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Abstract: Macrophages are widely distributed immune cells that contribute to tissue homeostasis. Human THP-1 cells have
been widely used in various macrophage-associated studies, especially those involving pro-inflammatory M1 and anti-inflammatory
M2 phenotypes. However, the molecular characterization of four M2 subtypes (M2a, M2b, M2c¢, and M2d) derived from THP-1
has not been fully investigated. In this study, we systematically analyzed the protein expression profiles of human THP-
1-derived macrophages (M0, M1, M2a, M2b, M2c, and M2d) using quantitative proteomics approaches. The commonly and
specially regulated proteins of the four M2 subtypes and their potential biological functions were further investigated. The
results showed that M2a and M2b, and M2c and M2d have very similar protein expression profiles. These data could serve as an
important resource for studies of macrophages using THP-1 cells, and provide a reference to distinguish different M2 subtypes

in macrophage-associated diseases for subsequent clinical research.
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1 Introduction

Macrophages are a group of cells that play key
immune functions in a variety of physiological and
pathological processes, including inflammation, viral
clearance, wound healing, and tissue homeostasis
(Wynn et al., 2013). Sources of macrophages include
tissue-resident macrophages originating from progenitor
cells and monocyte-derived macrophages from bone
marrow hematopoietic stem cells (Epelman et al., 2014).
Plasticity and heterogeneity are the most critical char-
acteristics of macrophages (Sica and Mantovani, 2012).
Three broad pathways (including epigenetic and cell
survival pathways that prolong or shorten macro-
phage development and viability, the tissue microen-
vironment, and extrinsic factors) are known to control
macrophage polarization into different phenotypes
with specific biological characteristics and functions
(Murray, 2017).
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Macrophages are divided into two subsets: clas-
sically activated M1 macrophages and alternatively
activated M2 macrophages (Shapouri-Moghaddam
et al., 2018). M1 macrophages can express high levels
of signal transducer and activator of transcription 1
(STAT1) and nitric oxide synthase 2 (NOS2), and are
involved mainly in acute pro-inflammatory responses
for clearing invading pathogens and bacteria, as well
as promoting T helper 1 (Thl) type immunity (Murray,
2017). However, the continued activation of M1 macro-
phages in the inflammatory area may cause tissue
damage and impair wound healing (Liu et al., 2014).
In contrast, M2 macrophages secrete considerable
amounts of anti-inflammatory cytokines to counteract
the inflammatory response maintained by M1 macro-
phages. M2 macrophages are involved mainly in
tissue repair and phagocytic, pro-angiogenic, and pro-
fibrotic processes, and promote Th2 type immunity
(Wynn and Vannella, 2016).

In response to different stimulating molecules
and/or microenvironments, M2 macrophages can be
further divided into M2a, M2b, M2¢, and M2d sub-
types (Ferrante and Leibovich, 2012). Based on previ-
ous studies, M2a macrophages secrete large amounts
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of interleukin-4 (IL-4) and IL-13, and express high
levels of mannose receptor C-type 1 (MRC1)/cluster of
differentiation 206 (CD206) and fibronectin that con-
tribute to wound healing and the formation of a fibrotic
lesion (White and Gomer, 2015); M2b macrophages
express high levels of C-C motif chemokine ligand 1
(CCL1) and tumor necrosis factor ligand superfamily
member 14 (TNFSF14), and secrete large amounts of
anti-inflammatory cytokines to promote Th2 differen-
tiation and humoral immunity (Wang et al., 2019);
M2c macrophages exhibit anti-inflammatory activity
by releasing large amounts of IL-10, and over-express
Mer receptor tyrosine kinase (MerTK) to efficiently
phagocytize apoptotic cells (Shapouri-Moghaddam
et al., 2018); M2d macrophages express high levels of
IL-10, transforming growth factor-p (TGF-B), and
vascular endothelial growth factor (VEGF) to consti-
tute the main inflammatory component in tumor tissue,
and contribute to angiogenesis and cancer metastasis
(Wang et al., 2010). The presence of M2 subtypes in
macrophage-associated diseases, such as kidney disease,
atherosclerosis, and cancers, has been explored in
several studies (Lu et al., 2013; Colin et al., 2014; Avila-
Ponce de Leodn et al., 2021; Zhao Y et al., 2021). Despite
significant advances made in understanding the plas-
ticity and function of macrophages, the molecular char-
acterization of four M2 subtypes (M2a, M2b, M2c,
and M2d) has not been fully investigated. Therefore,
quantitative proteomic analysis of the four M2 subtypes
is of value to predict their potential regulatory effects.
Typically, primary macrophages as an ideal cell
model in vitro can maintain many of the important
markers and functions seen in vivo. However, they
have some disadvantages including their different
genetic backgrounds, high individual variations, and
limited availabilities. Cell line-derived macrophages
have been widely used instead of primary macrophages
to circumvent these problems. THP-1 is a human leu-
kemia monocytic cell line, from which derived macro-
phages resemble primary macrophages in their mor-
phological and functional properties, and differentia-
tion markers. THP-1 has been widely used to study
the functions, mechanisms, and signal transduction path-
ways of macrophages within a homogeneous genetic
background with minimal variability (Chanput et al.,
2014). In addition, THP-1 macrophages have been
used in studies aimed at identifying markers of macro-
phages, especially in classical M1 and M2 phenotypes

(Huang C et al., 2018). Nevertheless, the molecular
characterization of the four M2 subtypes derived from
THP-1 has not been reported.

