies on MARCO over the years, we
found that a large number of studies did not have specific
methods to target MARCO, and as described earlier, some
studies showed that the SRCR domain was an important site
to target on MARCO. Some previous studies have shown that
SRCR is the key domain of MARCO that binds to ligands,
activates downstream signaling pathways, and induces
changes in cell function by studying the natural variants of
MARCO (the SRCR domain contains only the first eight
amino acid residues) [13, 78, 79]. In contrast, Sankala et al.
’s study showed that if MARCO had only SRCR domain
monomers, it would exhibit lower ligand binding activity,
indicating that the SRCR domain binding function requires
the collagen domain. Subsequently, Chao et al. also found
that the collagen domain was closely related to the uptake of
dextran-coated superparamagnetic iron oxide nanoparticles
by macrophages. However, there are few studies on the col-
lagen domain of MARCO, and MARCO mainly recognizes
ligands through the SRCR domain. Therefore, targeting the
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SRCR domain of MARCO is currently the main strategy
used for disease treatment.

PolyG is a common inhibitor used for targeting MARCO.
PolyG is a kind of polyguanylic acid potassium salt (Fig. 5)
that can form quadruplex structures, and some studies have
shown that scavenger receptors can recognize the G-qua-
druplex secondary structure of polyG [80-82]. In some
studies of inflammation, fibrosis, etc., researchers use polyG
as a drug to target MARCO. Although we did not find lit-
erature that specifically identified the target site of polyG,
we found that polyG can compete with other ligands for the
binding site on MARCO as one of the ligands of MARCO
and thus exert targeted inhibition. Therefore, we speculate
that polyG, as a polyanionic compound, targets the SRCR
domain of MARCO.

Thus, what are the specific target sites in the SRCR
domain of MARCO? Since the discovery of MARCO, a
large number of scientists have carried out in-depth studies.
As early as 1999, the Pikkarainen team explored the func-
tional fragments of the SRCR domain of MARCO. They
demonstrated that the area before the first cysteine residue

@ Springer
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of the SRCR domain is decisive for the morphological func-
tion of MARCO by transfecting different truncated forms of
MARCO [83]. Later, researchers conducted more detailed
studies and found that the arginine residues in MARCO’s
SRCR domain were significant for the activation of macro-
phages and the ability to bind bacteria [14, 84].

MARCO and disease diagnosis

In the process of pathogen infection, the expression of
MARCO significantly changes, and disease progression and
prognosis are strongly correlated with MARCO, indicating
the potential for the use of MARCO as an early diagnostic
marker. In the context of tumorigenesis and development,
the levels of MARCO in tumor tissues significantly differ
from those in adjacent tissues. For example, in the context
of liver cancer, the expression of MARCO in tumor tissues
is lower than that in adjacent tissues, which is indicative
of a more favorable prognosis. In contrast, upregulated
expression of MARCO in breast cancer is associated with
an unfavorable prognosis [85-88]. In addition, MARCO
plays a crucial role in the identification and eradication of
pathogens and inflammatory reactions, as well as the regu-
lation of various signaling pathways and the transcriptional
activation of genes. Upon ligand binding, MARCO triggers
the activation of macrophages or dendritic cells, thereby ini-
tiating innate immune responses. MARCO also facilitates
the recruitment of immune cells, enhances the recognition
and elimination of pathogens by inducing rearrangement of
the actin cytoskeleton in immune cells, and stimulates the
production of proinflammatory cytokines, including IL-1,
IL-6, IL-15, and TNFa, which consequently activates the
adaptive immune response; thus, MARCO plays an impor-
tant role in limiting virus transmission and clearing patho-
gens. Moreover, MARCO can downregulate the expression
of cytokines associated with inflammation, suppress an
exaggerated inflammatory response, reduce the infiltration
of immune cells, and mitigate inflammatory pathological
damage. Moreover, MARCO can impede the function of
immune cells involved in both innate and adaptive immu-
nity; thus, there is a connection between MARCO and unfa-
vorable tumor patient outcomes. These findings collectively
propose that aberrant MARCO expression can be utilized
as a novel diagnostic and prognostic indicator for disease.

MARCO and disease therapy

The function of MARCO in different diseases is heteroge-
neous. Currently, studies on the impact of MARCO on the
occurrence and progression of disease and its therapeutic
potential in the treatment of diverse diseases have yielded
disparate and conflicting findings.

@ Springer

In studies of autoimmune diseases, Chen et al. found that
MARCO on the surface of macrophages in patients with sys-
temic lupus erythematosus is closely related to the clearance
of apoptotic cells. They found that there were anti-SRCR
antibodies that targeted the SRCR domain of MARCO in
the serum of patients with systemic lupus erythematosus,
and compared with the healthy people in the control group,
the phagocytosis of apoptotic cells by macrophages in
patients with anti-SRCR antibodies was significantly inhib-
ited [89]. In a mouse model of autoimmune hepatitis, the
expression of inflammatory factors and MARCO in the liver
of mice increased. Targeting MARCO by polyG caused
macrophages to polarize from M1 to M2 and reduced the
secretion of inflammatory factors [21].

