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The review discusses the data on the functional /phenotypic M1/M2 types of macrophages and their chimeric forms, the molecular
mechanisms of polarization of these cells, and their role in the development of malignant tumors. Information on the prognostic
value of the presence (density and location) of M1/M2 cells in tumor tissue is analyzed. Our own results evidence on the neces-
sity of determination of the functional /phenotypic state of M1/M2 macrophages from different biological niches in the dynamics
of tumor growth, in particular in terms of NO level and arginase activity.
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Among the important cells of the immune system,
which in addition to effector functions exert also regu-
latory ones, resulting in the interconnection, regulation
and functioning of cells of nonspecific and specific
immunity, including antitumor immunity, are the cells
of monocyte-macrophage origin — macrophages. Tis-
sue macrophages and blood monocytes make up the
system of mononuclear phagocytes and are the major
cells of the innate immunity system. Macrophages are
thefirstline of defense and provide an instant response
of the body to the penetration of a foreign agent, and
also are involved in triggering the response of the
acquired immunity system.

According to modern data [1], macrophages are
defined as a group of terminally differentiated cells
of the mononuclear phagocytic system, which play
animportantrole in tissue homeostasis, inflammation
and protection against infectious pathogens, etc. The
versatility of the functions of these cells is due to the
expression of various surface membrane receptors,
in particular: receptors of phagocytosis (lectin recep-
tors, Fc-receptors, scavenger receptors); adhesion
receptors (selectins, integrins); receptors participating
in the presentation of Ag (major class 2 histocompa-
tibility complex, MHC Il); activation receptors (cytokine
receptors, chemokine receptors); monocyte activation
receptor CD14 [2].

Macrophages have a unique feature — plasticity,
through which functional reprogramming of these cells
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is possible. There are two main types of functional state
of macrophages: M1 and M2 cells. The functions and
role of these two types of macrophages have been
sufficiently studied in different pathological conditions
(trauma, infectious processes, malignant growth, etc.).
Regarding the role of macrophagesin the development
of malignant tumors, it is known that M1 macrophages
exert an immunostimulatory and antitumor effect, and
M2 has an immunosuppressive and protumoral effect.
Moreover, it was shown that the change of macro-
phages from M1 in M2 is a reversible process [3] and
depends on the microenvironment signals.

In the tumor structure, where a significant portion
of the cells of the immune system are represented by tu-
mor-associated macrophages (TAM) [4], which can
be of both M1 and M2 types, tumor cells and tumor mi-
croenvironment direct the polarization of macrophages
into M2 type. The prevalence of the latter in the TAM
subpopulationis associated with poor clinical prognosis
[5, 6]. It should be noted that TAM have attracted the
attention of researchers long ago as promising targets
for immunotherapy of patients with malignant tumors.
Early works on the development ofimmunotherapeutic
approaches using TAM were focused on strategies for
blocking M2 protumoral activity. But later the focus
of research has changed for a searching the opportuni-
ties to reprogram M2 into M1 type [7].

Today, new information is constantly emerging
about the molecular mechanisms of macrophage
polarization, macrophage subtypes and/or transient
states and their role in the formation and direction
of immune responses in various pathological condi-
tions, including the formation and progression of ma-
lignancies. Such an array of data requires analysis
and generalization. Therefore, this review analyzes
the current data on macrophage types, their proper-
ties, polarization mechanisms, and their role in tumor
growth. Understanding the features of macrophage
polarization can be the basis for developing strategies
for managed reprogramming of these cells, which will
expand the array of antitumor immunotherapeutic ap-
proaches and increase their effectiveness.



Experimental Oncology 41, 282-290, 2019 (December)

283

As is known, the cellular composition of tumor
tissue is heterogeneous and extremely diverse and
represents a set of both tumor cells heterogeneous
in their biological properties and other types of non-
tumor cells that form a tumor microenvironment. More
details on the cellular composition of the tumor and its
microenvironment can be found in the reviews [8—10].
At the same time, one of the key cells of the immune
system — macrophages that regulate/determine the
interaction of tumor cells with microenvironment dur-
ing all stages of tumor development and also make
up a considerable part of the immune population
represented in the structure of the tumor — continue
to be actively investigated. Tumor infiltrating macro-
phages are combined under general name “tumor-
associated macrophages” (TAM). They were first
discovered and described in 1992 by Stein et al. [11]
as alternative to IL-4-activated CD206* cells. There are
two ways of macrophage activation: the classical one,
in which macrophages are polarized into M1 type and
exhibit antitumor properties, and an alternative with
subsequent formation of M2 type cells with protumoral
action. Let’s analyze in more detail the basic characte-
ristics of M1 and M2 cells, as well as the mechanisms
of their polarization.