In this study, we systematically characterized the
proteomes of six different subtypes of macrophages
(MO0, M1, M2a, M2b, M2¢, and M2d) derived from
human THP-1 cells. By using bioinformatic and statis-
tical analyses, we identified commonly or specially
regulated proteins and their associated biological func-
tions in the four M2 subtypes. In addition, differentially
expressed proteins (DEPs) in the global proteomics
dataset were randomly selected for analysis by a parallel
reaction monitoring (PRM) assay to prove quantifica-
tion accuracy, and these proteomic data were further
used to predict macrophage-associated diseases.

2 Materials and methods
2.1 Materials

Human monocytic cell line THP-1 was obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Roswell Park Memorial Institute
(RPMI) 1640 medium was purchased from VivaCell
(Shanghai, China). Penicillin-streptomycin, bovine
serum albumin (BSA), BCA Protein Assay Kit, and
phosphate-buffered saline (PBS) were purchased from
Solarbio (Beijing, China). Heat-inactivated fetal bovine
serum (FBS) was obtained from Biological Industries
(Haifa, Israel). Phorbol-12-myristate-13-acetate (PMA),
recombinant human interferon-y (IFN-vy), lipopolysac-
charide (LPS), IL-4, and IL-10 were purchased from
Beyotime Biotechnology (Shanghai, China). Urea,
ammonium bicarbonate (NH,HCO,), dithiothreitol
(DTT), iodoacetamide (IAM), ovalbumin (OVA),
and rabbit anti-OVA immunoglobulin G (IgG) were
purchased from Merck (Darmstadt, Germany). 5'-
N-ethylcarboxamidoadenosine (NECA) was purchased
from MCE (NJ, USA). Sequencing grade trypsin was
purchased from Promega (Madison, WI, USA). C18
column was purchased from Waters (Milford, MA,
USA). Acetonitrile (ACN), trifluoroacetic acid (TFA),
and formic acid (FA) were purchased from Thermo
Fisher Scientific (Waltham, MA, USA).

2.2 Cell culture and stimulation

THP-1 monocytes were cultured in RPMI 1640
medium supplemented with 10% (volume fraction) FBS



and 1% (volume fraction) penicillin-streptomycin in
an incubator with 5% CO, at 37 °C. The cells were
treated with PMA (10 ng/mL) for 24 h to differentiate
into MO macrophages. The MO macrophages were
stimulated with IFN-y (100 ng/mL) and LPS (50 ng/mL)
for 24 h to induce the M1 phenotype, and stimulated
with IL-4 (20 ng/mL) for 24 h to induce the M2a phe-
notype. The immune complexes IgG-OVA were pre-
pared by mixing rabbit anti-OVA IgG (150 pg/mL)
and OVA (15 pg/mL) for 30 min at room temperature.
Then, MO macrophages were stimulated with LPS
(100 ng/mL) and immune complexes (IgG-OVA) for
24 h to obtain the M2b phenotype. The MO macro-
phages were stimulated with IL-10 (10 ng/mL) for
24 h to induce the M2c phenotype, while NECA
(5 pmol/L) and LPS (100 ng/mL) were added for 24 h
to induce the M2d phenotype (Huang X et al., 2018).
Images of cells were acquired using an inverted fluor-
escence microscope (CKX53, Olympus, Japan).

2.3 Sample preparation

The detailed procedures for sample preparation
have been described by Li et al. (2021). Briefly, cells
on culturing dishes were washed three times with pre-
cooled PBS (pH 7.4) and lysed directly with a lysis
buffer with a final concentration of 8 mol/L urea and
1 mol/L NH,HCO, solution. Lysates were briefly soni-
cated until the solution was clear, and then centrifuged
at 1400g for 15 min to collect the supernatant. The
protein concentrations were measured by BCA protein
assay reagent. To reduce the biological variance, the
samples from three biological replicates were pooled
into one sample for further analyses.

The denatured proteins were reduced by 5 mmol/L
DTT at 37 °C for 1 h, and then alkylated by 15 mmol/L
IAM in the dark for 30 min at room temperature. The
remaining IAM was quenched by adding 2.5 mmol/L
DTT and incubated for 10 min at room temperature.
The protein solutions were first diluted two-fold with
deionized water and then gently shaken with added
sequencing grade trypsin (protein:enzyme=100:1, mass
ratio) for 2 h at 37 °C. The solutions were further
diluted four-fold with deionized water, and then di-
gested overnight with sequencing grade trypsin (protein:
enzyme=100:1, mass ratio) at 37 °C. The sample solu-
tions were acidified to pH<2 with TFA, centrifuged at
15000g for 15 min, and then the digested peptides in
the supernatant were purified using a C18 column.
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The peptide was eluted with 60% (volume fraction)
ACN and 0.1% (volume fraction) TFA, and the con-
centration was measured using an ultra-micro spectro-
photometer DS-11 (DeNovix, DE, USA). Finally,
peptides were dried by Speed-Vacuum (Marin Christ,
Osterode, Germany) and resuspended in 15 pL 0.1%
(volume fraction) FA before liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis.