Then, Murthy et al. found that MARCO can recognize
asbestos and activate a downstream signaling pathway that
polarizes macrophages to the M2 phenotype. Subsequently,
after targeting arginine residues in MARCO’s SRCR
domain, they found that macrophages were less polar-
ized toward the M2 type [84]. These results suggest that
MARCO can regulate the fibrotic response to lung injury
by regulating the polarization of macrophages, and the argi-
nine residue of MARCO’s SRCR domain is a new target for
therapeutic intervention in pulmonary fibrosis.

In recent years, an increasing number of studies on
MARCO have focused on tumor immunity. Dong et al. con-
ducted a bioinformatics analysis and found that MARCO
strongly correlated with immune infiltration in tumor tis-
sues and patient prognosis. Additionally, they observed a
positive correlation between MARCO and CD80 and CD86
in most cancer types. Bioinformatics analysis revealed a
strong association between elevated MARCO expression
and decreased overall survival in colon cancer, prostate
cancer, and invasive breast cancer patients. Conversely,
in low-grade glioma and cutaneous melanoma patients,
upregulated MARCO expression was found to extend pro-
gression-free survival [70]. Clinical data analysis further
demonstrated that MARCO promotes tumor progression
in esophageal cancer, gastric cancer, pancreatic cancer, and
breast cancer, leading to a poor prognosis [63, 85, 90-92].
In mouse and cell models, macrophages exhibiting high
expression of MARCO activated regulated T cells while
deactivating nature killer cells and T cells. Anti-MARCO
monoclonal antibodies could also repolarize macrophages,
alter their metabolic processes, augment tumor eradication
by activating nature killer cells and T cells, and synergize
with PD-1/PD-L1 therapy [23, 61-63, 93]. In contrast to
previous research, recent studies have demonstrated that
elevated levels of MARCO at the tumor site in hepatocellu-
lar carcinoma are associated with a more favorable progno-
sis, whereas low levels of MARCO are strongly correlated
with a lower survival rate. Additionally, in vitro experiments
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have shown that MARCO can induce apoptosis in hepato-
cellular carcinoma cells and impede their proliferation and
metastasis [86, 87, 94]. Furthermore, certain studies have
established a significant association between MARCO and
macrophage morphology. Macrophages exhibiting elevated
expression of MARCO have the capacity to stimulate the
generation of pseudopods through the activation of a sig-
naling pathway cascade, thereby enhancing the phagocytic
activity of macrophages toward tumor cells. Conversely,
when MARCO is depleted, a contrary effect was observed,
characterized by a reduction in the number of macrophage
pseudopods and a decline in phagocytic functionality. Fur-
thermore, the interaction between MARCO and integrins
present on the surfaces of tumor cells supports the involve-
ment of MARCO in the internalization and phagocytosis of
tumor cells by macrophages [42].

According to existing research, as a key component of
host immune defense, MARCO is crucial, and immunother-
apies that target MARCO might have broad implications for
preventing the development and occurrence of diseases. Of
course, although there are many studies on the treatment of
diseases by targeting MARCO, no specific MARCO-tar-
geted drugs have entered clinical trials. Based on our pre-
vious description, as an attractive disease target, MARCO
plays a pivotal role in initiating innate immunity and modu-
lating adaptive immunity through the regulation of immune
cells such as macrophages and dendritic cells. Notably,
studies have demonstrated that antibody therapy targeting
MARCO holds promise in improving patient prognosis and
survival rates. Hence, MARCO, being a pivotal molecule
in the regulation of both the innate and adaptive immune
responses, holds promise as a prospective target for future
therapeutic interventions; thus, it is necessary to continue
conducting in-depth research on MARCO.

Conclusion

In conclusion, recent research has demonstrated that
MARCO, functioning as a pattern recognition receptor,
plays a pivotal role in the initiation and progression of
innate immune responses. MARCO is responsible for acti-
vating multiple immune cell types and subsequently exert-
ing relevant immunological effects in both the innate and
adaptive immune responses. Moreover, MARCO is closely
related to the prognosis and treatment of various diseases.
Nevertheless, the precise molecular mechanism underlying
the role of MARCO in immune responses remains uneluci-
dated undetermined, and the specific method for targeting
MARCO is not very clear. In addition, there are no spe-
cific drugs that target MARCO in the clinic. Consequently,
additional investigation is needed to elucidate the role of

MARCO in antigens uptake, the processing and presenta-
tion of immune cells, the secreting of cytokines and the acti-
vation of immune responses; further efforts are also needed
to develop therapies that specifically target MARCO.
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