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Abstract

MicroRNAs (miRNASs) are a class of small (~22 nucleotides) non-coding RNAs involved in the
regulation of gene expression at the post-translational level. It is estimated that 30-90% of human
genes are regulated by microRNAs, which makes these molecules of great importance for cell
growth, activation and differentiation. Microglia are CNS-resident cells of a myeloid lineage that
play an important role in immune surveillance and are actively involved in many neurologic
pathologies. Although the exact origin of microglia remains enigmatic, it is established that
primitive macrophages from a yolk sac populate the brain and spinal cord in normal conditions
throughout development. During various pathological events such as neuroinflammation, bone
marrow derived myeloid cells also migrate into the CNS. Within the CNS, both primitive
macrophages from the yolk sac and bone marrow derived myeloid cells acquire a specific
phenotype upon interaction with other cell types within the CNS microenvironment. The factors
that drive differentiation of progenitors into microglia and control the state of activation of
microglia and bone marrow-derived myeloid cells within the CNS are not well understood. In this
review we will summarize the role of microRNAs during activation and differentiation of myeloid
cells. The role of miR-124 in the adaptation of microglia and macrophages to the CNS
microenvironment will be further discussed. We will also summarize the role of microRNAs as
modulators of activation of microglia and microphages. Finally, we will describe the role of
miR-155 and miR-124 in the polarization of macrophages towards classically and alternatively
activated phenotypes.
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INTRODUCTION

Since their discovery by del Rio-Hortega in 1932, microglia were recognized as one of the
four types of the cells in the CNS along with oligodendrocytes, astrocytes and neurons
(Lynch, 2009). In contrast to the latter cell types which have exclusive CNS-specific
phenotypes and functions, microglia share many markers of myeloid cells from other
organs: expression of macrophage markers CD11b and F4/80, Fc receptors, CD45 (pan
leukocyte marker) as well as exhibiting phagocytic properties (Prinz et al., 2011). Therefore,
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microglia are often referred to as CNS-resident macrophages, since these cells are similar to
other macrophages located in other tissues such as liver, peritoneum, and lungs. The first
phagocytic cells of a myeloid lineage appear in the CNS of rodents starting at day 8.5 of
embryogenesis and these cells predominantly originate from the yolk sac. A large expansion
of microglia occurs within two weeks after birth (Cuadros and Navascues, 2001; Ginhoux et
al., 2010; Sorokin et al., 1992). It remains uncertain whether a small proportion of microglia
might derive from circulating progenitors which enter the CNS during late-embryonic or
early-postnatal life. The molecular mechanisms of microglial cell differentiation during pre-
and postnatal development are not well understood, although certain transcriptional factors
and microRNA (miRNA) that regulate these factors contribute to this process which is
discussed later in this review.

In a normal adult, CNS microglia exhibit a specific morphology with long processes with
branches (ramified microglia) and a non-activated or “resting” phenotype, which is
determined by low levels of expressions of CD45, MHC class I, co-stimulatory molecules
(CD80, CD86) and several integrins such as CD11c (Lynch, 2009; Ponomarev et al., 2005b;
Prinz et al., 2011). The low levels of expression of these markers in resting resident
microglia in normal CNS differentiate the microglia from peripheral macrophages (e.g.
inflammatory or splenic macrophages), which typically express high levels of CD45, MHC
class Il, co-stimulatory molecules and integrins (Ponomarev et al., 2005b). During
neuroinflammation, resident microglia become activated as defined by upregulation of a
number of activation markers such as CD45, MHC class 11, CD86 etc.; activated cells
change morphology from ramified to “amoeboid” (when microglia lose processes and
increase in size) and become phenotypically and morphologically undistinguishable from
peripheral macrophages (Ponomarev et al., 2005b).

Although activated resident microglia are similar to peripheral macrophages in their
expression of surface markers and attempts to find specific molecules at mMRNA or protein
levels that would definitively distinguish activated microglia from other types of
macrophages has failed so far, there are several differences in the behavior of resident
microglial cells. It was found that activated microglia produce a lower level of superoxide
dismutase (SOD) and a very low level of NO during EAE when compared to peripheral
macrophages (Enose et al., 2005; Ponomarev et al., 2007a). When we compared the level of
expression of CD45, MHC class Il, CD40, CD86 and CD11c in activated microglia vs.
peripheral macrophages in the CNS of mice with experimental autoimmune encephalitis
(EAE), we found that microglia had lower levels of expression of all of these markers in
comparison (Ponomarev et al., 2005a; Ponomarev et al., 2006). These results suggested that
expression of activation markers in microglia vs. peripheral macrophages differed
quantitatively but not qualitatively. In other words, certain genes (e.g. CD45, MHC class 1)
along with other genes that are discussed later, were downregulated in microglia, which
provided the basis for our study to perform expression profiling of microRNAs in microglia
vs. peripheral macrophages. We hypothesized that miRNAs serve as epigenetic factors
contributing to the microglial phenotype, since it is known that a single miRNA could
quantitatively modulate expression of many genes during inflammation (reviewed by (Dai
and Ahmed, 2011)). The role of miRNA in induction and maintenance of the specific
phenotype and function of microglia and macrophages in the CNS are further discussed in
this review.

MiRNA AS A NEW CLASS OF REGULATORS OF GENE EXPRESSION

MiRNAs were first discovered in the early 1990s as molecules that control the development
of nematode C. Elegans (Lee et al., 1993). However, substantial interest in miRNAS
emerged a decade later in the early 2000s after the discovery of the phenomenon of RNA
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interference (RNAI). Discovery of RNAI led to the re-evaluation of the role of miRNA as
natural analogs for small interfering RNA (siRNA) molecules that complement and bind to
specific MRNAs (MRNAs of “target” genes) and promote degradation of miRNA-mRNA
duplexes and/or prevent translation of these genes. As a result of the action of siRNA or
miRNA overexpression in the cell, the expression of the target gene(s) is downregulated in
the protein and to some extent in MRNA levels (Kutter and Svoboda, 2008). Nowadays,
more than a thousand miRNAs have been identified in mammals including mice and humans
as well as in more than 100 other species (Griffiths-Jones et al., 2006). According to
bioinformatic estimates, a single miRNA has the potential to regulate hundreds of genes and
30% to 92% of genes in humans are potentially regulated by various miRNAs (Lewis et al.,
2005; Miranda et al., 2006).