THE MAIN CHARACTERISTICS

OF M1 AND M2 CELLS,

AND THE MECHANISMS OF THEIR

POLARIZATION

Precursors of tissue M1/M2 macrophages are
myeloid CD34* bone marrow cells, from which circulat-
ing blood monocytes are formed through successive
stages of differentiation. The latter, after extravasation
through the endothelium into the tissue, can there dif-
ferentiate into macrophages or transdifferentiate into
endothelial cells [12].

In the tissue, depending on the microenvironmen-
tal signals, macrophages, due to their plasticity, can
acquire different functional phenotypes: from initiation
of proinflammatory reactions to termination of inflam-
mation and tissue repair. Thus, traditionally there are
known classically activated macrophages M1 and
alternatively activated macrophages M2 [13]. Later,
information emerged about innately activated mac-
rophages that result from the binding of pathogen-
associated molecular patterns to pattern recognition
receptors, including Toll-like receptors (TLRs). Such
macrophages possess some properties of M1 cells:
production of proinflammatory cytokines and micro-
bicidal activity [14]. Also distinguished are the so-
called M2-like macrophages, which are characterized
by some properties of M2 macrophages [15]. It should
be noted that the results of intensive studies of molecu-
lar mechanisms of polarization of macrophages into
M1/M2 type, different sources of production of these
cells, different methodological approaches to the iden-
tification of M1/M2 cells have led to the need to revise
the conventional classification of macrophages. Thus,
in 2014, Murray et al. [ 16] published a paper in which the

authors propose to classify macrophages based on their
sources of excretion, activation signals, and generally
accepted investigated markers of macrophage activa-
tion, which will allow more correctly to divide macro-
phages into separate subtypesamong M1 and M2, and
compare the data from different labs.

Generalized and systematized data on the charac-
teristics of the major macrophage types (M1 and
M2), taking into account current data, are presented
in the Table.

Table. Main characteristics of classically activated (proinflammatory)
M1 and alternatively activated (anti-inflammatory) M2 macrophages

Macrophages type
classically activated alternatively activated

Characteristic (proinflammatory) (anti-inflammatory)
M1 M2

Activation stimuli Microbial products IL-4
(e.g., LPS) IL-13
IFNy IL-10
GM-CSF IL-33

M-CSF

Receptor profile CD11c+ CD36+
CD68+ CD68+
CD80/CD86+ CD163+
CD25+ CD204+
IL-1R1 CD206+
TLR CD301+

Chemokines CXCL1-3 CCL2
CXCL9 CCL17
CXCL10 CCL22
CCL5 CCL24

Cytokines IL-1 IL-10
IL-6 PGE2
IL-12 TGFB
IL-23
TNFa

Production ROS Arginase-1
NO

Metabolic profile Anaerobic glycolysis
Blocking of iron secretion
(inhibition of ferroportin,  (activation of ferroportin,
activation of H-ferritin) inhibition of H-ferritin)

Note: GM-CSF — granulocyte-monocyte colony-stimulating factor; IFNy — in-
terferon y; LPS — lipopolysaccharides; M-CSF — macrophage colony-stimu-
lating factor; NO — nitric oxide; ROS — reactive oxygen species; TNFa — tu-
mor necrosis factor a; TGFB — transforming growth factor B.
M1-polarized macrophages (CD68*, CD11c*,
CD80/CD86*, CD25* cells) are activated due to the
action of interferon y (IFNy), microbial products (e.g.,
lipopolysaccharides (LPS)) or granulocyte-monocyte
colony-stimulating factor (GM-CSF) (classic activa-
tion pathway). These cells produce mainly proinflam-
matory cytokines (IL-1, IL-6, IL-12, IL-23 and tumor
necrosis factor a (TNFa)), resulting in activation
of T helper 1 lymphocytes (Th1) and natural killer cells
(NKcells). Here, the latter (both Th1 and NK cells) con-
tribute to the polarization of macrophages in M1 type
through the production of IFNy. M1 macrophages are
characterized by pronounced synthesis of CXCL1-
3, CXCL9, CXCL10 and CCL5 chemokines, which
enhances cytotoxic T-cell activation and resistance
to intracellular pathogens and tumors. The receptor
repertoire of M1 macrophages includes IL-1R1, TLR,
CD80 and CD86 — T cell activation coregulators.
These cells have a high ability to represent the antigen,
as well as to produce reactive oxygen species (ROS)
and nitric oxide (NO), whose increased production

Aerobic glycolysis
Enhanced iron secretion
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is due to increased expression of inducible NO syn-
thetase (iNOS) [17, 18]. M1 macrophages are char-
acterized by certain features of metabolism of iron,
folate and glucose. In particular, these cells block the
secretion of iron (this process is called sequestration)
by inhibiting ferroportin and activating H-ferritin, which
enhances bacteriostatic effects [15]. Also, for the
functioning of M1 the rapid release of energy is re-
quired which is provided by anaerobic glycolysis [19].
Due to these characteristics of M1, macrophages are
considered to be cells with a distinct microbicidal and
antitumor effect.

