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Abstract: MicroRNAs (miRs) significantly contribute to the regulation of gene expression, by virtue
of their ability to interact with a broad, yet specific set of target genes. MiRs are produced and
released by almost every cell type and play an important role in horizontal gene regulation in the
tumor microenvironment (TME). In the TME, both tumor and stroma cells cross-communicate via
diverse factors including miRs, which are taking central stage as a therapeutic target of anti-tumor
therapy. One of the immune escape strategies adopted by tumor cells is to release miRs as a Trojan
horse to hijack circulating or tumor-localized monocytes/macrophages to tune them for pro-tumoral
functions. On the other hand, macrophage-derived miRs exert anti-tumor functions. The transfer
of miRs from host to recipient cells depends on the supramolecular structure and composition of
miR carriers, which determine the distinct uptake mechanism by recipient cells. In this review, we
provide a recent update on the miR-mediated crosstalk between tumor cells and macrophages and
their mode of uptake in the TME.
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1. Introduction

Cellular and molecular communications are the basis of ontogeny and oncogeny. Every living
being relies on communication in order to survive and propagate. Pathophysiological situations such
as cancer are no exception and rely on this indispensable tool for initiation and propagation. There are
various ways in which cancer and host cells communicate with each other, including soluble factors,
cell-cell contact, or complex macromolecule interactions, i.e., receptor-mediated events. This ultimately
culminates in altered gene expression in participating cells [1-4]. Tumors comprise a heterogeneous cell
composition. There are not only genetically distinct tumor cells, as a result of accumulating mutations,
but also several immune cell types, including tumor-associated macrophages (TAMs), which play
an important role in tumor development, invasion, and metastasis [2]. The phenotypic plasticity
of macrophages includes an overlapping spectrum of dynamic responses, from classically activated
(also known as M1) to alternatively activated (also known as M2). Classically activated macrophages
are stimulated by lipopolysaccharide (LPS), interferon gamma (IFN-y), and tumor necrosis factor
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(TNF-w), and provoke the secretion of pro-inflammatory cytokines including interleukin-1 (IL-1), IL-6,
IL-12, IL-23, and TNF-« and reactive nitrogen and oxygen intermediates (RNI, ROI) [5]. In contrast,
anti-inflammatory stimuli such as IL-4, IL-13, IL-10, and glucocorticoid or immune complexes (IC) plus
LPS induce macrophages to an M2 phenotype. This type is characterized by a decreased production
of pro-inflammatory cytokines, increased production of anti-inflammatory cytokines (e.g., IL-10),
and factors that mediate immunosuppression and tissue remodeling. M2 macrophages have been
divided into further subgroups. The M2a type is generated in response to IL-3 and IL-13, while M2b
macrophages respond to immune complexes and Toll-like receptor (TLR) activation. M2c macrophages
represent deactivated macrophages that suppress pro-inflammatory cytokines, while the M2d type
represents a regulatory macrophage [6] that is often grouped with TAMs [5,7,8]. In line with these
varied responses, Janus-faced macrophage functions are largely determined by their microenvironment
rather than their genetic imprint [9,10]. In tumors and during the resolution of inflammation, hijacked
macrophages attain pro-tumor or wound healing phenotypes due to tumor-derived factors [11], which
emerge as a target for tumor therapy [12,13]. TAMs expressing classical activation markers produce
pro-inflammatory cytokines and reactive oxygen species (ROS) and, thus, are crucial for tumor cell
killing [14,15]. The high degree of plasticity demonstrated by macrophages in pathological conditions
can be attributed to a) dynamic regulation of gene expression and b) rapid activation of signaling
cascades that determine their effector functions. Signaling cascades triggered by local environmental
cues and controlling the transcriptional machinery, ultimately determine the effector functions of
macrophages in the tumor microenvironment (TME). Hence, understanding and modulating these
aspects of macrophage pathobiology may have tremendous therapeutic options.

MicroRNAs (miRs) are small non-coding RNAs of about 22 nt, produced by almost all cells [16,17],
that regulate gene expression at the post-transcriptional level [18]. MiR precursors are transcribed as
long primary miRs (pre-miRs) by RNA polymerase Il and subsequently processed by the microprocessor
complex that contains the endoribonuclease DROSHA and its RNA binding partner DiGeorge Syndrome
critical region gene 8 (DGCRS) or several less well-understood auxiliary factors such as the DEAD
box RNA helicases p68 (also known as DDX5) and p72 (also known as DDX17) [19]. The resultant
pre-miRs are exported to the cytoplasm via exportin 5, where they are further processed by the type III
endoribonuclease DICER with the aid of the RNA-binding protein TAR. The RNA-binding protein
(TRBP) and the interferon-inducible double-stranded RNA-dependent protein kinase activator A
(PACT) produce double-stranded miR duplexes [20]. One of the strands is likely degraded, while
mature miRs are loaded into the RNA-induced silencing complex (RISC). This complex consists of the
Argonaute-2 (AGO2) protein and chaperones like HSC70/HSP90, which mediate the interaction of
the guide strand of the miRNA with its target 3’-untranslated region (3’-UTR) of mRNAs, thereby
repressing target gene expression [18,21-24]. Interestingly, there are also examples of miRs that induce
transcription and upregulation of protein expression [25,26]. Nevertheless, the expression of pre-miRs
is tightly regulated within cells at both the transcriptional and post-transcriptional level, which
determines tissue-specific or ubiquitous expression profiles of mature miRs [27]. Mature miRs have
the ability to bind to hundreds of mRNA targets, which themselves are also under tight and dynamic
regulation [28]. Impaired miR expression is associated with a number of diseases, including cancer [29].
Calin et al. published a pioneering study that described how miRs and cancer are linked and identified
that miR-15 and miR-16 were downregulated in most patients with chronic lymphocytic leukemia [30].
A growing body of literature has established that miRs are frequently deregulated in many types of
cancer and are involved in tumor initiation and progression, metastasis, and chemotherapy resistance,
pointing to the existence of oncogenic and tumor-suppressive miRs [31-35].

Phenotypic changes and the polarization of macrophages are also affected by miRs, which is
critical to their involvement in tumor immunity [36]. Furthermore, miR-mediated gene regulation
provides an extra layer of gene expression control. This allows an endogenous molecular switch of
macrophage plasticity and effector functions in a pathological environment such as the TME. This
review is a compendium of conundrums created by tumor-derived miRs and their impact on monocytes
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and macrophages for pro-tumor functions, with a special emphasis on the mechanisms of miR uptake
by recipient cells.

2. Tumor-Derived miRs—Packaging Matters!

Tumor-derived factors such as cytokines, chemokines, growth factors, and small molecules have
been shown to facilitate cellular communication between tumor cells and stroma [11,37-39]. Recent
findings unravel another mode of communication, which is ascribed to the release of miRs into the
extracellular fluid. Those extracellular miRs can act in a hormone-like fashion, in an autocrine or
paracrine manner. Furthermore, tumor-derived miRs can act as a Trojan horse by hijacking stroma cells,
particularly macrophages, to perform pro-tumoral functions [40]. Our recent findings suggest that
the inherent anti-tumor activity of monocytes/macrophages can be reprogrammed by tumor-derived
miR-375 at the initial phase of tumorigenesis by targeting these cells in the circulation, thereby attracting
them to the TME for pro-tumoral functions [38]. This phenomenon is not surprising as the literature
survey suggested that circulating miRs are considered as biomarkers. For instance, elevated levels of
miR-155, miR-21, and miR-210 have been detected extracellularly in the sera of patients with diffuse
large B-cell lymphoma [41]. The pioneering study of Valadi et al. demonstrated that extracellular
vesicles containing mRNA and miR populations are released by mouse and human mast cells and can
be taken up by recipient cells to alter gene expression [39]. As anticipated, the role of extracellular
miRs in the cell-cell communication of tumor and immune cells within the TME was documented as
well [42,43].

There are several ways and molecular compositions in which tumors shed their miR repertoire,
such as encapsulated in extracellular vesicles (EVs), or as nascent protein/lipoprotein-miR complexes.
The composition and final packaging of tumor-derived miRs determines the route and uptake
mechanism by target stroma cells. Furthermore, damaged cells also leak miRs that fall at the interface
of exosomic (encapsulated) and non-exosomic (nascent) composition. Interestingly, EVs released from
tumor cells have a distinct miRome compared to parent cells, suggesting that some miRs may be
transcribed only for export purposes and paracrine signaling [44,45]. Extracellular (or circulating)
miRs were first detected in human blood plasma in 2008 [41,46,47]. Since then miRs have been found
to circulate in a highly stable form in all other mammalian biological fluids, such as serum, milk, tears,
urine, amniotic, and cerebrospinal fluid [47-51]. The discovery that extracellular miRs have a long
half-life and are significantly altered in several diseases, including cancer, ignited great interest in
using miRs as biomarkers for diagnosis and prognosis [41,47,52]. However, circulating miRs shed
little light on their genesis from a particular cell and are usually derived from different cell types in a
pathology; as a result, they only serve as an indicator for a pathophysiological condition. It is also
possible that miRs from one cell may impact miR biogenesis in other cells.

The uptake of tumor-derived miRs also depends on the composition of exosomes. Several GTPase-
and ceramide-synthesizing enzymes, such as neutral sphingomyelinase2 (nSMase2), participate in
the control of intracellular formation, fusion and release of exosomes [53,54]. The membrane lipid
composition and cellular lipid load of a cancer cell also determines the ‘miR pool’ of their secreted
exosomes and protein-bound miRs. A notable example is the comparison of donor-derived miR uptake
by macrophages during coculture with either lipid-dense breast cancer cells such as MCF-7, T4D,
or lipid scarce leukemic cells such as Jurkat [38].

3. Macrophage Uptake of Tumor-Derived miRs—A Toll-Free Highway

While dealing with mechanisms of tumor-derived miR shuttling and uptake by macrophages,
the literature primarily focused on extracellular vesicle-mediated miR transfer or the direct exchange
of miRs across cells via gap junctions [55-57]. However, recently we discovered a novel route of
tumor-derived extracellular miR transfer, which was independent of exosomes but mediated by
low-density lipoproteins (LDL) [38]. In this section we provide an overview of extracellular miR
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release and uptake mechanisms with a focus on recent knowledge about miR transfer by lipoproteins.
General modes of miR transfer are summarized in Figure 1.
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Figure 1. Mechanisms of miR synthesis, transfer, and intercellular communication. MiRs are transcribed
by RNA polymerase II (Pol II) into primary-miRs (pri-miR), which are further processed by the DROSHA
complex. The arising precursor miR (pre-miR) is exported to the cytoplasm by exportin 5 and cleaved
by DICER to form a double-stranded miR:miR duplex. The mature miR is loaded onto Argonaute
proteins (AGO), which together with other proteins forms the RNA-induced silencing complex (RISC).
This complex binds to the 3’-untranslated region (UTR) of mRNA targets. MiRs can be exported from
donor cells and taken up by recipient cells, where they repress target gene expression. Several miR
carriers exist, such as extracellular vesicles (exosomes, microvesicles, apoptotic bodies), RNA-binding
proteins (RBP), or high/low-density lipoproteins (HDL/LDL). MiRs can be loaded into multivesicular
bodies (MVB), which are generated via early endosomal inward budding of the plasma membrane.
Upon fusion of the MVBs with the plasma membrane, exosomal miRs are released into the extraluminal
space. Amongst other mechanisms, the sorting of miRs into exosomes is regulated by sumoylated
heterogeneous nuclear ribonucleoprotein A2/b1 (hnRNPA2B1) and miR 3’ end base modifications
(3’U). Moreover, the export of miRs via exosomes is neutral sphingomyelinase 2 (nSMase2)-dependent,
which, on the other hand, blocks HDL-miR release. Exosomal miRs can be taken up by recipient cells
by endocytosis or via microvesicles, which are generated by outward budding of the plasma membrane
of the donor cells. Those microvesicles release their miR cargo by fusion with the plasma membrane
of the recipient cells. Apoptotic bodies containing miRs are generated upon cell injury or death and
are phagocytosed. HDL-miR complexes can be taken up by recipient cells by scavenger receptor Bl
(SR-B1), while the uptake of LDL-miR is mediated by CD36. MiRs can be transferred by RBPs, such as
AGO2 or nucleophosmin, which can be taken up by recipient cells via neuropilin-1 (NRP1).

3.1. Extracellular Vesicle-Mediated miR Transfer

Classified by their origin and biogenesis, distinct types of EVs have been described. With an
average diameter of 1-5 um, apoptotic bodies are the largest miR-carriers and are produced as
byproducts of cell disassembly upon apoptosis [58,59]. Microvesicles have an average diameter of
100-1000 nm and are formed after outward budding of the plasma membrane [60]. Exosomes have a
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much smaller size (10-100 nm) and are primarily formed as intraluminal vesicles within multi-vesicular
bodies (MVBs). They are released into the extraluminal space upon the fusion of the MVBs with the
plasma membrane [60]. Besides miRs, both microvesicles and exosomes are enriched in cytoplasmic
and membrane-associated proteins, lipids, sugars, and other nucleic acids [61]. Apoptotic bodies
additionally include nuclear fractions and cell organelles and can be distinguished by the presence of
histones [58,59,62]. Well-characterized protein markers for exosomes are annexins, tetraspanins (CD63,
CD81, CD82, CDY), and heat-shock proteins (Hsp60, Hsp70, Hsp90) [60,63,64], while microvesicles
contain integrins and selectins [60]. As a fourth type of EV, large oncosomes have recently been
described, which are generated by membrane blebs from tumor cells [65]. However, whether they
contain miRs needs to be further investigated.

At present, it is still debatable whether extracellular miRs are just released as byproducts or as a
result of cell injury or death [66]. Nevertheless, increasing evidence suggests that the release and uptake
of circulating miRs are tightly regulated, which is being investigated in more detail for exosomal miRs.
For instance, it has been shown that only the ceramide-dependent mechanism of exosome biogenesis
is involved in exosomal miR secretion [67], since the export of miR was impaired upon inhibition of
nSMase2, which catalyzes ceramide biosynthesis and subsequent exosome formation [67,68]. Another
possible mechanism of miR sorting into exosomes might be explained by the affinity of RN As to raft-like
membrane regions, maintaining the contact between miRs and the MVBs [69]. Moreover, several
studies described differences between miR content in parental cells and their secreted exosomes [70-77],
suggesting the presence of sequence-specific sorting mechanisms [74]. Indeed, Villarroya-Beltri et al.
showed that sumoylated heterogenous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) controls the
sorting of miRs into exosomes through binding of the specific sequence motif GGAG within miRs [77].
Additionally, non-templated nucleotide addition prior to miR polyadenylation results in the retention
of miRs within the cell [72]. Nevertheless, the cellular uptake of EV-miRs can be carried out via
endocytosis, phagocytosis, and micropinocytosis by recipient cells [78-80]. This uptake can be
clatherin-dependent, as is the case for P12 cells [80]. Alternatively, endocytosis could be caveolae- and
lipid-raft-dependent, as in the case of A549-P cells [81]. However, how tumor-derived miRs are sorted
into exosomes and the mechanisms of EV-miR uptake by macrophages remains an open question that
requires further investigation.

3.2. RNA-Binding Protein-Mediated miR Transfer

Besides vesicle-encapsulated miRs, a major portion of extracellular miRs have also been detected as
free-floating complexes with RNA-binding proteins (RNPs), especially AGO2 [82,83] or nucleophosmin
(NPM1) [66,82,84]. AGO2-bound miRs are taken up by neuropilin-1 (NRP1) and the internalized
miRs remain functional, as they specifically regulate proliferation and migration of cancer cells [85].
Notably, NRP1 is highly expressed in macrophages and may be involved in AGO2-bound miR
uptake. This hypothesis is further strengthened by a study that showed NRP2 expression during
macrophage differentiation, which is induced by tumor cells and regulates phagocytosis in macrophages.
Furthermore, NRP2 promoted efferocytosis of apoptotic tumor cell debris by TAMs and facilitated
tumor growth [86]. However, it is not clear whether those miR-protein complexes are non-selectively
released after cell necrosis or whether they are exported in a regulated fashion. It has been shown
that the miR content in cell media correlates with the level of cell death [83], and that the damage of
certain organs leads to high amounts of tissue-specific AGO-bound miRs in the circulation [87-92].
Nevertheless, some miRs that are expressed in MCE-7 cells are absent in their cell culture supernatant,
suggesting a selective export mechanism of released miRs [83]. However, whether RNP-miR complexes
are involved in tumor-cell macrophage communication still needs to be addressed.