Most miRNAs (~80%) are encoded in intron regions of the genome and are transcribed by
RNA polymerase Il into rather long (~100-1000 nucleotides) primary transcripts called
“pre-miRNA”. In a typical or canonical miRNA maturation process, pre-miRNA is cleaved
by a nuclear enzymatic complex (“microprocessor complex”) that consists of nuclear
RNAase 111 and the adapter protein Dorsha. These cleaved primary transcripts are called
‘pre-miRNA”. In an alternative or non-canonical pathway of miRNA biosynthesis (~20% of
all miRNAS), other types of primary miRNA transcripts called “mirtrons” are produced
independently of the microprocessor nuclear complex (Kim et al., 2009). Pre-miRNAs or
mirtrons are transported from the nucleus to the cytoplasm and become further processed by
a specific Dicer enzyme that belongs to the RNase 111 family. The Dicer processes pre-
miRNAs or mirtrons into imperfectly matched, short (~22 nucleotides) mMiRNA/MiRNA*
duplexes, which later form a RNA-induced silencing complex (RISC) with the help of
adapter proteins such as Argonaute. In the RISC, one strain of a miRNA/MiRNA* duplex
remains to perform binding to mMRNA of target genes (this strain is called mature miRNA),
while the other complementary non-functional miRNA* strain is degraded (Dai and Ahmed,
2011; Kim et al., 2009). Therefore, mature miRNA is expressed mainly in the cytoplasm
where it binds to mRNA and silences the target genes (Fig. 1).

To perform silencing of target genes, miRNA in the RISC complex needs to bind to the
MRNA of the target gene. There are specific sites on mMRNA on the target genes (also called
“seeds”) which are crucial for miRNA binding. Weak miRNA-regulated genes have one
miRNA-binding site, while strongly regulated target genes have multiple miRNA-binding
sites (3-5 sites or even more) on their 3" -untranslated region (3’-UTR) of mRNA.
Revolutionary advances in the field of bioinformatics allowed scientists to use specialized
software (e.g. free online program “TargetScan”) to predict target genes based on the
sequence and structure of both miRNA and mRNA of gene of interests (Thomson et al.,
2011). Although the /n silico discovery of new target genes that are regulated by miRNAs is
an innovative technology, these predicted targets must be validated /n vitro using reporter
systems and site-directed mutagenesis of miRNA-binding sites, and later on validated /n
Vivo.

Advances in the field of miRNA clearly demonstrate that these molecules play an important
role in cancer, neurodegneration, inflammation, as well as both branches of adaptive and
innate immunity (Alam and O’Neill, 2011; Dai and Ahmed, 2011; El Gazzar and McCall,
2011; Junn and Mouradian, 2012; Lovat et al., 2011). In this review we will primarily
discuss the role of miRNA in functions of myeloid cells and to some extent in neuronal
cells, since microglia belong to cells of myeloid origin and reside in the CNS
microenvironment under constant influence of the cells of neuronal tissue.
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Despite the significant efforts of scientists during the last decade who have investigated the
role of microglia during inflammation and neurodegeneration, little is known about the
phenotype and function of microglia in normal CNS. We still have insufficient knowledge
about the exact origin of microglial cells, their role during development of the CNS, the
heterogeneity of microglial subsets in various regions of the brain and spinal cord, as well as
the nature of paracrine interactions of microglia with oligodendrocytes, astrocytes and
neurons.

Historically it has been assumed that microglia play a passive role in adult CNS having a
“resting” non-active state and perform their functions only when they become activated by
pathological events such as neuronal damage or infection. This point of view results in many
scientists focusing on microglial activation during pathology rather than investigating the
physiological role of these cells in normal CNS. Only experiments using modern
technologies such as intravital microscopy clearly demonstrated that microglia are very
active cells in normal CNS and produce many dynamic contacts with neurons (Nimmerjahn
et al., 2005; Tremblay et al., 2011). The reasons for these microglia-neuronal contacts are
largely unknown for normal CNS, but recently it was shown that these contacts are required
for normal synaptic activity of neurons in the visual cortex and the pruning of neuronal
axons during development (Tremblay et al., 2011). When we investigated microglia in
normal CNS, we found that these cells do not have a completely non-activated phenotype
but already exhibited properties of activated macrophages. However, microglia in normal
CNS did not exhibit the phenotype of classically activated macrophages, but had the
properties of alternatively activated macrophages (Ponomarev et al., 2007a).

