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Abstract. Macrophages are immune system cells that perform various, often opposing, functions in the organism
depending on the incoming microenvironment signals. This is possible due to the plasticity of macrophages, which
allows them to radically alter their phenotypic characteristics and gene expression profiles, as well as return to their
original, non-activated state. Depending on the inductors acting on the cell, macrophages are activated into various
functional states. There are five main phenotypes of activated macrophages: M1, M2a, M2b, M2¢, and M2d. Although
the amount of genome-wide transcriptomic and proteomic data showing differences between major macrophage
phenotypes and non-activated macrophages (MO0) is rapidly growing, questions regarding the mechanisms regulat-
ing gene and protein expression profiles in macrophages of different phenotypes still remain. We compiled lists of
proteins associated with the macrophage phenotypes M1, M2a, M2b, M2c, and M2d (phenotype-associated proteins)
and analyzed the data on potential mediators of macrophage polarization. Furthermore, using the computational
system ANDSystem, we conducted a search and analysis of the relationships between potential regulatory proteins
and the genes encoding the proteins associated with the M2 group phenotypes, obtaining estimates of the statistical
significance of these relationships. The results indicate that the differences in the M2a, M2b, M2c, and M2d macro-
phage phenotypes may be attributed to the regulatory effects of the proteins JUN, IL8, NFAC2, CCND1, and YAP1.The
expression levels of these proteins vary among the M2 group phenotypes, which in turn leads to different levels of
gene expression associated with specific phenotypes.
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AHHoTaumA. Makpodaru — KNeTkn MMMYHHOW CUCTEMbI, BbIMOSHAOLWME B OPraH13me passimyHble, 4acTo NPOTMBONO-
NoXHble GYHKLMN B 3aBUCMMOCTM OT MNOCTYNAIOLWMX CUFHAIOB MUKPOOKPYKeHMA. DTO BO3MOXHO Gnarofapa nnactny-
HOCTN MaKpodaroB, NO3BONAOLWEN KAPANHANTBHO MEHATb GEHOTMNNYECKME NPU3HAKKU U NPOdUAN SKCMPECCUMU FreHOB,
a Tak)Ke BO3BPaLLATbCA B NCXOAHOE, HEAKTUBMPOBAHHOE COCTOAHME. B 3aBUCMOCTYM OT JeCTBYIOWMX Ha KNETKY MH-
LYKTOPOB Makpodary NonspusyioTcs B pasfinyHble GyHKLMOHaNbHble COCTOAHNA. MPUHATO BbIAENATb NATb OCHOBHbIX
$EHOTMNOB aKTUBUPOBaHHbIX Makpodaros: M1, M2a, M2b, M2c n M2d. XoTa KonmyecTBo NOSIHOF@HOMHbIX TPAHCKPUM-
TOMHbIX 1 MPOTEOMHbIX AaHHbIX, MOKa3bIBAOLWMX Pa3NMYMA Mexay OCHOBHbIMU deHoTNamy MakpodaroB 1 HeakTu-
BMPOBaHHbIMY Makpodaramu (M0), pacTeT CTpeMUTENIbHO, BCE eLle OCTaloTCA BOMPOChI, KacaloLmeca MexaHM3MoB pe-
rynAaummn npodunein SKCNPeccrn reHos 1 6eNKoB Y Makpodaros pasHbix GeHoTUNoB. Hamu 6binn cocTaBieHbl CNUCKM
6eKOoB, aCCOLMNPOBaHHbIX C peHoTMamu Mmakpodaros M1, M2a, M2b, M2¢, M2d (deHoTrn-accoummpoBaHHble 6en-
K1), NpoaHann3npoBaHbl JaHHble O BO3MOXKHbIX MOCPefHMKax nonaprsaumm makpodaros. lanee ¢ MCNonb30BaHUEM
KomnbtoTepHol cuctembl ANDSystem npoBefieH NOVCK U aHanm3 CBA3e MeXAy NOoTeHUMaNbHbIMU PerynaTOpPHbIMA
6enkaMmn 1 reHamu, KoampyLwmnmmn 6enkn, accouMmpoBaHHble ¢ deHoTMNamm rpynnbl M2, nonyyeHbl OLEeHKN CTaTu-
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BbiiBneHne 6enkoB, perynupytowmx ¢eHoT1n-accounmpoBaHHblie 2025
reHbl Makpodaros rpynmnbl M2: 6ronHpopmaTyeckmnin aHanms 29.7

CTUYECKO 3HAUYMMOCTH TUX CBA3eN. Pe3ynbTaThl yKa3blBaloT Ha TO, YTO pa3nuuva B GeHoTunax Mmakpodaros M2a,
M2b, M2¢, M2d moryT 6bITb 06ycnioBieHbl perynatopHbiMmu genctauamu 6enkos JUN, IL8, NFAC2, CCND1 n YAP1. Ypo-
BEHb VX IKCMPeCCun BapbMpyeTCa B 3aBUCUMOCTM OT GpeHOTUMNOB rpynmbl M2, 4To B CBOIO oUYepeAb NPUBOAUT K pas-
JIYHBIM YPOBHAM SKCMPECCUI FEHOB, CBA3AHHbIX C KOHKPETHbIMU heHOTMMaMM.