3.3. Lipoprotein-Mediated miR Transfer

Among the most critical miR carriers are the highly abundant high- and low-density
lipoproteins [93]. The notion that miRs can be shuttled by lipoproteins was first established in
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2011, when Vickers et al. reported that high-density lipoprotein (HDL) fractions, purified from
the blood plasma of healthy human donors, contain substantial amounts of miRs [94]. They also
documented that the miR profile in HDL was distinct from the miR profile in isolated exosomes.
Furthermore, miR-135a*, miR-188-5p, and miR-877 were enriched in HDL particles from healthy
donors, while miR-223, miR-105, and miR-106a were upregulated in HDL particles from patients with
familial hypercholesterolemia [94]. In addition, they showed that HDL-mediated miR-223 transport
repressed cholesterol uptake by directly targeting and downregulating the scavenger receptor Bl
(SR-BI) [94], adding a functional relevance to HDL-miR complexes. Similarly, a study demonstrated
that HDL-transferred miR-223 inhibited intercellular adhesion molecule 1 (ICAM1) expression in
endothelial cells [95]. While the mechanism of HDL-miR complex secretion remains unknown, it has
been shown to be negatively regulated by nSMase2 [94]. Moreover, a previous study reported that
HDL-miRs are taken up by scavenger receptor BI (SR-BI) in Huh? cells and in SR-Bl-overexpressing
baby hamster cells [94]. Although there are several scavenger and lipoprotein receptors expressed on
macrophages [96,97], the uptake of tumor-derived HDL-miR complexes has not been investigated.

The majority of research on lipoprotein-mediated miR transfer focused on HDL; however, in
most of these studies, a substantial amount of miRs was found in the low-density lipoprotein (LDL)
fractions [98,99]. For the first time, we recently demonstrated that upon coculture with MCEF-7 breast
cancer cells, miR-375 was elevated in TAMs [38]. This was due to the apoptosis of MCF-7 cells
and the subsequent release of miR-375 as an LDL-bound non-exosomal entity, which was taken up
by macrophages. MiR-375 is upregulated in breast cancer [100,101] and has already been detected
in exosomes and exosome-depleted fractions of stage II and stage III breast cancer patients [102],
whereas it appears as a non-exosomal LDL-bound entity in hypercholesterolemia patients [94]. With
the exception of the RAW 264.7 macrophage cell line [103], TAMs and macrophages do not express
miR-375 in vitro. However, they acquire it during coculture or upon their exposure to apoptotic
cell-conditioned media of breast cancer cells. Treatment of macrophages with actinomycin D, which
inhibits transcription and thus de novo synthesis of miRs, failed to reduce mature miR-375 levels upon
coculture. Furthermore, siRNA silencing of DICER, a key miR processing enzyme, failed to reduce
miR-375 in TAMs, establishing that miR-375 is tumor cell-derived. Most interestingly, miR-375 in
the media was not protected from RNase A treatment, suggesting that it is not vesicle-encapsulated,
since extracellular vesicles have been shown to protect miRs from endogenous RNase digestion [104].
Exosome-free extracellular miRs are sensitive to RNase treatment [82], while lipoprotein-bound miRs
are likely protected from circulating RNase in the blood [105]. Contrary to this, Tabet et al. found that
human coronary artery endothelial cells, when incubated with RNase treated HDL-particles, lowered
the intercellular miR-223 content compared to cells incubated with untreated HDL [95]. To understand
the transport mechanism of breast cancer cell-derived miR-375, it was indispensable to identify the
miR-containing carrier. Apoptotic cancer cells expose oxidized LDL-like sites [106] on their surface that
can be recognized by macrophage scavenger receptors such as SRA, LOX1, and CD36 [106,107]. CD36
is widely expressed and may interact with multiple extracellular ligands, including thrombospondin-1,
long-chain free fatty acids, oxLDL, advanced glycation end products, and collagens I and IV [108,109].
We observed high amounts of miR-375 in the LDL fraction of serum-containing supernatants from
apoptotic MCF-7 cells, suggesting a critical serum factor for miR-375 stabilization and transport.
Considering the existence of LDL-miR complexes, we asked whether the CD36 receptor might be
involved in miR-375 uptake into macrophages. Blocking CD36 on macrophages with a monoclonal
antibody or employing a CD36 blocking peptide attenuated the miR-375 increase in macrophages.
Finally, siRNA silencing of CD36 largely prevented tumor-derived miR-375 uptake by recipient
macrophages [38]. These studies provide evidence that tumor-derived miRs are not only shuttled
via exosomes, but also via lipoproteins, which can be taken up by macrophage scavenger receptors.
In the end, the miR pool of TAMs is composed of endogenously produced miRs and the uptake of
exogeneous, tumor-derived miRs.
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Still, several open questions remain. Apoptotic tumor cells release various factors including
long-chain free fatty acids and oxidized phospholipids, which may also act as carriers of miR-375
for CD36-mediated uptake, as they are known ligands of CD36. Currently, it is unclear whether the
CD36 receptor might be involved in the uptake of other LDL-bound miRs and whether other LDL
receptors on macrophages transfer functional miRs into cells. Moreover, CD36 has been found to take
up HDL-cholesterol esters [108,110] and, thus, might also be involved in HDL-miR internalization.
Future studies are required to demonstrate the functional role of the CD36 receptor in lipoprotein-miR
communication in vivo. Interestingly, CD36 has been shown to be involved in cancer metastasis [111].
The presence of CD36% metastasis-initiating cells correlated with a poor prognosis for numerous
carcinomas, including breast carcinoma, and the inhibition of CD36 impaired the metastasis of breast
tumor cells [111]. At present, it is unknown how internalization of the miR-lipoprotein complex via
CD36 loads miRs onto the endogenous RN A-induced silencing complexes (RISC) and whether mRNAs
are targeted by canonical post-transcriptional mechanisms or whether they utilize other cellular
machineries to regulate target mRNA expression. Lipoprotein-bound miRs are likely single-stranded,
while AGO2 is predicted to prefer double-stranded miRs. Thus, LDL-miRs might be differentially
loaded onto AGO2-RISC or other AGO family members. Moreover, LDL-miR delivery through
CD36 may bypass endosomal transport and lysosomes that may degrade extracellular RNAs, unlike
receptor-mediated endocytotic mechanisms. Thus, different modes of uptake are likely associated with
distinct functional integrities of the extracellular miRs in recipient cells.

4. Functions of Tumor-Derived miRs in Macrophages—The Trojan Horse at Work

Macrophages are highly plastic cells. In response to tumor-microenvironmental cues, they
undergo coordinated changes in gene expression [12,37], which may favor polarization towards a TAM
phenotype. TAMs are key components in the TME and support tumor survival and growth, metastasis,
angiogenesis, and immune evasion [112]. It has been shown that miRs are involved in TAM polarization.
In2012, Cay et al. demonstrated that anti-inflammatory, pro-tumor M2-like TAMs can be reprogrammed
towards a pro-inflammatory M1 phenotype by miR-155 [113]. In addition, miR-19a-3p has been shown
to inhibit breast cancer progression and metastasis by inducing a macrophage phenotype switch
from M2 to M1 by targeting Fos-related antigen 1 (Fra-1), vascular endothelial growth factor (VEGF),
and signal transducer and activator of transcription 3 (STAT3) [114]. Contrarily, miR-146a induces
alternative macrophage polarization, thereby promoting 4T1 tumor growth [115]. There are other miRs
expressed in TAMs that are involved in tumor progression, such as miR-142-3p [116], miR-125b [117],
and miR-511-3p [118], suggesting that the deregulation of a single miR can modulate macrophage
effector functions. In the following section, we will highlight the role of tumor-derived extracellular
miRs in the cross-talk between different cancer types and macrophages, which mainly provokes the
reprogramming of macrophages towards a pro-tumor phenotype. More recently, we identified a
novel function of a breast tumor-derived miR in TAMs, which is not involved in the macrophage
phenotype switch, but induced monocyte and macrophage migration and infiltration at the early
stage of tumorigenesis [38]. An overview of tumor-derived miRs involved in altering the macrophage
phenotype and its effector functions is depicted in Figure 2.
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Figure 2. Tumor-derived miRs and their potential functions in macrophages. MiRs can be exported
from various cancer types and delivered to macrophages. In macrophages those miRs regulate target
gene expression, thereby inducing either anti-tumor or pro-tumor effector functions. Some miRs can
have both anti-tumoral and pro-tumoral effects in recipient cells. MiRs can also target genes that
indirectly regulate macrophage effector functions such as miR-375 targeting TNS3 and PXN (see text
for more details).

4.1. Colon Cancer

High levels of miR-203 are present in the serum of colorectal carcinoma patients and are
associated with metastasis and overall poor prognosis [119,120]. A recent study showed that
tumor-derived miR-203 is shuttled to monocytes, where it induces TAM differentiation in vivo
to promote distant metastasis [121]. Colon cancer cells have a high expression of miR-1246, which can
be delivered to macrophages via exosomes [122]. In macrophages, miR-1246 triggers anti-inflammatory
immunosuppression, with an increased activity of transforming growth factor  (TGFf) [122].
Moreover, colorectal cancer EVs containing miR-145 polarize macrophages to the M2 phenotype
through downregulation of histone deacetylase 11 (HDAC11) [123].

MiR-21is highly expressed in a variety of human tumors [124,125] and is secreted in plasma-derived
exosomes from patients affected by different cancer types, including pancreatic, ovarian, lung, and
colon cancer [126,127]. Elevated expression of miR-21 is associated with cell proliferation, migration,
invasion, and survival and positively correlated with tumor progression [126], while its inhibition
decreased tumor survival and growth [128]. Patel et al. showed that miR-21 and miR-29b are involved
in a feedback loop between colorectal cancer cells and immune cells, to support the maintenance of a
pro-tumorigenic inflammatory environment [129]. Immune cells secrete the pro-inflammatory cytokine
IL-6, which mediates the invasiveness of tumor cells in an in vitro coculture model of colorectal



Cells 2019, 8, 1482 9 of 25

cancer [130,131], thereby stimulating the secretion of miR-21 and miR-29b from tumor cells. Those
miRs have been shown to bind to Toll-like receptors (TLRs) on macrophages, causing nuclear factor
kappa B (NF-kB) activation and the concomitant secretion of pro-inflammatory cytokines [129].

4.2. Glioblastoma

Van der Vos et al. directly visualized the release of EVs from glioma cells and their uptake by
microglia and monocytes/macrophages in the brain in vivo [132]. They further confirmed increased
levels of miR-451/miR-21 and upregulation of c-Myc mRNA expression in recipient cells. Those cells
responded with increased proliferation and shifted their cytokine profile toward immunosuppression.

Macrophages are the primary immune cell subtype in the glioma microenvironment, preferentially
accumulating in hypoxic regions, where they polarize into specific phenotypes [133,134]. Qian et al.
investigated the effects of glioma-derived exosomes on macrophage polarization and tumor
progression [135]. In their study, hypoxic glioma-derived exosomes markedly induced macrophage
M2 polarization as compared to exosomes from normoxic glioma cells. This polarization was induced
by hypoxic glioma-derived miR-1246. By RNA sequencing they identified telomeric repeat binding
factor 2 (TERF2IP) as an miR-1246 target in macrophages, which activated STAT3 and inhibited the
NEF-«B signaling pathway, thereby inducing the macrophage phenotype shift. Moreover, miR-1246
was enriched in the cerebrospinal fluid of preoperative glioblastoma patients, where it significantly
decreased after tumor resection. Thus, miR-1246 might be a promising novel biomarker for glioblastoma
diagnosis and a target for anti-tumor immunotherapy.

4.3. Lung Cancer

Tumor-derived miRs not only shape macrophage effector functions by canonical binding to their
target mRNA, but also by serving as ligands of macrophage TLRs [136]. Fabbri et al. showed that
non-small-cell lung cancer cells secrete EVs containing substantial amounts of miR-21 and miR-29a,
which bind-s and trigger murine TLR7 and human TLRS8 in macrophages and other immune cells. This
process activates NF-kB pathway-mediated pro-inflammatory responses and the release of IL-6, TNF«
and other pro-inflammatory cytokines, which turns the TME into a pro-metastatic niche.

Hsu et al. investigated the relationship between EVs and hypoxia upon lung cancer
progression [137]. They found that EV-encapsulated miR-103a levels were higher in patients with lung
cancer and closely associated with macrophage M2 polarization. Hypoxia induced the secretion of
miR-103a containing EVs from lung cancer cells [138], which were transferred to macrophages and
genetically inactivated tumor suppressor phosphatase and tensin homolog (PTEN). Consequently,
protein kinase B (AKT) and STAT3 activation was increased, as well as the expression of angiogenic
VEGF-A and angiopoietin-1 from M2 macrophages. Thus, miR-103a signaling induced a feedback
to further enhance cancer progression and angiogenesis. On the other hand, lung adenocarcinoma
cell-derived exosomal miR let-7a-5p, miR-10a-5p, miR-1246, and miR-125b-5p promoted macrophage
reprogramming towards a dominating pro-inflammatory, anti-tumor M1 phenotype [139].

4.4. Hepatocellular Carcinoma

A recent study by Liu et al. found that endoplasmic reticulum stress caused liver cancer cells to
release exosomal miR-23a-3p, which was delivered to macrophages [140]. In macrophages, miR-23a-3p
inhibited PTEN and subsequently activated AKT, which increased the expression of programmed
cell death ligand 1 (PD-L1) and inflammatory cytokines. Treatment of macrophages with those
miR-containing exosomes upregulated PD-L1 expression, both in vitro and in vivo. Furthermore, an
in vitro coculture of those exosome-treated macrophages with T cells, reduced the number of CD8* T
cells and the production of interleukin-2, while T cell apoptosis was increased [140]. These findings
provide another mechanism of how tumor cells escape anti-tumor immunity mediated by miRs.

Li et al. also investigated the role of TLR signaling pathways in the regulation of tumor
inflammation [141]. TLR4 signaling of H22 hepatoma cells was transduced through myeloid
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differentiation primary response 88 (MyD88) to the actin cytoskeleton, which caused the release
of miR let-7b containing membrane-derived vesicles by the tumor cells. These microvesicles were
taken up by macrophages, where miR let-7b targeted the pro-inflammatory cytokine IL-6 to attenuate
tumor inflammation.

4.5. Breast Cancer

Jang et al. found that treatment of the murine 4T1 breast cancer cells with the anti-tumor drug
epigallocatechin gallate (EGCG) decreased the expression of macrophage colony-stimulating factor
1 (CSF-1) and CC-chemokine ligand 2 (CCL2), which inhibits TAM infiltration and migration [142].
Additionally, EGCG upregulated miR-16 in 4T1 cells, which was transferred to TAMs via exosomes.
Those exosomes suppressed IKK«, caused I-kB accumulation and the subsequent repolarization of
M2 to M1 macrophages. Effects on chemokine expression and the NF-«kB pathway were restored
when miR-16 was inhibited in EGCG-treated cancer cells. MiRs have also been linked to breast
cancer metastasis. In microglia, exosomal miR-503 promoted polarization from tumor-suppressive
M1 to the pro-tumor M2 phenotype, which contributed to brain metastasis in breast cancer [143].
Guo et al. investigated mechanisms of breast cancer invasion to the bone marrow [144]. They noticed
that, in breast tumor tissues as well as in exosomes from MDA-MB-231 cells, miR-20a-5p was highly
elevated. In MDA-MB-231 cells, miR-20a-5p promoted migration and invasion. Furthermore, exosomal
miR-20a-5p was delivered to bone marrow macrophages and stimulated osteoclastogenesis by targeting
SRC kinase-signaling inhibitor 1 (SRCIN1).

