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Abstract

Circulating monocytes are recruited to tissues, where they differentiate to macrophages and take part in the inflammation
process or tissue remodeling. According to the traditional concept, macrophages are classified into pro-inflammatory
(M1), non-activated (MO) or anti-inflammatory (M2) subsets that play distinct roles in the initiation and resolution of
inflammation. This heterogeneity exists already at the monocyte level since monocytes can also belong to pro- or anti-
inflammatory phenotypes. Growth factors, such as granulocyte-macrophage colony-stimulating factor (GM-CSF) and
M-CSF play a principal role in their activation: GM-CSF drives the differentiation of “pro-inflammatory” monocytes to M1
macrophages, while M-CSF regulates differentiation of the “anti-inflammatory” subset of monocytes to MO macrophages
that have M2-like phenotypic and functional properties. More recent experimental findings led to a substantial update
of monocyte-macrophage nomenclature to include the nature of the polarizing signal. In response to pro-inflammatory
stimuli, monocytes can be directly polarized into 3 subsets of macrophages with the pro-inflammatory M1-like phenotype;
with macrophages induced by interferon-y having the strongest pro-inflammatory properties. When exposed to various
anti-inflammatory stimuli, monocytes can differentiate to at least 5 subsets of M2-like macrophages. Of those, a subset
generated under exposure to [L-4 (IL-13) has the most typical M2-like characteristics. Both in humans and in mice,
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monocyte-to-macrophage differentiation involves global transcriptome changes that are tightly controlled by various
transcriptional regulators and signaling mechanisms. In this review, we discuss monocyte-macrophage heterogeneity and
signaling pathways regulating the differentiation at transcription level.

Keywords: Monocyte, macrophage, differentiation, polarization, inflammatory M1 phenotype, anti-inflammatory M2 phenotype,
transcriptional regulation

INTRODUCTION

Being a key component of the innate immunity, macrophages are involved in phagocytosis and clearance
of cell debris, invading microorganisms, foreign bodies, modified or damaged cells, and other objects
and substances that do not express on their surface markers specific for normal body cells", Initially, 2
major phenotypes of macrophages have been distinguished: pro-inflammatory M1 phenotype, and anti-
inflammatory M2 phenotype. This simplified classification reflected a similar distinction between Thi
and Th2 lymphocytes. M1 macrophages release cytokines and chemokines essential for activation and
recruitment of lymphocytes to the inflamed sites. Macrophages also perform antigen-presenting function
essential for the induction of the humoral immune response””’. Alternatively-activated M2 macrophages
control and resolve inflammation through releasing anti-inflammatory cytokines. These macrophages
participate in wound healing, post-inflammatory tissue repair and remodeling[z]. While M1 activity
suppresses cell proliferation and promotes tissue damage, M2 activity induces tissue regeneration and
stimulates cells to proliferate. The differences in functional properties of the M1 and M2 macrophage subsets
are reflected by differences in arginine metabolism. M1 macrophages possess a unique capacity to generate
a “killer” molecule nitric oxide (NO) from arginine, which is widely used to damage and kill pathogens
through production of peroxynitrite. By contrast, M2 macrophages transform arginine to the “repair” amino

acid molecule ornithine, which is further involved in the synthesis of proline and polyamines".

In macrophages, polarization and phenotype switching are accompanied by global changes in cell
transcriptome and proteome that are strictly regulated by exogenous and intrinsic stimuli. Failure to control
macrophage plasticity may result in maladaptive response leading either to inflammatory diseases and tissue
damage (in a case of excessive M1-polarized response) or to tissue fibrosis and cancer (in case of extensive
M2-polarized response).

MONOCYTE HETEROGENEITY

Monocytes that give rise to the tissue macrophage population are also characterized by substantial
heterogeneity, which may underlie that of macrophages. Early studies showed the presence of two main
monocyte subsets in mice'”. Pro-inflammatory monocytes (characterized as Gr1'/LysC"*'CCR2 CX3CR1"")
can give rise to inflammatory macrophages and dendritic cells, while anti-inflammatory monocytes (Gr1/
LysClOWCCRZ’CXSCthigh) perform patrolling functions and differentiate to M2 macrophagesls]. It was
hypothesized that the occurrence of such subsets that serve as precursors of either pro-inflammatory or
anti-inflammatory macrophages can suggest for the presence of two distinct or overlapping mechanisms
in monocyte differentiation. However, this hypothesis remains to be confirmed experimentally. Recently,
LyéChigh monocytes were shown to serve as precursors of LyéClow cells in homeostatic conditions when
transplanted to the control mice being able to spontaneously differentiate to LysC*" cells both in the blood
and in bone marrow'®. In the absence of inflammation, LysC"*" monocytes migrate and accumulate in the
bone marrow where they transform to the Ly6Clow sub-population'®”. Functionally, the Ly6Chigh subset is
involved in restoration of tissue-specific resident macrophages and replenishment of Ly6Clow monocytes (in
steady-state conditions) or induction of inflammation and antigen processing (in inflammatory conditions).
Apart from patrolling, LysC"*" monocytes participate in anti-viral response thanks to their ability to
recognize viral nucleic acids due to high expression of toll-like receptor (TLR)-7"'. This subset can also be
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Figure 1. Principal transcriptional regulators of M1 and M2 activation of macrophages and mechanisms of their stimulation/inhibition.
GM-CSF: granulocyte-macrophage colony-stimulating factor; M-CSF: macrophage colony-stimulating factor; IFN-y: interferon y; LPS:
lipopolysaccharide; IL: interleukin; IC: interferon consensus; TNF-o.: tumor necrosis factor o; TGF-B: transforming growth factor §; CCL18:
chemokine CC-motif ligand 18

involved in post-inflammatory tissue repair’™. These observations suggest that the plasticity of monocytes
may precede the plasticity of macrophages.

The transcription factor NR4A1 (also known as the nerve growth factor IB) is essential for the commitment
of Ly6C"" monocytes'. Deficiency of this factor reduces the cell count of the LysC*" cells in the bone
marrow, but does not affect their numbers in the blood and spleen*"". These observations suggest for the
possibility of LysC™ cells to develop from myeloid precursors in the bone marrow or define the LysC"
subset as terminally differentiated population of tissue macrophages. The latter notion is supported by the
observation that LysC"" cells have a significantly (10 to 20-fold) longer half-life than LysC"*" cells'.