There are two main pathways for macrophage activation: the classical pathway (also
referred to as M1) and the alternative pathway (also referred to as M2). The M1 pathway is
mediated by Th1 cytokines such IFN-y and Toll-like receptor (TLR) agonists such as LPS.
Classically-activated macrophages express high levels of MHC class Il and CD86,
efficiently process and present antigen to T-cells and produce large amounts of reactive
oxygen species and nitric oxide (NO) to eliminate intracellular pathogens. M1 macrophages
are potent mediators of inflammatory responses associated with substantial tissue damage of
neuronal tissue by secretion of large amounts of TNF-a IL-6 and NO. Alternatively
activated M2 macrophages (also called M2a) are induced by Th2-producing cytokines IL-4
and IL-13 (Gordon, 2003; Martinez et al., 2008). Recently a new class of innate helper type
2 (iH2) effector cells were described. Innate helper type 2 cells produce I1L-13 and can also
contribute to the activation of macrophages towards M2 (Price et al., 2010). Alternatively
activated M2 macrophages have low levels of MHC class Il and CD86, poorly stimulate or
even inhibit T-cell proliferation, but express a number of proteins important for pinocytosis
of carbohydrate-rich parasitic products and promote tissue repair. Typical proteins that are
abundantly expressed by M2 but not M1 macrophages include CD206 (mannose receptor),
Ym-1 (heparin-binding lectin) and Arg 1 (arginine metabolism enzyme), and FIZZ1. M2
macrophages also release anti-inflammatory factors such as IL-10 and TGFp and Th1-
antagonizing cytokines IL-4 and IL-13. Macrophages can be also deactivated by immune
complexes (also called M2b), or by glucocorticoids and by cytokines mainly produced by
regulatory T-cells such as TGF-p and IL-10 (also called M2c). Deactivated macrophages
(also called M2b and M2c) have a phenotype that overlaps with M2a macrophages, but are
not identical to alternative activated macrophages induced by 11-4 or IL-13 (Table I)
(Fairweather and Cihakova, 2009; Gordon, 2003; Mantovani et al., 2009; Martinez et al.,
2008).
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We found that in the normal CNS microglia produced IL-4 (Ponomarev et al., 2007a) and
TGF-p1 (unpublished observation). In addition, microglia expressed Ym-1 on mRNA and
protein levels and do not produce actual NO /n vivo. We also found that during EAE the
expression of Ym-1 in activated microglia was further increased, and in contrast to
peripheral macrophages, activated resident microglia failed to produce NO. Thus, our data
indicated that microglia in the normal CNS exhibit a phenotype of M2-like cells (Ponomarev
et al., 2007a). Surprisingly M2 features of microglia were even enhanced during EAE when
microglia up-regulated expression of IL-4 and Ym-1 (Ponomarev et al., 2007a), a disease
which was induced in our model by the adoptive transfer of Thl cells that are known to
secrete IFN-y, TNF-a and GM-CSF that typically result in activation of macrophages
towards M1 (Ponomarev et al., 2007b). We found that expression of Ym-1 in microglia was
IL-4 dependent, since this molecule was significantly downregulated in microglia from IL-4
and 1L-4/13 receptor deficient mice (Table I). Using chimeric animals expressing 1L-4 only
by CNS-resident cells we concluded that the expression of Ym-1 in microglia a CNS-
derived source of I1L-4 is required (Ponomarev et al., 2007a). These facts led us to postulate
that the M2-like phenotype of microglia is induced by the CNS microenvironment (e.g. IL-4
produced by microglia in autocrine manner or produced by astrocytes), which was further
explored when we investigated the role of miRNA in contributing to the microglia
phenotype.

MiRNA PROFILING IN MICROGLIA VS. PERIPHERAL MACROPHAGES

Since we found that microglia exhibited an M2-like phenotype in normal CNS and during
EAE, we proposed that there are specific microRNAs that contribute to this phenotype. As
we mentioned above, during EAE induced in chimeric mice (to distinguish microglia from
peripheral macrophages), activated microglia expressing the M2 marker Ym-1 did not
produce NO (Ponomarev et al., 2007a). However, microglia upregulated certain M1 markers
such as MHC class Il, CD45 and CD86, but the level of expression of these M1 markers was
still lower than that of macrophages (Ponomarev et al., 2005b). Thus, even activated
microglia exhibited a quantitatively different phenotype from peripheral macrophages that
are located at the same sites of inflammatory lesions in CNS during EAE (Ponomarev et al.,
2005b).

Recent advances in deep sequencing technologies of miRNA expression in various tissues of
mammalian species enabled us to perform selected profiling of miRNA, which is known to
be expressed in myeloid cells and in the CNS (Landgraf et al., 2007), since microglia belong
to myeloid lineage and reside in the CNS. We found that during EAE activated microglia
expressed CNS-specific miR-124, which is absent or expressed at low levels in the
peripheral macrophages. We also found that miR-124 was expressed only in normal CNS-
resident microglia, but not in thioglicolate-induced inflammatory macrophages or
CD11b*F4/80* macrophages from spleen, bone marrow, peritoneal cavity or liver tissues
(Ponomarev et al., 2011a).

MiR-124 has been found to be the most abundant microRNA expressed in neurons
(Mishima et al., 2007). It was shown that miR-124 promotes neuronal differentiation by
targeting the mRNA of the anti-neural function protein SCP1, which represses neuronal
gene expression in non-neuronal cell types (Makeyev et al., 2007). Several studies suggested
that miR-124 could be used as an anti-cancer therapeutic agent (Sonntag et al., 2011).
Specifically, miR-124 induced differentiation of mouse neuroblastoma cell lines. The
mechanism of suppression of proliferation by miR-124 involves targeting cell cycle
dependent kinases CDK4 and CDKG6 resulting in a decrease in the proliferation of tumor
cells (Ponomarev et al., 2011b). In contrast to neuronal cells where miR-124 targeted SCP1
results in neuronal maturation and differentiation, in microglia and macrophages miR-124
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targeted CEBPa, a master transcription factor important for the development of myeloid
cells. The differentiation of monocytic lineage cells is controlled by two main transcription
factors CEBPa and PU.1, which will be further discussed in the section describing the role
of miRNA in development of myeloid cells. Briefly, CEBPa induces PU.1 and both of these
factors are sufficient for the differentiation of non-myeloid cells such as fibroblasts into
macrophages (Cai et al., 2008; Feng et al., 2008). The mRNA of the CEBPa gene consists
of a short 5"UTR contained region and a large 3"-UTR with three sites for binding miR-124
(Ponomarev et al., 2011a). Resting microglial cells are known to express low levels of
CEBPa, but CEBPa is upregulated upon microglial activation (Walton et al., 1998). Thus,
our finding suggested that miR-124 contributed to resting phenotype of microglia by
targeting the CEBPa/PU.1 pathway.