In our recent study, we showed that apoptotic breast cancer cell-derived miR-375 is shuttled
to macrophages via LDL and induced macrophage migration and infiltration [38]. In breast cancer,
TAMs are the predominant immune cell subtype and most of them originate from blood-derived
monocytes [145,146]. Currently, it is unclear how the tumor microenvironment achieves this massive
influx of monocytes and macrophages and how it initiates genetic reprogramming of TAMs. While
tumor-derived miRs that alter the macrophage phenotype have been reported in this review and
elsewhere [123], our study provides evidence that miR-375 provokes monocyte/macrophage migration
and infiltration without affecting cell polarization [38]. To identify miR-375 targets in macrophages,
we overexpressed miR-375 using a synthetic miR-mimic and subsequently performed AGO-RIP-Seq.
On the basis of the results we obtained from sequencing, we identified paxillin (PXN) and tensin
3 (I'NS3) as targets of miR-375 in macrophages, which was verified in vitro and in vivo. Paxillin
and tensin 3 mRNA and protein levels were reduced in macrophages upon coculture with breast
cancer cells, as well as after treatment with miR-375 containing supernatants from apoptotic MCF-7
cells. Paxillin is a focal adhesion adapter protein that, depending on its subcellular localization, can
positively or negatively regulate cell migration [147-149]. Similarly, tensin 3 acts as a link between the
extracellular matrix and the cytoskeleton and functionally contributes to the switch between adhesive
and non-adhesive states in cancer cells, including breast cancer [150,151]. In tissue microarrays of
mammary carcinoma patients, miR-375 was elevated in breast cancer tissue as compared to normal
breast tissue, and positively correlated with the number of infiltrated macrophages. These findings
highlight the important role of tumor-derived miR-375 in the early stages of tumorigenesis, specifically
in the recruitment of circulating monocytes to sites of tumor progression, which makes miR-375 a
promising new therapeutic target at the onset of breast cancer.

4.6. Epithelial Ovarian Cancer

Tumor-derived extracellular miRs also take part in macrophage polarization in epithelial ovarian
cancer (EOC). MiR-222-3p is shuttled to macrophages, where it downregulates the suppressor of
cytokine signaling 3 (SOCS3) and subsequently favored STAT3 phosphorylation [152]. This process
caused macrophage polarization towards a TAM-like phenotype, which promoted the progression
of EOC. Furthermore, exosome-derived miR-940 was released by hypoxic EOC and induced TAM
polarization [153]. Another study showed that, under hypoxic conditions, exosomal miR-21-2p,
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miR-125b-5p, and miR-181d-5p were delivered to PMA-treated U937 cells and induced polarization
towards TAMs in vitro and in vivo [154]. This process was facilitated by the downregulation of
SOCS4/SOCSS, increased STAT3 phosphorylation, and subsequent HIF-1o/HIF-2«x stabilization. Those
TAMs promoted EOC cell proliferation and migration in a feedback loop.

MiRs are also involved in tumor cell resistance to chemotherapy. Kanlikilicer et al. overexpressed
caveolin 1 (CAV1), a direct target of miR-1246, which significantly sensitized EOC cells to paclitaxel [155].
This was confirmed by decreased multidrug-resistance protein (MDR1) protein levels. Furthermore,
anti-miR-1246 treatment in combination with paclitaxel significantly reduced tumor growth in vitro
as well as the tumor burden in an orthotopic SKOV-ip1l EOC mouse model. Upon coculture with
EOC cells, miR-1246 was highly elevated in M2-type macrophages, but not in M0O-type macrophages.
Conclusively, miR-1246 may act both autonomously by inhibition of CAV1, and also as an extracellular
mediator that promotes tumor progression via M2-type oncogenic macrophages.

4.7. Pancreatic Cancer

Pancreatic cancer cells (PC) have also been shown to reprogram pro-inflammatory macrophages to
M2-like pro-tumorigenic macrophages via exosomal miRs. Su et al. demonstrated that exosomes from
cells transfected with miR-155 and miR-125b-2 expressing plasmids are enriched in these miR [156].
The uptake of those miR containing exosomes by macrophages resulted in their reprogramming
towards the M1 phenotype. In another study, exosomal miR-301a-3p derived from hypoxic pancreatic
cancer cells activated the PTEN/phosphoinositide-3-phosphate gamma pathway in macrophages,
thereby triggered macrophage M2 polarization and increased the metastatic activity of PC [157].
The exosomal transfer of miR to innate immune cells is not limited to cancer cells as miR donors.
Pancreatic beta-cells transferred exosomal miR-29 to macrophages to dose-dependently increase TNFo
secretion by recipient cells [158].

4.8. Neuroblastoma

Challagundla et al. showed that miRs can be involved in a feedback loop generating chemotherapy
resistance in neuroblastoma [159]. Tumor-derived exosomes delivered miR-21 to TAMs, which activated
TLR8 and upregulated the expression of the oncomiR miR-155. MiR-155 is transcriptionally regulated
by the NF-kB pathway and overexpressed in multiple types of cancer. Subsequently, TAMs release
exosomes enriched in miR-155, which is taken up by tumor cells, where it targets telomeric repeat
binding factor 1 mRNA. The resulting activation of telomerase activity ultimately accounts for resistance
of neuroblastoma to cisplatin treatment.

4.9. Other Cancers

Park et al. investigated the role of oxygen depletion on tumor exosome cargo and release [160].
They found that, upon hypoxia, miR let-7a, a known epigenetic tumor suppressor, was decreased in
murine B16-FO tumor cells [161], but was increased >20-fold in exosomes. In turn, the exosomal transfer
of miR let-7a enhanced OXPHOS activity and M2-like polarization of bone marrow macrophages
via downregulation of the insulin AKT-mTOR pathway. While miR let-7a was enriched in hypoxic
exosomes, target gene expression was significant in both normoxic and hypoxic exosome-treated cells,
suggesting that further characterization of miR let-7a targets is required. Microvesicle delivery of
miR-150 from THP-1 cells promoted the enhanced secretion of VEGF from TAMs, thereby stimulating
tumorigenesis [162]. Hsieh et al. investigated the role of epithelial-mesenchymal transition (EMT) in
remodeling the tumor microenvironment [163]. They demonstrated that the EMT transcriptional factor
SNAIL directly activated the transcription of MIR21. Subsequently, mature miR-21 was delivered
to CD14* human monocytes via exosomes and suppressed the expression of M1 markers, while
increasing M2 markers. SNAIL-induced M2 polarization was attenuated by knocking down miR-21 in
SNAIL-expressing human head and neck cancer cells.
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Taken together, tumor-derived exosomic and non-exosomic miRs represent a ‘virus-like” gene
regulating tool, which is efficiently used by tumor cells to affect immune surveillance and to induce
immune suppression by hijacking immune sentinel such as macrophages. The broad specificity
of miRs towards their targets can also be exploited by tumor cells. For instance, tumor-derived
miR-375 induced monocyte/macrophage migration towards the TME by downregulating negative
regulators of cell migration, viz. TNS3 and PXN. MiR-375 also potentiated these migratory effects
on monocytes/macrophages by inducing macrophage chemoattractant CCL2 production by tumor
cells in the same setting [38]. Furthermore, as discussed in this section, tumors have evolved to evade
anti-tumor immunity by targeting various signaling pathways in macrophages, which are crucial for
their anti-tumor functions, via tumor-derived miRs. This phenomenon also provides an opportunity
to exploit this gateway for anti-tumor therapy. A brief summary of tumor-derived miR targets in

macrophages is presented in Figure 3.
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Figure 3. Prominent tumor-derived miRs and their targets in macrophages. Tumor-derived miRs
can target several important signaling pathways in recipient macrophages, which are associated with
inflammation and survival, proliferation, immunosuppression, tumor-associated inflammation, and
angiogenesis. For instance, binding of miR-21 and miR-29 to Toll-like receptors (TLR) activates nuclear
factor kappa B (NF-kB) signaling and increases the expression of pro-inflammatory cytokines. Likewise,
miR-103a genetically inactivates tumor suppressor phosphatase and tensin homolog (PTEN), thereby
increasing protein kinase B (AKT) and signal transducer and activator of transcription 3 (STAT3)
activation, causing cancer progression and angiogenesis. Some miRs induce monocyte differentiation.
MiR-20a-5p from breast cancer cells targets SRC kinase-signaling inhibitor 1 (SRCIN1) in bone marrow
macrophages, which stimulates osteoclastogenesis. Moreover, apoptotic breast cancer-derived miR-375
downregulates the migration inhibitory proteins paxillin (PXN) and tensin 3 (TNS3) in monocytes
and macrophages, thereby provoking infiltration into primary tumors. Additionally, miRs can also be
involved in feedback loops between tumor cells and macrophages; tumor-derived miR-21 binds TLR8
on TAMs, which activates NF-«B signaling and the subsequent expression of miR-155, which can be
secreted by TAMs to induce cisplatin resistance in neuroblastoma cells. HDAC11: histone deacetylase
11; HIF-1: hypoxia-inducible factor 1; IKK: IkBx-kinase complex; MYC: Myc proto-oncogene protein;
PI3K: phosphoinositid-3-kinase; PD-L1: Programmed cell death 1 ligand 1; SOCS: suppressor of
cytokine signaling; TERF2IP: telomeric repeat binding factor.



Cells 2019, 8, 1482 13 of 25

5. Macrophage-Derived miRs—An Arm of a Sentinel

Macrophages are not exclusive targets for miR tumor Trojan horses; rather, they are sentinels of
the immune system fighting against tumors, and macrophage-derived miRs act as one arm of these
innate immune functions. There are several examples in the literature that consolidate the function of
these cells as mediators of tumor immunosurveillance [164]. A notable example of this phenomenon is
the study by Aucher et al., investigating the role of exosomal miR-223 in cancer suppression. It appears
that exosomes containing miR-223 and miR-142 were released by monocyte-derived macrophages
and transported to cocultivated hepatocellular carcinoma cells in a manner that required intercellular
contact and gap junctions. Such a transfer inhibited the proliferation of cancer cells [165]. The tumor
suppressing functions of miR-142-3p delivered in microvesicles from TAMs to hepatocellular tumor
cells were demonstrated in a mouse model. Animals bearing tumors were treated with anti-tumor
propofol. The downregulation of miR-142-3p in TAMs using its inhibitor reversed the effect of propofol
on hepatocellular carcinoma cells [166].

In addition to the transfer of endogenous macrophage-derived miRs in the TME, some
studies aiming for therapeutic options documented miRs that are either induced by the treatment
of macrophages [167] or using macrophage-derived vesicles as drug delivery systems [168,169].
Hu et al. treated macrophages with the tumor necrosis factor (TNF)-like weak inducer of apoptosis
(TWEAK), which has been reported to potentially mediate an anti-tumor effect for tumor-infiltrating
macrophages [170,171]. Apparently, exosomes derived from human THP-1 monocyte-derived
macrophages that were stimulated with TWEAK inhibited metastasis and invasiveness of EOC
tumors in vitro and in vivo. Inhibition was provoked by a TWEAK-induced enrichment of miR-7 in
macrophages and the miR-7 transfer to the EOC cells, where it downregulated the EGFR/AKT/ERK1/2
signaling pathways [167]. Wang et al. showed that an exogenous miR-21 inhibitor could be shuttled
into BGC-823 gastric cancer cells via macrophage-derived exosomes, which provided evidence that
macrophage-derived exosomes could function as carriers for therapeutic miR agents [168].

Macrophage-derived miRs play an important role in the communication between macrophages
and surrounding cells—not only in the cancer context, but also during macrophage development.
An miR that has been shown to be highly expressed in macrophage-derived microvesicles is miR-223.
The transfer of miR-223 can stimulate myeloid proliferation [172] and induce macrophage differentiation
in recipient monocytes [173]. This dual role is supported by different studies, either showing a pro- or
anti-tumor effect of macrophage-derived miRs in recipient cells. Furthermore, in the EOC context,
miR-223 is transferred from hypoxic macrophages to cocultured EOC cells via exosomes. This exosome
transfer enhanced drug resistance via miR-223-mediated regulation of the PTEN-PI3K/AKT pathway
both in vivo and in vitro [174].

In essence, tumor cells can use miRs to hijack stroma for pro-tumoral functions. Similarly, inherent
anti-tumoral macrophages use miRs to exert their anti-tumor activity. This double-edged sword nature
of miRs poses a challenge for their use as RNA therapeutics.

6. Macrophage-Derived miRs—Agent Gone Rogue

TAMs have the ability to promote tumor invasion and metastasis. Apart from other soluble
factors, macrophages also perform pro-tumoral functions by secreting oncomiRs, which regulate gene
expression in recipient tumor cells. A notable example of this aspect of TAM biology is the secretion
of EVs containing high levels of miR-233, which can be transferred to breast cancer cells to promote
their invasiveness by regulating the myocyte enhancer factor 2c (Mef2c)-3-catenin signaling pathway.
Reducing Mef2c elicits nuclear accumulation of 3-catenin to promote the invasiveness of breast
cancer cells [175]. However, the effect can be diminished by attenuating miR-223 expression via the
antisense oligonucleotide. In pancreatic ductal adenocarcinoma (PDAC) TAM recruitment is associated
with metastasis. Yin et al. ascribed this to the exosome-mediated transfer of miR-501-3p from M2
macrophages to PDAC cells. In a mouse model, they showed inhibition of the tumor suppressor gene
TGFBR3 by miR-501-3p and subsequent activation of the TGF-f3 signaling pathway [176]. Another study,
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employing the genetic mouse model of PDAC, showed that the transfer of macrophage-derived miR-365
via exosomes impaired gemcitabine activation, thereby conferring therapy resistance in vitro and
in vivo. As the underlying mechanism, the authors proposed upregulation of the triphospho-nucleotide
pool in cancer cells and induction of the enzyme cytidine deaminase [177]. Zheng et al. showed that
TAM-like M2 macrophage-derived miR-21 is transferred to MFC and MGC-803 gastric cancer cells via
exosomes. In cancer cells, miR-21 downregulates PTEN and thereby activates the PI3K/AKT pathway,
giving rise to drug resistance against DDP treatment in vitro and in vivo. Additionally, treatment of
the cancer cells with exosomes or miR-21 overexpression protected cells from chemotherapy-induced
apoptosis via increased Bcl-2 expression [178]. Macrophage oncomiRs also have context-dependent
effects. Korabecna et al. analyzed target genes of two macrophage-derived miRs, miR-223 and
miR-142-3p, which were experimentally proven to be functional in recipient cancer cells. The two
miRs targeted 684 genes, amongst them tumor suppressors like TP53 or adenomatous polyposis
coli.
Furthermore, it was reported that 34 targeted genes are involved in ‘pathways in cancer’ using
DAVID (database of annotation, visualization and integration discovery) analysis. As this group of
genes comprises oncogenes as well as tumor suppressor genes, the authors propose a potential dual

This points to a potential role of macrophage-derived miRs in cancer cell proliferation.

role of TAMs, depending on the actual state of the TME [179]. MiRs that are involved in tumor-stroma
cross-communication are listed in Table 1.