2.4 LC-MS/MS analysis

The peptide samples were analyzed by LC-MS/
MS on an Orbitrap Fusion Lumos Mass Spectrometer
(Thermo Fisher Scientific, Bremen, Germany). Peptides
were separated on the EASY-nano-LC System (Thermo
Fisher Scientific, Bremen, Germany) with an Acclaim
PepMap100 pre-column (75 um*2 ¢cm) and an Acclaim
PepMap100 separating column (75 pmx50 cm). The
mobile phase consisted of 0.1% FA in water (A) and
0.1% FA in 80% ACN (B), and had a flow rate of
200 nL/min. The spray voltage was set at 2.4 kV.
The gradient profile was set as follows: 3%—7% B
for 2 min, 7%-35% B for 166 min, 35%-68% B for
40 min, 68%-99% B for 10 min, and maintained in
99% B for 22 min, for a total of 240 min. The MS1
spectra were collected from 350 to 1800 m/z (mass-
to-charge ratio) at a resolution of 60000, with an
automatic gain control (AGC) target of 4x10°. The
precursor ions were fragmented by higher-energy colli-
sional dissociation (collision energy of 30%), and the
MS/MS spectra were collected in data-dependent
acquisition (DDA) mode with a resolution of 15000,
charge states range of 2 to 7, isolation window of
1.6 m/z, dynamic exclusion time of 45 s, maximum
injection time of 30 ms, and an AGC target of 5x10".

2.5 Parallel reaction monitoring analysis

PRM was used to analyze the expression of
specific markers identified in different subtypes of
macrophages (Peterson et al., 2012), including previ-
ously reported markers of macrophages as well as
proteins commonly or specially up-regulated in the
four M2 macrophage subtypes. One unique peptide
per protein was selected, and a mass list table contain-
ing 30 peptides was created for PRM analysis. The
gradient profile was set as follows: 3%—7% B for
2 min, 7%—35% B for 83 min, 35%—68% B for 20 min,
68%—100% B for 5 min, and maintained in 100% B for
20 min, for a total of 130 min. The PRM method was
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set in time-scheduled acquisition mode with a reten-
tion time of +5 min, higher-energy collisional dissoci-
ation (HCD) collision energy of 30%, isolation window
of 0.7 m/z, maximum injection time of 100 ms, and
an AGC target of 1x10°. Targeted MS/MS spectra were
collected from 200 to 2000 m/z with a resolution
of 30000. Skyline software was used to search PRM
data and perform relative quantification (MacLean
etal., 2010).

2.6 Database search for protein identification and
quantification

The MS/MS data were searched against the
human proteome database from the Uniprot website
(https://www.uniprot.org, downloaded in May, 2019)
using Thermo Proteome Discoverer 2.3 (Thermo Fisher
Scientific, Germany). The database search param-
eters permitted up to two missed cleavage sites for tryp-
sin digestion. The tolerances for precursor and frag-
ment masses were set at 10 ppm (parts per million)
and 0.02 Da, respectively. Carbamidomethylation
(C, +57.0215 Da) was set as a fixed modification,
while oxidization (M, +15.9949 Da) and N-terminal
acetylation (+42.010565 Da) were set as variable
modifications. The results were filtered with 1% false
discovery rate (FDR) and Score Sequest HT>1.5 at
the peptide level, and at least five peptide-spectrum
matches (PSMs) were required for a protein identifi-
cation. Label-free quantification (LFQ) from Pro-
teome Discoverer 2.3 was used for protein quantifi-
cation. The peptide group ratios between different
macrophage subtypes were calculated as the geomet-
ric median of all combinations of ratios from all the
replicates for the selected study factors. The protein
ratio between different macrophage subtypes was sub-
sequently calculated as the geometric median of the
above peptide group ratios.

2.7 Bioinformatic analysis

Principal component analysis (PCA) and hier-
archical clustering analysis were performed using the
“emodels” and “heatmap” package in R language,
respectively. The Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) V6.8 (https://
david.ncifcrf.gov/home.jsp) was used to perform
Gene Ontology (GO) with Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses by
whole genome as background (Dennis et al., 2003).

Reactome pathway analysis was performed using
ClueGO plug-in and Cluepedia from Cytoscape (Bin-
dea et al., 2009). Protein-protein interaction (PPI) net-
work analysis was performed using Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING;
https://string-db.org) (Szklarczyk et al., 2015), and
interactions with a combined score of >0.15 were se-
lected to construct the PPI networks using Cytoscape
(Snel et al., 2000). The highly interactive modules
were constructed with Molecular Complex Detection
(MCODE) in Cytoscape (Bader and Hogue, 2003).