Kntouesbie cnosa: GeHOTVMNbI Makpodparos; perynauusa skcnpeccumn; npoteombl; cuctema ANDSystem; aBTomaTnye-

CKWI aHanun3 TeKCTOB

Introduction

Macrophages are immune system cells that play a key role in
processes such as: maintaining body homeostasis (Mosser et
al., 2021), defense against infections (Zhang M., Wang, 2014),
proinflammatory and anti-inflammatory responses (Xu et al.,
2013), tissue regeneration with concomitant stimulation of
proliferation (Wynn, Vannella, 2016), and many others. The
ability of macrophages to exhibit different functions through
polarization (changing their functional state depending on
signals from the microenvironment) is associated with their
unique plasticity (Mills, 2012; Gurvich et al., 2020). Pola-
rization leads to macrophages acquiring various phenotypes —
functional states characterized by unique morphological, mo-
lecular and functional features, depending on the polarization
inducers: proteins, peptides, polysaccharides, etc.

Each macrophage phenotype is characterized by a group
of proteins (Martinez et al., 2008). These groups overlap, but
different macrophage phenotypes can have radically diffe-
rent functions. For example, the M1 phenotype corresponds
to proinflammatory macrophages, essential for the body’s
response to infections. M2a macrophages promote wound
healing and clear the body of apoptotic cells (Murray et al.,
2014). M2b macrophages are called regulatory for their abi-
lity to regulate T-helper cells, which leads to a switch in the
immune response from proinflammatory to anti-inflammatory.
M2c macrophages are necessary for tissue remodeling and the
phagocytosis of apoptotic cells. M2d macrophages are called
tumor-associated macrophages because they accompany tu-
mor tissues (Zhang Q., Sioud, 2023).

In several studies, a link has been demonstrated between
specific macrophage phenotypes and certain pathologies, as
well as an association of disease outcomes with particular
macrophage phenotypes. For example, patients with ovar-
ian cancer exhibited a pronounced predominance of M1
phenotype macrophages over M2, which was associated
with improved survival (Zhang M. et al., 2014). Additiona-
Ily, the shift of macrophages from the M2 phenotype to M1
suppressed tumor metastasis (Yuan et al., 2017). Research
on juvenile idiopathic arthritis in remission showed that the
M2 macrophage group predominantly consisted of M2b and
M2c, while the number of M2a macrophages was significantly
reduced (Feng et al., 2021). In contrast, children with active
juvenile idiopathic arthritis had a predominance of M2a and
M2b macrophages, while the presence of M2c was decreased.
The study of differences between macrophage phenotypes
holds significant fundamental importance and also represents
substantial practical interest for early disease diagnosis, prog-
nosis, and management of disease progression (Zhang M. et
al., 2014; Lampiasi, 2023).

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

It should be noted that there is conflicting information in
the literature regarding the proteins and genes characterizing
different macrophage phenotypes. For example, the fractalkine
receptor (CX3CR1) is designated as a marker of the M2a
phenotype in one publication (Joerink et al., 2011), while in an-
other publication (Chhor et al., 2013), this protein is identified
as a marker of the M1 phenotype. Metalloproteinase MMP12
is highlighted as a marker of the M1 phenotype (Hirani et al.
2021), but the article (Lee et al. 2014) shows that this protein
is characteristic of the proteomes of the M2 phenotype and
dendritic cells. The chemokine CXCL13 is described as an
M1 marker in the study (Martinez et al. 2006), while in the
work (van der Lans et al. 2015) it is noted as a marker of M2.

How do proteomes intersect in macrophages of different
phenotypes to achieve significant functional differences?
What molecular and genetic regulatory mechanisms underlie
macrophage polarization? Despite the rapid accumulation of
genome-wide transcriptomic and proteomic data characteri-
zing the differences between the major macrophage pheno-
types and their differences from non-activated macrophages
(MO) (Gurvich et al., 2020; Oates et al., 2023), questions
about how gene and protein expression profiles are regulated
in macrophages of different phenotypes remain open.