Table 1. MiR-mediated cross-communication between tumor cells and stroma.

miR Donor cells Acceptor cells Function Ref.
miR-203 Colon cancer cells Monocytes Induction of TAM differentiation [121]
Colon cancer cells Macrophages Immunosuppression [122]
miR-1246 Hypoxic glioma cells Macrophages M2 macrophage polarization [135]
EOC cells M2 macrophages M2 macrophage polarization [155]
miR-145 Colorectal cancer cells Macrophages M2 macrophage polarization [123]
miR-103a Hypoxic lung cancer cells Macrophages Cancer progression, angiogenesis [138]
miR let-7a-5p,
Eigjgz_;p’ Lung adenocarcinoma cells Macrophages M1 macrophage reprogramming [139]
miR-125b-5p
miR let-7a Hypoxic melanoma B16-F0 cells  Bone marrow macrophages f?tlinvairt;elfl/[;)iiitri:;}f; };c;sg 21(; I;‘}II;Z:CII(;?I [161]
miR let-7b Hepato-carcinoma cells Macrophages Attenuation of tumor inflammation [141]
miR-23a-3p Liver cancer cells Macrophages Immune evasion [140]
miR-16 SeGllS Grtreated 4T1 breast cancer TAMs Repolarization to M1 macrophages [142]
miR-503 Breast cancer cells Microglia M2 macrophage polarization [143]
miR-20a-5p MDA-MB-231 cells Bone marrow macrophages  Stimulation of osteoclastogenesis [144]
miR-375 Breast cancer cells Macrophages Macrophage migration/infiltration [38]
miR-222-3p EOC cells Macrophages TAM polarization [152]
miR-940 Hypoxic EOC cells Macrophages TAM polarization [153]
Head and neck cancer cells CD14* human monocytes M2 macrophage polarization [163]
miRk-21 Neuroblastoma cells TAMs ifﬁj,la ;Ei_)on of TLR8, upregulation of [159]
miR-21-3p,
miR-125b-5p, EOC cells PMA-treated U937 cells TAM polarization [154]
miR-181d-5p
miR-21 TLR a‘ctivation, act-ivation of NF-kB
miR-29:a NSCLC cells Macrophages signaling and pro-inflammatory [136]

cytokine secretion
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miR Donor cells Acceptor cells Function Ref.
miR-21 TLR activation, activation of NF-kB
miR—29i) Colorectal cancer cells Macrophages signaling and pro-inflammatory [129]
cytokine secretion
m}R-Zl, Glioma cells Microglia, ‘Increased prohfer.atlon, [132]
miR-451 monocytes/macrophages immunosuppression
miR-301a-3p Hypoxic pancreatic cancer cells ~ Macrophages Macrophage M2 polarization [157]
miR-150 THP-1 cells TAMs Promotion of tumorigenesis [162]
miR-29 Pancreatic beta cells Macrophages Increased TNF« secretion [158]
exogenous Transfected pancreatic cancer -
miR-155, Macrophages Repolarization to M1 macrophages [156]
. cells
miR-125b-2
miR-155 TAMs Neuroblastoma cells Cisplatin resistance [159]
IL-4 activated macrophages Breast cancer cells Increased invasiveness [175]
miR-223
Hypoxic macrophages EOC Enhanced drug resistance [174]
miR-223, Macrophages Hepato-carcinoma cells Inhibited cancer cell proliferation [165]
miR-142-3p phag P P ’
miR-142-3p TAMs Hepato-carcinoma cells Conveys propofol effect [166]
miR-21 TAM-like M2 macrophage Gastric cancer cells Drug resistance, reduced apoptosis [178]
miR-501-3p M2 macrophages PDAC cells Metastasis [176]
miR-365 Macrophages PDAC cells Gemcitabine resistance [177]
miR-7 TWEAK-stimulated EOC cells Inhibits metastasis and invasiveness [167]
macrophages

7. Conclusions and Future Perspectives

Apart from being essential regulators of physiological functions, miRs are evidently used in
pathophysiological exploitations by cancers. A salient feature of miRs is to aid in tumor cell-stroma
crosstalk. This crosstalk takes place by different modes of miR transfer between tumor cells and
stromal components, such as macrophages, or vice versa, as depicted in Figure 1. Depending upon the
molecular composition of miR-carrier complexes, only a specific transfer route allows the miR to enter
the target cell and regulate target genes, as discussed in Section 3. Tumor cells secrete various miR
species (Figure 2) that target various pathways, which are involved in macrophage effector functions
(Figure 3). This elegantly choreographed exploitation of immunity by tumor cells provides us with
ample opportunity for therapeutic intervention.

As an RNA species, miRs are prime candidates for use in RNA therapeutics. Since several miRs
are reported to be dysregulated in cancer, both loss-of-function and gain-of-function approaches have
been used as therapeutic options. Several pre-clinical studies and registered clinical trials adopted
these approaches. Intratumoral injections of miR drugs directly into the pathogenic site can enhance
target specificity, efficacy, and minimize side effects [180,181]. Phase II clinical trials of the antagomir
drug MRG-106, a locked nucleic acid (LNA)-modified antisense oligonucleotide, to inhibit the function
of miR-155 are underway for cutaneous T-cell lymphoma (NCT03713320). Similarly, MesomiR-1, the
tumor suppressor miR-16 mimic, was used in nonliving bacterial minicells to target EGFR-expressing
non-small-cell lung cancer cells with an anti-EGFR bispecific antibody (NCT02369198) [182].

This review may serve as a primer to understand the intricacy of miR-mediated
cross-communication in the TME and may pave the way to designing therapeutic interventions.
To achieve this objective, it is important that we understand how cells communicate through miRs and
which critical parameters should be taken into consideration. Like in a basic telecommunication system,
the quality and success of miR-mediated intracellular communication also depends on basic elements:
(a) a transmitter cell that relays the information as a ‘signal’, (b) a transmission channel that carries
the signal, such as exosome or LDL-bound miR and (c) a receiver cell that gathers the signal from the
channel and converts it back into usable information for the recipient. In this communication scheme, all
three components have equal importance and a successful message relay and ‘therapeutic interception’
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depends on how well we understand these elements. The last decade has been dedicated to deciphering
and exploiting a canonical feature of miRs, i.e., intercellular gene regulation. Non-canonical functions of
miRs, especially in the context of pathophysiological situations such as cancer, are now in the limelight.
It is incumbent for successful RNA therapeutics, especially receptor-mediated delivery of therapeutic
RNA, that miR-carrier complex composition and the mode of delivery are taken into consideration.
In conjunction with the emphasis on deciphering the transport mechanism, the development of robust
and reliable techniques is required to track the origin and fate of miRs in vivo.

Based on the recent findings on various modes of miR delivery to target cells and several distinct
package compositions of miR-carrier complexes, the immediate focus might be on (a) the identification
of particular miR preferential target(s), (b) how miRs escape extra- and intra-cellular degradation, and
(c) the molecular mechanism of their target cell entry to promote gene silencing. Addressing these
aspects will be crucial in designing effective RNA therapeutics. For exosomic miRs, some form of
selectivity is provided by the proteins located on the exosome membrane that interact with the host cell.
However, target cell selectivity of LDL-bound or AGO2-bound miRs is still an open question because
receptors for these complexes such as CD36 and NRP-1 and NLR-2 are widely expressed on stroma
cells. Furthermore, it would be interesting to understand how LDL- or AGO2-bound miRs, once taken
up by phagocytes, are integrated into the RISC complex for gene silencing and how phagocytes are
programmed to funnel these bound miRs for effective sorting to the RISC and not to lysosomes for
degradation. These open questions also point to the fact that an extra layer of inter- and intra-cellular
communication exists that may define the fate of receptor-mediated miR uptake in TAMs, which could
be crucial for tumor-specific therapeutic RNA targeting.

Author Contributions: SN.S., A.-C.F, R.R.; writing—original draft preparation, B.B.; writing—review and editing.

Funding: The study was supported by Deutsche Forschungsgemeinschaft (SFB 1039 TP B04 and SFB 815 TP 08
to B.B.).

Acknowledgments: We apologize to researchers whose primary observations were cited indirectly by referring to
other review articles. We acknowledge the support of the Cardio-Pulmonary Institute (CPI), EXC 2026, Project
ID: 390649896.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Meacham, C.E.; Morrison, S.J. Tumour heterogeneity and cancer cell plasticity. Nature 2013, 501, 328-337.
[CrossRef] [PubMed]

2. Ruffell, B.; Affara, N.L; Coussens, L.M. Differential macrophage programming in the tumor microenvironment.
Trends Immunol. 2012, 33, 119-126. [CrossRef] [PubMed]

3.  Hollmén, M.; Roudnicky, F; Karaman, S.; Detmar, M. Characterization of macrophage—Cancer cell crosstalk
in estrogen receptor positive and triple-negative breast cancer. Sci. Rep. 2015, 5, 9188. [CrossRef] [PubMed]

4. Najafi, M.; Goradel, N.H.; Farhood, B.; Salehi, E.; Solhjoo, S.; Toolee, H.; Kharazinejad, E.; Mortezaee, K.
Tumor microenvironment: Interactions and therapy. J. Cell. Physiol. 2019, 234, 5700-5721. [CrossRef]

5. Biswas, S.K,; Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: Cancer as a
paradigm. Nat. Immunol. 2010, 11, 889-896. [CrossRef]

6. Részer, T. Understanding the Mysterious M2 Macrophage through Activation Markers and Effector
Mechanisms. Mediat. Inflamm. 2015, 2015, 816460. [CrossRef]

7.  Briine, B.; Dehne, N.; Grossmann, N.; Jung, M.; Namgaladze, D.; Schmid, T.; von Knethen, A.; Weigert, A.
Redox control of inflammation in macrophages. Antioxid. Redox Signal. 2013, 19, 595-637. [CrossRef]

8. Murray, PJ.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.;
Ivashkiv, L.B.; Lawrence, T.; et al. Macrophage activation and polarization: Nomenclature and experimental
guidelines. Immunity 2014, 41, 14-20. [CrossRef]

9.  Heinz, S.; Benner, C.; Spann, N.; Bertolino, E.; Lin, Y.C.; Laslo, P.; Cheng, ] X.; Murre, C.; Singh, H.; Glass, C.K.
Simple Combinations of Lineage-Determining Transcription Factors Prime cis-Regulatory Elements Required
for Macrophage and B Cell Identities. Mol. Cell 2010, 38, 576-589. [CrossRef]


http://dx.doi.org/10.1038/nature12624
http://www.ncbi.nlm.nih.gov/pubmed/24048065
http://dx.doi.org/10.1016/j.it.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22277903
http://dx.doi.org/10.1038/srep09188
http://www.ncbi.nlm.nih.gov/pubmed/25776849
http://dx.doi.org/10.1002/jcp.27425
http://dx.doi.org/10.1038/ni.1937
http://dx.doi.org/10.1155/2015/816460
http://dx.doi.org/10.1089/ars.2012.4785
http://dx.doi.org/10.1016/j.immuni.2014.06.008
http://dx.doi.org/10.1016/j.molcel.2010.05.004

Cells 2019, 8, 1482 17 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jenkins, S.J.; Hume, D.A. Homeostasis in the mononuclear phagocyte system. Trends Immunol. 2014, 35,
358-367. [CrossRef]

Weigert, A.; Tzieply, N.; von Knethen, A.; Johann, A.M.; Schmidt, H.; Geisslinger, G.; Briine, B. Tumor
cell apoptosis polarizes macrophages role of sphingosine-1-phosphate. Mol. Biol. Cell 2007, 18, 3810-3819.
[CrossRef] [PubMed]

Noy, R.; Pollard, ].W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41,
49-61. [CrossRef] [PubMed]

Weigert, A.; Sekar, D.; Briine, B. Tumor-associated macrophages as targets for tumor immunotherapy.
Immunotherapy 2009, 1, 83-95. [CrossRef] [PubMed]

Aras, S.; Zaidi, M.R. TAMeless traitors: Macrophages in cancer progression and metastasis. Br. . Cancer
2017, 117, 1583-1591. [CrossRef] [PubMed]

Zheng, X.; Turkowski, K.; Mora, J.; Briine, B.; Seeger, W.; Weigert, A.; Savai, R. Redirecting tumor-associated
macrophages to become tumoricidal effectors as a novel strategy for cancer therapy. Oncotarget 2017, 8,
48436-48452. [CrossRef]

Ludwig, N.; Leidinger, P.; Becker, K.; Backes, C.; Fehlmann, T.; Pallasch, C.; Rheinheimer, S.; Meder, B.;
Stdhler, C.; Meese, E.; et al. Distribution of miRNA expression across human tissues. Nucleic Acids Res. 2016,
44, 3865-3877. [CrossRef]

Ambros, V. The functions of animal microRNAs. Nature 2004, 431, 350-355. [CrossRef]

Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297. [CrossRef]
Denli, A.M.; Tops, B.B.].; Plasterk, R H.A.; Ketting, R.F.; Hannon, G.]J. Processing of primary microRNAs by
the Microprocessor complex. Nature 2004, 432, 231-235. [CrossRef]

Lee, H.Y.; Zhou, K.; Smith, A.M.; Noland, C.L.; Doudna, J.A. Differential roles of human Dicer-binding
proteins TRBP and PACT in small RNA processing. Nucleic Acids Res. 2013, 41, 6568-6576. [CrossRef]

Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509-524. [CrossRef]
[PubMed]

Lee, Y,; Ahn, C,; Han, J.; Choi, H.; Kim, J.; Yim, J.; Lee, ].; Provost, P.; Raddmark, O.; Kim, S.; et al. The nuclear
RNase III Drosha initiates microRNA processing. Nature 2003, 425, 415-419. [CrossRef] [PubMed]
Hammond, S.M.; Boettcher, S.; Caudy, A.A.; Kobayashi, R.; Hannon, G.J. Argonaute2, a link between genetic
and biochemical analyses of RNAi. Science 2001, 293, 1146-1150. [CrossRef] [PubMed]

Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and its crosstalk with other cellular
pathways. Nat. Rev. Mol. Cell Biol. 2019, 20, 5-20. [CrossRef] [PubMed]

Vasudevan, S.; Tong, Y.; Steitz, J.A. Switching from repression to activation: microRNAs can up-regulate
translation. Science 2007, 318, 1931-1934. [CrossRef]

Zhang, X.; Zuo, X.; Yang, B.; Li, Z,; Xue, Y.; Zhou, Y,; Huang, J.; Zhao, X.; Zhou, J.; Yan, Y.; et al.
MicroRNA Directly Enhances Mitochondrial Translation during Muscle Differentiation. Cell 2014, 158,
607-619. [CrossRef]

Lagos-Quintana, M.; Rauhut, R.; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of tissue-specific
microRNAs from mouse. Curr. Biol. 2002, 12, 735-739. [CrossRef]

Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay.
Nat. Rev. Genet. 2010, 11, 597-610. [CrossRef]

Calin, G.A.; Croce, C.M. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6, 857-866.
[CrossRef]

Calin, G.A.; Dumitru, C.D.; Shimizu, M.; Bichi, R.; Zupo, S.; Noch, E.; Aldler, H.; Rattan, S.; Keating, M.;
Rai, K.; et al. Frequent deletions and down-regulation of micro- RNA genes miR15 and miR16 at 13q14 in
chronic lymphocytic leukemia. Proc. Natl. Acad. Sci. USA 2002, 99, 15524-15529. [CrossRef]

Luo, C.; Tetteh, PW.; Merz, PR.; Dickes, E.; Abukiwan, A.; Hotz-Wagenblatt, A.; Holland-Cunz, S.; Sinnberg, T.;
Schittek, B.; Schadendorf, D.; et al. miR-137 inhibits the invasion of melanoma cells through downregulation
of multiple oncogenic target genes. |. Invest. Dermatol. 2013, 133, 768-775. [CrossRef] [PubMed]

Frixa, T.; Donzelli, S.; Blandino, G. Oncogenic MicroRNAs: Key Players in Malignant Transformation. Cancers
(Basel) 2015, 7, 2466-2485. [CrossRef] [PubMed]

Hata, A.; Kashima, R. Dysregulation of microRNA biogenesis machinery in cancer. Crit. Rev. Biochem. Mol.
Biol. 2016, 51, 121-134. [CrossRef] [PubMed]