After discovering expression of miR-124 in microglia, we further investigated two main
questions: 1) what induced miR-124 expression in microglia and 2) what is the role of
miR-124 in the phenotype and function of microglia and macrophages.

IT IS ALL ABOUT ENVIRONMENT!

When we investigated the level of expression of miR-124 in microglia and peripheral
macrophages using chimeric mice we found that there was a reciprocal correlation between
the level of expression of M1 activation markers and expression of miR-124. The highest
level of miR-124 expression was found in CD45/°YMHC class 11'°% non-activated resident
microglia. When microglia become activated during EAE or are treated with pro-
inflammatory cytokines IFN-y and GM-CSF, microglia unregulated CD45, MHC class Il
and downregulated miR-124. An opposite situation was found for peripheral macrophages.
During the peak of EAE, infiltrating peripheral macrophages in the CNS were CD45NMHC
class 11" and were negative for miR-124, while during the recovery phase of EAE,
macrophages dowregulated CD45, MHC class Il and upregulated miR-124 (Ponomarev et
al., 2011a). Thus, we found that during active inflammation in the CNS both microglia and
macrophages expressed M1 markers and had low levels of miR-124, while in normal CNS
or during disease recovery macrophages downregulated M1 markers such as MHC class Il
and upregulated miR-124. Interestingly, during EAE peripheral macrophages in the CNS
exhibited a dually activated or M1/M2 mixed phenotype expressing NO (M1 marker) and
high levels of Ym-1 (M2 marker) (Ponomarev et al., 2007a). Given the fact that during EAE
activated microglia upregulated M1 markers (CD45 and MHC class 1) (Ponomarev et al.,
2005b), but still expressed M2 markers (Ym-1), we conclude that activated microglia also
exhibited a mixed M1/M2 phenotype. Similar results were reported for peripheral
macrophages infiltrating the CNS in a spinal cord injury model that exhibited a M2-like
phenotype and promoted CNS repair during resolution of inflammation (Schwartz, 2010).
Thus, in normal CNS and during resolution of inflammation microglia and macrophages
often exhibited an M2 phenotype, while during inflammation microglia and macrophages
also upregulated M1 markers.

In addition to inflammatory conditions, a similar situation with microglial phenotype and
miR-124 expression was observed in microglia isolated from CNS during development.
Within the first two weeks after birth, microglia had CD45MMHC class 11"miR-124!0w
phenotype, while adult microglia had CD45!°“MHC class I1"°% miR-124" phenotype
(Ponomarev et al., 2011a). We assume that under certain circumstances bone marrow
derived myeloid cells can also migrate into the brain from periphery during post-natal period
and acquire a MHC class 11'°"CD45!°W microglia-like phenotype similar to appearance of
CD45!9%WMHC class 11'®% bone-marrow derived myeloid cells during recovery phase of EAE
in chimeras. To investigate this possibility we created new born mixed chimeras by
transplanting bone marrow from ActB-GFP transgenic mice that ubiquitously expressed
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GFP under the actin promoter into sublethally irradiated newborn mice (P1-P3). When these
chimeric mice became adults (8 weeks old), engrafted GFP positive CD11b* cells were
found in the CNS and 60% of them had MHC class I1"®¥CD45!°W phenotype similarly to
GFP negative microglia of recipient origin (Fig. 2, Newborn Chimera). When we compared
the phenotype of CD11b*GFP* cells from the donor in the CNS after 8 weeks of
reconstitution in adult chimera, we found that all of them were activated with high levels of
CD45 and MHC class Il (Fig. 2, Adult Chimera). Thus, at least in chimeras, BM-derived
cells in the CNS acquired MHC class 11'®WCD45!°W phenotype during development or
resolution of inflammation. Based on these data we suggested that in a normal CNS a MHC
class 11'°WCD45!oW miR-124Ni phenotype could be induced in myeloid cells under the
influence of CNS microenvironment.

We directly tested our hypothesis by co-culturing bone-marrow derived macrophages with
astroglial and neuronal cell lines and found that a co-culture of bone marrow-derived
macrophages grown in the presence of M-CSF with a neuronal cell line and to less extent
with an astroglial line resulted in downregulation of MHC class Il and CD45 and
upregulation of miR-124. The mechanisms of induction of such a phenotype remain to be
determined, but there are three possibilities: 1) cell-cell contact; 2) the presence of soluble
factors, and 3) direct transfer of miR-124 from miR-124" neuronal cells into macrophages
through exosomal shuttle vesicles (Fig. 3). There are several examples of deactivation of
microglia in the CNS upon interaction with neurons mediated by cell-cell contact. It was
shown in CD200 deficient mice that microglia exhibited an activated phenotype and the
EAE disease course was exacerbated (Hoek et al., 2000). Since CD200 is expressed in
neurons and CD200R is expressed by microglia, it is believed that cell-cell contact with
neurons is required for the maintenance of their quiescent phenotype. Similar results were
observed in mice deficient in the Fractalkine receptor CX3CR1 (Cardona et al., 2006). Both
membrane-bound and soluble forms of Fractalkine (CX3CL1) are expressed by neurons,
while receptors for Fractalkine (CX3CR1) are expressed in microglia. Microglia in CX3CR1
deficient mice have elevated levels of activation, suggesting that Fractalkine could be a
membrane-bound and soluble factor that contribute to the MHC class
11'°WCD45/0WmiR-124N phenotype in microglia. Other pairs of ligand-receptor proteins
were suggested to play a role in contact deactivation of microglia by neurons including
CDA45-CD22 and CD172-CD47 (Ransohoff and Cardona, 2010). An example of a soluble
factor that is highly expressed in the CNS by astrocytes and neurons and that deactivates
macrophages is TGF-B(Bottner et al., 2000), which could also regulate miR-124 expression
in microglia. In addition to factors that regulate expression of miRNAs such as miR-124,
other examples of microRNAs transferred from IL-4-treated macrophages to tumor cells in
secreted vesicles have been recently reported (Yang et al., 2011). There is also the
possibility that multiple miR-124 containing vesicles secreted by neuronal cells could be
transferred to microglia; however whether these processes take place and how effective they
are, remains to be defined.