The aim of this study was to identify mediator proteins that
control the activity of phenotype-associated genes in different
phenotypes of M2 macrophages. For this purpose, we used the
ANDSystem information system, which is based on machine
learning and artificial intelligence methods, including graph
neural networks (Ivanisenko V.A. et al., 2015; Ivanisenko T.V.
et al., 2024). ANDSystem provides automated analysis of
scientific publication texts and factographic databases in the
medical and biological domains. Currently, the ANDSystem
knowledge base contains knowledge and facts extracted from
more than 40 million scientific publications and patents, as
well as factual databases, including information on molecular
and genetic objects and processes that are important for the
functioning of gene networks and their basic components: met-
abolic networks, signal transduction pathways, DNA-protein
and protein-protein interaction networks. The effectiveness of
ANDSystem has been demonstrated in a wide range of studies:
reconstruction of molecular genetic mechanisms of asthma and
hypertension comorbidity (Zolotareva et al., 2019), analysis
of the plasma metabolome of patients with postoperative
delirium (lvanisenko V.A. et al., 2023), reconstruction of the
hypermethylation regulatory network affecting the develop-
ment of hepatocellular carcinoma in hepatitis C virus disease
(Antropova et al., 2023).

In this work, the following tasks were addressed: 1) forma-
tion of phenotype-associated protein lists in macrophages of

991



E.A. Antropova, L.V. Yatsyk, PS. Demenkov,
T.V. lvanisenko, V.A. lvanisenko

SLOT 1

Identification of proteins regulating phenotype-associated genes
of M2 macrophages: a bioinformatic analysis

SLOT 2

a N

Differentially
expressed proteins

>

Protein_Name_1
Protein_Name_2

Frame model

Protein_Name_N

N\ AN

Phenotype-associated-genes
encoding phenotype-associated
proteins
(MACRO_GENES Database)

Protein_Name_1
Protein_Name_2

Protein_Name_M

J

Fig. 1. Schematic diagram of a frame model for searching for regulatory links between differentially

expressed proteins and phenotype-associated genes.

the main phenotypes (M1, M2a, M2b, M2c, M2d); 2) analysis
of differential protein expression data in the M2 phenotype
group as potential mediators of macrophage polarization;
3) analysis of regulatory relationships from mediator pro-
teins to genes encoding phenotype-associated proteins using
ANDSystem.

Materials and methods

Proteomic data on macrophages of different phenotypes.

Two types of information about proteins in different macro-

phage phenotypes were used in the work:

1) Our curated database MACRO_GENES, containing lists of
genes and proteins associated with macrophage phenotypes
(Table S1)L. It was formed through manual analysis of sci-
entific publications describing characteristic proteins that
allow differentiation of macrophage phenotypes M1, M2a,
M2b, M2c, M2d. Only those proteins, the presence of which
in macrophages of certain phenotypes was confirmed by
experimental data, were included in the MACRO_GENES
database.

2) Proteomic data on differentially expressed proteins in
M2a, M2b, M2c, and M2d macrophage phenotypes were
obtained from the work by P. Li and colleagues (2022):
approximately 200 proteins for each phenotype under
consideration. Hereafter, such proteins will be referred to
as regulatory proteins or differentially expressed proteins.
Search for potential regulators influencing the activity

of phenotype-associated genes. The search for potential

regulatory proteins influencing the activity of phenotype-asso-
ciated genes was carried out using the knowledge base of the

ANDSystem software and the ANDVisio software module in-

cluded in this system (Demenkov et al., 2012; Ivanisenko V.A.

et al., 2015; Ivanisenko T.V. et al., 2024). The ANDSystem

knowledge base includes information on interactions between
molecular biological objects (genes, proteins, metabolites, bio-
logical processes, etc.), obtained through automated analysis
of over 40 million scientific publications and patents, as well
as a large number of biomedical factual databases. The current
version of this knowledge base contains information on over

36 million proteins from various organisms and approximately

the same number of genes, 76 thousand metabolites, 100 mil-

lion interactions, 21 thousand diseases, and more.

T Supplementary Tables $1-53 and Figures S1-56 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Antropova_Engl_29_7.pdf
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To search for connections between regulatory proteins
and phenotype-associated genes, the frame model software
of the ANDSystem was used (Fig. 1). Step 1: The first
slot of the frame was filled based on proteomic analysis
data (Li et al., 2022) with a list of differentially expressed
proteins for each phenotype (M2a, M2b, M2c, and M2d).
Step 2: The second slot of the frame was filled with a list of
phenotype-associated genes for the same phenotype from
our curated MACRO_GENES database (Table S1). Step 3:
Using the ANDVisio software module with the filled frame,
regulatory connections described in the ANDSystem knowl-
edge base were searched for the studied macrophage pheno-
type.