Lin, S.; Gregory, R.I. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer 2015, 15, 321-333. [CrossRef]


http://dx.doi.org/10.1016/j.it.2014.06.006
http://dx.doi.org/10.1091/mbc.e06-12-1096
http://www.ncbi.nlm.nih.gov/pubmed/17652460
http://dx.doi.org/10.1016/j.immuni.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25035953
http://dx.doi.org/10.2217/1750743X.1.1.83
http://www.ncbi.nlm.nih.gov/pubmed/20635976
http://dx.doi.org/10.1038/bjc.2017.356
http://www.ncbi.nlm.nih.gov/pubmed/29065107
http://dx.doi.org/10.18632/oncotarget.17061
http://dx.doi.org/10.1093/nar/gkw116
http://dx.doi.org/10.1038/nature02871
http://dx.doi.org/10.1016/S0092-8674(04)00045-5
http://dx.doi.org/10.1038/nature03049
http://dx.doi.org/10.1093/nar/gkt361
http://dx.doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/25027649
http://dx.doi.org/10.1038/nature01957
http://www.ncbi.nlm.nih.gov/pubmed/14508493
http://dx.doi.org/10.1126/science.1064023
http://www.ncbi.nlm.nih.gov/pubmed/11498593
http://dx.doi.org/10.1038/s41580-018-0059-1
http://www.ncbi.nlm.nih.gov/pubmed/30228348
http://dx.doi.org/10.1126/science.1149460
http://dx.doi.org/10.1016/j.cell.2014.05.047
http://dx.doi.org/10.1016/S0960-9822(02)00809-6
http://dx.doi.org/10.1038/nrg2843
http://dx.doi.org/10.1038/nrc1997
http://dx.doi.org/10.1073/pnas.242606799
http://dx.doi.org/10.1038/jid.2012.357
http://www.ncbi.nlm.nih.gov/pubmed/23151846
http://dx.doi.org/10.3390/cancers7040904
http://www.ncbi.nlm.nih.gov/pubmed/26694467
http://dx.doi.org/10.3109/10409238.2015.1117054
http://www.ncbi.nlm.nih.gov/pubmed/26628006
http://dx.doi.org/10.1038/nrc3932

Cells 2019, 8, 1482 18 of 25

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Weber, CEM.; Luo, C.; Hotz-Wagenblatt, A.; Gardyan, A.; Korda, T.; Holland-Letz, T.; Osen, W,;
Eichmiiller, S.B. miR-339-3p Is a Tumor Suppressor in Melanoma. Cancer Res. 2016, 76, 3562-3571.
[CrossRef]

Squadrito, M.L.; Etzrodt, M.; de Palma, M.; Pittet, M.J. MicroRNA-mediated control of macrophages and its
implications for cancer. Trends Immunol. 2013, 34, 350-359. [CrossRef]

Weigert, A.; Mora, J.; Sekar, D.; Syed, S.; Briine, B. Killing Is Not Enough: How Apoptosis Hijacks
Tumor-Associated Macrophages to Promote Cancer Progression. Adv. Exp. Med. Biol. 2016, 930, 205-239.
[CrossRef]

Frank, A.-C.; Ebersberger, S.; Fink, A.F,; Lampe, S.; Weigert, A.; Schmid, T.; Ebersberger, I.; Syed, S.N.;
Briine, B. Apoptotic tumor cell-derived microRNA-375 uses CD36 to alter the tumor-associated macrophage
phenotype. Nat. Commun. 2019, 10, 1135. [CrossRef]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, ].O. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9,
654-659. [CrossRef]

Schoepp, M.; Strose, A.J.; Haier, J. Dysregulation of miRNA Expression in Cancer Associated Fibroblasts
(CAFs) and Its Consequences on the Tumor Microenvironment. Cancers (Basel) 2017, 9, 54. [CrossRef]
Lawrie, C.H.; Gal, S.; Dunlop, H.M.; Pushkaran, B.; Liggins, A.P,; Pulford, K.; Banham, A.H.; Pezzella, F.;
Boultwood, J.; Wainscoat, J.S.; et al. Detection of elevated levels of tumour-associated microRNAs in serum
of patients with diffuse large B-cell lymphoma. Br. |. Haematol. 2008, 141, 672-675. [CrossRef] [PubMed]
Kosaka, N.; Iguchi, H.; Yoshioka, Y.; Hagiwara, K.; Takeshita, F.; Ochiya, T. Competitive interactions of cancer
cells and normal cells via secretory microRNAs. J. Biol. Chem. 2012, 287, 1397-1405. [CrossRef] [PubMed]
Soon, P; Kiaris, H. MicroRNAs in the tumour microenvironment: Big role for small players. Endocr. Relat.
Cancer 2013, 20, 257-267. [CrossRef] [PubMed]

Ohshima, K.; Inoue, K.; Fujiwara, A.; Hatakeyama, K.; Kanto, K.; Watanabe, Y.; Muramatsu, K.; Fukuda, Y.;
Ogura, S.-i.; Yamaguchi, K; et al. Let-7 microRNA family is selectively secreted into the extracellular
environment via exosomes in a metastatic gastric cancer cell line. PLoS ONE 2010, 5, e13247. [CrossRef]
[PubMed]

Pigati, L.; Yaddanapudi, S.C.S.; Iyengar, R.; Kim, D.-].; Hearn, S.A.; Danforth, D.; Hastings, M.L.; Duelli, D.M.
Selective release of microRNA species from normal and malignant mammary epithelial cells. PLoS ONE
2010, 5, €13515. [CrossRef] [PubMed]

Chim, S.5.C.; Shing, TK.E; Hung, E.C.W,; Leung, T.-Y.; Lau, T.-K.; Chiu, RW.K,; Lo, YM.D. Detection and
characterization of placental microRNAs in maternal plasma. Clin. Chem. 2008, 54, 482-490. [CrossRef]
[PubMed]

Mitchell, PS.; Parkin, R.K.; Kroh, E.M,; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.;
Noteboom, J.; O’Briant, K.C.; Allen, A.; et al. Circulating microRNAs as stable blood-based markers for
cancer detection. Proc. Natl. Acad. Sci. USA 2008, 105, 10513-10518. [CrossRef]

Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.]; Galas, D.J.; Wang, K. The microRNA
spectrum in 12 body fluids. Clin. Chem. 2010, 56, 1733-1741. [CrossRef]

Hunter, M.P;; Ismail, N.; Zhang, X.; Aguda, B.D.; Lee, EJ.; Yu, L.; Xiao, T.; Schafer, J.; Lee, M.-L.T,;
Schmittgen, T.D.; et al. Detection of microRNA expression in human peripheral blood microvesicles.
PLoS ONE 2008, 3, €3694. [CrossRef]

Fernandez-Mercado, M.; Manterola, L.; Larrea, E.; Goicoechea, I.; Arestin, M.; Armesto, M.; Otaegui, D.;
Lawrie, C.H. The circulating transcriptome as a source of non-invasive cancer biomarkers: Concepts and
controversies of non-coding and coding RNA in body fluids. ]. Cell. Mol. Med. 2015, 19, 2307-2323.
[CrossRef]

Ortiz-Quintero, B. Cell-free microRNAs in blood and other body fluids, as cancer biomarkers. Cell Prolif.
2016, 49, 281-303. [CrossRef]

Matsuzaki, J.; Ochiya, T. Circulating microRNAs and extracellular vesicles as potential cancer biomarkers:
A systematic review. Int. J. Clin. Oncol. 2017, 22, 413-420. [CrossRef] [PubMed]

Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.E,; Schauer, K;
Hume, A.N,; Freitas, R.P; et al. Rab27a and Rab27b control different steps of the exosome secretion pathway.
Nat. Cell Biol. 2010, 12, 19-30. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/0008-5472.CAN-15-2932
http://dx.doi.org/10.1016/j.it.2013.02.003
http://dx.doi.org/10.1007/978-3-319-39406-0_9
http://dx.doi.org/10.1038/s41467-019-08989-2
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.3390/cancers9060054
http://dx.doi.org/10.1111/j.1365-2141.2008.07077.x
http://www.ncbi.nlm.nih.gov/pubmed/18318758
http://dx.doi.org/10.1074/jbc.M111.288662
http://www.ncbi.nlm.nih.gov/pubmed/22123823
http://dx.doi.org/10.1530/ERC-13-0119
http://www.ncbi.nlm.nih.gov/pubmed/23878074
http://dx.doi.org/10.1371/journal.pone.0013247
http://www.ncbi.nlm.nih.gov/pubmed/20949044
http://dx.doi.org/10.1371/journal.pone.0013515
http://www.ncbi.nlm.nih.gov/pubmed/20976003
http://dx.doi.org/10.1373/clinchem.2007.097972
http://www.ncbi.nlm.nih.gov/pubmed/18218722
http://dx.doi.org/10.1073/pnas.0804549105
http://dx.doi.org/10.1373/clinchem.2010.147405
http://dx.doi.org/10.1371/journal.pone.0003694
http://dx.doi.org/10.1111/jcmm.12625
http://dx.doi.org/10.1111/cpr.12262
http://dx.doi.org/10.1007/s10147-017-1104-3
http://www.ncbi.nlm.nih.gov/pubmed/28243946
http://dx.doi.org/10.1038/ncb2000
http://www.ncbi.nlm.nih.gov/pubmed/19966785

Cells 2019, 8, 1482 19 of 25

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Kosaka, N.; Iguchi, H.; Hagiwara, K.; Yoshioka, Y.; Takeshita, F.; Ochiya, T. Neutral sphingomyelinase 2
(nSMase2)-dependent exosomal transfer of angiogenic microRNAs regulate cancer cell metastasis. J. Biol.
Chem. 2013, 288, 10849-10859. [CrossRef] [PubMed]

Fan, X.; Teng, Y.; Ye, Z.; Zhou, Y.; Tan, W.-S. The effect of gap junction-mediated transfer of miR-200b on
osteogenesis and angiogenesis in a co-culture of MSCs and HUVECs. . Cell Sci. 2018, 131. [CrossRef]
[PubMed]

Lemcke, H.; Steinhoff, G.; David, R. Gap junctional shuttling of miRNA-A novel pathway of intercellular
gene regulation and its prospects in clinical application. Cell. Signal. 2015, 27, 2506-2514. [CrossRef]
[PubMed]

Zong, L.; Zhu, Y,; Liang, R.; Zhao, H.-B. Gap junction mediated miRNA intercellular transfer and gene
regulation: A novel mechanism for intercellular genetic communication. Sci. Rep. 2016, 6, 19884. [CrossRef]
[PubMed]

Poon, LK.H.; Lucas, C.D.; Rossi, A.G.; Ravichandran, K.S. Apoptotic cell clearance: Basic biology and
therapeutic potential. Nat. Rev. Immunol. 2014, 14, 166-180. [CrossRef]

Atkin-Smith, G.K.; Poon, LK.H. Disassembly of the Dying: Mechanisms and Functions. Trends Cell Biol. 2017,
27,151-162. [CrossRef]

Théry, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses. Nat. Rev.
Immunol. 2009, 9, 581-593. [CrossRef]

Lee, Y.,; El Andaloussi, S.; Wood, M.J.A. Exosomes and microvesicles: Extracellular vesicles for genetic
information transfer and gene therapy. Hum. Mol. Genet. 2012, 21, 125-134. [CrossRef] [PubMed]

El Andaloussi, S.; Méger, L; Breakefield, X.O.; Wood, M.J.A. Extracellular vesicles: Biology and emerging
therapeutic opportunities. Nat. Rev. Drug Discov. 2013, 12, 347-357. [CrossRef]

Yim, N.; Ryu, S.-W.; Choi, K.; Lee, K.R.; Lee, S.; Choi, H.; Kim, J.; Shaker, M.R.; Sun, W.; Park, J.-H.;
et al. Exosome engineering for efficient intracellular delivery of soluble proteins using optically reversible
protein-protein interaction module. Nat. Commun. 2016, 7, 12277. [CrossRef]

Staubach, S.; Razawi, H.; Hanisch, F.-G. Proteomics of MUC1-containing lipid rafts from plasma membranes
and exosomes of human breast carcinoma cells MCF-7. Proteomics 2009, 9, 2820-2835. [CrossRef] [PubMed]
Di Vizio, D.; Kim, J.; Hager, M.H.; Morello, M.; Yang, W.; Lafargue, C.].; True, L.D.; Rubin, M.A.; Adam, RM.;
Beroukhim, R.; et al. Oncosome formation in prostate cancer: Association with a region of frequent
chromosomal deletion in metastatic disease. Cancer Res. 2009, 69, 5601-5609. [CrossRef] [PubMed]
Turchinovich, A.; Weiz, L.; Burwinkel, B. Extracellular miRNAs: The mystery of their origin and function.
Trends Biochem. Sci. 2012, 37, 460-465. [CrossRef] [PubMed]

Kosaka, N.; Iguchi, H.; Yoshioka, Y.; Takeshita, F.; Matsuki, Y.; Ochiya, T. Secretory mechanisms and
intercellular transfer of microRNAs in living cells. J. Biol. Chem. 2010, 285, 17442-17452. [CrossRef] [PubMed]
Kubota, S.; Chiba, M.; Watanabe, M.; Sakamoto, M.; Watanabe, N. Secretion of small/microRNAs including
miR-638 into extracellular spaces by sphingomyelin phosphodiesterase 3. Oncol. Rep. 2015, 33, 67-73.
[CrossRef] [PubMed]

Janas, T.; Janas, M.M.; Sapon, K.; Janas, T. Mechanisms of RNA loading into exosomes. FEBS Lett. 2015, 589,
1391-1398. [CrossRef]

Guduric-Fuchs, J.; O’Connor, A.; Camp, B.; O'Neill, C.L.; Medina, R.J.; Simpson, D.A. Selective extracellular
vesicle-mediated export of an overlapping set of microRNAs from multiple cell types. BMC Genom. 2012, 13,
357. [CrossRef]

Kogure, T; Lin, W.-L.; Yan, L.K,; Braconi, C.; Patel, T. Intercellular nanovesicle-mediated microRNA transfer:
A mechanism of environmental modulation of hepatocellular cancer cell growth. Hepatology 2011, 54,
1237-1248. [CrossRef] [PubMed]

JIN, Y;; BIAN, T. Nontemplated nucleotide addition prior to polyadenylation: A comparison of Arabidopsis
c¢DNA and genomic sequences. RNA 2004, 10, 1695-1697. [CrossRef] [PubMed]

Li, C.C.Y,; Eaton, S.A.; Young, PE.; Lee, M.; Shuttleworth, R.; Humphreys, D.T.; Grau, G.E.; Combes, V.;
Bebawy, M.; Gong, ].; et al. Glioma microvesicles carry selectively packaged coding and non-coding RNAs
which alter gene expression in recipient cells. RNA Biol. 2013, 10, 1333-1344. [CrossRef] [PubMed]
Mittelbrunn, M.; Gutiérrez-Vazquez, C.; Villarroya-Beltri, C.; Gonzalez, S.; Sanchez-Cabo, F.; Gonzélez, M.A.;
Bernad, A.; Sanchez-Madrid, F. Unidirectional transfer of microRNA-loaded exosomes from T cells to
antigen-presenting cells. Nat. Commun. 2011, 2, 282. [CrossRef]


http://dx.doi.org/10.1074/jbc.M112.446831
http://www.ncbi.nlm.nih.gov/pubmed/23439645
http://dx.doi.org/10.1242/jcs.216135
http://www.ncbi.nlm.nih.gov/pubmed/29898921
http://dx.doi.org/10.1016/j.cellsig.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26391653
http://dx.doi.org/10.1038/srep19884
http://www.ncbi.nlm.nih.gov/pubmed/26814383
http://dx.doi.org/10.1038/nri3607
http://dx.doi.org/10.1016/j.tcb.2016.08.011
http://dx.doi.org/10.1038/nri2567
http://dx.doi.org/10.1093/hmg/dds317
http://www.ncbi.nlm.nih.gov/pubmed/22872698
http://dx.doi.org/10.1038/nrd3978
http://dx.doi.org/10.1038/ncomms12277
http://dx.doi.org/10.1002/pmic.200800793
http://www.ncbi.nlm.nih.gov/pubmed/19415654
http://dx.doi.org/10.1158/0008-5472.CAN-08-3860
http://www.ncbi.nlm.nih.gov/pubmed/19549916
http://dx.doi.org/10.1016/j.tibs.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22944280
http://dx.doi.org/10.1074/jbc.M110.107821
http://www.ncbi.nlm.nih.gov/pubmed/20353945
http://dx.doi.org/10.3892/or.2014.3605
http://www.ncbi.nlm.nih.gov/pubmed/25394686
http://dx.doi.org/10.1016/j.febslet.2015.04.036
http://dx.doi.org/10.1186/1471-2164-13-357
http://dx.doi.org/10.1002/hep.24504
http://www.ncbi.nlm.nih.gov/pubmed/21721029
http://dx.doi.org/10.1261/rna.7610404
http://www.ncbi.nlm.nih.gov/pubmed/15388874
http://dx.doi.org/10.4161/rna.25281
http://www.ncbi.nlm.nih.gov/pubmed/23807490
http://dx.doi.org/10.1038/ncomms1285