2.8 Disease correlation analysis

A network-based prediction method was used to
further investigate disease associations in the four M2
macrophage subtypes. Based on the specially regulated
proteins in the different M2 macrophage subtypes,
disease correlation modules (P<0.05) from the Mala-
Cards database were constructed using GeneAnalytics
(http://geneanalytics. genecards. org) (Ben-Ari Fuchs
et al., 2016).

3 Results

3.1 Polarization of THP-1 monocytes into different
subtypes of macrophages

The proteomic characteristics of THP-1 cells
might vary when different stimulation protocols are
applied. Therefore, the standardization schemes de-
scribed previously were used for the following pro-
cesses (Huang X et al., 2018). THP-1 monocytes were
first differentiated into a MO macrophage state using
PMA. MO macrophages were then polarized into M1
by IFN-y and LPS, into M2a by IL-4, into M2b by
LPS and immune complexes, into M2c by IL-10, and
into M2d by NECA and LPS (Fig. 1a). Different macro-
phage phenotypes showed obviously different mor-
phologies. The MO phenotype showed a round shape,
the M1 phenotype had a spindle shape with increased
pseudopodia, the M2a phenotype formed numerous
filopodia, and the M2b, M2c, and M2d phenotypes
all had a spindle or round shape (Fig. S1). After multi-
step experimental processing, these macrophage sub-
types were all characterized by MS-based proteomics
(Fig. 1Db).

To evaluate the modeling of different phenotypes
of macrophages, both discovery and targeted-based
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Fig. 1 Preparation and validation of different macrophage phenotypes induced from THP-1 monocytes. (a) Processes of
inducing THP-1 monocytes into different macrophage phenotypes using different inducers. (b) Workflow of this study,
including the cell culture, protein extraction, peptide enrichment, liquid chromatography-mass spectrometry (LC-MS)
data generation, database search, and data analysis. (c) Protein expression levels of several recognized markers in M0,
M1, M2a, M2b, M2c, and M2d macrophages were analyzed using two MS-based proteomic methods. PMA: phorbol-
12-myristate-13-acetate; IFN: interferon; LPS: lipopolysaccharide; IL: interleukin; IC: immune complex; NECA: 5'-
N-ethylcarboxamidoadenosine; DDA: data-dependent acquisition; PRM: parallel reaction monitoring; STAT1: signal
transducer and activator of transcription 1; TGM2: transglutaminase 2; SPHK1: sphingosine kinase 1; CXCL1: C-X-C
motif chemokine ligand 1; MerTK: Mer receptor tyrosine kinase; VEGFA: vascular endothelial growth factor A.

MS approaches were used to determine the protein
levels of several recognized polarization markers. The
M1 marker STAT1 (Ivashkiv, 2018), the M2a marker
transglutaminase 2 (TGM2) (Martinez et al., 2013),
the M2b markers sphingosine kinase 1 (SPHK1) and
C-X-C motif chemokine ligand 1 (CXCL1) (Lee
et al., 2014; Wang et al., 2019), the M2c marker
MerTK (Zizzo et al., 2012), and the M2d marker
VEGFA (Ferrante et al., 2013) were obviously in-
creased in the corresponding phenotypes (Fig. 1c and
Table S1). These data confirmed that the THP-1 macro-
phages were successfully polarized to M1 and the
four M2 macrophage subtypes.

3.2 Global proteomic profiling of polarized
macrophages

From the six macrophage subtypes, a total of
6616 proteins were identified within a cutoff of 1%
FDR. After filtering these proteins with PSM=5, a total
of 4910 proteins were considered eligible for further
quantitative analysis (Fig. 2a). By using the same
filters, a total of 4882 proteins were used for further

quantitative analysis among the four M2 subtypes of
macrophages (Fig. 2b). Quantified proteins in the
six subtypes are shown in a heatmap (Fig. 2c¢). In
addition, the PCA analysis showed that the four M2
subtypes were clustered in the same quadrant, while
MO and M1 were distributed in different quadrants
(Fig. 2d), indicating that the protein expression profiles
of four M2 macrophage subtypes had more similarities
than those of MO and M1.

3.3 Functional analysis of four M2 macrophage
subtypes

We first determined the criteria for screening
DEPs by investigating the technical reproducibility of
triplicate MS data from MO macrophages. The results
showed that 90% of proteins were within a two-fold
change among triplicate MS data, and more than 99%
of proteins were within an eight-fold change (Fig. 3a).
By using eight-fold change as a cutoff to determine
the DEPs (compared with M0), we identified 118 (109),
120 (121), 95 (122), and 124 (112) up-regulated (down-
regulated) proteins in M2a, M2b, M2c, and M2d,
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Fig. 2 Quantitative proteomic profiling of M0, M1, M2a, M2b, M2¢c, and M2d macrophages. (a) Venn diagram of
quantifiable proteins among M0, M1, and all four M2 macrophage subtypes. (b) Venn diagram of quantifiable proteins
among M2a, M2b, M2¢, and M2d macrophages. (c) Heatmap of quantified proteins in macrophages. Groups indicate
three technical repeats under each condition. (d) Principal component analysis of quantitative proteomics in six macrophage

subtypes. PC: principal component.

respectively (Fig. 3b and Table S2). The hierarchical
clustering analysis showed that the four M2 subtypes
were tightly clustered. In particular, M2a was clus-
tered with M2c, while M2b was clustered with M2d
(Fig. 3c¢).