M2 polarized macrophages (CD68*, CD163*,
CD204*, CD206" cells) are activated by IL-4, IL-13,
IL-10, IL-33 and monocyte colony-stimulating factor/
CSF-1 (alternative activation pathway). Producer cells
of these lymphokines are Th2 lymphocytes, basophils,
cells of innate immunity, which creates the microen-
vironment necessary for alternatively activated mac-
rophages. M2 cells are usually characterized by the
ability to produce a large number of anti-inflammatory
cytokines (especially IL-10) and a small number of pro-
inflammatory cytokines (in particular, IL-12), as well
as COX-2, prostaglandin E2 (PGE2), chemokines CCL2,
CCL17, CCL22 and CCL24. These chemokines attract
Th2 type lymphocytes and regulatory T cells (Treg) that
promote M2 polarization. M2 cells are characterized
by high expression of mannose receptors (CD206),
galactose residues and N-acetylglucosamine (CD301),
and “scavenger receptors” (CD36, CD163, stabi-
lin 1). M2 secretes arginase-1 and can also produce
extracellular matrix components and enzymes for its
modeling, in particular fibronectin, tenascin C, matrix
metalloproteinases [19-22]. M2 macrophages, like
M1, have certain peculiarities in iron and glucose me-
tabolism: increased iron secretion through activation
of ferroportin and inhibition of H-ferritin and hemooxy-
genase, which leads to increased proliferation of cells
in tissue that infiltrate M2 [15]. Glucose metabolism
in M2 cells occurs through its aerobic glycolysis, which
provides these cells with long-term energy supply for
their functioning. In particular, M2 macrophages create
an anti-inflammatory environment, provide processes
for the regeneration and healing of wounds, and in the
presence of a tumor, promote its progression [21,
23-25]. Under chronic pathology, M2 macrophages
play a pro-fibrotic role, secreting immunosuppressive
factors, including transforming growth factor B (TGFB)
and platelet growth factor [25-27].

M2 macrophages are further classified into sub-
types: M2a, M2b, M2c¢c and M2d, which are characte-
rized by a unique gene expression profile, but equally
high secretion of IL-10 and IL-1 receptor antagonist
(IL-1RA) and low secretion of IL-12 [28, 29]. The for-
mation of M2 macrophage subtypes depends on the
activation stimulus: due to the action of IL-4 (or, in some
cases, IL-13), the M2a subtype is formed, the effect
of IL-1 or immune complexes in combination with LPS
leads to polarization in M2b, the effect of IL-10 and
glucocorticoids activate the M2c¢, IL-6, and macrophage

colony-stimulating factor (M-CSF) phenotype leads
to the formation of M2d (TAM) cells [29, 30].

Due to the simultaneous effects of immune com-
plexes with LPS and/or IL-1, glucocorticoids, TGFf
and IL-10, or only IL-10, macrophages can polarize
into M2-like macrophages. The latter are characterized
by the expression of CD163*, CD206*, as well as the
ability to produce large amounts of IL- 10, pentraxin 3,
chemokines CCL1, CCL16, CCL18, PGE2 and a small
amount of IL-12, TNF, IL-6, IL-1B and chemokine CCL3.

Note that transient states of activated macrophages
(such as M2-like macrophages or macrophages with
the phenotype of M1 cells with simultaneous expres-
sion of M2-type genes) are detected at different stages
of the development of the organism (eg, in placenta
and embryo) and at pathological conditions (obesity)
and bacterial infections, helminth invasion, rheuma-
toid arthritis, cancer) [15, 31]. In the study [31], the
formation of chimeric M2-like macrophages, which
responded to the stimulation of TLR2 ligands (but not
TLR4 ligands) by secreting proinflammatory cytokines
and reducing anti-inflammatory activity without signifi-
cantly changing their M2 cell surface marker profile,
was reported [31]. In this study, macrophages M2 were
obtained by exposure of peripheral blood monocytes
of patients with rheumatoid arthritis to M-CSF mono-
cytes for 8 days. As ligands for TLR2 and TLR4 there
were used Pam3CysSerLys4 (Pam3) or LPS or IFNy/
LPS, respectively. The profile of surface markers for
M1/M2 was: CD14*,CD163*, CD206*, CD86*, CD80".