Cells 2019, 8, 1482 20 of 25

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Nolte-"t Hoen, E.N.M.; Buermans, H.PJ.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.M.; "t Hoen, P.A.C.
Deep sequencing of RNA from immune cell-derived vesicles uncovers the selective incorporation of small
non-coding RNA biotypes with potential regulatory functions. Nucleic Acids Res. 2012, 40, 9272-9285.
[CrossRef]

Squadrito, M.L.; Baer, C.; Burdet, F; Maderna, C.; Gilfillan, G.D.; Lyle, R.; Ibberson, M.; de Palma, M.
Endogenous RNAs modulate microRNA sorting to exosomes and transfer to acceptor cells. Cell Rep. 2014, 8,
1432-1446. [CrossRef]

Villarroya-Beltri, C.; Gutiérrez-Vazquez, C.; Sanchez-Cabo, F; Pérez-Hernandez, D.; Vazquez, J;
Martin-Cofreces, N.; Martinez-Herrera, D.].; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F.
Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes through binding to specific motifs.
Nat. Commun. 2013, 4, 2980. [CrossRef]

Chen, X,; Liang, H.; Zhang, J.; Zen, K.; Zhang, C.-Y. Secreted microRNAs: A new form of intercellular
communication. Trends Cell Biol. 2012, 22, 125-132. [CrossRef]

Xu, J.; Chen, Q.; Zen, K,; Zhang, C.; Zhang, Q. Synaptosomes secrete and uptake functionally active
microRNAs via exocytosis and endocytosis pathways. J. Neurochem. 2013, 124, 15-25. [CrossRef]

Tian, T.; Zhu, Y.-L.; Zhou, Y.-Y,; Liang, G.-F.; Wang, Y.-Y,; Hu, F-H.; Xiao, Z.-D. Exosome uptake through
clathrin-mediated endocytosis and macropinocytosis and mediating miR-21 delivery. J. Biol. Chem. 2014,
289, 22258-22267. [CrossRef]

Wei, F.; Ma, C.; Zhou, T.; Dong, X.; Luo, Q.; Geng, L.; Ding, L.; Zhang, Y.; Zhang, L.; Li, N.; et al. Exosomes
derived from gemcitabine-resistant cells transfer malignant phenotypic traits via delivery of miRNA-222-3p.
Mol. Cancer 2017, 16. [CrossRef] [PubMed]

Arroyo, ].D.; Chevillet, J.R.; Kroh, EM.; Ruf, LK.; Pritchard, C.C.; Gibson, D.F,; Mitchell, P.S.; Bennett, C.F;
Pogosova-Agadjanyan, E.L.; Stirewalt, D.L.; et al. Argonaute2 complexes carry a population of circulating
microRNAs independent of vesicles in human plasma. Proc. Natl. Acad. Sci. USA 2011, 108, 5003-5008.
[CrossRef] [PubMed]

Turchinovich, A.; Weiz, L.; Langheinz, A.; Burwinkel, B. Characterization of extracellular circulating
microRNA. Nucleic Acids Res. 2011, 39, 7223-7233. [CrossRef] [PubMed]

Wang, K.; Zhang, S.; Weber, ].; Baxter, D.; Galas, D.J. Export of microRNAs and microRNA-protective protein
by mammalian cells. Nucleic Acids Res. 2010, 38, 7248-7259. [CrossRef]

Prud’homme, G.J.; Glinka, Y.; Lichner, Z.; Yousef, G.M. Neuropilin-1 is a receptor for extracellular miRNA
and AGO2/miRNA complexes and mediates the internalization of miRNAs that modulate cell function.
Oncotarget 2016, 7, 68057-68071. [CrossRef]

Roy, S.; Bag, A.K,; Dutta, S.; Polavaram, N.S.; Islam, R.; Schellenburg, S.; Banwait, J.; Guda, C.; Ran, S;
Hollingsworth, M.A.; et al. Macrophage-Derived Neuropilin-2 Exhibits Novel Tumor-Promoting Functions.
Cancer Res. 2018, 78, 5600-5617. [CrossRef]

Akat, K.M.; Moore-McGiriff, D.V.; Morozov, P.; Brown, M.; Gogakos, T.; Correa Da Rosa, J.; Mihailovic, A.;
Sauer, M.; Ji, R;; Ramarathnam, A.; et al. Comparative RNA-sequencing analysis of myocardial and
circulating small RNAs in human heart failure and their utility as biomarkers. Proc. Natl. Acad. Sci. USA
2014, 111, 11151-11156. [CrossRef]

Banzet, S.; Chennaoui, M.; Girard, O.; Racinais, S.; Drogou, C.; Chalabi, H.; Koulmann, N. Changes in
circulating microRNAs levels with exercise modality. . Appl. Physiol. 2013, 115, 1237-1244. [CrossRef]
Corsten, ML.E;; Dennert, R.; Jochems, S.; Kuznetsova, T.; Devaux, Y.; Hofstra, L.; Wagner, D.R,; Staessen, J.A;
Heymans, S.; Schroen, B. Circulating MicroRNA-208b and MicroRNA-499 reflect myocardial damage in
cardiovascular disease. Circ. Cardiovasc. Genet. 2010, 3, 499-506. [CrossRef]

Laterza, O.F; Lim, L.; Garrett-Engele, PW.; Vlasakova, K.; Muniappa, N.; Tanaka, WK.; Johnson, ].M.;
Sina, J.E.; Fare, T.L.; Sistare, ED.; et al. Plasma MicroRNAs as sensitive and specific biomarkers of tissue
injury. Clin. Chem. 2009, 55, 1977-1983. [CrossRef]

Uhlemann, M.; Mobius-Winkler, S.; Fikenzer, S.; Adam, J.; Redlich, M.; Mohlenkamp, S.; Hilberg, T.;
Schuler, G.C.; Adams, V. Circulating microRNA-126 increases after different forms of endurance exercise in
healthy adults. Eur. |. Prev. Cardiol. 2014, 21, 484-491. [CrossRef] [PubMed]

Zhang, Y,; Jia, Y.; Zheng, R.; Guo, Y.; Wang, Y.; Guo, H.; Fei, M.; Sun, S. Plasma microRNA-122 as a biomarker
for viral-, alcohol-, and chemical-related hepatic diseases. Clin. Chem. 2010, 56, 1830-1838. [CrossRef]
[PubMed]


http://dx.doi.org/10.1093/nar/gks658
http://dx.doi.org/10.1016/j.celrep.2014.07.035
http://dx.doi.org/10.1038/ncomms3980
http://dx.doi.org/10.1016/j.tcb.2011.12.001
http://dx.doi.org/10.1111/jnc.12057
http://dx.doi.org/10.1074/jbc.M114.588046
http://dx.doi.org/10.1186/s12943-017-0694-8
http://www.ncbi.nlm.nih.gov/pubmed/28743280
http://dx.doi.org/10.1073/pnas.1019055108
http://www.ncbi.nlm.nih.gov/pubmed/21383194
http://dx.doi.org/10.1093/nar/gkr254
http://www.ncbi.nlm.nih.gov/pubmed/21609964
http://dx.doi.org/10.1093/nar/gkq601
http://dx.doi.org/10.18632/oncotarget.10929
http://dx.doi.org/10.1158/0008-5472.CAN-18-0562
http://dx.doi.org/10.1073/pnas.1401724111
http://dx.doi.org/10.1152/japplphysiol.00075.2013
http://dx.doi.org/10.1161/CIRCGENETICS.110.957415
http://dx.doi.org/10.1373/clinchem.2009.131797
http://dx.doi.org/10.1177/2047487312467902
http://www.ncbi.nlm.nih.gov/pubmed/23150891
http://dx.doi.org/10.1373/clinchem.2010.147850
http://www.ncbi.nlm.nih.gov/pubmed/20930130

Cells 2019, 8, 1482 21 of 25

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Michell, D.L.; Vickers, K.C. Lipoprotein carriers of microRNAs. Biochim. Biophys. Acta 2016, 1861, 2069-2074.
[CrossRef] [PubMed]

Vickers, K.C.; Palmisano, B.T.; Shoucri, B.M.; Shamburek, R.D.; Remaley, A.T. MicroRNAs are transported
in plasma and delivered to recipient cells by high-density lipoproteins. Nat. Cell Biol. 2011, 13, 423—-433.
[CrossRef]

Tabet, F.; Vickers, K.C.; Cuesta Torres, L.F.; Wiese, C.B.; Shoucri, B.M.; Lambert, G.; Catherinet, C.;
Prado-Lourenco, L.; Levin, M.G.; Thacker, S.; et al. HDL-transferred microRNA-223 regulates ICAM-1
expression in endothelial cells. Nat. Commun. 2014, 5, 3292. [CrossRef]

Peiser, L.; Gordon, S. The function of scavenger receptorsexpressed by macrophages and their rolein the
regulation of inflammation. Microbes Infect. 2001, 3, 149-159. [CrossRef]

Fogelman, A.M.; van Lenten, B.J.; Warden, C.; Haberland, M.E.; Edwards, P.A. Macrophage lipoprotein
receptors. J. Cell Sci. 1988, 1988, 135-149. [CrossRef]

Wagner, J.; Riwanto, M.; Besler, C.; Knau, A.; Fichtlscherer, S.; Roxe, T.; Zeiher, A.M.; Landmesser, U.;
Dimmeler, S. Characterization of levels and cellular transfer of circulating lipoprotein-bound microRNAs.
Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1392-1400. [CrossRef]

Niculescu, L.S.; Simionescu, N.; Sanda, G.M.; Carnuta, M.G.; Stancu, C.S.; Popescu, A.C.; Popescu, M.R;
Vlad, A.; Dimulescu, D.R.; Simionescu, M.; et al. MiR-486 and miR-92a Identified in Circulating HDL
Discriminate between Stable and Vulnerable Coronary Artery Disease Patients. PLoS ONE 2015, 10, e0140958.
[CrossRef]

Szczyrba, J.; Nolte, E.; Wach, S.; Kremmer, E.; Stohr, R.; Hartmann, A.; Wieland, W.; Wullich, B.; Grésser, FA.
Downregulation of Sec23A protein by miRNA-375 in prostate carcinoma. Mol. Cancer Res. 2011, 9, 791-800.
[CrossRef]

Simonini, P.d.S.R.; Breiling, A.; Gupta, N.; Malekpour, M.; Youns, M.; Omranipour, R.; Malekpour, F;
Volinia, S.; Croce, C.M.; Najmabadi, H.; et al. Epigenetically deregulated microRNA-375 is involved in a
positive feedback loop with estrogen receptor alpha in breast cancer cells. Cancer Res. 2010, 70, 9175-9184.
[CrossRef] [PubMed]

Zhou, W.; Fong, M.Y; Min, Y.; Somlo, G.; Liu, L.; Palomares, M.R.; Yu, Y.; Chow, A.; O’Connor, S.T.F;
Chin, A.R;; et al. Cancer-secreted miR-105 destroys vascular endothelial barriers to promote metastasis.
Cancer Cell 2014, 25, 501-515. [CrossRef] [PubMed]

Garikipati, VN.S.; Verma, S.K; Jolardarashi, D.; Cheng, Z.; Ibetti, ].; Cimini, M.; Tang, Y.; Khan, M.; Yue, Y,;
Benedict, C.; et al. Therapeutic inhibition of miR-375 attenuates post-myocardial infarction inflammatory
response and left ventricular dysfunction via PDK-1-AKT signalling axis. Cardiovasc. Res. 2017, 113, 938-949.
[CrossRef] [PubMed]

Koga, Y.; Yasunaga, M.; Moriya, Y.; Akasu, T.; Fujita, S.; Yamamoto, S.; Matsumura, Y. Exosome can prevent
RNase from degrading microRNA in feces. . Gastrointest. Oncol. 2011, 2, 215-222. [CrossRef] [PubMed]
Diehl, P; Fricke, A.; Sander, L.; Stamm, J.; Bassler, N.; Htun, N.; Ziemann, M.; Helbing, T.; El-Osta, A.;
Jowett, ].B.M.; et al. Microparticles: Major transport vehicles for distinct microRNAs in circulation. Cardiovasc.
Res. 2012, 93, 633—-644. [CrossRef]

Chang, M.K.; Bergmark, C.; Laurila, A.; Horkko, S.; Han, K.H.; Friedman, P.; Dennis, E.A.; Witztum, J.L.
Monoclonal antibodies against oxidized low-density lipoprotein bind to apoptotic cells and inhibit their
phagocytosis by elicited macrophages: Evidence that oxidation-specific epitopes mediate macrophage
recognition. Proc. Natl. Acad. Sci. USA 1999, 96, 6353-6358. [CrossRef] [PubMed]

Greenberg, MLE;; Sun, M., Zhang, R.; Febbraio, M.; Silverstein, R.; Hazen, S.L. Oxidized
phosphatidylserine-CD36 interactions play an essential role in macrophage-dependent phagocytosis of
apoptotic cells. J. Exp. Med. 2006, 203, 2613-2625. [CrossRef]

Brundert, M.; Heeren, J.; Merkel, M.; Carambia, A.; Herkel, J.; Groitl, P.; Dobner, T.; Ramakrishnan, R.;
Moore, K.J.; Rinninger, F. Scavenger receptor CD36 mediates uptake of high density lipoproteins in mice and
by cultured cells. J. Lipid Res. 2011, 52, 745-758. [CrossRef]

Thorne, R.F.; Mhaidat, N.M.; Ralston, K.J.; Burns, G.F. CD36 is a receptor for oxidized high density lipoprotein:
Implications for the development of atherosclerosis. FEBS Lett. 2007, 581, 1227-1232. [CrossRef]

Adachi, H; Tsujimoto, M. Endothelial scavenger receptors. Prog. Lipid Res. 2006, 45, 379-404. [CrossRef]


http://dx.doi.org/10.1016/j.bbalip.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26825691
http://dx.doi.org/10.1038/ncb2210
http://dx.doi.org/10.1038/ncomms4292
http://dx.doi.org/10.1016/S1286-4579(00)01362-9
http://dx.doi.org/10.1242/jcs.1988.Supplement_9.7
http://dx.doi.org/10.1161/ATVBAHA.112.300741
http://dx.doi.org/10.1371/journal.pone.0140958
http://dx.doi.org/10.1158/1541-7786.MCR-10-0573
http://dx.doi.org/10.1158/0008-5472.CAN-10-1318
http://www.ncbi.nlm.nih.gov/pubmed/20978187
http://dx.doi.org/10.1016/j.ccr.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24735924
http://dx.doi.org/10.1093/cvr/cvx052
http://www.ncbi.nlm.nih.gov/pubmed/28371849
http://dx.doi.org/10.3978/j.issn.2078-6891.2011.015
http://www.ncbi.nlm.nih.gov/pubmed/22811855
http://dx.doi.org/10.1093/cvr/cvs007
http://dx.doi.org/10.1073/pnas.96.11.6353
http://www.ncbi.nlm.nih.gov/pubmed/10339591
http://dx.doi.org/10.1084/jem.20060370
http://dx.doi.org/10.1194/jlr.M011981
http://dx.doi.org/10.1016/j.febslet.2007.02.043
http://dx.doi.org/10.1016/j.plipres.2006.03.002