GO analysis was undertaken to facilitate under-
standing of the biological significance of the above
up- or down-regulated DEPs (the lists of input DEPs
are shown in Table S2) in the different M2 macrophage
subtypes (Fig. 3d and Table S3). The up-regulated
proteins in four subtypes of M2 macrophages were
commonly involved in homeostasis of a number of
cells, and responded to toxic substances and xenobiotic
stimulus; up-regulated proteins in M2a, M2b, and M2d
were commonly involved in the response to inflamma-
tion; up-regulated proteins in M2a and M2c commonly
participated in microtubule cytoskeleton organization,
sarcomere organization, and skeletal muscle thin

filament assembly; up-regulated proteins in M2b and
M2d commonly participated in the apoptotic process,
immune response, leukocyte migration, movement of
cell or subcellular components, as well as positive
regulation of angiogenesis and VEGF production.
The down-regulated proteins in M2a and M2c com-
monly participated in response to cholesterol.

To find out the important pathways of these
DEPs in the different M2 macrophage subtypes, all
DEPs (the lists of input DEPs are shown in Table S2)
of each M2 subtype were analyzed by KEGG pathway
analysis (Fig. 3e and Table S3). The results indicated
that the DEPs of the different M2 subtypes were com-
monly involved in Th17 cell differentiation, cellular
senescence, and adherens junction; DEPs in M2a, M2b,
and M2c commonly participated in signaling pathways
of Th1 and Th2 cell differentiation, and viral myocar-
ditis; DEPs in M2a, M2b, and M2d were commonly
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Fig. 3 Identification and function analyses of DEPs between M2 subtypes and M0 macrophages. (a) Ratio distributions
of quantified proteins among technical replicates of the M0 phenotype. The cutoff was set as two- or eight-fold change.
(b) Volcano plot of DEP distributions in the four M2 subtypes. (¢) Clustering analysis of respective DEPs in the four subtypes
of M2 macrophages. (d) Biological processes analysis of DEPs in the four subtypes of M2 macrophages. (¢) KEGG
pathway analysis of DEPs in the four subtypes of M2 macrophages. (d, e) The lists of input DEPs were shown in Table S2.
DEPs: differentially expressed proteins; PSMs: peptide-spectrum matches; VEGF: vascular endothelial growth factor; Th:
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glycation end-product; RAGE: receptor for AGE.
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involved in the VEGF signaling pathway, T cell receptor
signaling pathway, and hematopoietic cell lineage;
DEPs in M2a, M2c, and M2d participated in glioma;
DEPs in M2b, M2c¢, and M2d commonly participated
in rheumatoid arthritis and the advanced glycation
end-product (AGE)-receptor for AGE (RAGE) signal-
ing pathway in diabetic complications; DEPs in M2b
and M2d were commonly involved in atherosclerosis,
inflammatory bowel disease (IBD), inflammatory me-
diator regulation of transient receptor potential (TRP)
channels, nuclear factor-kB (NF-kB) signaling path-
way, phagosome, and transcriptional misregulation
in cancer.

3.4 Commonly altered proteins in the four subtypes
of M2 macrophages

Since some DEPs of the four M2 macrophage
subtypes (MO macrophages as control) may also be
differentially expressed in the M1 macrophage, the
common DEPs in the four M2 macrophage subtypes
were screened using both MO and M1 macrophages
as controls. When using a cutoff of eight-fold, only
a few DEPs were common to all M2 subtypes. By
adjusting the cutoff to a two-fold change, additional
DEPs (including 24 commonly up-regulated proteins
and 14 commonly down-regulated proteins) were iden-
tified in all M2 subtypes (Figs. 4a and 4b, Table S4).
Based on the PPI results, 23 of these had interactions,
and the highly interacting proteins included y-actin 1
(ACTG1), a-actin 1 (ACTA1), cyclin-dependent
kinase 4 (CDK4), IL1A, adenosine diphosphate (ADP)-
ribosyl cyclase 1 (ADPRC1)/CD38, lysozyme (LYZ),
human leukocyte antigen (HLA)-DQAZ2, and influenza
virus non-structural-1A-binding protein (IVNS1ABP)
(Fig. 4c¢).

To improve quantitation accuracy of the observed
common DEPs, five of the commonly up-regulated
proteins were randomly selected for further quantifi-
cation analysis by targeted proteomics based on
PRM (Table S5). The results confirmed that all five
proteins, including ACTGI, integrin subunit aV
(ITGAV), IVNSITABP, IL1A, and tissue inhibitor of
metalloproteinase-1 (TIMP1), were commonly up-
regulated in the four M2 macrophage subtypes (rela-
tive to MO and M1) (Table 1). These results indi-
cated that over-expression of the above five proteins
is a common characteristic of all four M2 subtype
macrophages, and therefore these proteins have

potential to serve as additional markers to distinguish
any subtypes of M2 from M0 and M1 macrophages.