The analysis resulted in graphs of regulatory processes, in
which nodes corresponded to differentially expressed proteins
from the paper (Li et al., 2022) and phenotype-associated
macrophage genes from the MACRO_GENES database.
Edges connecting graph nodes corresponded to regulatory
relationships between them.

Search for functionally significant regulatory proteins
of phenotype-associated macrophage genes in regulatory
process graphs. Akey step in analyzing regulatory processes,
associated with macrophage phenotype-associated genes and
identified using frame models, is the search for functionally
significant regulatory proteins (also called central nodes).
Central nodes play a key role in signaling and coordinating
regulatory processes. A wide range of methods have been
developed to assess centrality (Ghasemi et al., 2014; Jalili
et al., 2016; Ivanisenko V.A. et al., 2019). In our study, node
centrality was assessed based on the number of interactions
of the protein in question with phenotype-associated genes of
the corresponding phenotype.

A high degree of centrality can be observed as a result of
functional innovations between genes and proteins, as well as
due to random factors. To distinguish between these situations,
the statistical significance of the observed degree of centrality
was assessed using the hypergeometric test. In this context,
the hypergeometric test is used to measure the number of con-
nections between a given protein and randomly determined
phenotype-associated genes.

Here: M is the total number of genes represented in the
ANDSystem knowledge base; N is the total number of genes
with which a specific protein interacts in the ANDSystem
knowledge base; n is the number of phenotype-associated
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genes for a specific phenotype in the MACRO_GENES
database; x is the observed number of interactions of the
protein in question with phenotype-associated genes for a
specific phenotype. Then, under the null hypothesis of a
random distribution of interactions, the value of X obeys the
hypergeometric distribution law:

X ~ Hypergeom(M, N, n),
and the p-value for the right-tailed (enrichment) test was
calculated using the formula:

min(N,n) (N) (M - N)

p=PX=x)= Z %

k=x n
p-values were calculated using the SciPy Python library
(scipy.stats.hypergeom). A Bonferroni correction was used
to correct for multiple testing. At p < 0.05, the observed de-
gree of centrality was considered statistically significant, and
the corresponding protein was considered as a functionally
significant regulatory protein controlling the expression of
phenotype-associated genes.

Results and discussion

Our work aimed to identify regulatory proteins that influence
genes, the expression of which differs between the M2a, M2b,
M2c, and M2d macrophage phenotypes. Understanding the
regulatory mechanisms that determine differences between
macrophage phenotypes is not only of fundamental impor-
tance but also holds promise for applications in medicine
and pharmacology, as the prevalence of a certain macrophage
phenotype has been shown to be associated with the develop-
ment and outcome of a number of pathologies (Zhang M. et
al., 2014; Yuan et al., 2017; Feng et al., 2021).

BbiiBneHne 6enkoB, perynupytowmx ¢eHoT1n-accounmpoBaHHblie 2025
reHbl Makpodaros rpynmnbl M2: 6ronHpopmaTyeckmnin aHanms 29.7

General characteristics of phenotype-associated genes
and proteins of macrophages M1, M2a, M2b, M2c, M2d
Table 1 presents a summary of our curated database, MACRO _
GENES, of phenotype-associated genes encoding phenotype-
associated proteins, i. e., proteins specific to macrophages of
each of the phenotypes under consideration: M1, M2a, M2b,
M2c, and M2d. The presence of proteins in specific phenotypes
was confirmed by experimental data presented in the relevant
publications. A detailed description of the gene information
in MACRO_GENES is given in Table S1.

Some phenotype-associated proteins are used in experimen-
tal studies as specific markers for distinguishing macrophage
phenotypes. In Table 1, the genes encoding such proteins are
highlighted in green. If a protein is characteristic of a specific
phenotype but is also considered a specific marker for another
phenotype, the gene encoding it is highlighted in orange
(Table 1). For example, the CCL2 protein is considered a
marker for the M1 phenotype, but some publications indicate
that it is also characteristic of the M2a and M2d phenotypes.
Table 1 illustrates the complex pattern of marker intersections
between different macrophage phenotypes.

Figure 2 shows a Venn diagram demonstrating the distribu-
tion of genes encoding phenotype-associated proteins across
five macrophage types (M1, M2a, M2b, M2c, M2d). The
diagram is constructed based on the information provided in
Table 1. Note that the M1 and M2d phenotypes have the most
matching proteins (17). The M2a/M2c and M1/M2c phenotype
pairs have 15 and 13 common proteins, respectively. The M2b
and M1 phenotypes have 11 matching proteins. A relatively
small number of matching proteins (8) can be noted for the
M2c and M2d phenotype pair. M2b has the fewest overlaps
(6 proteins) with M2a.