Cells 2019, 8, 1482 22 of 25

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Pascual, G.; Avgustinova, A.; Mejetta, S.; Martin, M.; Castellanos, A.; Attolini, C.S.-O.; Berenguer, A ; Prats, N.;
Toll, A.; Hueto, J.A.; et al. Targeting metastasis-initiating cells through the fatty acid receptor CD36. Nature
2017, 541, 41-45. [CrossRef] [PubMed]

Pollard, ].W. Tumour-educated macrophages promote tumour progression and metastasis. Nat. Rev. Cancer
2004, 4, 71-78. [CrossRef] [PubMed]

Cai, X,; Yin, Y,; Li, N.; Zhu, D.; Zhang, J.; Zhang, C.-Y.; Zen, K. Re-polarization of tumor-associated
macrophages to pro-inflammatory M1 macrophages by microRNA-155. J. Mol. Cell Biol. 2012, 4, 341-343.
[CrossRef] [PubMed]

Yang, J.; Zhang, Z.; Chen, C.; Liu, Y.; Si, Q.; Chuang, T.-H.; Li, N.; Gomez-Cabrero, A.; Reisfeld, R.A;
Xiang, R.; et al. MicroRNA-19a-3p inhibits breast cancer progression and metastasis by inducing macrophage
polarization through downregulated expression of Fra-1 proto-oncogene. Oncogene 2014, 33, 3014-3023.
[CrossRef] [PubMed]

Li, Y.; Zhao, L.; Shi, B.; Ma, S.; Xu, Z.; Ge, Y.; Liu, Y.; Zheng, D.; Shi, ]. Functions of miR-146a and miR-222 in
Tumor-associated Macrophages in Breast Cancer. Sci. Rep. 2015, 5, 18648. [CrossRef] [PubMed]

Sonda, N.; Simonato, F.; Peranzoni, E.; Cali, B.; Bortoluzzi, S.; Bisognin, A.; Wang, E.; Marincola, EM.;
Naldini, L.; Gentner, B.; et al. miR-142-3p prevents macrophage differentiation during cancer-induced
myelopoiesis. Immunity 2013, 38, 1236-1249. [CrossRef]

Chaudhuri, A.A.; So, A.Y.-L.; Sinha, N.; Gibson, W.S]J.; Taganov, K.D.; O’Connell, R.M.; Baltimore, D.
MicroRNA-125b potentiates macrophage activation. J. Immunol. 2011, 187, 5062-5068. [CrossRef]
Squadrito, M.L.; Pucci, F.; Magri, L.; Moi, D.; Gilfillan, G.D.; Ranghetti, A.; Casazza, A.; Mazzone, M,; Lyle, R.;
Naldini, L.; et al. miR-511-3p modulates genetic programs of tumor-associated macrophages. Cell Rep. 2012,
1,141-154. [CrossRef]

Imaoka, H.; Toiyama, Y.; Okigami, M.; Yasuda, H.; Saigusa, S.; Ohi, M.; Tanaka, K.; Inoue, Y.; Mohri, Y,;
Kusunoki, M. Circulating microRNA-203 predicts metastases, early recurrence, and poor prognosis in human
gastric cancer. Gastric Cancer 2016, 19, 744-753. [CrossRef]

Hur, K.; Toiyama, Y.; Okugawa, Y.; Ide, S.; Imaoka, H.; Boland, C.R.; Goel, A. Circulating microRNA-203
predicts prognosis and metastasis in human colorectal cancer. Gut 2017, 66, 654-665. [CrossRef]

Takano, Y.; Masuda, T.; Iinuma, H.; Yamaguchi, R.; Sato, K.; Tobo, T.; Hirata, H.; Kuroda, Y.; Nambara, S.;
Hayashi, N.; et al. Circulating exosomal microRNA-203 is associated with metastasis possibly via inducing
tumor-associated macrophages in colorectal cancer. Oncotarget 2017, 8, 78598-78613. [CrossRef] [PubMed]
Cooks, T.; Pateras, L.S.; Jenkins, L.M.; Patel, KM.; Robles, A.I; Morris, J.; Forshew, T.; Appella, E.;
Gorgoulis, V.G.; Harris, C.C. Mutant p53 cancers reprogram macrophages to tumor supporting macrophages
via exosomal miR-1246. Nat. Commun. 2018, 9, 771. [CrossRef] [PubMed]

Shinohara, H.; Kuranaga, Y.; Kumazaki, M.; Sugito, N.; Yoshikawa, Y.; Takai, T.; Taniguchi, K.; Ito, Y.; Akao, Y.
Regulated Polarization of Tumor-Associated Macrophages by miR-145 via Colorectal Cancer-Derived
Extracellular Vesicles. . Immunol. 2017, 199, 1505-1515. [CrossRef] [PubMed]

Feng, Y.-H.; Tsao, C.-J. Emerging role of microRNA-21 in cancer. Biomed. Rep. 2016, 5, 395-402. [CrossRef]
[PubMed]

Krichevsky, A.M.; Gabriely, G. miR-21: A small multi-faceted RNA. J. Cell. Mol. Med. 2009, 13, 39-53.
[CrossRef] [PubMed]

Lu, Z.; Liu, M; Stribinskis, V.; Klinge, C.M.; Ramos, K.S.; Colburn, N.H.; Li, Y. MicroRNA-21 promotes cell
transformation by targeting the programmed cell death 4 gene. Oncogene 2008, 27, 4373-4379. [CrossRef]
Rask, L.; Balslev, E.; Jorgensen, S.; Eriksen, ].; Flyger, H.; Moller, S.; Hogdall, E.; Litman, T.; Nielsen, B.S. High
expression of miR-21 in tumor stroma correlates with increased cancer cell proliferation in human breast
cancer. APMIS 2011, 119, 663-673. [CrossRef]

Yan, L.X;; Wu, Q.N.; Zhang, Y,; Li, Y.Y;; Liao, D.Z,; Hou, ] H,; Fu, J.; Zeng, M.S,; Yun, ].P.; Wu, Q.L.; et al.
Knockdown of miR-21 in human breast cancer cell lines inhibits proliferation, in vitro migration and in vivo
tumor growth. Breast Cancer Res. 2011, 13, R2. [CrossRef]

Patel, S.A.A.; Gooderham, N.J. IL6 Mediates Immune and Colorectal Cancer Cell Cross-talk via miR-21 and
miR-29b. Mol. Cancer Res. 2015, 13, 1502-1508. [CrossRef]

Waldner, M.J.; Foersch, S.; Neurath, M.E. Interleukin-6—-a key regulator of colorectal cancer development.
Int. J. Biol. Sci. 2012, 8, 1248-1253. [CrossRef]


http://dx.doi.org/10.1038/nature20791
http://www.ncbi.nlm.nih.gov/pubmed/27974793
http://dx.doi.org/10.1038/nrc1256
http://www.ncbi.nlm.nih.gov/pubmed/14708027
http://dx.doi.org/10.1093/jmcb/mjs044
http://www.ncbi.nlm.nih.gov/pubmed/22831835
http://dx.doi.org/10.1038/onc.2013.258
http://www.ncbi.nlm.nih.gov/pubmed/23831570
http://dx.doi.org/10.1038/srep18648
http://www.ncbi.nlm.nih.gov/pubmed/26689540
http://dx.doi.org/10.1016/j.immuni.2013.06.004
http://dx.doi.org/10.4049/jimmunol.1102001
http://dx.doi.org/10.1016/j.celrep.2011.12.005
http://dx.doi.org/10.1007/s10120-015-0521-0
http://dx.doi.org/10.1136/gutjnl-2014-308737
http://dx.doi.org/10.18632/oncotarget.20009
http://www.ncbi.nlm.nih.gov/pubmed/29108252
http://dx.doi.org/10.1038/s41467-018-03224-w
http://www.ncbi.nlm.nih.gov/pubmed/29472616
http://dx.doi.org/10.4049/jimmunol.1700167
http://www.ncbi.nlm.nih.gov/pubmed/28696255
http://dx.doi.org/10.3892/br.2016.747
http://www.ncbi.nlm.nih.gov/pubmed/27699004
http://dx.doi.org/10.1111/j.1582-4934.2008.00556.x
http://www.ncbi.nlm.nih.gov/pubmed/19175699
http://dx.doi.org/10.1038/onc.2008.72
http://dx.doi.org/10.1111/j.1600-0463.2011.02782.x
http://dx.doi.org/10.1186/bcr2803
http://dx.doi.org/10.1158/1541-7786.MCR-15-0147
http://dx.doi.org/10.7150/ijbs.4614

Cells 2019, 8, 1482 23 of 25

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Nagasaki, T.; Hara, M.; Nakanishi, H.; Takahashi, H.; Sato, M.; Takeyama, H. Interleukin-6 released by
colon cancer-associated fibroblasts is critical for tumour angiogenesis: Anti-interleukin-6 receptor antibody
suppressed angiogenesis and inhibited tumour-stroma interaction. Br. J. Cancer 2014, 110, 469-478. [CrossRef]
[PubMed]

van der Vos, K.E.; Abels, E.R.; Zhang, X.; Lai, C.; Carrizosa, E.; Oakley, D.; Prabhakar, S.; Mardini, O.;
Crommentuijn, M.H.W.; Skog, J.; et al. Directly visualized glioblastoma-derived extracellular vesicles transfer
RNA to microglia/macrophages in the brain. Neuro-oncology. 2016, 18, 58-69. [CrossRef] [PubMed]
Murdoch, C.; Lewis, C.E. Macrophage migration and gene expression in response to tumor hypoxia. Int. J.
Cancer 2005, 117, 701-708. [CrossRef] [PubMed]

Li, Z.; Bao, S.; Wu, Q.; Wang, H.; Eyler, C.; Sathornsumetee, S.; Shi, Q.; Cao, Y.; Lathia, J.; McLendon, R.E.;
et al. Hypoxia-inducible factors regulate tumorigenic capacity of glioma stem cells. Cancer Cell 2009, 15,
501-513. [CrossRef]

Qian, M.; Wang, S.; Guo, X.; Wang, J.; Zhang, Z.; Qiu, W.; Gao, X.; Chen, Z.; Xu, J.; Zhao, R.; et al. Hypoxic
glioma-derived exosomes deliver microRNA-1246 to induce M2 macrophage polarization by targeting
TERF2IP via the STAT3 and NF-«kB pathways. Oncogene 2019, 1-15. [CrossRef] [PubMed]

Fabbri, M.; Paone, A.; Calore, F,; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, E; Fadda, P.; Mao, C.; Nuovo, G.J.;
et al. MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl.
Acad. Sci. USA 2012, 109, 2110-2116. [CrossRef]

Hsu, Y.-L.; Hung, J.-Y.; Chang, W.-A_; Jian, S.-F; Lin, Y.-S.; Pan, Y.-C.; Wu, C.-Y.; Kuo, P.-L. Hypoxic
Lung-Cancer-Derived Extracellular Vesicle MicroRNA-103a Increases the Oncogenic Effects of Macrophages
by Targeting PTEN. Mol. Ther. 2018, 26, 568-581. [CrossRef]

Hsu, Y.-L.; Hung, J.-Y.; Chang, W.-A_; Lin, Y.-S.; Pan, Y.-C; Tsai, P-H.; Wu, C.-Y.; Kuo, P-L. Hypoxic lung
cancer-secreted exosomal miR-23a increased angiogenesis and vascular permeability by targeting prolyl
hydroxylase and tight junction protein ZO-1. Oncogene 2017, 36, 4929-4942. [CrossRef]

Trivedi, M.; Talekar, M.; Shah, P.; Ouyang, Q.; Amiji, M. Modification of tumor cell exosome content by
transfection with wt-p53 and microRNA-125b expressing plasmid DNA and its effect on macrophage
polarization. Oncogenesis 2016, 5, €250. [CrossRef]

Liu, J.; Fan, L.; Yu, H.; Zhang, J.; He, Y.; Feng, D.; Wang, E,; Li, X,; Liu, Q.; Li, Y,; et al. Endoplasmic Reticulum
Stress Causes Liver Cancer Cells to Release Exosomal miR-23a-3p and Up-regulate Programmed Death
Ligand 1 Expression in Macrophages. Hepatology 2019, 70, 241-258. [CrossRef]

Li, D.; Jia, H,; Zhang, H.; Lv, M.; Liu, J.; Zhang, Y.; Huang, T.; Huang, B. TLR4 signaling induces the release
of microparticles by tumor cells that regulate inflammatory cytokine IL-6 of macrophages via microRNA
let-7b. Oncoimmunology 2012, 1, 687-693. [CrossRef] [PubMed]

Jang, J.-Y,; Lee, ].-K.; Jeon, Y.-K_; Kim, C.-W. Exosome derived from epigallocatechin gallate treated breast
cancer cells suppresses tumor growth by inhibiting tumor-associated macrophage infiltration and M2
polarization. BMC Cancer 2013, 13, 421. [CrossRef] [PubMed]

Xing, F; Liu, Y.; Wu, S.-Y.; Wu, K,; Sharma, S.; Mo, Y.-Y,; Feng, J.; Sanders, S.; Jin, G.; Singh, R.; et al. Loss of
XIST in Breast Cancer Activates MSN-c-Met and Reprograms Microglia via Exosomal miRNA to Promote
Brain Metastasis. Cancer Res. 2018, 78, 4316-4330. [CrossRef] [PubMed]

Guo, L.; Zhu, Y,; Li, L.; Zhou, S; Yin, G.; Yu, G.; Cui, H. Breast cancer cell-derived exosomal miR-20a-5p
promotes the proliferation and differentiation of osteoclasts by targeting SRCIN1. Cancer Med. 2019, 8,
5687-5701. [CrossRef] [PubMed]

Bingle, L.; Brown, N.J.; Lewis, C.E. The role of tumour-associated macrophages in tumour progression:
Implications for new anticancer therapies. J. Pathol. 2002, 196, 254-265. [CrossRef] [PubMed]

Movahedi, K.; Laoui, D.; Gysemans, C.; Baeten, M.; Stangé, G.; van den Bossche, J.; Mack, M.; Pipeleers, D.;
In’t Veld, P; de Baetselier, P, et al. Different tumor microenvironments contain functionally distinct subsets
of macrophages derived from Ly6C(high) monocytes. Cancer Res. 2010, 70, 5728-5739. [CrossRef]
Lopez-Colomé, A.M.; Lee-Rivera, I.; Benavides-Hidalgo, R.; Lopez, E. Paxillin: A crossroad in pathological
cell migration. J. Hematol. Oncol. 2017, 10, 50. [CrossRef]