In humans, the population of monocytes is also heterogeneous'”’. The majority of human monocytes (85%-
90%) is represented by so called “classical” monocytes that express CD14 but do not express CD16 (i.e.,
have CD14"¥'CD16 or CD14'CD16’ phenotype). The remaining population (10%-15%) is divided to two
monocyte subsets: “the intermediate subset” that highly expresses CD14 and has CD16 expression at low
levels (CD14™'CD16" or CD14'CD16") and “non-classical monocytes” that have high CD16 expression and
a relatively low expression of CD14 (CD14*"CD16 or CD14'CD16™)"""". Classical monocytes are involved
in the phagocytosis and inflammation. The “intermediate” subset also participates in the inflammatory
responses while non-classical monocytes mainly perform the patrol function and contribute to the antiviral

[14]
responses

THE ROLE OF GM-CSF AND M-CSF IN MACROPHAGE DIFFERENTIATION

[15]

M-CSF and GM-CSF are the primary cytokines that stimulate macrophage differentiation [Figure 1]
Macrophages induced by both factors have distinct properties and functions: cells induced by GM-CSF
participate in antigen presentation and produce inflammatory factors IL-12, IL-23 and tumor necrosis factor
(TNF)-a, while M-CSF-induced cells are more involved in scavenging and phagocytosis and release anti-



Page 4 of 20 Orekhov et al. Vessel Plus 2019;3:10 | http://dx.doi.org/10.20517/2574-1209.2019.04

inflammatory cytokine IL-10". It can be postulated that GM-CSF-induced macrophages belong to M1, and
M-CSF-induced - to M2-like phenotype[”].

Moreover, M-CSF can also drive differentiation of monocytes to naive Mo (M2-like) macrophages that can
be subsequently polarized to pro- or anti-inflammatory phenotypes by the different activating stimuli™.
Therefore, M1 macrophages can be induced directly by GM-SCF or by stimulation of Mo cells with
inflammatory factors. Human-specific pro-inflammatory M4 macrophages can be induced by chemokine
C-X-C motif ligand 4 (CXCL4) and are phenotypically distinct from M1 and M2 macrophages due to
the weak phagocytic capacity, increased resistance to foam cell formation, down-regulated expression of
hemoglol[)in ]scavenger receptor CD163, and elevated expression of matrix metalloproteinases (MMP)-7 and
MMP-12"*.

Exposure of Mo to Th2 cytokines IL-4/IL-13 leads to the formation of classical alternatively activated
M2a macrophages. Immune complexes, lipopolysaccharide (LPS) and IL-1B induce Mo polarization to
M2b phenotype, while anti-inflammatory agents such as IL-10, transforming growth factor B (TGF-p) or
glucocorticoid hormones promote the conversion of Mo macrophages to Mz2c"*"!, Furthermore, murine M1
macrophages exhibit IL-4 receptor-independent phenotypic switch to vascular endothelial growth factor-
and IL-10-producing M2d macrophages in the presence of adenosine”. In summary, macrophages are fully
differentiated cells that, however, show significant phenotypic plasticity in response to dynamically changing
tissue environment"™”.,

Functional and phenotypic plasticity of macrophages is essential for successful healing of tissue injury
and elimination of infection. In the inflamed site, M1 macrophages are involved in fighting and killing
pathogens/cancer cells and further removal of dead cells and cell debris. M1 macrophages strongly
contribute to the recruitment of monocytes and lymphocytes to the site of injury. When the injured site is
cleared, M1 macrophages do not disappear but undergo a phenotypic switch to M2 macrophages in response
to anti-inflammatory signals that are responsible for resolving inflammation and inducing tissue repair and
remodeling in a pathogen-free microenvironment"*, M1-M2 switching also helps to avoid excessive influx of
pro-inflammatory immune cells to the inflamed site'*”

UPDATES TO MACROPHAGE CLASSIFICATION

In the recent years, macrophage classification was updated to reflect the complexity of the identified
macrophages subtypes. The proposed nomenclature takes into account the activation signal) that drive
monocytes differentiation”. According to this classification, macrophages with best pronounced features of
M1 phenotype are induced by interferon (IFN)-y both in mice and humans. Noteworthy, human and murine
IFN-y-induced macrophage transcriptomes differ by the activation of suppressor of cytokine signaling
cytokines (SOCS) in mouse cells that inhibit their polarization to the anti-inflammatory M2-like phenotype.
In humans, IFN-regulatory factor (IRF)-5 is a major regulator in the inflammatory polarization to the
M(IFN-y) subset.

The exposure of naive (M0) macrophages to LPS or a combination of LPS and IFN-y results in the formation
of the M2-like macrophage phenotypes that seem to be less pro-inflammatory than the macrophage
subset generated under influence of IFN-y alone. In the presence of LPS+IFN-y or LPS alone, phenotypic
polarization of macrophages is mediated by STAT1%”. In addition, in both murine LPS+IFN-y- or LPS-
induced macrophages, SOCS1 and NF-«B inhibitor { (NDKBIZ) are involved in polarization of murine
monocytes to these macrophage sub-populations””. NDKBIZ is induced by LPS and serves as a conductor
of the pro-inflammatory effect of LPS by the interaction with other NF-B proteins via C-terminal ankyrin-
repeat domains™”. In humans, STAT-1, IRF-1, and IRF-5 drive the polarization towards the LPS+IFN-y-
induced phenotype, while IRF-5 alone is primarily involved in the transcriptional control of polarization to
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macrophages induced by Lps™.

According to the modern nomenclature, at least five M2-like macrophage subsets can be distinguished.
Three of those induced by IL-4 (IL-13), immune complexes or IL-10 [termed M(IL4), M(Ic), and M(IL-10)
respectively] exhibit the most anti-inflammatory properties and correspond roughly to M2a, M2b, and M2c
subsets of the old classification. In mice, IL-4-acivated macrophages are characterized by high expression of
STAT-6, but also express STAT-1, SOCS2, and IRF-4, while M(IL-10) macrophages produce STAT-3, SOCS3,
nuclear factor, interleukin 3-regulated (NFIL3), and strawberry notch homolog 2 (Drosophila) (SBNO2)
transcription factors. While SOCs are needed to block the pro-inflammatory activation of macrophages,
both NFIL3 and SBNO2 contribute to the downstream anti-inflammatory effects of IL-10"".