Table 1. Lists of genes encoding phenotype-associated proteins of macrophages M1, M2a, M2b, M2c

and M2d presented in the MACRO_GENES database

Macrophage Genes encoding phenotype-associated proteins*
phenotype

M1 ARGI2, CAHM®6, CCL2, CCL3, CCL4, CCL5, CCL7, CCL8, CCL15, CCL19, CCL20, CCR2, CCR7, CD38, CD80, CD86, CSF2, CXCL2, CXCLS,
CXCL9, CXCL10, CXL11, FCG2B, FCG3A, FCGR1, GBP2, GBP5, GROA, HLA-DRA, HMGB1, IDOT, IFNAT, IFNB, IFNG, IL1A, IL1B, ILTR1,
IL2RA, IL3, IL6, IL7RA, IL8, IL12B, IL15, ILT5RA, IL17,1L18, IL23A, IRF1, IRF4, IRF7, 1SG20, ITGAX, KCNN2, LAG3, MARCO, MET, MIF,
MMP13, NAMPT, NFKB1, NOS2, PGH2, SOCS3, STAT1, TIMP1, TLR2, TLR4, TNFA, TNR5, TSP1, UBD, VEGFA

M2a ALOX15, ARG1, CCL1, CCL2, CCL7, CCL8, CCL13, CCL14, CCL15, CCL17, CCL18, CCL22, CCL23, CCL24, CCL26, CCR2, CD200R1, CD209,
CD274, CDH1, CDK11B, CLEC4A, CLEC7A, CLECTOA, CSF1R, CXCR1, CXCR2, EDN1, EGR2, FCER2, FGF2, FLT1, FNT, HAVCR2, HLA-DPAT,
HLA-DPB1, HLA-DRA, HLA-DRB1, HLA-DRB3, HRH1, IGF1, IL1R1, IL1R2, IL4, 110, IL27, IRF4, ITGAX, KLF2, LGALS3, MMP9, MMP14,
MRC1, MRC2, MYC, PDCD1LG2, PGF, PPARG, PTGS1, RAMP1, SCN3A, SOCST1, TGFB1, TGM2, TREM2, VEGFA

M2b CCL1, CCL4, CCL20, CD86, CD163, COX2, CXCL3, HLA-DRA, IFNA1, IL18, ILTR1, IL6, IL10, MRC1, NOS2, PTPRC, SIGLECT0, SPHKT, TNFA,

TNFSF14, VEGFA

M2c ARG1,BCL3, C1QA, CCL8, CCL16, CCLT8, CCL23, CCR2, CCR3, CCR10, CD14, CD163, CD300E, CDK11A, CDKT11B, CSF1R, CX3CR1,

M2d

CXCL12, CXCL13, CXCR4, EPAST, F5, FCRLA, FPR1, GAS6, GXYLT2, HIF1A, IL15, ILTR1, IL4R, 110, IL21R, IRF3, IRF5, IRF8, ITGAX, JAK3,
LIN7A, MAF, MARCO, MCTP2, MERTK, MMP2, MMP8, MMP14, MRCT, MRC2, MSR1, NOS2, PCOLCE2, PGF, PLOD2, SELENOF, SERPINAT,
SH3PXD2B, SLAMF1, SOCS3, SPP1, SRPX2, STAT1, STAT3, STAT6, TGFB1, THBS1, TIMP1, TLR1, TLR2, TLR4, TLR5, TLR8, VCAN, VTCN1

ADORA2A, AlIF1, C1QA, C1QC, CCL2, CCL3, CCL4, CCL5, CCL7, CD81, CD274, COX2, CSF3R, IL8, CXCL9, CXCL10, CXCL16, EGF, FCRL2,
FGF2, FGFR1, GDF15, HLA-DMA, ID3, IDO1, IDO2, IL1A, IL 1B, IL6, IL10, IRF7, LILRB4, MIF, MMP2, MMP9, MIRC1, MSR1, NCAM1, NOS2,
PDCD1LG2, PDGFB, TBX6, TGFBI, TNFA, VEGFA

* Genes encoding proteins that are markers of various macrophages phenotypes are highlighted in green. Genes that are expressed in macrophages of a particular
phenotype, according to some sources, but are markers of macrophages of a different phenotype, according to other sources, are highlighted in orange.
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Fig. 2. Venn diagram for comparison of macrophage phenotypes
M1, M2a, M2b, M2c, M2d according to the gene lists presented in the
MACRO_GENES database.