DEVELOPMENT OF MYELOID CELLS

Even though the exact origin of microglia is still debatable, there is agreement that myeloid
cells in the CNS could originate from two distinct periods of hemopoiesis: the first, during
primitive hematopoiesis that occurred primarily in extraembryonic sites such as the yolk sac,
and during the second wave of hematopoiesis that persists throughout adulthood and occurs
primarily in bone marrow. It was recently established that microglia originate from primitive
macrophages in the yolk sac (Ginhoux et al., 2010), although there are examples in which
bone marrow-derived myeloid cells can be engrafted into the CNS at least under
pathological conditions (Eglitis and Mezey, 1997; Soulet and Rivest, 2008).
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Despite a difference in origin of primitive macrophages and bone-marrow derived
monocytic cells, two transcription factors PU.1 and CEBPa are critical for the development
of yolk sac derived primitive macrophages and resident microglia as well as bone marrow
derived myeloid cells. Indeed PU.1 deficient mice do not have microglia, but transplantation
in newborn PU.1-deficient mice with wild type bone marrow resulted in a population of
CNS with resident macrophages with all the phenotypic features of microglia that are
obviously derived from bone marrow (Beers et al., 2006). We also demonstrated that the
CD45!9WMHC class 11'® bone marrow derived myeloid cells can be engrafted into the CNS
of mixed newborn chimeras (Fig. 2) suggesting a contribution of BM-derived cells to the
total pool of myeloid cells with a microglial phenotype in an adult CNS of chimeric animals.
In addition to PU.1, it was also clearly demonstrated that CEBPa initiated a primitive
myelopoiesis in pluropotent embryonic stem cells (Chen et al., 2009). In both cases of
primitive and adult hemopoiesis of monocytic cells, the role of M-CSF (also known as
CSF-1R) and its analog IL-34 (both acting through the same M-CSF receptor) is critical for
the development of monocytic cells and microglia, since deficiency in the M-CSFR
inhibited population of CNS by primitive macrophages suggests a similarity of the processes
of microglial origins during embryogenesis or through the development of monocytic cells
in bone marrow during adulthood (Ginhoux et al., 2010; Herbomel and Levraud, 2005). The
known difference between primitive and adult myelopoiesises is that in case of primitive
hemopoiesis the process starts with pluripotent embryonic stem cells (ESC) and in case of
adult hemopoiesis the process starts from hematopoietic stem cells (HSC). However,
mechanisms by which transcription factors PU.1, CEBPa and M-CSFR drive the processes
of development of primitive macrophages and BM-derived myeloid cells appear to be quite
similar (Saijo and Glass, 2011). Thus, we hypothesize that the microRNAs that modulate
expression of the PU.1, CEBPa and M-CSFR pathways affect microglia originating from
primitive macrophages as well as bone marrow derived myeloid cells in the same way.

As we mentioned, adult hematopoietic linage progenitors arise from HSC. HSC have the
ability for self renewal or can differentiate into multipotent progenitors (MPP) that have
limited proliferating capacity. MPP give rise to common lymphoid lineage progenitors
(CLP) and common myeloid progenitors (CMP). CMP then further differentiate into
megakaryocyte-erythroid progenitors (MEP) and granulocyte-macrophages progenitors
(GMP), which later differentiate into granulocytic progenitor (GP) and monocytic progenitor
(MP) cells (El Gazzar and McCall, 2011). Thus, development of bone marrow-derived cells
(BMDMC) with microglial phenotypes can be viewed as a sequence of events of
differentiation by: HSC—MPP—CMP—GMP—MP—BMDMC (Fig. 4). The
myelopoiesis of primitive macrophages that give rise to microglia is not well characterized
when compared to adult myelopoiesis, but we believe that similar or equivalent stages of
differentiation take place in this process involving the same three CEBPa, PU.1 and M-
CSFR pathways (Fig. 4). We know that microglia originating from the yolk sac and bone
marrow derived myeloid cells in the CNS share many morphological phenotypic features,
although we do not know whether these two subsets become completely identical in the
CNS (Fig. 4).

CEBPa is required for transition from MPP to CMP. PU.1 expression is induced in MPP
and continues to be expressed in CMP and GMP. PU.1 promotes transition from CMP to
GMP. One of the factors that induces PU.1 is CEBPa, therefore CEBPa is often called a
master transcription factor for the development of monocytic cells. However, high levels of
PU.1 when compared to CEBPa. levels need to be maintained in GMP to promote
differentiation of GMP towards the monocytic lineage. If the level of PU.1 is relatively low
when compared to CEBPa, GMP differentiate towards granulocytes (Friedman, 2007). The
M-CSFR (CSF-1R) pathway plays a critical role in skewing GMP towards the monocytic
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lineage, since PU.1 directly up-regulates M-CSFR, which increases responsiveness of GMP
to M-CSF and induces proliferation of MP (Friedman, 2007; Yeamans et al., 2007).