In humans, IL-4-activated macrophages produce IRF-4, SOCS1, and GATA3 essential for the establishment
of the IL-4-dependent anti-inflammatory transcriptional program. In humans, M(IL10) cells highly produce
SOCS3 while TGF-B and glucocorticoids-induced macrophages (roughly corresponding to M2c phenotype)
express SMAD2, DNA-binding protein inhibitor ID3, and regulator of G-protein signaling 1 transcriptional
regulators. These proteins are required for the activation of the multistep TGF-B-specific transcription
program. Glucocorticoid-dependent stimulation of the surface expression of the TGF-B receptor II is
necessary for TGF-B-mediated signaling™"’. Glucocorticoid hormones are also involved in the induction of
TGEF-B receptor II in human M(GC) macrophages. By contrast, expression of this receptor is absent in IL-4-

induced human macrophages[“].

IRF/ISTAT SIGNALING

The IRF/STAT-regulated pathways are key mediators of M1/M2 macrophage activation. In response to Thi
cytokines and inflammatory stimuli, stimulation of STAT-1/STAT-2 and IRF-5 primes differentiation to M1
cells, while STAT-3/STAT-6 and IRF-3/IRF-4 critically contribute to the formation of the M2 phenotype.

Role of IRF/STAT signaling in M1 differentiation

Generally, GM-CSF drives the commitment of the myeloid cell lineage to the bone marrow but also supports
monocyte transformation to M1 macrophages. The GM-CSF receptor exists as heterodimer consisted of
a- and B-subunits, which can form a homohexamer as a functional ternary complex[32]. Activation of the
GM-CSF receptor leads to Janus kinase 2 (Jak2)-mediated stimulation of STAT-5 and Erk/Akt-dependent
pathway, and nuclear translocation of transcription factors IRF5 and NF -«B™.

In monocytes, stimulation with GM-CSF upregulates the antigen-presenting function, phagocytosis, anti-
microbial activity, and production of pro-inflammatory cytokines (IL-1B, IL-6, IL-8, TNF-o) and growth
factors (M-CSF, GM-CSEF). A global transcriptome analysis of GM-CSF-induced macrophages revealed up-
regulation of 340 genes responsible mainly for antigen presentation, lipid metabolism, and innate immune
signaling including macrophage-specific surface markers/receptors such as CD14, CD163, C5R1, CSF3R,
GDF15, and FeyR1A™".

STAT-1 and STAT-2

IFN-y binding to its receptor leads to the recruitment of Jak1/2 and formation of the functionally active
STAT-1 dimer™”, which then binds to the interferon-y activated sequence (GAS) in the promoter of its target
genes, such as IL-12 and inducible NO-synthase (iNOS) and stimulates their expression”*. LPS binding to
TLR4 induces the subsequent activation of NF-«xB, which drives transcription of a whole set of inflammatory
genes[”]. LPS also stimulates production of Type 1 IFN, which through autocrine binding to its receptor
IFNAR leads to the Jak1/Tyk2-mediated activation of STAT-1 and STAT-2"", Activated STAT-1 and STAT-
2 form, in turn, a complex with IRF-9. The assembly of STAT-1/2 and IRF-9 results in the induction of
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the IFN-stimulated gene factor 3 complex to drive transcription of target genes from the regulatory IFN-

stimulated response elements'™”

Experiments involving genetic deletion/inactivation of STAT-1 showed great significance of this
transcriptional activator for induction of M1-mediated pro-inflammatory responses. STAT-1-deficient mice
had limited capacity to remove pathogens and decreased resistance against Listeria monocytogenes, an
infectious bacterium. In macrophages lacking STAT-1, Type I IFN- and IFN-y-dependent responses were
greatly reduced and impaired resulting in the loss of IFN-B production, Type I IFN-dependent signaling and
generation of M1 phenotype'*’. STAT-2-deficient mice exhibited defects in antiviral immune response due to
the absence of Type I IFN autocrine/paracrine signaling'*"’.

However, the role of STAT-2 in IFN-y signaling is probably dispensable since could be partially compensated
by STAT-1 that is able to form transcriptionally active homodimers and drive expression of IFN-y target
genes including IRF-1 and major histocompatibility complex (MHC) class I'"". In STAT2-deficient mice,
IFN-q is able to induce MHC class IT expression due to the dysfunctionality of the inhibitory feedback loop
in response to Type I IFN. This feedback mechanism is mediated by SOCS1, which prevents Jaki-dependent
phosphorylation of STAT-21*"!

Role of IRF signaling in M1 differentiation

IRF family contains 9 members that perform different signaling functions. Several of them, IRF-1 to IRF-
5 and IRF-8 play key roles in macrophage polarization. Pro-inflammatory macrophage polarization largely
depends on IRF-5, which can play a decisive role in choosing the pro- or anti-inflammatory polarization
pathways[“]. The expression of IRF-5 is stimulated by GM-CSF and can be induced by the activation of
TLR and other pattern-recognizing receptors during infection™". Activation of the nucleotide-binding
oligomerization domain-containing protein 2 receptor leads to the IRF-5 up-regulation due to receptor-
interacting serine-threonine kinase 2 (RIPK2)-mediated phosphorylation[45]. IRF-5 transcriptional activity
can be[a}so stimulated by inhibitor of NF-kB kinase subunit 3 (IKK-p)"**" and TANK-binding kinase 1
(TBK1)™.