Qin, J.; Ke, J.; Xu, J.; Wang, F; Zhou, Y,; Jiang, Y.; Wang, Z. Downregulation of microRNA-132 by DNA
hypermethylation is associated with cell invasion in colorectal cancer. Onco. Targets. Ther. 2015, 8, 3639-3648.
[CrossRef]


http://dx.doi.org/10.1038/bjc.2013.748
http://www.ncbi.nlm.nih.gov/pubmed/24346288
http://dx.doi.org/10.1093/neuonc/nov244
http://www.ncbi.nlm.nih.gov/pubmed/26433199
http://dx.doi.org/10.1002/ijc.21422
http://www.ncbi.nlm.nih.gov/pubmed/16106399
http://dx.doi.org/10.1016/j.ccr.2009.03.018
http://dx.doi.org/10.1038/s41388-019-0996-y
http://www.ncbi.nlm.nih.gov/pubmed/31485019
http://dx.doi.org/10.1073/pnas.1209414109
http://dx.doi.org/10.1016/j.ymthe.2017.11.016
http://dx.doi.org/10.1038/onc.2017.105
http://dx.doi.org/10.1038/oncsis.2016.52
http://dx.doi.org/10.1002/hep.30607
http://dx.doi.org/10.4161/onci.19854
http://www.ncbi.nlm.nih.gov/pubmed/22934260
http://dx.doi.org/10.1186/1471-2407-13-421
http://www.ncbi.nlm.nih.gov/pubmed/24044575
http://dx.doi.org/10.1158/0008-5472.CAN-18-1102
http://www.ncbi.nlm.nih.gov/pubmed/30026327
http://dx.doi.org/10.1002/cam4.2454
http://www.ncbi.nlm.nih.gov/pubmed/31385464
http://dx.doi.org/10.1002/path.1027
http://www.ncbi.nlm.nih.gov/pubmed/11857487
http://dx.doi.org/10.1158/0008-5472.CAN-09-4672
http://dx.doi.org/10.1186/s13045-017-0418-y
http://dx.doi.org/10.2147/OTT.S91560

Cells 2019, 8, 1482 24 of 25

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

St-Pierre, J.; Ostergaard, H.L. A role for the protein tyrosine phosphatase CD45 in macrophage adhesion
through the regulation of paxillin degradation. PLoS ONE 2013, 8, €71531. [CrossRef]

Martuszewska, D.; Ljungberg, B.; Johansson, M.; Landberg, G.; Oslakovic, C.; Dahlback, B.; Hafizi, S. Tensin3
is a negative regulator of cell migration and all four Tensin family members are downregulated in human
kidney cancer. PLoS ONE 2009, 4, e4350. [CrossRef]

Ve, A.; Blache, U.; Leitner, L.; Kurz, A.RM.; Ehrenpfordt, A.; Sixt, M.; Posern, G. A dual phenotype of
MDA-MB-468 cancer cells reveals mutual regulation of tensin3 and adhesion plasticity. J. Cell Sci. 2017, 130,
2172-2184. [CrossRef] [PubMed]

Ying, X.; Wu, Q.; Wu, X; Zhu, Q.; Wang, X,; Jiang, L.; Chen, X.; Wang, X. Epithelial ovarian cancer-secreted
exosomal miR-222-3p induces polarization of tumor-associated macrophages. Oncotarget 2016, 7, 43076-43087.
[CrossRef] [PubMed]

Chen, X,; Ying, X.; Wang, X.; Wu, X.; Zhu, Q.; Wang, X. Exosomes derived from hypoxic epithelial ovarian
cancer deliver microRNA-940 to induce macrophage M2 polarization. Oncol. Rep. 2017, 38, 522-528.
[CrossRef] [PubMed]

Chen, X,; Zhou, J.; Li, X.; Wang, X; Lin, Y.; Wang, X. Exosomes derived from hypoxic epithelial ovarian
cancer cells deliver microRNAs to macrophages and elicit a tumor-promoted phenotype. Cancer Lett. 2018,
435, 80-91. [CrossRef]

Kanlikilicer, P.; Bayraktar, R.; Denizli, M.; Rashed, M.H.; Ivan, C.; Aslan, B.; Mitra, R.; Karagoz, K,;
Bayraktar, E.; Zhang, X.; et al. Exosomal miRNA confers chemo resistance via targeting Cav1/p-gp/M2-type
macrophage axis in ovarian cancer. EBioMedicine 2018, 38, 100-112. [CrossRef]

Su, M.-].; Aldawsari, H.; Amiji, M. Pancreatic Cancer Cell Exosome-Mediated Macrophage Reprogramming
and the Role of MicroRNAs 155 and 125b2 Transfection using Nanoparticle Delivery Systems. Sci. Rep. 2016,
6,30110. [CrossRef]

Wang, X.; Luo, G.; Zhang, K.; Cao, J.; Huang, C.; Jiang, T.; Liu, B.; Su, L.; Qiu, Z. Hypoxic Tumor-Derived
Exosomal miR-301a Mediates M2 Macrophage Polarization via PTEN/PI3Ky to Promote Pancreatic Cancer
Metastasis. Cancer Res. 2018, 78, 4586-4598. [CrossRef]

Salama, A ; Fichou, N.; Allard, M.; Dubreil, L.; de Beaurepaire, L.; Viel, A.; Jégou, D.; Bosch, S.; Bach, J.-M.
MicroRNA-29b modulates innate and antigen-specific immune responses in mouse models of autoimmunity.
PLoS ONE 2014, 9, €106153. [CrossRef]

Challagundla, K.B.; Wise, PM.; Neviani, P.; Chava, H.; Murtadha, M.; Xu, T.; Kennedy, R.; Ivan, C.; Zhang, X;
Vannini, I.; et al. Exosome-mediated transfer of microRNAs within the tumor microenvironment and
neuroblastoma resistance to chemotherapy. J. Natl. Cancer Inst. 2015, 107. [CrossRef]

Park, J.E.; Dutta, B.; Tse, S.W.; Gupta, N.; Tan, C.F; Low, ].K; Yeoh, KW.; Kon, O.L.; Tam, ]J.P,; Sze, S.K.
Hypoxia-induced tumor exosomes promote M2-like macrophage polarization of infiltrating myeloid cells
and microRNA-mediated metabolic shift. Oncogene 2019, 38, 5158-5173. [CrossRef]

Torrisani, J.; Parmentier, L.; Buscail, L.; Cordelier, P. Enjoy the Silence: The Story of let-7 MicroRNA and
Cancer. CG 2007, 8, 229-233. [CrossRef]

Liu, Y,; Zhao, L.; Li, D,; Yin, Y,; Zhang, C.-Y,; Li, J.; Zhang, Y. Microvesicle-delivery miR-150 promotes
tumorigenesis by up-regulating VEGF, and the neutralization of miR-150 attenuate tumor development.
Protein Cell 2013, 4, 932-941. [CrossRef]

Hsieh, C.-H,; Tai, S.-K.; Yang, M.-H. Snail-overexpressing Cancer Cells Promote M2-Like Polarization of
Tumor-Associated Macrophages by Delivering MiR-21-Abundant Exosomes. Neoplasia 2018, 20, 775-788.
[CrossRef] [PubMed]

Jaiswal, S.; Chao, M.P; Majeti, R.; Weissman, I.L. Macrophages as mediators of tumor immunosurveillance.
Trends Immunol. 2010, 31, 212-219. [CrossRef] [PubMed]

Aucher, A.; Rudnicka, D.; Davis, D.M. MicroRNAs transfer from human macrophages to hepato-carcinoma
cells and inhibit proliferation. J. Immunol. 2013, 191, 6250-6260. [CrossRef] [PubMed]

Zhang, J.; Shan, W.-F; Jin, T.-T.; Wu, G.-Q.; Xiong, X.-X,; Jin, H.-Y.,; Zhu, S.-M. Propofol exerts
anti-hepatocellular carcinoma by microvesicle-mediated transfer of miR-142-3p from macrophage to cancer
cells. . Transl. Med. 2014, 12, 279. [CrossRef]

Hu, Y; Li, D.; Wu, A; Qiu, X.; Di, W,; Huang, L.; Qiu, L. TWEAK-stimulated macrophages inhibit metastasis
of epithelial ovarian cancer via exosomal shuttling of microRNA. Cancer Lett. 2017, 393, 60-67. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0071531
http://dx.doi.org/10.1371/journal.pone.0004350
http://dx.doi.org/10.1242/jcs.200899
http://www.ncbi.nlm.nih.gov/pubmed/28515231
http://dx.doi.org/10.18632/oncotarget.9246
http://www.ncbi.nlm.nih.gov/pubmed/27172798
http://dx.doi.org/10.3892/or.2017.5697
http://www.ncbi.nlm.nih.gov/pubmed/28586039
http://dx.doi.org/10.1016/j.canlet.2018.08.001
http://dx.doi.org/10.1016/j.ebiom.2018.11.004
http://dx.doi.org/10.1038/srep30110
http://dx.doi.org/10.1158/0008-5472.CAN-17-3841
http://dx.doi.org/10.1371/journal.pone.0106153
http://dx.doi.org/10.1093/jnci/djv135
http://dx.doi.org/10.1038/s41388-019-0782-x
http://dx.doi.org/10.2174/138920207781386933
http://dx.doi.org/10.1007/s13238-013-3092-z
http://dx.doi.org/10.1016/j.neo.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29981499
http://dx.doi.org/10.1016/j.it.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20452821
http://dx.doi.org/10.4049/jimmunol.1301728
http://www.ncbi.nlm.nih.gov/pubmed/24227773
http://dx.doi.org/10.1186/s12967-014-0279-x
http://dx.doi.org/10.1016/j.canlet.2017.02.009

Cells 2019, 8, 1482 25 of 25

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Wang, J.-].; Wang, Z.-Y.; Chen, R.; Xiong, J.; Yao, Y.-L.; Wu, ].-H.; Li, G.-X. Macrophage-secreted Exosomes
Delivering miRNA-21 Inhibitor can Regulate BGC-823 Cell Proliferation. Asian Pac. J. Cancer Prev. 2015, 16,
4203-4209. [CrossRef]

Akao, Y;; Iio, A.; Itoh, T.; Noguchi, S.; Itoh, Y.; Ohtsuki, Y.; Naoe, T. Microvesicle-mediated RNA molecule
delivery system using monocytes/macrophages. Mol. Ther. 2011, 19, 395-399. [CrossRef]

Kaduka, Y.; Takeda, K.; Nakayama, M.; Kinoshita, K.; Yagita, H.; Okumura, K. TWEAK medjiates anti-tumor
effect of tumor-infiltrating macrophage. Biochem. Biophys. Res. Commun. 2005, 331, 384-390. [CrossRef]
Maecker, H.; Varfolomeev, E.; Kischkel, E.; Lawrence, D.; LeBlanc, H.; Lee, W.; Hurst, S.; Danilenko, D.; Li, J.;
Filvaroff, E.; et al. TWEAK Attenuates the Transition from Innate to Adaptive Immunity. Cell 2005, 123,
931-944. [CrossRef]

Johnnidis, J.B.; Harris, M.H.; Wheeler, R.T.; Stehling-Sun, S.; Lam, M.H.; Kirak, O.; Brummelkamp, T.R,;
Fleming, M.D.; Camargo, ED. Regulation of progenitor cell proliferation and granulocyte function by
microRNA-223. Nature 2008, 451, 1125-1129. [CrossRef] [PubMed]

Ismail, N.; Wang, Y.; Dakhlallah, D.; Moldovan, L.; Agarwal, K.; Batte, K.; Shah, P.; Wisler, J.; Eubank, T.D.;
Tridandapani, S.; et al. Macrophage microvesicles induce macrophage differentiation and miR-223 transfer.
Blood 2013, 121, 984-995. [CrossRef] [PubMed]

Zhu, X.; Shen, H,; Yin, X.; Yang, M.; Wei, H.; Chen, Q.; Feng, F; Liu, Y.; Xu, W.; Li, Y. Macrophages derived
exosomes deliver miR-223 to epithelial ovarian cancer cells to elicit a chemoresistant phenotype. J. Exp. Clin.
Cancer Res. 2019, 38, 81. [CrossRef] [PubMed]

Yang, M.; Chen, J.; Su, E; Yu, B.; Su, F; Lin, L,; Liu, Y,; Huang, J.-D.; Song, E. Microvesicles secreted by
macrophages shuttle invasion-potentiating microRNAs into breast cancer cells. Mol. Cancer 2011, 10, 117.
[CrossRef]

Yin, Z.; Ma, T.; Huang, B.; Lin, L.; Zhou, Y.; Yan, J.; Zou, Y.; Chen, S. Macrophage-derived exosomal
microRNA-501-3p promotes progression of pancreatic ductal adenocarcinoma through the TGFBR3-mediated
TGEF-p signaling pathway. J. Exp. Clin. Cancer Res. 2019, 38, 310. [CrossRef]

Binenbaum, Y.; Fridman, E.; Yaari, Z.; Milman, N.; Schroeder, A.; Ben David, G.; Shlomi, T.; Gil, Z. Transfer of
miRNA in Macrophage-Derived Exosomes Induces Drug Resistance in Pancreatic Adenocarcinoma. Cancer
Res. 2018, 78, 5287-5299. [CrossRef]

Zheng, P; Chen, L.; Yuan, X.; Luo, Q.; Liu, Y.; Xie, G.; Ma, Y.; Shen, L. Exosomal transfer of tumor-associated
macrophage-derived miR-21 confers cisplatin resistance in gastric cancer cells. J. Exp. Clin. Cancer Res. 2017,
36, 53. [CrossRef]

Korabecna, M.; Koutova, L.; Tesarova, P. The potential roles of vesicle-enclosed miRNAs in communication
between macrophages and cancer cells in tumor microenvironment. Neoplasma 2017, 64, 406-411. [CrossRef]
Mercatelli, N.; Coppola, V.; Bonci, D.; Miele, F.; Costantini, A.; Guadagnoli, M.; Bonanno, E.; Muto, G.;
Frajese, G.V.; de Maria, R.; et al. The inhibition of the highly expressed miR-221 and miR-222 impairs the
growth of prostate carcinoma xenografts in mice. PLoS ONE 2008, 3, e4029. [CrossRef]

Chen, Y.; Gao, D.-Y.;; Huang, L. In vivo delivery of miRNAs for cancer therapy: Challenges and strategies.
Adv. Drug Deliv. Rev. 2015, 81, 128-141. [CrossRef] [PubMed]

Reid, G.; Kao, S.C.; Pavlakis, N.; Brahmbhatt, H.; MacDiarmid, J.; Clarke, S.; Boyer, M.; van Zandwijk, N.
Clinical development of TargomiRs, a miRNA mimic-based treatment for patients with recurrent thoracic
cancer. Epigenomics 2016, 8, 1079-1085. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.7314/APJCP.2015.16.10.4203
http://dx.doi.org/10.1038/mt.2010.254
http://dx.doi.org/10.1016/j.bbrc.2005.03.176
http://dx.doi.org/10.1016/j.cell.2005.09.022
http://dx.doi.org/10.1038/nature06607
http://www.ncbi.nlm.nih.gov/pubmed/18278031
http://dx.doi.org/10.1182/blood-2011-08-374793
http://www.ncbi.nlm.nih.gov/pubmed/23144169
http://dx.doi.org/10.1186/s13046-019-1095-1
http://www.ncbi.nlm.nih.gov/pubmed/30770776
http://dx.doi.org/10.1186/1476-4598-10-117
http://dx.doi.org/10.1186/s13046-019-1313-x
http://dx.doi.org/10.1158/0008-5472.CAN-18-0124
http://dx.doi.org/10.1186/s13046-017-0528-y
http://dx.doi.org/10.4149/neo_2017_311
http://dx.doi.org/10.1371/journal.pone.0004029
http://dx.doi.org/10.1016/j.addr.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24859533
http://dx.doi.org/10.2217/epi-2016-0035
http://www.ncbi.nlm.nih.gov/pubmed/27185582
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Tumor-Derived miRs—Packaging Matters! 
	Macrophage Uptake of Tumor-Derived miRs—A Toll-Free Highway 
	Extracellular Vesicle-Mediated miR Transfer 
	RNA-Binding Protein-Mediated miR Transfer 
	Lipoprotein-Mediated miR Transfer 

	Functions of Tumor-Derived miRs in Macrophages—The Trojan Horse at Work 
	Colon Cancer 
	Glioblastoma 
	Lung Cancer 
	Hepatocellular Carcinoma 
	Breast Cancer 
	Epithelial Ovarian Cancer 
	Pancreatic Cancer 
	Neuroblastoma 
	Other Cancers 

	Macrophage-Derived miRs—An Arm of a Sentinel 
	Macrophage-Derived miRs—Agent Gone Rogue 
	Conclusions and Future Perspectives 
	References