MACROPHAGE POLARIZATION

MECHANISMS AND THE CONCEPT

OF “PLASTICITY”

Let’s consider in more detail what molecular
mechanisms are involved in the polarization of mac-
rophages in the M1 or M2 phenotypic/functional
state. According to the literature analyzed, molecular
modulators of M1/M2 polarization involve different
inflammatory modulators (TLRs), signaling molecules
(interferon regulatory factors (IRFs), signal transduc-
ers and STAT transcriptional activators), transcrip-
tion factors (NF-kB, Kruppel-like factor, peroxisome
proliferator-activated receptors (PPARs)), hypoxia
factors (hypoxia-induced factors (HIF) 1a, HIF2a),
micro-RNA (miRNA), etc. Central to the direction
of macrophage polarization is the STAT/IRF signaling
pathway. For the activation of the STAT/IRF signaling
pathway the primary stimulating signals from TLRs
or the corresponding cytokine receptors (IFNa/BR,
IFNYR, IL-10R, IL-4Ra, IL-13Ra1) and colony stimulat-
ing factor receptors (CSF2Ra) are important [32-34].

LPS and other microbial ligands activate TLR4,
which is a known signal for the formation of the
macrophage M1 phenotype. Moreover, the TLR4/
TLR2 ratio is much higher in M1 macrophages com-
pared to M2 cells [35, 36]. Through activated TLRs,
the signalis transmitted to IRFs: activation of IRF3 and
IRF5 triggers signaling cascades of M1 polarization,
and IRF4 — M2 polarization of macrophages [17, 37,
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38]. Activation of IFN type land Il (IFNa/BR, IFNYR) re-
ceptorsresultsin the polarization of M1 macrophages
through the activation of STAT1, and the IL-4 and IL-
13 (IL-4Ra, IL-13Ra1) receptors, and also IL-10 (IL-
10R) — to polarize M2 through activation of STAT6 and
STAT3 respectively. The signal from the CSF2Ra
(under the influence of the GM-CSF) leads to the pola-
rization of macrophages in M1 through the activation
of STAT5 [35]. Thatis, polarized M1 macrophages are
characterized by activation of the IRF3 and STAT1/
IRF5 and STATS5 signaling pathways, and polarized
M2 macrophages — by activation of STAT6/IRF4 and
STATS3. Note that LPS activation of TLR4 results in the
expressed secretion of cytokines by macrophages
(IL-1B, IL-6, IL-12, TNF and IFNB), chemokines
(CCL2, CXCL10, CXCL11), as well as the expression
of MHC molecules; upon stimulation of macrophages
by GM-CSF, a somewhat less pronounced secretion
of proinflammatory cytokines is observed [33].

A key role in macrophage polarization is played
by proteins of the NF-«kB family, which control the
activity of the genes required for this process [17].
The most important representatives of this fam-
ily of proteins p65 and p50. The formation of p65/
p50 heterodimer activates the genes of acute inflam-
matory mediators (TNFa, IL-18, IL-6, IL-12 (p40), IFNYy,
CXCL10 and NOS2[20, 25]), which are characteristic
of M1 macrophages. The p50/p50 homodimer exhibits
an antagonistic effect on the p65/p50 complex (its
binding with the same promoters blocks the expression
of the latter), so that macrophages acquire features
of M2-type cells [36, 39].

Macrophage polarization also involves miRNAs,
which are short non-coding RNAs of about 21-23 nu-
cleotides in length and can regulate gene expression
at the posttranscriptional level [39-43]. miRNAs play
a key role in a variety of biological processes, such
as embryogenesis, differentiation, inflammation,
viral infections, and carcinogenesis. Up to date the
importance of miRNAs in the development of the
immune system and the formation of the immune
response has been demonstrated. It has been shown
that miRNAs are involved in the regulation of immu-
nity, including the development and differentiation
of immune cells, the production of antibodies, and
the release of inflammatory mediators [44]. Regard-
ing the role of miRNAs in macrophage polarization,
itis shown that M1 type is characterized by increased
expression of MiRNA-125a, miRNA-125b miRNA-127,
miRNA-155, miRNA-378, and for M2 — miRNA let-
7c, miRNA-9, miRNA-21, miRNA-146, miRNA147,
miRNA-187, miRNA-195 [16, 37, 45, 46]. It should
be noted that in differential analysis of expression
of miRNAs in M1 and M2 macrophages, only 8 from
109 studied miRNAs were selected, for which more
than 2-fold increase or decrease of expression was
observed. In M1 macrophages compared with M2,
more than 2-fold increase in expression of miR-181a,
miR-155-5p, miR-204-5p, miR-451 (p < 0.05), and
decreased expression of miR-125-5p, miR-146a-