IRF-1 is another IRF involved in pro-inflammatory polarization of macrophages. Its expression is low in
resting macrophages and can be up-regulated by IFN-y upon M1 polarization[47]. The activation of IRF-1
is promoted by casein kinase 11" and inhibited by IkB kinase-¢ NF-«B". The effects of IRF-1 include up-
regulation of pro-inflammatory genes, which can be mediated by cooperation with NF-xB and ¢-Jun, known
as “enhansosome” formation NF-kB™". In murine macrophages, IRF-1 and IRF-2 were shown to regulate
LPS-induced expression of TLRs"". At the same time, IRF-1 and IRF-2 can transcriptionally repress the
expression of anti-inflammatory (M2) genes, as was shown for IL-4",

IRF-8 is characterized by a weak interaction with chromatin in macrophage nucleus, which can, however, be
strengthened following interaction with PU.1, IRF-1 or IRF-2, which reduces its mobility[ss]. Such interaction
can occur as a result of LPS stimulation, and results in up-regulation of a number of target genes[“]
Among the pro-inflammatory genes induced by IRF-8 are IL-12p40, IL-12p35, IFN-B, and iNOS, that are
characteristic for the M1 macrophage phenotype"””. The enhancement of IRF-s function as transcription
activator can occur via its ubiquitinilation in an E3 ubiquitin ligase tripartite-motif 21 (TRIM21)-dependent

manner'™. By contrast, sumoylation of IRF-8 increases its activity as transcription repressor[sﬂ

IRF-2 recognizes the same regulatory elements in the promoters of target genes as IRF-1 and can act as
its competitive inhibitor™. At the same time, IRF-2 can play a role of activator for IRFs, leading to the
induction of neurofibromin 1 (NF1) transcription”". Like IRF-8, IRF-2 is regulated by sumoylation, which
enhances its transcriptional suppressor function™’. The role of IRF-2 in macrophage polarization is not



Orekhov et al. Vessel Plus 2019;3:10 | http://dx.doi.org/10.20517/2574-1209.2019.04 Page 7 of 20

straightforward, since it regulates the LPS-induced expression of pro-inflammatory cytokines differently,
stimulating the production of IFN-y, IL-1, IL-6, and IL-12, but suppressing that of TNF-o*”. Experiments
on knock-out mice suggested that IRF-2 can play a role in macrophage survival and inhibition of apoptosis,
regulating the expression of caspase—l[“]. Moreover, IRF-2 was shown to be important for the immune
response to bacterial infection'®”’. The overexpression of IRF-2 had a protective effect in a liver ischemia-
reperfusion injury model via suppression of inflammation and hepatic damage mediated by IRF-1""""
Taken together, these observations suggest that the role of IRF-2 in macrophage activation can be context-

dependent, promoting inflammation during infection, while dampening inflammation in sterile conditions.

Role of IRF/STAT signaling in M2 differentiation

Polarization of anti-inflammatory M2 macrophages is mediated by STAT-3 and STAT-6 signaling in
response to IL-4 and IL-13 with the involvement of IRF-3 and IRF-4. In monocytes, IRF-3 prevents the
pro-inflammatory polarization to M1 macrophages while IRF-4 promotes the anti-inflammatory M2a
phenotype. During M2 polarization, IRF-4 strongly cooperates with the epigenetic regulator histone
demethylase Jumonji D3 (JMJD3), which activates the expression by demethylating repressive histone H3
lysine 27 H3K27 trimethylation (H3K27me3) epigenetic marks in the promoters of many immune-related
genes[“]. JMJD3 can activate TGF-B signaling through the SMAD3 pathwaylss] and induce M2 polarization
through STAT-6 signaling[“].

STAT-6

STAT-6 is involved in IL-4-induced expression of JMJD3 by binding to consensus sites of the Jmjd3
promoter **. Up-regulated expression of JMJD3 reduces demethylation and trimethylation of H3K27 and
stimulates the expression of specific M2 marker genes. STATs is important for transcriptional regulation of
IL-4/1L-13-induced M2 activation. The receptors of both cytokines share the common a-chain (IL4Ro) that
mediates signal transduction®”. Interaction of either IL-4 or IL-13 with the ligand-binding receptor subunit
results in Jak1/Jak3- or Jak1/Tyk2-mediated activation of STAT-6 respectively. Phosphorylated STAT-6 forms
a transcriptionally active dimer, which in cooperation with IRF-4 conducts transcription of target genes[ﬁs]

Like most other STATs, STAT-6 binds to IFN-y-activated sites, which represent a palindromic sequence
TTCNNNGAA separated by a 3-bp spacer. STAT-6 binds with a greater affinity to the sites with 4-bp spacers
like TTCNNNNGAA"”. In murine macrophages, STAT-6 mediates the transcription of M2-specific marker
genes such as Fizz1 (resistin-like-o; Retnla), mannose receptor 1 (CD206), Ym1 (chitinase 3-like 3; Chisl3),
and arginase-1 and contributes to IL-4-dependent down-regulation of anti-inflammatory genes[m]. STAT-6-
deficient mice lack IL-4-dependent Th2 responses, M2 polarization, and increased IFN-y-STAT-1 signaling
that suggests a key role of this immunoregulator in providing IL-4-dependent stimuli and commitment of
the M2 phenotype[”].

STAT-3

STAT-3 mediates the effects of anti-inflammatory cytokine IL-10 on gene transcription[”]. In macrophages,
IL-10 binding to the receptor stimulates STAT-3 recruitment via phosphorylation by Jaki. Up-regulation
of STAT-3 is followed by down-regulation of pro-inflammatory cytokines including IL-1, IL-12, TNF-q,
and IFN-y through IL-10-dependent signaling indicating the role of STAT-3 in M1-M2 switch. Deficiency
of STAT-3 in mice is characterized by impaired antimicrobial immune responses and increased release
of pro-inflammatory cytokines and IL-10 in response to stimulation by Lps"”! suggesting an important
role of STAT-3 in IL-10-mediated inhibition of inflammation. However, STAT-3 can provide either
anti-inflammatory or pro-inflammatory responses in a signal-dependent manner. In severe combined
immunodeficient mice, IL-10 produced by transplanted regulatory T cells induces STAT-3-mediated M2
polarization in macrophages, while activation with IL-6 and IFN-j is pro—inﬂammatory[m

STAT-3 is negatively regulated by SOCS3, which can be induced by pro-inflammatory mediators in order
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to prevent M2 differentiation. SOCS3 can induce STAT-3 degradation through ubiquitination-dependent
mechanisms or inhibit Jak-dependent activation of STAT-3"", STAT-3 and p3s mitogen-activated protein
kinases (MAPK) participate in the reciprocal control of macrophage response to activation with LPS. This
includes control of SOCS3 expression and p38 MAPK-dependent stimulation of protein kinases MK2 and MK3,
which mediate up-regulation of pro-inflammatory NF-kB or anti-inflammatory IRF-3 in response to LPS"™.
The crosstalk between STAT-3 and p38 MAPK is important for initiation of the pro-inflammatory macrophage
response and regulation of the inflammation resolution, which is largely mediated by IL-10 and STAT-3.