Table 1 Targeted proteomics of commonly up-regulated
proteins in the four M2 macrophage subtypes

Abundance ratio Abundance ratio
(relative to M0) (relative to M1)
M2a M2b M2c M2d M2a M2b M2c M2d
ACTGI  24.2915.1210.44 15.59 6.87 4.28 295 4.41
ITGAV 7.78 6.20 9.40 7.65 4.00 3.19 4.84 3.94
IVNSIABP 4.00 4.05 3.86 5.32 226 229 2.19 3.01
ILI1A 10.32 8.34 14.14 7.8413.99 11.30 19.16 10.62
TIMP1 4.18 3.18 236 2.82 373 2.83 2.11 2.52

ACTGI: y-actin 1; ITGAV: integrin subunit aV; [VNSIABP: influenza
virus NS1A-binding protein; /L/A: interleukin la; TIMPI: tissue
inhibitor of metalloproteinase-1.

Gene name

Reactome pathway analysis showed that the com-
mon DEPs in the four M2 subtypes were associated
with connective tissue replacement involved in hema-
topoietic cell lineage, semaphorin 4D (sema4D)-induced
cell migration and growth-cone collapse, translation
initiation factor activity, and endodermal cell differen-
tiation (Fig. 4d).

3.5 Specially altered proteins in the four subtypes
of M2 macrophages

By using the other five macrophage subtypes as
controls and a two-fold cutoff, many special DEPs in
each of the four M2 macrophage subtypes were identi-
fied, including 29 (36), 12 (34), 7 (38), and 11 (20)
up-regulated (down-regulated) proteins in M2a, M2b,
M2c, and M2d macrophages, respectively (Table S6).
The interaction analyses showed that the highly inter-
acting proteins included: integrin subunit oM (ITGAM),
TGM2, aldehyde dehydrogenase 1 family member A2
(ALDHI1A?2), fatty acid-binding protein 4 (FABP4),
cyclic adenosine monophosphate (cAMP)-response
element-binding protein (CREB)-binding protein
(CREBBP), cellular retinoic acid-binding protein 2
(CRABP2), and nestin (NES) in M2a; scavenger
receptor class B member 1 (SCARBI1), matrix metallo-
peptidase 9 (MMP9), thrombospondin 1 (THBS1),
cathepsin D (CTSD), plasminogen (PLG), and C-C
motif chemokine receptor 1 (CCR1) in M2b; macro-
phage scavenger receptor 1 (MSR1), dysferlin (DYSF),
pyrroline-5-carboxylate reductase 1 (PYCR1), CXCLS,
neutrophil cytosolic factor 2 (NCF2), Golgi-localized
y-adaptin ear-containing ADP-ribosylation factor-
binding protein 2 (GGA2), and presenilin 1 (PSEN1)
in M2c; and MMP1, growth differentiation factor
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15 (GDF15), activating transcription factor 3 (ATF3),
urokinase-type PLG activator (PLAU), and O°-
methylguanine-DNA methyl-transferase (MGMT) in
M2d (Fig. 5a). These highly interacting proteins can
be considered as the key proteins in each M2 macro-
phage subtype for further investigation.

To improve the quantification accuracy of the
observed DEPs, 18 DEPs highly expressed in one of
the M2 macrophage subtypes were randomly selected
for further quantification analysis by targeted pro-
teomics based on PRM (Tables 2 and S7). The PRM
results were consistent with DDA-based proteomic
data, showing that: FABP4, ITGAM, ALDH1A2, NES,
drebrin 1 (DBN1), and adenosine triphosphate (ATP)-
binding cassette subfamily B member 1 (ABCBI1)
were highly expressed in M2a; CTSD, perilipin 2
(PLIN2), MMP9, hemoglobin subunit al (HBA1),
THBSI1, and PLG were highly expressed in M2b; inte-
grin subunit B5 (ITGBS), poly(A)-binding protein
cytoplasmic 1 like (PABPCI1L), and MSR1 were highly
expressed in M2c; and methyltransferase-like protein 1
(METTL1), replication timing regulatory factor 1
(RIF1), and lysine acetyltransferase 7 (KAT7) were
highly expressed in M2d. We also observed changes
in expression of the above proteins in each polarized
subtype (relative to MO macrophages), with a two-fold
change used as a filter (Fig. S2). The results showed
that: DBN1 and ABCBI1 were solely up-regulated in
M2a conditions; CTSD, PLIN2, HBA1, and PLG were
solely up-regulated in M2b conditions; and RIF1 and
KAT7 were solely up-regulated in M2d conditions.
These proteins might be useful as references for
distinguishing different subtypes of M2 macrophages.
To explore the biological significance of special DEPs
in the four M2 subtypes, Reactome pathway analysis
was performed (Fig. 5b). The results showed that:
M2a participated in roles of phospholipids in phago-
cytosis and signaling by retinoic acid; M2b participated
in amino acid transport across the plasma membrane;
M2c participated in regulation of neutrophil chemo-
taxis; and M2d participated in somatic recombination
of immunoglobulin gene segments.