Various microRNAs are actively involved in the regulation of transcription factors PU.1 and
CEBPa and, vice versa certain miRNAs are regulated by CEBPa and PU.1 (El Gazzar and
MccCall, 2011). In this review, we will concentrate on the role of miRNAs in late events of
differentiation of myeloid cells from GMP to monocytic cells, since at these stages
microglial progenitors most likely differentiate into mature microglia in the CNS. One of the
good examples is miR-223, which is critical for the differentiation of granulocytes. MiR-223
is induced by CEBPa and targets the transcription factor NFI-A (NFI-A is upregulated by
both CEBPa and PU.1), which is required for the differentiation of GMP into mature
granulocytes. MiR-223 decreases proliferation of GP, promoting their differentiation into
mature granulocytes (Fazi et al., 2005). As with miR-223, miR-424 is upregulated by PU.1
and then targets NFI-A, which results in the upregulation of M-CSFR and the differentiation
of GMP into MP (Forrest et al., 2010; Rosa et al., 2007). Thus, miR-223 and miR-424
promote differentiation of the GMP into granulocytes and monocytes in bone marrow,
respectively. Our data suggests that miR-124 most likely affects the maturation of immature
progenitors into mature microglia or bone marrow derived myeloid cells in the CNS. Similar
to miR-424 in the bone marrow, miR-124 restricts the proliferation of monocytic cells by
targeting CEBPa and most likely CDK4/CDKG®6. The decrease in expression of CEBPa
results in the downregulation of PU.1 and its downstream target M-CSFR, further restricting
proliferation and most likely promoting differentiation of MP into CNS bone marrow
derived myeloid cells and primitive macrophages into mature adult microglia (Ponomarev et
al., 2011a) (Fig. 4). Another important microRNA which is expressed in T, B and monocytic
cells is miR-155 (Forrest et al., 2010). MiR-155 overexpression in bone marrow increases
the number of immature granulocytes, similar to its effect in miR-223 deficient mice
(O’Connell et al., 2008). MiR-155 seems to oppose miR-223 and leads to the skewing of
differentiation of GMP towards monocytes in the bone marrow. The main role of miR-155
during classical M1 activation of macrophages (Fig. 4) will be described later.

MiRNA IN ACTIVATION OF MONOCYTIC CELLS

As we described above, miR-414, miR-155 and miR-124 significantly contribute to the
development of monocytic cells in bone marrow and most likely in the CNS. However,
certain miRNAs are also involved in the processes of activating macrophages and microglia
during inflammation. The action of miRNA on macrophages can be subdivided into three
categories: pro-inflammatory, participating in the resolution of inflammation and anti-
inflammatory (Table I1).

It was found that overexpression of miR-155 in bone marrow resulted in a
myeloproliferative phenotype similar to systemic administration of LPS (O’Connell et al.,
2008). Further investigations demonstrated that miR-155 was significantly upregulated in
macrophages in response to LPS, suggesting their important role in macrophage activation
(O’Connell et al., 2007). Recently, it was demonstrated that miR-155 was upregulated in
monocytes, macrophages and in a microglial line in response to various M1-activating
stimuli such as TLR agonists, IFN-y, and TNF-a. MiR-155 has been shown to target several
pro-apoptotic and anti-inflammatory proteins such as Fas-associated death domain proteins
(FADD), suppressors of cytokine signaling (SOCS-1), and 1xB kinases (IKK) (Bala et al.,
2011; Louafi et al., 2010; Martinez-Nunez et al., 2011; Wang et al., 2010). Thus it has been
demonstrated that miR-155 plays a pro-inflammatory role in promoting classical M1 path of
activation of macrophages.

Glia. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

PONOMAREV et al.

Page 10

Another pro-inflammatory miRNA, miR-101 is also induced by M1 stimuli such as TLR
agonists and targeted MAPK phosphatase-1, which deactivates MAPK. Overexpression of
miR-101 in macrophages results in MAPK activation and in the secretion of M1-associated
pro-inflammatory cytokines IL-1, IL-6, and TNF-a (Zhu et al., 2010).

As a last example of pro-inflammatory miRNAs, miR-125 significantly increases M1
activation of macrophages by targeting IRF4, increasing responsiveness to IFN-y, and most
importantly for antigen presentation, by upregulating MHC class 11, CD40, CD80, CD86
(Chaudhuri et al., 2011).

Similar to other pro-inflammatory miRNAs, miR-146 is induced by M1 stimuli such as LPS.
However, miR-146 provides a negative signaling feedback in the resolution of inflammation
by targeting signaling molecules downstream of TLRs and IL-1R including IL-1R receptor-
associated kinase 1 and TNF receptor associated factor 6. This inhibition decreases the
production of M1 pro-inflammatory cytokines IL-1, IL-6 and several chemokines including
CCL5 and CXCLS8. It was demonstrated that HIV-infected human microglia expressed
miR-146 that targeted chemokine CCLS8, suggesting an important role for this miRNA in the
activation of microglia in humans (Alam and O’Neill, 2011; Rom et al., 2010).

MiR-21 is also induced by LPS in macrophages; miR-146 and miR-21 promote the
resolution of inflammation. MiR-21 inhibits PDCD4, an inhibitor of IL-10 production.
Therefore, miR-21 promotes IL-10 expression in macrophages. miR-21 also targets several
pro-apoptotic genes including FasL and PTEN which could potentially attenuate apoptosis
of LPS-treated myeloid cells (Alam and O’Neill, 2011).

Finally, we found that miR-124 decreased activation of bone-marrow derived and splenic
macrophages by downregulating MHC class 1l and CD86 and decreasing production of
TNF-a and IL-6 (Ponomarev et al., 2011a). As we mentioned, miR-124 targeted CEBPa,
results in the downregulation of PU.1 and the further downregulation of its downstream
targets such as M-CSFR, CD45, MHC class Il, CD11b, and F4/80 (Fig. 5).

MiRNA AS REGULATORS OF M1 AND M2 POLARIZATION

Initially it was assumed that miR-155 is a pro-inflammatory miRNA that contributes to
macrophage activation by targeting anti-inflammatory genes. However, more recent studies
demonstrate that miR-155 promotes skewing toward the M1 phenotype by targeting M2-
associated genes. It was demonstrated that miR-155 downregulates the 1L-13 receptor
(IL13Ral). Moreover miR-155 also targets SMAD?2 involved in signal transduction in the
TGF-p pathway, an anti-inflammatory cytokine associated with the M2 phenotype (Louafi
et al., 2010; Martinez-Nunez et al., 2011). Lastly, miR-155 inhibits CEBPB(not to be
confused with CEBPa), which was recently shown to be important for the expression of a
number of M2-asociated markers such as Arg 1, IL-10, IL13Ral and CD206 (Ruffell et al.,
2009). Thus, miR-155 clearly targets multiple genes associated with the M2 phenotype and
is induced by M1 stimuli such as IFN-y and TLR agonists (Table II).