Role of IRFs in M2 differentiation

It was suggested that IRF-3 may play an important role mediating M2 differentiation of macrophages.
Dephosphorylated IRF-3 maintains self-inhibitory conformation and is inactive””, TBK1 and/or IKK-¢
phosphorylate IRF-3 lead to conformational changes, which abolish self-inhibitory structure and allow
binding of coactivators CBP/p300 followed by nuclear translocation and activation of the factor”®, IKK-
B-dependent phosphorylation of IRF-3 abrogates its transcriptional activity and stimulates further
polyubiquitination and degradation mediated by E3 ubiquitin ligase cullin or RBCK1"7". M1 macrophages
induced by GM-CSF are characterized by inactive IRF-3 and up-regulated MyDsg8and active NF-xB and
AP-1 transcription factors"™. By contrast, macrophages stimulated by M-CSF are characterized by active
TLR-induced IRF-3 and decreased NF-kB activity'®’”. These observations were confirmed in the glial
cells, which can be regarded as resident macrophages, where IRF-3 suppressed pro-inflammatory genes IL-
1, IL-6, IL-8, TNF-¢ and CXCL1 and activated anti-inflammatory genes, such as IL-1 receptor agonist, IL-
10 and IFN—B[“]. In summary, IRF-3 mediates M-CSF-dependent polarization of alternatively-activated
macrophages. At the same time, it can also promote the expression of a number of pro-inflammatory genes,
such as IFN-B and chemokine ccLs™.

Together with IRF-8, IRF-4 belongs to ‘hematopoietic’ transcription factors'™. The activation of IRF-4 leads
to homodimerization and assembling with Pu.1, a Ets transcription factor, which can also bind IRF-8""*.

Complexes of IRF-4 and IRF-8 with Pu.1 can cooperate to enhance the expression of target genes[ss]

The prominent role of IRF-4 in the alternative polarization of macrophages has been demonstrated”.
M2-specific macrophage genes are controlled by epigenetic regulation, and JMJD3 is able to remove the
methylation marks and induce their expression'®”. In macrophages, IL-4 activates both JMJD3 and IRF4",
which can, in their turn, activate each other. As a result of this activation, a set of M2-specific genes is up-
regulated, including arginase 1, Fizzl, Ym1, and mannose receptor (MR). Moreover, IRF-4 induces the
expression of IL-4 and IL-10 cytokines™. In accordance with these data, IRF-4-deficient mice are susceptible
to LPS-induced sepsis and have increased expression of IL-6 and TNF-q. in response to TLR ligands[sg]. IRF-
4 also prevents M1 polarization of macrophages by competing with IRF-5 for interaction with MyD88, a

potent activator of pro-inflammatory factors NF «B™.

Role of NF-kB and AP-1 in M1 differentiation

NF-«kB and AP-1 are two key transcription factors that drive expression of a bulk of inflammatory genes in
macrophages.

NF«B

NF-kB activates transcription of various inflammatory genes. In the absence of inflammatory stimuli,
NF-«B forms inactive complex with IkB. Upon inflammatory activation with LPS and other ligands, IkB
phosphorylation induces its dissociation and NF-«B transition to the nucleus™. On the cell surface, LPS
binding protein (LBP) serves for LPS capture and delivery to the pattern recognition receptor CD1a"".
CD14-LPS complex then binds to TLR-4 assembled with lymphocyte antigen 96 (also known as MD2) and
activates TLR-4-dependent intracellular signaling, which is mediated by MyDs8s or in Mydss-independent

(TRIF-dependent) manner.

MyDss-dependent mechanism activates the expression of pro-inflammatory cytokines, while TRIF-
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dependent pathway controls induction of Type I IFNs and IFN-responsive genes. IxB kinase (IKK) mediates
inhibitory IkB phosphorylation and depression of NF-kB"”. LPS also induces the expression of IL-1f and
TNF-a that support and propagate NF-xB signaling in an autocrine manner””. LPS activates various
MAPKs that induce AP-1. The catalytic subunit of NF-kB RelA (p65) controls MAPK-independent IKKe-
mediated activation of AP-1 through phosphorylation of c-Jun and subsequent removal of the nuclear
receptor corepressor (NCoR) from the target promoters”*. NF-kB facilitates AP-1-mediated transcription
thereby promoting the integration of NF-xB and AP-1-dependent expression of pro-inflammatory genes
including iNOS, CCL2, CCL5, and Cox-2™"

The homodimerization of NF-kB1 (p50) and NF-xB2 (p52) leads to generation of transcriptional repressors,
since both molecules lack the transcription activation domain presented in the other members of the NF-
kB family: RelA, RelB, and c-Rel®. The inhibitory subunit p50 binds to the promoters of NF-kB-inducible
inflammatory genes and blocks their transcription. Macrophages lacking p50 develop enhanced M1-
polarized response to stimulation with LPS"***. In macrophages, p50 deficiency is associated with altered
recruitment of RNA polymerase II to M2-specific promoters such as CCL17 and arginase-1 whereas
transcriptional activation of M1-specific promoters including iNOS, IFN-B, and TNF-q, is up—regulated[gs].
Regulation of NF-«B family transcriptional activity plays a central role in M1-M2 switching and macrophage
polarization towards either anti-inflammatory or pro-inflammatory phenotype.

AP-1

AP-1 recruitment is mediated by the Jnk-dependent mechanism in response to inflammatory stimuli. The
spectrum of AP-1 transcription targets overlaps substantially with that of NEF-xB™
of heterodimeric or homodimeric basic leucine zipper (bZIP) transcription factors composed of proteins
that belong to the c-Fos, c-Jun, ATF, and JDP families that recognize DNA sequence ATGAGTCAT"™. Of
possible heterodimeric AP-1 variants, c-Fos/c-Jun heterodimers have the highest affinity for AP-1 binding
sites””. Jnk-dependent phosphorylation of c-Jun subunit induces formation of the transcriptionally active

c-Jun/c-Fos heterodimer"”

. AP-1 comprises a group

In macrophages, TLR-4 stimulation with LPS induces TNF-o production, which provides a positive feedback
for maintaining transcriptional activity of AP-1 through binding to the receptor TNFR1 and activation of
JNK™. In M1 polarized macrophages, AP-1 and NF-xB share many signaling networks and transcription
targets that can suggest a concomitant stimulation and cooperative activity of both factors™™. Since both
AP-1 and NF-kB can be activated LPS, the regulatory regions of many LPS-inducible genes such as CXCL2,
CXCL9, CXCL10, CCL4, and iNOS contain coupled AP-1/xB binding elements.