General characteristics of differentially expressed proteins

of the M2 macrophage group

To search for mediator proteins that transmit signals from
macrophage polarization inducers to phenotype-associated
genes, we used lists of differentially expressed proteins (com-
pared to non-activated macrophages) from P. Li et al. (2022).
The published data, summarized in Tables S2 and S3, indi-
cate that the distribution of differentially expressed proteins
across the four macrophage phenotypes (M2a, M2b, M2c,
M2d) is characterized by significant overlap, i. e., there is no
one-to-one correspondence between differentially expressed
proteins and macrophage phenotypes. Therefore, to identify
regulatory pathways that mediate macrophage polarization
into different phenotypes, we required bioinformatic analysis
of large volumes of molecular genetic data, conducted using
the ANDSystem computer system.

Search for regulatory links from differentially expressed
proteins to phenotype-associated genes of macrophages
based on frame models

To analyze large volumes of published data on various macro-
phage phenotypes, we used the methods and information
resources of computer-aided knowledge engineering imple-
mented in the ANDSystem. Using the framework-based
approach realized in this system, we searched for regulatory
links between differentially expressed proteins and phenotype-
associated genes in macrophages.

Regulatory process graphs were reconstructed, with nodes
corresponding to differentially expressed proteins from the
paper (Li et al., 2022) and phenotype-associated macrophage
genes from the MACRO_GENES database. Edges connecting
graph nodes corresponded to regulatory relationships between
them. Figure 3 shows an example of a graph of potential
regulatory relationships between differentially expressed
proteins and phenotype-associated macrophage genes in the
M2b phenotype.
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Figure 3 shows that most phenotype-associated genes are
regulated by more than one protein. Furthermore, most of the
proteins shown in the figure are involved in the regulation
of multiple genes. Similar regulatory relationship diagrams
for M2a, M2c, and M2d macrophages are presented in the
Supplementary Materials (Fig. S1-S3).

Identification of statistically significant regulators

of phenotype-associated genes

Quantitative characteristics of regulatory links between
differentially expressed proteins and phenotype-associated
genes identified using frame models are shown in Section A
of Table 2.

In the second stage of the analysis, centrality metrics
characterizing the functional significance of differentially
expressed proteins for the regulation of phenotype-associated
genes were assessed. Centrality assessments allowed us to
identify proteins regulating phenotype-associated genes with
a Bonferroni-corrected statistical significance threshold of
p < 0.05 (Table 2B). Accounting for the statistical signifi-
cance of differentially expressed proteins based on centrality
metrics led to a significant reduction in the number of nodes
corresponding to phenotype-associated genes and the number
of edges corresponding to regulatory events. For example, for
the M2a phenotype, of the 40 differentially expressed proteins
associated with phenotype-associated genes, 16 were statisti-
cally significantly associated with these genes (Table 2B). For
the M2b phenotype, it was 6 out of 12 proteins. Accordingly,
the number of regulatory events and phenotype-associated
genes in the reconstructed graphs decreased.

Figure 4 shows the lists of differentially expressed proteins
statistically significantly associated with the phenotype-
associated genes of macrophages M2a, M2b, M2¢ and M2d.
Proteins, the levels of which are elevated in specific mac-
rophage phenotypes according to the study (Li et al., 2022),
are highlighted in red. Proteins, the levels of which are de-
creased compared to non-activated macrophages are high-
lighted in blue. Green lines connect proteins with oppositely
changing expression levels in macrophages of different phe-
notypes.

Figure 5 shows examples of schemes of statistically
significant regulatory interactions between differentially
expressed proteins of M2a macrophages and phenotype-
associated genes reconstructed using the ANDSystem. The
corresponding schemes for macrophages of the M2b, MZ2c,
and M2d phenotypes are presented in Figures S4-S6. Figure 5
demonstrates regulatory connections using two alternative op-
tions for controlling molecular genetic processes in the same
Mz2a macrophage phenotype: through an increase (Fig. 5A)
and a decrease (Fig. 5B) in the levels of regulatory proteins.
Adescription of the reconstructed connections obtained using
frame models is given in Table 3.

As an example, let us consider the binding of the regula-
tory protein TGM2 (the lower protein in Figure 5A, marked
with a blue asterisk). Proteomic data (Li et al., 2022) show
that the level of this protein is elevated in the M2a pheno-
type compared to non-activated macrophages. According to
information from the ANDSystem knowledge base obtained
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Gene

Protein
Expression regulation

Interaction regulation

Fig. 3. A graph of potential regulatory links between differentially expressed proteins (left) and phenotype-associated genes
(right) in M2b macrophages, presented in the ANDSystem interface. Green balls on the arrows in the interactive ANDSystem

interface allow users to obtain additional information about specific regulatory links.