3.6 Immune-associated diseases related to the four
subtypes of M2 macrophages

Immune-associated diseases were predicted for
the four M2 subtypes based on the above special DEPs
(Fig. 6 and Table S8). The results indicated that:

Table 2 Targeted proteomics of specially up-regulated proteins
in M2a, M2b, M2¢, and M2d macrophages

Subtype Gene name M2a/ M2a/ M2a/ M2a/ M2a/
MO Ml  M2b M2c Ma2d

M2a  FABP4 40.63 7.86 50.67 2.64 17.88
ITGAM 50.08 16.15 14.48 293 10.10
ALDHIA2 120.85 35.25 49.83 20.31 44.48

NES 29.38 29.77 991 282 33.39
DBNI 296 1489 10.00 2.13 11.32
ABCBI 333 232 325 240 582

M2b  CTSD 381 7.86 477 439 280
PLIN2 469 280 276 350 241
MMP9Y 832 9.18 998 570 3.17
HBAI 3.00 236 232 6.80 297
THBSI 741 8.05 7.26 3.82 249

PLG 2.01 253 428 739 280

M2c  ITGBS5 19.54 1575 235 637 6.19
PABPCIL 3533 333 332 18.67 481
MSR1 536 1431 2.16 9.36 93.21

M2d  METTLI 11.75 321 21.79 344 2098
RIF] 2.54 530 277 222 343
KAT7 292 366 452 326 297

FABP4: fatty acid binding protein 4; /TGAM: integrin subunit oaM;
ALDH1A2: aldehyde dehydrogenase 1 family member A2; NES: nestin;
DBNI: drebrin 1; ABCBI1: adenosine triphosphate-binding cassette
subfamily B member 1; CTSD: cathepsin D; PLIN2: perilipin 2;
MMPY: matrix metallopeptidase 9; HBAI: hemoglobin subunit al;
THBS!: thrombospondin 1; PLG: plasminogen; /7GBS5: integrin subunit
BS; PABPCIL: poly(A)-binding protein cytoplasmic 1 like; MSRI:
macrophage scavenger receptor 1; METTLI: methyltransferase-like
protein 1; RIFI: replication timing regulatory factor 1; KAT7: lysine
acetyltransferase 7.

M2a macrophages were involved in diseases such as
Ras-associated autoimmune leukoproliferative disorder,
thrombocytopenia, IBD, systemic lupus erythematosus
(SLE), and breast cancer; M2b macrophages partici-
pated in anemia diseases, hepatitis C virus (HCV),
multiple sclerosis, and breast cancer; M2c macrophages
were related to multiple sclerosis, breast cancer, SLE,
HCV, and dilated cardiomyopathy; and M2d macro-
phages were related to immune deficiency disease,
B-cell lymphoma, dilated cardiomyopathy, multiple
sclerosis, and breast cancer.

4 Discussion

Macrophages play key roles in inflammation, im-
munity, tissue repair, and cancer. Different macrophage
phenotypes and associated functions are important
characteristics of pathological conditions. Macrophages
can be differentiated into classically activated macro-
phages (M1) and alternative activated macrophages
(M2), mainly in relation to their pro-inflammatory and
anti-inflammatory functions, respectively (Mosser and
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Fig. 5 PPI networks and Reactome pathways involving the special DEPs in the four M2 macrophage subtypes. (a) PPI
networks (top) and highly interactive proteins (down) of special DEPs in M2a, M2b, M2c, and M2d macrophages. Edges
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0.15 to 0.90. (b) Reactome pathways of special DEPs in the four M2 subtypes. The list of input DEPs is shown in Table S6.
PPI and Reactome pathways enrichment P-value<(0.05. PPI: protein—protein interactions; DEPs: differentially expressed proteins
(Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).



418 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(5):407-422

M2d o e

Ras-associated autoimmune leukoproliferative disorder

B Thrombocytopenia
Inflammatory bowel disease
Systemic lupus erythematosus
Breast cancer
Hemolytic anemia

m Congenital hemolytic anemia
Hepatitis C virus

W Multiple sclerosis

| Dilated cardiomyopathy

/ B Immune deficiency disease
’ m B-cell lymphoma

Fig. 6 Predicting immune-associated diseases of special DEPs in the four M2 subtypes. Enrichment P-value<0.05. DEPs:

differentially expressed proteins.

Edwards, 2008). In recent years, THP-1-derived macro-
phages have been widely used in various macrophage-
associated studies. However, most of these studies
focused mainly on classical M1 and M2 phenotypes.
The biological functions of different M2 subtypes
(M2a, M2b, M2c, and M2d) have not been systemat-
ically delineated.

In this study, we performed quantitative proteome
analysis on human THP-1-derived macrophages (MO,
M1, M2a, M2b, M2¢, and M2d). Our results indicated
for the first time that M2a and M2c, and M2b and
M2d have very similar expression profiles. In addition,
M2a and M2c were shown to be involved in skeletal
muscle thin filament assembly and sarcomere organi-
zation; M2b and M2d were involved in transcriptional
misregulation in cancer.