As with miR-155, we initially assumed that miR-124 deactivated macrophages by
decreasing the expression of CD45, CD11b, F4/80, MHC class 1l and CD86. However, more
detailed gene expression profiling in miR-124 transfected macrophages revealed that
miR-124 downregulated M1-associated markers IL-6, TNFa,, iNOS (an inducible form of
NO synthetase) and upregulated expression of M2-associated markers TGF-p1, Arg 1 and
F1ZZ1 (Ponomarev et al., 2011a). Thus, miR-124 contributed to the polarization of
macrophages toward the M2 phenotype (Table II).
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Since M1 and M2 stimuli potentially upregulate multiple miRNAs, the question remains
whether miR-155 and miR-124 are primarily miRNAs related to M1/M2 polarization. The
analysis of multiple miRNAs in the mouse macrophage line RAW 264.7 shows that
treatment of these cells with LPS results in marked up regulation of miR-155 within six
hours after treatment (Garmire et al., 2010). We found that treatment of RAW 264.7 cells
with IL-4 resulted in upregulation of miR-124 as early as four hours after treatment with
IL-4 (an unpublished observation), suggesting that miR-155 and miR-124 are likely to be
miRNAs directly induced by M1 and M2 stimuli (Table I1). Further analysis should
establish the role of miR-155 and miR-124 in macrophage polarization /n vitroand in vivo
and whether other microRNAs contribute to this process.

PROSPECTS FOR USAGE OF miRNAs AS MODULATORS OF
MACROPHAGE FUNCTIONS AND IMMUNOMODULATORY THERAPEUTICS

Macrophages and monocytes play an active role in the pathogenesis of many inflammatory
diseases including rheumatoid arthritis, type | diabetes, and autoimmune colitis. Depletion
of monocytes/macrophages in the EAE completely prevents disease: which is not surprising
considering the fact that ~70% of infiltrating cells in the CNS inflammatory lesions are
macrophages (Tran et al., 1998). Activation of microglia is also a feature of many
neuroinflammatory and neurodegenerative diseases (Prinz et al., 2011). Therefore, the
application of anti-inflammatory microRNAs such as miR-124 and inhibitors for pro-
inflammatory microRNAs such as miR-155 that modulate macrophage activation could be
useful for the treatment of CNS inflammatory diseases such as MS. In the case of
Alzheimer’s disease when insufficient activation of macrophages results in increased
amyloid deposition and neurotoxicity (Frenkel et al., 2005), use of pro-inflammatory
microRNAS such as miR-155, miR-125b and miR-21 might be beneficial to promote
clearing of amyloid plaques. One of the main difficulties in using microRNAs to modulate
microglia and macrophages is the delivery of miRNA or miRNA inhibitors. To effectively
deliver 20 b.p. oligonucleotides such as microRNA, siRNA or miRNA inhibitors in the
cytoplasm of the target cells /n vitro, cationic liposomes that fuse with cell plasma
membrane are widely used (Liu et al., 1997). We found that i.v. injection of liposomes with
miRNA was effectively engulfed by macrophages in the spleen (Ponomarev et al., 2011a). It
has been demonstrated that macrophages selectively take up liposomes and other particles
primarily in the spleen, liver, lungs and the site of inflammation (Deissler et al., 2008; Liu et
al., 1997). Delivery of liposomes with miRNAs to the microglia in the CNS is especially
difficult due to the blood-brain barrier. However, several studies have suggested that
liposomes could be delivered to the sites of inflammation where the blood-brain barrier is
compromised (Cavaletti et al., 2009; Kizelsztein et al., 2009). Recently, it was demonstrated
that sSiRNA was effectively delivered to splenic macrophages using glucan particles that
were administrated orally (Aouadi et al., 2009). This would allow macrophages to take up
these particles through the mannose receptor (CD206), which is highly expressed in M2
macrophages such as microglia or CNS perivascular macrophages. Nevertheless, a problem
remains when liposomes with miRNA are degraded in lysosomal compartments of
macrophages activated towards M1. The usage of the targeted delivery to M2 macrophages
via CD206 or scavenger receptors and the stabilization of miRNAs using synthetically
modified olionucleotides that are not sensitive to lysosomal degradation could potentially
increase the efficacy of delivery of miRNA to macrophages in various organs including the
CNS.

CONCLUDING REMARKS

The immune system is a dynamic and multifunctional system that not only fights infection,
but also plays an active role in development, metabolic processes and tissue remodeling and
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repair. The heterogeneity of the adaptive branch of the immune system such as T-cells,
appears to be more dynamic and complex than we initially imagined. Macrophages appear
to be much more dynamic and “plastic” than T-cells. Monocytic cells are not as terminally
differentiated as T-cells and appear to switch between activated and deactivated states to M1
and M2 phenotypes and back, often exhibiting dually activated M1/M2 phenotype. Thus,
macrophages could dynamically adapt to the local microenvironment especially in tissues
such as the CNS, which could be critical for the regulation of the inflammatory response at
the site of inflammation. Therefore, more attention should be paid in the future to investigate
the interactions of macrophages with local stromal cells in tissues; particularly in the case of
the CNS, and in the interaction of microglia and infiltrating macrophages with astrocytes,
neurons and oligodendrocytes. In the context of interactions of resident macrophages with
stromal tissue cells, microRNAs could significantly contribute to the adaptation of
macrophages to the local environment and the regulation of inflammation in situ.
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Abbreviations

BMDMC bone marrow derived myeloid cells
CDK cyclin-dependent kinase

CEBP CCAAT/enhancer binding protein
CLP common lymphoid progenitors
C™MP common myeloid progenitors