3p, miR-143-3p and miR-145-5p (fold change <-2,
p < 0.05) was observed (qRT-PCR data). These
data indicate the necessity to investigate a number
of miRNAs when studying their role in macrophage
polarization [46]. The following will provide informa-
tion on the role of only some of the miRNAs mentioned
above that are involved in the polarization of macro-
phages and their targets.

The activity of miR-125b is to inhibit the IRF4, which
is a negative regulator of proinflammatory macrophage
activation. miRNA-125b is associated with improved
antigen presentation, increased T-cell activation, and
tumor destruction [47]. The study [48] showed that
overexpression of miR-125a in macrophages leads
to increased secretion of proinflammatory cytokines
and NO production by these cells, indicating M1 po-
larization; regulation of expression of miR-125a/
miR-99b is mediated by Notch signaling. Previously,
another group of researchers [49] showed that Notch
signaling (via the Notch1-NIC intracellular domain) not
only directs TAM differentiation into M1 cells but also
counteracts their protumoral function via miR-125a.
Transfection of murine macrophages with miR-125a
mimetics led to an increase in their phagocytic activity
against L1210 cells in vitro, and the simultaneous sub-
cutaneous transplantation of such transfected macro-
phages with Lewis lung carcinoma (LLC) cells inhibited
the growth of the latter by immune microenvironment.
There was observed the decrease of CD11b*Ly6G*
macrophage count in the tumor and spleen of animals
and simultaneous increase of CD3*CD8* lymphocyte
counts in tumor tissue and peripheral lymph nodes.
The authors conclude that miRNA-125a may be a tar-
get for reprogramming M2 macrophages in tumor
microenvironment in M1 cells and restoring their
antitumor activity.

For the formation of M1, and a significantly en-
hanced production of proinflammatory cytokines
by these cells, an increased expression of miR-127,
which isinduced upon activation of TLRs, is required.
The absence of miR-127 shifts the polarization
in the M2 phenotype [50]. Another key molecule
in M1/M2 macrophage polarization is miRNA-155,
the target of which is the C/EBPf transcription
factor (characteristic for M2 macrophages). The
overexpression of miR-155 has been shown to lead
to the formation of the M1 phenotype and its de-
crease — of M2 [51, 52]. The target of miR-155 may
also be IL-13Ra1, the inhibition of which blocks the
IL-13-induced M2 phenotype [53].

For the formation of M2 macrophages (unlike M1)
are important other types of miRNAs. In particular,
it was shown [54] that let-7c miRNA is expressed
in M2 macrophages at a higher level than in M1;
moreover, the LPS-induced stimulation of M2 cells
reduced the expression of this miRNA. Overexpression
of miRNA let-7c led to a decreased expression of the
M1 phenotype with simultaneous polarizationinto the
M2 phenotype and vice versa. An transcription factor
C/EBP-d important for the formation of inflammatory
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responses has been found to be the target for let-7c.
In addition, let-7c has been shown to regulate bacteri-
cidal and phagocytic activity of macrophages. miRNA-
146a modulates macrophage polarization through the
Notch 1 signaling pathway or the PPARY receptor. Its
overexpression is observed in M2 macrophages and
leads to increased expression of M2-marker genes
(Arg1, CD206). In M1 macrophages, overexpression
of miRNA-146a significantly reduces the production
of proinflammatory cytokines and iNOS [45]. The
role of miRNA-195 has also been shown regard-
ing the direction of macrophage polarization [55].
In particular, M2c-type macrophages (derived from
human peripheral blood monocytes after IL-10 stimu-
lation) an increased level of this miRNA compared
to M1 macrophages (derived from human peripheral
blood monocytes after LPS stimulation) was observed.
In LPS- and IFN-y -stimulated macrophages of the
TNR-1 line an overexpression of miRNA195 was shown
toresultin adecreased levels of TLR2, phosphorylated
forms of p54 JNK, p46 JNK and p38 MAPK kinases
and IL-1B, IL-6 and TNFa in supernatants. That is,
miRNA195 inhibits the proinflammatory polarization
of M1 type macrophages.