Table 2. Quantitative characteristics of potential regulatory links identified based on frame models

Components of frame models M2a M2b M2c M2d

A. Results of the first stage of analysis

of the regulatory interactions reconstructed graph
Differentially expressed proteins 40 12 41 43
Regulatory events 127 51 216 252
Phenotype-associated genes 26 12 41 31
B. Results of the second stage of the analysis (taking into account statistical estimates
of the centrality of regulatory proteins,
p < 0.05)

Differentially expressed proteins 16 6 10 15
Regulatory events 85 19 89 133
Phenotype-associated genes 23 8 28 29

through its interface, in M2a macrophages, the TGM2 pro-
tein has an activating effect on the expression of the M2a
phenotype-associated genes CD274 and FN1 (Liuetal., 2021;
Sun et al., 2021), which is consistent with the data presented
in Table 1 (the mentioned genes are marked with black as-
terisks in Figure 5A). TGM2 also has a suppressive effect on
the PPARG gene (Maiuri et al., 2008), which is inconsistent
with the data in Table 1 and indicates that the expression

of this gene is also activated by some other factors, such as
AHR, CDK4, CCLS5, the level of which is increased in this
phenotype (Fig. 5A).

Among the proteins with reduced levels (compared to
non-activated macrophages) in M2a macrophages, as an ex-
ample we consider the CBP protein, which regulates the phe-
notype-associated genes CCL2, CD274, and CDHL1 (Fig. 5B,
marked with asterisks). According to information from the
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Fig. 4. Differentially expressed proteins statistically significantly (p < 0.05)
associated with the phenotype-associated genes of macrophages M2a,
M2b, M2c, and M2d. Proteins, the levels of which, according to (Li et al.
2022), are elevated in a particular phenotype are highlighted in red, while
those, the levels of which are decreased compared to non-activated
macrophages, are highlighted in blue. Green lines connect proteins with
oppositely expressed changes in macrophages of different phenotypes.

ANDSystem knowledgebase, when CBP is suppressed in the
M2a phenotype, CCL2 expression increases (Huang et al.,
2021), which is consistent with the data presented in Table 1
(MACRO_GENES database). At the same time, the CBP
protein positively influences the expression of the phenotype-

Identification of proteins regulating phenotype-associated genes
of M2 macrophages: a bioinformatic analysis

associated genes CD274 and CDHL1 (Liu et al., 2020; Heng et
al., 2021). It can be hypothesized that other regulators have
a greater influence on the activity of these genes. Figure 5A
shows that such regulators for the CD274 gene may include
the proteins AHR, CCL5, TGM2, and CDK4, the levels of
which are elevated in the M2a phenotype (Fig. 5A, double
green asterisks).

All statistically significant regulatory interactions identified
in M2 macrophages between differentially expressed proteins
and phenotype-associated genes are presented in Table 3. For
M2a macrophages, these were interactions of nine regulatory
proteins with increased levels (compared to non-activated
macrophages), marked with arrows (1), and four proteins
with decreased levels (|), regulating 23 phenotype-associated
genes. For M2b, these were four upregulated and two down-
regulated proteins regulating eight phenotype-associated
genes (see also Figure S4). For M2c, two upregulated and
eight downregulated proteins regulating 28 genes were identi-
fied (see also Figure S5). For M2d, 13 upregulated and two
downregulated proteins regulating 29 genes were found (see
also Figure S6).

Thus, based on a computer analysis of differences in the
proteomes of different macrophage phenotypes, as well as
the use of large volumes of information accumulated in the
ANDSystem knowledge base, some regulatory proteins were
identified that mediate the action of macrophage polarization
inducers on phenotype-associated macrophage genes. Future
research is planned using frame models containing more slots
reflecting the intermediate stages of action of macrophage
polarization inducers on phenotype-associated macrophage
genes. This will enable the identification of more subtle fea-
tures of the regulatory pathways running from macrophage
polarization inducers to phenotype-associated genes through
the action of intermediary proteins.