LPS can also induce the removal of transcription repressor complexes from mixed AP-1/«B sites to initiate
transcription. In resting macrophages, the activity of promoters of a variety of inflammatory genes is blocked
by repressor complexes. For example, NCoR associates with silencing mediator of retinoic or thyroid hormone
receptors (SMRT; also known as NcoR2) to form a corepressor complex, which binds either to ¢-Jun or p50 and
inhibits transcription from AP-1/«xB sites™. LPS-dependent stimulation leads to the recruitment of pe5 that
mediates activation of IKK-¢ followed by inhibitory phosphorylation of NcoR and derepression of adjacent AP-1/
«B sites”™. LPS can also induce the removal of corepressor complexes through ubiquitylation/proteosomal-
dependent degradation[m’m]. TLR2, which binds various lipid- and carbohydrate-containing microbial products
and induces AP-1 and NF-«B activation, stimulates Ca”’/calmodulin-dependent protein kinase IT (CaMKII)-
dependent phosphorylation of the TBLR1 component of NCoR complexes which leads to the dissociation of the
NcoR/NcoR2 corepressor complex'*!. Therefore, regulation of the NcoR/NcoR2 checkpoint plays a central role
in TLR-2 and TLR-4-induced activation of expression of pro-inflammatory genes.

HYPOXIA-INDUCIBLE FACTORS
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Bacterial invasion commonly leads to oxygen deprivation and induction of hypoxic conditions in the local
environment. Pro-inflammatory macrophages are resistant to oxygen tissue deficits in part due to the
metabolic preference to use glycolysis, which does not require aerobic conditions™". It appears that hypoxia

and hypoxia-inducible factors (HIF) trigger inflammatory/anti-inflammatory activation of macrophages[ms]

Th1 cytokines induce the activity of HIF-1a isoform during M1 macrophage activation whereas Th2
cytokines stimulate HIF-20, up-regulation during M2 formation"*. NF-«B is involved in the induction of
HIF-1a, which in turn stimulates the expression of iNOS. Even in normoxic conditions, HIF-1a, continues
to induce NO production in macrophages along with other molecules, including TNF-q, antimicrobial
peptides, and endoproteases such as granzyme B, indicating that hypoxia is not mandatory for HIF-1a up-
regulation[m]. In mice, HIF-1a deficiency is associated with weakened antimicrobial responses in myeloid

immune cells that cannot prevent systemic expansion of bacterial infection"””

In contrast to HIF-10, HIF-2a controls the expression of arginase-1, which restricts the NO production in
macrophages by limiting the substrate availability[m]. With regard to tryptophan metabolism, which is a
hallmark of either M1 or M2 macrophage phenotypes, HIF-2a antagonizes HIF-2a by inducing arginase-1-
dependent production of ornithine, urea, and polyamines, resulting in a M2-specific metabolic signature.

HIF-10. controls the glycolytic capacity in myeloid cells, and its deficiency leads to depletion of the cellular
ATP pool. Indeed, HIF-1a deficient macrophages exhibit decreased cell motility, phagocytic capacity,
aggregation, and bacterial killing due to serious metabolic impairments[wg]. Therefore, HIF-1a. is essential
for survival and efficient function of macrophages in the inflammatory microenvironment. Myeloid-specific
deletion of HIF-20. does not seem to affect the intracellular ATP levels suggesting for a dispensable role of
this factor in the metabolic control. Tumor-associated macrophages have elevated expression of HIF-2a, which
supports their migration (through induction of M-CSFR and CXCL4), expression of anti-inflammatory

. . . . [110]
cytokines such as IL-10, and increased invasiveness

STEROID HORMONE RECEPTORS

Glucocorticoid hormones are important regulators of gene expression associated with binding of activated
steroid hormone receptors (SHRs; also known as glucocorticoid receptors) to hormone response elements
(HRE¢) in the target promoters. SHRs are homodimeric nuclear receptors produced in the adrenal glands
in response to stress signals such as infection, injury or starvation""". In normal non-stressful conditions,
circadian rhythms regulate SHR production for supporting systemic homeostasis'"”". Exposure to
glucocorticoids can induce the M2c phenotype characterized by high expression of arginase-1 (in mice),
mannose receptor (in humans), IL-10, pattern-recognition receptor pentraxin-3, Mer receptor kinase
(MerTK) essential for efferocytosis. M2c cells, which possess anti-inflammatory and immunoregulatory
properties, are involved in the inflammation resolution, regulatory T cells induction, phagocytosis of
apoptotic cells, and wound healingh”’m].

Human macrophages activated with glucocorticoids release anti-inflammatory cytokines IL-4, IL-10 while
having a decreased production of pro-inflammatory cytokines. The expression of a scavenger receptor
CD163, which binds hemoglobin-haptoglobin complexes, is up-regulated in such cells. In glucocorticoid-
treated macrophages, expression of IL-1RII, a decoy receptor for IL-1, is also up-regulated. Activity of AP1
and NF-B is reduced thereby leading to suppression of expression of pro-inflammatory genes''”. Like M1
macrophages, these macrophages maintain high mobility and are able to migrate quickly into inflamed
tissue where they may implicate their unique anti-inflammatory and scavenging properties to inhibit

. . . . . . 6
inflammation, remove died cells, and induce tissue repair*®.

Anti-inflammatory properties of SHRs affect a variety of inflammatory signaling mechanisms. SHRs inhibit
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TLR-4/TLR-9-dependent NF-«B activation by binding to p65 that in turn prevents the formation of a
transcriptionally active complex NF-xB/ IRF3"”
of the positive transcription elongation factor b, which also interrupts fast induction of NF-xB-dependent

. The association of SHR with pe5 disrupts the recruitment

transcription[m]. Transrepressor activity of SHRs is applicable to the negative regulation of AP-1. SHR
binding to c-Fos abolishes the formation of an active AP-1 complex'"”’

SHR interacts with steroid receptor coactivator-2 (SRC-2, also known as a nuclear receptor coactivator
2, NCoA2). NCoA2 possesses intrinsic histone acetylase activity, which makes downstream DNA more
accessible to transcription””. NCoA2/SHR complex can also act as a transcription repressor. For example,
recruitment of this complex to HRE sites of NF-kB-inducible genes blocks their transcription*". However,
systemic challenge with LPS can depress some NF-«B target genes in mouse NcoA2-deficient macrophages
and induce LPS-dependent inflammatory responses’ . Together, these observations suggest for potent anti-
inflammatory effects of glucocorticoids and SHRs and their marked role in the anti-inflammatory activation
of macrophages.

PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS (PPARS)

The family of peroxisome proliferator-activated receptors (PPARs) comprises a broadly expressed group
of nuclear factors. PPAR-y is preferentially expressed in the adipose tissue, adrenal gland, and spleen. In
macrophages, PPAR-y acts as a key anti-inflammatory factor, which blocks activation of major effector
contributors to M1 polarization such as NF-kB, AP-1, and STAT"*". Transcriptional suppression mediated by
PPAR-y is based on stabilization of transcription corepressor complexes at the promoters of the inflammatory
genes. PPAR-y sumoylation targets this factor to NCoR and histone deacetylase-3 (HDAC3)-containing
corepressor complexes. This protects the corepressor complex from the ubiquitylation/19S proteasome-
dependent degradation and stabilizes repression of inflammatory genes "’ It was demonstrated that PPAR-
y-dependent stabilization of the inhibitory complex at the NF-xB-inducible promoters in apoptotic cells

facilitates their further clearance by macrophages during the inflammation resolution'*”

Basal expression of PPAR-y is observed in non-activated macrophages, but it could be significantly up-
regulated in response to Th2 cytokines IL-4 and IL-13, indicating for a role of PPAR-y as M2 polarization
factor*”). IL-4-induced STAT-6 assembles with PPAR-y that in turn results in enhanced transcription of fatty
acid binding protein 4 (FABP4) and other PPAR-y target genes[m]. Inflammatory cytokines inhibit PPAR-y-
dependent gene transcription by functional inactivation of this factor, while PPARy remains associated with
the DNA though unable to initiate gene expression'””

The activity and expression of PPAR-y is regulated metabolically. PPAR-y induces the expression of a set of
genes involved in fatty acid catabolism and oxidation, a major metabolic energy source in M2 macrophages.
Free fatty acids are well known as PPAR-y agonists. Indeed, PPAR-y-mediated up-regulation of FABP4,
a fatty acid carrier, increases influx of endogenous fatty acids to macrophages and further stimulates
PPAR-y activity. In IL-4 stimulated macrophages, FABP4 inhibition leads to the down-regulation of PPAR-y
activity and suppresses formation of foam cells in hyperlipidemic conditions"**. Deficiency of PPAR-y in
macrophages prevents generation of the M2 phenotype, as was shown in PPAR-y-deficient mice, which were
prone to obesity and glucose resistance when fed a fat-rich diet"'. Since macrophages play a prominent role
in lipid transport and metabolism, PPAR-y-mediated alternative activation of macrophages plays a protective
role against obesity-induced adipose inflammation and impaired glucose metabolism in the skeletal
muscle™* ", Synthetic PPAR-y agonists showed their efficiency in the treatment of metabolic diseases such
as diabetes, atherosclerosis, and obesity, where inflammatory activation of macrophages leads to detrimental
chronic tissue inflammation****"

PPAR-§, another member of the PPAR family of transcriptional regulators, cooperates with PPAR-y in
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the induction of macrophage differentiation towards M2"**. PPAR-§ activity is induced and mediated by
the IL-4/STAT-6 axis . PPAR-5 agonists promote the development of the anti-inflammatory IL-4-like
morphological phenotype in macrophages. Activation of PPAR-§ induces the repression of multiple NFic-B
and STAT-1-dependent inflammatory genes along with down-regulation of immunosuppressive molecules
such as IDO, programmed cell death ligand, and inhibitory Fcy receptor IIB thereby suggesting that PPAR-
8-primed macrophages possess anti-inflammatory, but not immunoregulatory (i.e., immunosuppressive)
properties[m]. Unlike PPAR-y, activated PPAR-§ is unable to induce classical M2 macrophages from
monocytes“”] indicating a major involvement of PPAR-y. The role of PPAR-§ is rather more important in the
metabolic control. Accordingly, PPAR-§ deficiency was associated with obesity, insulin resistance, and fatty

. . [134]
liver disease

KRUPPEL-LIKE FACTORS

Krippel-like factors (KLFs) belong to the family of zinc-finger DNA-binding proteins that have three
characteristic zinc fingers on the C-terminus. Among multiple KLF members, KLF2, KLF4, and KLFe6 are
involved in the transcriptional control of monocyte/macrophage activities"'”. IL-4-induced STAT-6 and
KLF-4 suppress M1 polarization through inhibition of NF-«xB and KLF-4-dependent induction of MCP-1-
induced protein, which in turn stimulates CCAAT/enhancer-binding protein-f and PPAR-y to promote M2
polarization[m’m]. KLF2/4-induced impairment of NF-xB function involves alteration of the recruitment of
the NF-kB coactivator complex p300/CBP-associated factor (PCAF)/p300 to the target promoter'*". KLF2/4-
deficient macrophages are especially prone to M1 polarization upon LPS challenge followed by increased
antimicrobial activity. Targeted KLF2 deletion in murine myeloid cells is associated with greater sensitivity
of mice to LPS-induced sepsis, acute inflammatory responses, and increased pathogen clearance in an
experimental peritonitis model"""!. Low density lipoprotein-receptor (Ldlr)-deficient mice with specific
myeloid deletion of KLF2 showed advanced atherosclerosis indicating the atheroprotective role of KLF2 in
myeloid cells, which suppresses inflammatory polarization of macrophages in atherosclerotic lesions'"*”
However, KLF4 deficiency in mammary tumor cells led to diminished tumor growth and expansion due
to impaired pro-metastatic function of myeloid-derived suppressor cells suggesting a role of KLF4 in

. [143]
tumorogenesw .

Although both KLF2 and KLF4 have synergistic effects in dampening pro-inflammatory activity in
macrophages, the outcomes of their activity on the differentiation towards M2 are different. KLF4-deficient
macrophages exhibited altered expression of M2-specific markers in response to IL-4/IL-13 while KLF2-
deficient macrophages did not"™***". Thus, KLF4 is primarily involved in IL-4-dependent polarization of
macrophages towards M2, while the role of KLF2 appears to be less significant.