The study [56] showed that macrophage po-
larization can also be controlled by the PPARY/
miRNA223 regulatory axis. Alternative macrophage
activation of miRNA223 targets has been shown
to be Rasa1 and Nfat5 [55], and in classical macrophage
activation — the pro-inflammatory regulator Pknox1,
which, as noted above, mediates such activation [57].

In addition to the transcription factors IRF/STAT
and miRNA, macrophage polarization can be affected
by hypoxia through HIF [58, 59]. Thus, Th1 cytokines
are able to induce HIF1a by triggering M1 activation,
whereas Th2 cytokines activate HIF2a, which pro-
motes M2 macrophage activation. It should be noted
that HIF1 and HIF2 are able to regulate (activate
or suppress) NO synthesis, which in turn also deter-
mines the functional activity of macrophages [60].

Regardless of the primary polarization and the
degree of differentiation, macrophages may change
their phenotypic/functional state in response to micro-
environment signals. The importance of the influence
of microenvironment for the formation of pheno-
types of macrophages is given in numerous reviews
by Mantovani [21, 61-63]. The ability of macrophages
to change their phenotypic/functional state is termed
plasticity, and the process itself — reprogramming.
Plasticity ensures that macrophages perform their
functions in both physiological and pathological
processes. It should be noted that macrophages are
highly plastic cells that can be reprogrammed with dif-
ferent stimuli [31, 64, 65]. For example, it was shown
that peritoneal macrophages isolated from mice with
model MFC gastric tumors identified as M2, were re-
programmed into M1 type macrophages after in vitro
treatment with IL-12 and IFNy. This led to the emer-
gence of antitumor activity in treated macrophages,
in contrast to the cells that did not undergo such treat-

ment and were isolated from intact or tumor-bearing
animals [36, 39].

MACROPHAGE POLARIZATION

IN THE TUMOR LESION AND THEIR ROLE

IN CANCER

In the tumor lesion, the microenvironment pro-
motes TAM polarization in M2 type, and according
to data [29, 30] — in M2d cells. One of the mecha-
nisms of reprogramming is the effect of tumor cells
on proteins of the NF-kB family. In particular, in the
work [36] it was shown that tumor cells can cause dis-
ruption of p65 protein synthesis in macrophages and
stimulate the accumulation of the p50/p50 inhibitory
complex that promotes the reprogramming of M1 cells
into M2. During the development of the tumor, new
macrophages are involved in the growth of its lesion,
which are reprogrammed into M2 cells. TAM2 pro-
motes tumor progression and metastasis through
direct immunosuppressive action and/or through the
involvement of other types of immunosuppressive
cells (in particular, Treg, myeloid suppressive cells,
etc.) [4, 66], as well as by modeling the extracellular
matrix of tumor (utilizing the factors secretion simi-
larly to tissue repair), or by modeling of suppressor
genes (or their products) in tumor cells using miRNAs
through isolation of miRNAs-containing exosomes.
Thus, in the work [62] it was shown that macrophages
derived from colorectal cancer M2 tissue produced
exosomes containing miR-21-5p and miR-155-5p.
As a result of the addition of such exosomes to tumor
cells, a decrease in BRG1 expression was observed,
which the authors identify as a key factor in metastasis
of colorectal cancer cells, since its reduced level was
registered in metastatic cells.

In the study [67], using in vivo model
(MK2 KO transgenic mice) and in vitro models
(human cell lines: U-937 monocytes and HUVEC
endothelial cells) it was also demonstrated that
among TAM exactly M2 polarized cells contribute
to tumor progression. In particular, in MK2 KO mice
characterized by tissue-specific expression of p38/
MAPKAP kinase 2 (MK2) with chemically induced
rectal tumor, tumor progression and active tumor
neoangiogenesis was observed compared with ani-
mals with blocked MK2 function. That is, inhibition
of p38/MAPKAP kinase 2 (MK2) in M2 macrophages
leads to a shift in their polarization toward M1, as well
as to disruption of M2-induced angiogenesis.

Today it is convincingly shown that the presence
of TAM of type M2, but not M1, is considered a poor
prognostic marker in patients with solid malignant
tumors. In this case, different markers are used
to determine the amount of TAM: total macropha-
gal — CD68, M1 markers — CD11¢c, CD86, M2 mark-
ers — CD163, CD204, CD206 [68-70]. In particular,
inthe work [71], in the study of tumor tissue of 62 pa-
tients with renal cell carcinoma, it was shown that the
presence of CD163* TAMs is associated with poor
clinical prognosis (in univariate analysis). It was also
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found that direct in vitro coculturing of the obtained
macrophages with tumor cells (of Caki-1, ACHN,
786-0 and MAMIYA lines) resulted in stable activation
of Stat3 in the latter due to the binding of membrane
macrophage colony-stimulating factor (mM-CSF)
with M-CSF receptor on TAM.