EAE experimental autoimmune encephalitis
ESC embryonic stem cells

FADD Fas-associated death domain protein
GP granulocytic progenitors

HSC hematopoietic stem cells

LPS lipopolysaccharide

MEP megakaryocyte-erythroid progenitors
MHC major histocompatibility complex
miRNA microRNA

MP monocytic progenitors

M PP multipotent progenitors

RISC RNA-induced silencing complex
siRNA small interfering RNA

SOCS suppressors of cytokine signaling
SOD superoxide dismutase

TLR toll-like receptor

UTR untranslated terminal region
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Figure 1. Biosynthesis of microRNA

MicroRNAs are transcribed as longer precursors (pri-miRNASs or mirtrons), which then
become processed to a shorter form called pre-miRNA and then further processed to mature
miRNA. Regulation of expression of miRNA occurs at the level of transcription of pri-
miRNA or at the level of regulation of the processing of miRNA precursors into mature
miRNA. Specific enzymes Dorsha and Dicer are involved in the processing of miRNA.
Dorsha processes pri-miRNA into pre-miRNA in the nucleus and then Dicer process pre-
miRNA into miRNA/mMiRNA* duplex in the cytoplasm. In the cytoplasm, one functional
strain of miRNA/mMiRNA* duplex (mature miRNA) becomes part of RISC (RNA-induced
silencing complex), while miRNA” degrades. RISC (with integrated miRNA) binds to
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mRNA of target genes and prevents translation of these mRNAs or promote degradation of
this mRNAs resulting in decreased expression of the target gene on the protein level.
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Figure 2. Comparison of phenotype of bone marrow-derived myeloid cellsin adult and newborn

chimeras

An adult (at 8 weeks) (a) or a newborn (2-3 days old) (b) mice were irradiated and
transplanted with bone marrow from transgenic mice ubiquitously expressing GFP under an
actin promoter. After 8 weeks of reconstitution, mononuclear cells were isolated from the
CNS and CD11b*GFP~ (resident microglia) and CD11b*GFP* (bone marrow-derived
myeloid cells) were analyzed for the expression of CD45 and MHC class 11 by four color
flow cytometry. In adult chimera bone marrow derived myeloid cells exhibited activated
CD45MNMHC class 11N (a), while 60% of bone marrow derived myeloid cells in newborn
chimeras exhibit CD45'°% MHC class 11'°% phenotype similar to resident microglia (b).
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Figure 3. The proposed mechanisms of induction of miR-124 expression in microglia and

macr ophages inter acting with neuronal cells

Increased expression of miR-124 in macrophages in the CNS is influenced by many factors
of paracrine interactions between neuronal cells and microglia/macrophages: cell-cell
contacts such as CD200-CD200R or CX3CR1-CX3CL, the presence of soluble factors
secreted by neurons such as soluble form of CX3CL1 and TGF-B, and direct transfer of
miR-124 from miR-124* neuronal cells into macrophages through exosomal shuttle vesicles.
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Figure 4. Role of miRNA in development of myeloid cellsand microglia

This figure demonstrates the developmental relationship between microglia and bone-
marrow derived myeloid cells and the role of transcriptional factors CEBPa and PU. 1, the
M-CSFR pathway, miR-424, miR-155 and miR-124. Bone marrow derived myeloid cells
(BMDMC) arise from hematopoietic stem cells (HSC) and have the ability to migrate into
CNS after birth and adult life under pathological conditions. Microglia arise from the yolk
sac most likely from embryonic stem cells (EST) and migrate into the CNS before birth,
during development starting from day 8.5. CEBPa, PU. 1, M-CSFR pathway and miR-124
are critical for the development of microglia and CNS BMDMC. Both microglia and CNS
bone-marrow derived myeloid cells have similar morphology and CD45!°% MHC class 11'oW
phenotype indicating that these two subsets have overlapping properties and functions in the
CNS.
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Figure 5. Deactivation of macrophages by miR-124 via targeting CEBPa/PU.1 pathway
Macrophage growth and differentiation is driven by M-CSF that acts through M-CSFR on
macrophages and involves induction of expression of CEBPa.. CEBPa directly upregulates
PU.1, which, in turn, directly upregulates several macrophage activation markers including
M-CSFR, CD45, CD11b, F4/80 and MHC class Il. MiR-124 directly inhibits CEBPa which
results in downregulation of PU.1 and its downstream genes M-CSFR, CD45, CD11b, F4/80
and MHC class Il. Downregulation of M-CSFR also resulted in the decrease of proliferation
driven by M-CSF.
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MiRNAs That Modulate Activation of Macrophages and Microglia
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Inducers of
Group of microRNAs miRNA miRNA Targets genes Contribution to Phenotype
expression
) Decreased apoptosis, up-reugulation of IL-1,
mirass | LPSPoly e, [ FADD SOCS IR | IL-6, TNF-a, iNOS; downregulation of IL-10,
IFN-y, TNF-a CEBP“ ' ' Arg 1, iNOS, IL13R, TGF-BR pathway
B proteins
Pro-inflammatory -
miR-125 | TLR agonists IRF4 Upregulation of MHC class 11, CD40, CD80,
CD86
miR-101 | TLR agonists MAPK phosphatase-1 Upregulation of IL-1, IL-6, TNF-a
. : TLR and TNF-a Douwnregulation of IL-1, IL-6, CCL5
miR-146 | TLR agonists ' ! !
Resolution of inflammation pathways CXcL8
miR-21 TLR agonists PDCD4, FasL, PTEN Decreased apoptosis, upregulation of 1L-10
Decreased proliferation, upregulation of Arg
- 1L-4/1L-13(?) 1, FIZZ1, TGF-B1; downregulation of iNOS,
Anti-inflammatory miR-124 | 110 (9) CEBPa, CDK4/6 TNF-a, IL-6, MHC class II, CD86, CD11b,

M-CSFR
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