Myeloid KLF2 is a negative regulator of HIF-1a, expression since this factor inhibits NF-kB-dependent
HIF-1a expression. Hypoxia or exposure to bacterial products/endotoxins reduces KLF2 expression in
macrophages thereby promoting expression HIF-1a. and HIF-1a-inducible targets[m]. These findings show
a crucial role of HIF-10/KLF2 balance in the regulation of myeloid cell inflammatory responses in hypoxic

. o [144,145]
and normoxic conditions .

In contrast to KLF2 and KLF4, KLFs positively regulates pro-inflammatory phenotype in macrophages.
KLFé is up-regulated by pro-inflammatory stimuli such as LPS and IFN-y but is suppressed by Th2 cytokines
IL-4 and IL-13. During M1 polarization, KLF6 cooperates with NF-kB in potentiating transcription of
inflammatory genes[m] and inhibits PPAR-y expression[m]. KLFé6 can also prevent PPAR-y binding to the
promoters of target genes, including CCL20"*' and thioredoxin-interacting protein (TXNIP)™.

In summary, the KLF family of transcription factors exhibits diverse effects on M1/M2 activation of
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macrophages, with the prominent role of KLF6 in M1 polarization and KLF4 in the generation of M2
phenotype.

NUCLEAR FACTOR (ERYTHROID-DERIVED 2)-LIKE 2

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a transcription factor which belongs to the family of
bZIP proteins*” regulating antioxidant proteins that protect against oxidative stress triggered by injury
and inflammation*", Nrf2 is highly expressed in hematopoietic progenitors and cells of the myeloid
lineage[m]. In its inactive state in the absence of stimuli, Nrf2 has a cytoplasmic localization as a complex
with two other proteins, an adaptor Kelch like-ECH-associated protein 1 (KEAP1) and ubiquitin ligase
cullin 3", Cullin 3 mediates Nrf2 degradation through the mechanism of ubiquitination facilitated by
KEAP1. Ubiquitinated Nrf2 then is transported to the proteasome where it is degraded. Oxidative stress or
electrophile stress abolishes critical cysteine residues in the KEAP1 molecule thereby causing liberation of
Nrf2 from the repressive complex[m]. Nrf2 then moves to the nucleus where it assembles with c-Maf and

initiates transcription of target genes from the antioxidant response element"*”,

Among Nrf2-dependent targets are numerous antioxidant genes, including heme oxygenase (HO-
1), NAD(P)H quinone oxidoreductase 1, sulforedoxin 1 (SRXN1), thioredoxin reductase 1 (TXNRD1),
glutamate-cysteine ligase (catalytic and modifier subunits), glutathione S-transferases, and UDP-
glucuronosyltransferases. Nrf2-mediated up-regulation of expression of these genes leads to the mobilization
of the intracellular cytoprotective antioxidant and detoxifying system. In macrophages, Nrf2 is an important
redox regulator of inflammatory activation and polarization[lsﬁ]. In response to plaque lipids (i.e., oxidized
phospholipids), Nrf2 mediates transformation of macrophages to a new phenotype (Mox) expressing
large amounts of HO-1 and other Nrf2-dependent antioxidant genes, as well as IL-1 and IL-10""". Nrf2
appears to be important for the induction of HO-1 overproduction observed in anti-inflammatory M2 and
Mhem macrophages[m]. By contrast, BB and CNC homolog 1 (Bach1), a DNA-binding factor, acts as a
transcriptional repressor of HO-1 expressionhss]. Heme binding to Bach1 induces derepression of the HO-1
gene and promotes recruitment of Nrf2 to the HO-1 promoter['”]. Therefore, redox signaling and heme
are crucially involved in the Nrf2-dependent up-regulation of HO-1. Induction of HO-1 stimulates several
pathways including production of the anti-inflammatory compounds bilirubin and carbon monoxide,
which contribute to the phenotypic switch of macrophages towards M2 In macrophages, Nrf2 primes
expression of several ATP-binding cassette (ABC) transporters involved in bile and cholesterol efflux"*". M2
macrophages and specialized heme/iron-handling macrophage subsets such as HA-mac, M(Hb), and Mhem
exhibit increased the expression of ABC transporters[zs]

Therefore, Nrf2 primes the anti-inflammatory polarization of macrophages in response to oxidative injury
and plaque lipids. Induction of Nrf2 in response to oxidative stress has a cytoprotective and cardioprotective
effect since this factor is involved in the generation of anti-atherogenic macrophage subsets that are
involved in hemoglobin/heme/iron utilization and recycling thereby decreasing the intraplaque oxidative
stress and damage"*”. However, in the microenvironment rich in oxidative low-density lipoprotein and
pro-inflammatory cytokines, Nrf2 up-regulation may have pro-atherosclerotic consequences because it
stimulates expression of several iron-metabolizing genes such as HO-1, ferroportin, ferritin, and hepcidin
that increase[s iror]l trapping and oxidative stress in macrophages, enhances lipid accumulation and formation
of foam cells """

CONCLUSION

In this review, we considered a role of principal transcriptional regulators in either M1 or M2 differentiation
of macrophages. The transcriptional regulation of macrophage plasticity in response to various stimuli
is very complex and involves global changes in the macrophage transcriptome. There are many key
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checkpoints in the transcriptional control and signaling network that trigger either pro-inflammatory or
anti-inflammatory polarization.

There are known factors that can mediate early “predifferentiation” of monocytes towards either
inflammatory or anti-inflammatory phenotype in further differentiation to macrophages. However, it is
still disputed whether monocytes can be presented in the “pre-inflammatory” or “pre-anti-inflammatory”
state. In mice, it is likely that monocytes are generated as a Lyc6C-positive population in a bone marrow
that is focused on the “classical” inflammatory differentiation to macrophages. The loss of this marker can
designate the subset of blood monocytes that can survive in the bone marrow but develop expression of
higher LyceC surface expression to patrol the circulation in order to observe the endothelial integrity in
steady-state in response to inflammation. In humans, it is difficult to examine these modifications due to the
mature state of monocytes coming from the bone marrow to the circulation.
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