Another group of researchers using immunohisto-
chemical analysis assessed infiltration of hepatocarci-
noma tissue of 80 patients with CD68* TAM, including
CD11c* inflammatory (M1) and CD206* immunosup-
pressive (M2) macrophages, as well as the density
of the present TAM [72]. There was no correlation
between the presence of CD68* macrophages in the
tumor and the overall survival rate, and no correlation
between the CD68, CD11c and CD206 TAM density
in tumor tissue and survival. However, correlations
were found between the presence of CD11c* (positive
correlation) or CD206" (negative correlation) macro-
phages and overall survival. Using a multivariate Cox
regression analysis, it was determined that the pres-
ence of CD11c* and CD206* TAMs are independent
prognostic factors (p < 0.001, p=0.031, respectively).
Regarding the expression of the investigated markers
as prognostic indices, the presence of CD68* cells,
as well as the low expression of CD11c correlated
only with the stage of the disease. In contrast, high
CD206 expression correlated with patients’ age, tumor
size, vascularization, metastatic status, and the stage
of the disease.

Inthe work [73], the phenotype (CD68, CD86, and
CD206) and the TAM density in hepatocellular carci-
noma tissue of 253 patients were also investigated.
The presence of CD68" TAM was found to be un-
related to clinical and pathological characteristics
and prognosis. Low levels of CD86* tumor infiltration
by macrophages and high CD206* cell infiltration rates
correlated with tumor aggression rates, including
multiple tumors and stage IlI-1V, and were associated
with low overall survival (p = 0.027 and p = 0.024,
respectively). The authors noted that in patients with
hepatocellular carcinoma the result of simultaneous
analysis of the level of CD86* and CD206" cells was
more significant for the assessment of overall survival
(o = 0.011) than the evaluation of each index alone.
In addition, the CD86*/CD206" TAMs ratio was pre-
dictive of overall survival (p = 0.002) in a-fetoprotein-
negative patients. The researchers suggested that the
combined determination of CD86 and CD206 TAMs
may be a promising prognostic biomarker for hepa-
tocellular carcinoma.

The results of the analysis of the content of M1/
M2 macrophages in tumors of 80 patients with non-
small cell lung cancer (NSCLC) of stages I-Ill were
presented in [74]. Macrophages were detected
by immunohistochemical double staining using
the following markers: CD68/iNOS for M1, CD68/
CD163 for M2. In addition to the number and polari-
zation of macrophages, their location was taken into
account: tumor islets or tumor stroma. The authors
noted that infiltration by macrophages was observed

mainly in the stroma of the tumor than in its islets.
Moreover, in the latter, M2 prevailed among the infil-
trating macrophages. It was found that indices of the
presence of M1 in tumor islets, as well as the simul-
taneous presence of M2 in tumor islets and stroma,
are independent predictors of survival of patients with
NSCLC: high infiltration of tumor islets by M1 mac-
rophages is associated with an increase in overall
survival rate (p < 0.05); high infiltration of tumor islets
and stroma by M2 macrophages — with its decrease
(p < 0.05) [74].

In the study [75], it was first determined that
angiopoietin-like protein 2 (Angptl2) promotes M2 po-
larization of TAM, which in turn leads to the progression
of the tumor process. Clinical material of patients with
NSCLC (stages I-1V) showed that Angptl2 expression
on tumor cells was aberrantly increased and corre-
lated positively with the amount of TAM (r = 0.5848;
p < 0.01), tumor size (p = 0.022), with the disease
stage (p=0.037) and a decrease in the 5-year survival
rate of patients. In in vitro experiments (co-culturing
of macrophages with tumor cells of the HMLC line;
stimulation of macrophages with recombinant Angptl2)
and in vivo (nude BALB/c mice with H1299 tumors
overexpressing Angptl2), it was determined that
Angptl2 stimulates polarization of TAM in M2 via acti-
vation of p65-NF-kB pathway, and Angptl2-stimulated
TAMs also enhance NSCLC cell proliferation, invasion,
and migration. The authors suggest that Angptl2 pro-
tein may be an effective target for reprogramming
TAMs in NSCLC tumors, the use of which will improve
the effectiveness of treatment of patients with NSCLC.