Fig. 5. Graph of the regulation of phenotype-associated gene expression (from the MACRO_GENES database) in M2a macrophages by differentially
expressed regulatory proteins from the article (Li et al., 2022), statistically significantly associated with these genes: (A) through an increase and
(B) through a decrease in the level of regulatory proteins in this phenotype. The blue asterisk in (A) indicates the TGM2 protein discussed in the text,
black asterisks indicate its target genes; green triangles indicate the discussed proteins AHR, CDK4, CCL2, TGM2. Blue asterisks in (B) indicate the CBP

protein discussed in the text and its target genes.
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Table 3. Relationships between functionally significant differentially expressed regulatory proteins*
and the phenotype-associated genes they regulate in M2 group macrophages, identified using frame models
M2a M2b M2c M2d
Protein Target genes Protein Target genes Protein Target genes Protein Target genes
AHR (1)** ARG1, MMP9, MYC, | AHR (1) IL1B, CCL20,IL10 AHR (1) ARG1, CXCL12, STAT3, AHR(1) IDO1,IDO2, IL1B,
PPARG, CCL22, SOCS3, CCR2, HIF1A, IL8, MMP9, NCAM1,
CCR2, CDH1, TLR2,IL1B,IL10 CD274,IL1A,IL10
CD274,1L10
TGM2 (1) PPARG, CD274, FN1, 1GF2 (1) NOS2 MBD2 (1) CXCL12,NOS2, SOCS3 | IL1B (1) FGF2, FGFR1, CXCL10,
MMP14 IL8, MMP9, VEGFA,
TGFB1,CCL2, CCL3,
CCL5 (1) VEGFA, CD274, NINJT (1) IL1B CCL4, CCL5, NOS2,
COX2,IL10,IL1A, TNF,
MMP9
PDCD1LG2, MIF
NFAC2 (1) EGR2, IL4, FLTT, IL8 (1) CCL1, VEGFA TGFR1(]) MMP14, TGFBI, MBD2 (1)  CXCL9, CXCL10, CD274,
MMP9 HIF1A, PGF CCL5, MMP2, NOS2
HMGA2 (1) FLT1, MMP9, VEGFA, TGFR1(]) VEGFA ZEB2 () MAF, MMP14, TGFB1, ' IL8 (1) IL1B, FGF2, CXCL10,
ccL2 MMP9, CCL2, CD274,
MMP2, VEGFA
ITAM (1) ARG1,CDK11B JUN(]) CD86, COX2, NOS2, A CCND1(|) TGFBI1,STAT3, HIFTA  YAP1 (1) IRF7, FGFR1, PDGFB,
IL1B, IL10, CCL20, CD274
VEGFA
CDK4 (1) PPARG, LGALS3, IL8 (]) MMP14, MMP2, NAMPT (1) IL1B, FGF2, IL8, MMP9,
CD274 MMPS8, TLR5, CXCL12, CCL2,CD274, MMP2
ARGT, CCR2, HIF1A,
CXL10 (1) MMP9, CCL2 IL1B, CDK11B
CCND1(|) VEGFA, TGFBI1, IGF2 (]) CDK11B, MMP2, ILTA (1) IL6, IL1B, VEGFA, CD274
CD274 HIF1A, NOS2
CCL20 (1) MMP9, CD274
FLT3 (]) ***  MMP9 PLMN ({) TGFB1, CXCL12, CXL10 (1)  IL1B, MMP9, CCL2,
CXCR4 MMP2
CCL3 ({) CCR2, VEGFA, TRFL(]) HIFTA, TLR4 TIGAR (1)  MMP9, MMP2
PPARG
PLMN ({) MMP9, TGFB1 JUN(]) TGFB1, CXCL12, HMGA2 MMP9, CCL2, MMP2,
MMP14, MMP2, ) VEFGA
ARGT,IL1B, NOS2,
CD38(]) VEGFA HIF1A, TLR2, TLR4, SRC (1) CXCL10, MMP2, VEFGA,
IL10, CX3CRI, THBST, NOs2
TGFR1(])  TGFB1,CD274, SERPINAT, BCL3, ITB3 (1)  MMP2
MMP14, PGF CCL18, ITGAX
CBP () CD274, CCL2, CDH1 TGFR1(]) VEGFA, TGFBI1,CD274
FOSL2 (]) CD274, IRF4, ITGAX GDF15(]) MMP9, CCL2, GDF15,

CD274, MMP2

* — Proteins selected based on the centrality criterion (p < 0.05); ** 1 - proteins with increased expression levels; *** | — proteins with decreased expression levels.

Conclusion

A study of published data on phenotype-associated genes and
proteomes of M2 macrophages, and a subsequent search for
regulatory links between them using a frame-based approach
implemented in the ANDSystem computer system, made it
possible to identify potential regulatory proteins that mediate
differences in gene expression in M2 macrophage phenotypes.

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

The obtained results suggest that the differences between the
M2a, M2b, M2c and M2d phenotypes may be associated, in
particular, with the regulatory functions of the proteins JUN,
IL8, NFAC2, CCNDI and YAPI, the level of which varies
between phenotypes, leading to differences in the expression
of phenotype-associated genes.
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