So, there is a fairamount of compelling information
on the importance of identifying the TAM phenotype
for prognosis, as well as the choice of further thera-
peutic tactics. On the other hand, it seems appropriate
to change the tumor microenvironment, in particular,
reprogramming of TAMs and changing their properties
from protumoral to antitumoral. However, information
about the so-called “transient forms” of macrophages
must be taken into account. The issue of correctidenti-
fication of M1 and M2 macrophages in in vivo and in vi-
tro studies is addressed in the work [16]. This is impor-
tant because the activation and polarization of these
cells is associated with significant shifts in gene
expression (hundreds of genes) depending on the
activation stimuli, none of which definitively determines
the formation of a specific subpopulation or activation
state of macrophages. That is, to differentiate mac-
rophages into M1/M2 only by CD-markers, as used
in the evaluation of lymphocyte subpopulations, is not
a sufficient condition. The authors of the article point
out the need in the process of M1/M2 identification
to take into account the source of macrophages, ac-
tivation signals, and indices of their activity (arginase
activity, production of NO and ROS, gene expression
of pro- or anti-inflammatory cytokines, etc.). In our
opinion, estimation of NO level and arginase activity
appears to be quite informative in the differential de-
termination of M1/M2 polarization of macrophages,
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since it is known that in M1 and M2 macrophages the
metabolism of arginine is high [76]. In particular, the
iNOS enzyme expressed in M1 macrophages metabo-
lizes arginine to NO and citrulline. NO can be metabo-
lized for the subsequent release of reactive nitrogen
species, whereas citrulline can be used for efficient
NO synthesis through the citrulline-NO cycle. Argi-
nase, which is expressed in M2 macrophages, hydro-
lyzes arginine to ornithine and urea. The arginase path-
way limits the availability of arginine for NO synthesis,
and ornithine itself can further participate in polyamine
and proline synthesis pathways that are important for
cell proliferation and tissue repair. Both metabolic
pathways of arginine cross-inhibit each other at the
level of the corresponding breakdown products of ar-
ginine, which, in our opinion, leads to a more accurate
determination of M1 or M2 polarization status.

We have conducted preliminary studies to assess
polarization of macrophages isolated from various
organs and tissues of C57BI mice (lungs, spleen,
peritoneal washes) with LLC or BALB/c mice with
Ehrlich carcinoma (EC) (spleen, peritoneal washes)
cancer, by NO and arginase activity. Macrophages
derived from the spleen or peritoneal cavity in the LCC
growth dynamics were found to polarize toward type
2 cells; moreover, on the 28-th day of tumor growth,
the highest arginase activity was exhibited by macro-
phagesisolated from the peritoneal cavity. Pulmonary
macrophages were characterized by proinflammatory
M1 type throughout the observation period (periods
of primary tumor growth and metastases). Given
that the ratio of NO production to the arginase activ-
ity of macrophages derived from the spleen and the
peritoneal cavity was characterized by a clear stable
tendency to decrease during these periods, it can
be assumed that reprogramming of the lung macro-
phages into an anti-inflammatory type could be ob-
served in later observation terms [77].

In mice with EC, on the 22-nd day of tumor growth
macrophages derived from the peritoneal cavity
or from the spleen were characterized by proinflam-
matory M1 type. Moreover, the ratio of NO production
to arginase activity (NO/arginase) in mice with EC was
23.3 and 24.2 against 19.2 and 21.9 in intact animals.
On the 28-th day of observation (terminal stage of the
tumor process), spleen macrophages of mice with
EC were characterized by higher NO production and
reduced arginase activity than peritoneal macro-
phages, i.e. functional polarization of spleen derived
macrophages could be determined as antitumor one.

Our data substantiate the importance and further
feasibility of the study of the functional/phenotypic
status of macrophages from different biological niches
in the early stages of malignancy. The results of such
studies may be optimally matched timing for the influ-
ence on the monocyte/macrophage component for
reprogramming macrophages into anticancer M1 cells
and triggering a cascade of reactions that will stop the
progression of the disease.

So, the analysis of current data on the molecular
mechanisms of macrophage polarization allowed
to identify not only M1 and M2 types, but also
M1 or M2-like chimeric cell forms, confirming the
diversity (heterogeneity) of the macrophage subpopu-
lation, as well as the need for a multifaceted approach
for macrophage identification (activation stimuli, ex-
pression of CD markers, production of cytokines, che-
mokines, NO, arginase activity, expression of certain
genes). This is especially important when using TAM
as prognostic factors in the course of the tumor pro-
cess, as well as the selection of strategic approaches
to reprogramming of macrophages into a proinflam-
matory type or changing their microenvironment,
which will contribute to the formation of M1 type. This
approach in immunotherapy will be an additional tool
forimproving the effectiveness of treatment of patients
with malignant tumors.
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