This study identified a list of common DEPs in
the four M2 subtypes (Table S4). Among these DEPs,
IL1A, CD38, and HLA-DQA2 were related to hema-
topoietic cell lineage. di Paolo and Shayakhmetov (2016)
showed that IL1A production from macrophages can
trigger the recruitment of hematopoietic cells. Prosper
et al. (1997) revealed that 10% of long-term culture-
initiating cells (LTC-ICs) in mobilized peripheral blood
(PB) are CD34'HLA-DR™ and CD34°CD38", and can
sustain hematopoiesis for a long time. These results
suggest that all four M2 subtypes may play crucial
roles in hematopoietic function. In addition, nonmuscle
cytoskeletal actin ACTG1, known to be involved in
various types of cell motility (Drazic et al., 2018),
was commonly up-regulated in the four M2 subtypes,
suggesting its role in M2 macrophage migration.

We identified a list of special and highly inter-
active DEPs in the four M2 subtypes (Table S6), and
further explored their links to the underlying biological
functions of the M2 subtypes. The special DEPs of

M2a were relevant to phagocytosis and retinoic acid.
Retinoic acid is reported to increase phagocytosis of
myelin by macrophages, and to induce macrophages
to develop a noninflammatory phenotype (Wu et al.,
2021). In highly interactive DEPs of M2a macro-
phages, integrin ITGAM is implicated in various
adhesive interactions of macrophages, and mediates
the uptake of complement-coated particles and patho-
gens, thereby driving M2 polarization to promote
STAT6 activation via IL-13 and IL-4 signaling (Song
et al., 2019); TGM2 is related to bone development,
angiogenesis, and wound healing. The inhibition of
TGM2 activity and protein silencing proved that
the reduction of TGM2 significantly weakens the
efferocytosis of macrophages, reduces the secretion
of anti-inflammatory factor IL-10, and triggers a
pro-inflammatory phenotype (Eligini et al., 2016);
ALDHI1A? is involved in the retinol metabolism
pathway and tissue development. In in vitro and mouse
models, the inhibition of microRNA-33 induced M2
polarization and increased ALDHIA2 expression,
which contributed to the stabilization of plaques in
atherosclerosis (Ouimet et al., 2015). In addition,
Martinez et al. (2013) confirmed that ITGAM, TGM2,
and ALDHIA2 were up-regulated in IL-4 activated
human and mouse macrophages, which is consistent
with our results. The special DEPs of M2b were
involved in amino acid transport across the plasma
membrane. Rabinowitz et al. (2021) showed that macro-
phages can promote antiretroviral activity by regulat-
ing amino acid transport. Among the highly interactive
DEPs of M2b macrophages, CTSD was related to
inflammatory diseases, and inhibiting its expression
in intestinal macrophages of inflamed mucosa can
ameliorate IBD (Menzel et al., 2006); MMP9 played
an essential role in local proteolysis of the extracellular



matrix and in leukocyte migration. In the early stages
of pulmonary fibrosis, an increase in MMP9 released
by macrophages was involved in macrophage-induced
fibroblast migration (Li et al., 2019); PLG played an
important role in the regression of inflammation. It can
combine with its receptor PLG receptor KT (PLG-Ry,)
to regulate the polarization and endocytosis of macro-
phages (Vago et al., 2019). The special DEPs of M2c¢c
were involved in regulation of neutrophil chemotaxis.
There is evidence to indicate that macrophage-derived
cytokines are possible mediators of neutrophil mobili-
zation and chemotaxis during development of sterile
peritonitis in the rat (Knudsen et al., 2002). Among
the highly interactive DEPs of M2c macrophages,
MSRI1 is an MSR. Activating MSR1 in M2 macro-
phages can enhance c-Jun N-terminal kinase (JNK)
activation, which promotes the transition of the
phenotype from an anti-inflammatory state to a pro-
inflammatory state (Guo et al., 2019); PYCR1 was a
housekeeping enzyme that catalyzed the last step in
proline biosynthesis. Evidence showed that PYCR1 can
combine with Lon to induce reactive oxygen species
(ROS)-dependent production of inflammatory cytokines
in tumors, thereby enhancing epithelial-mesenchymal
transition, angiogenesis, and M2 macrophage polar-
ization (Kuo et al., 2020); DYSF is located at mono-
cyte cell adhesion sites and is involved in cell inter-
actions. The absence of DYSF from monocytes and
macrophages strongly reduced adhesion and increased
the motility of the cells (de Morrée et al., 2013). The
special DEPs of M2d were involved in somatic recom-
bination of immunoglobulin gene segments. Immuno-
globulin expression in macrophage populations nega-
tively correlates with tumor volume (Busch et al.,
2019). Among the highly interactive DEPs of M2d
macrophages, MMP1 is involved in various physio-
logical and pathological processes such as wound
healing, arthritis, atherosclerosis, and tumor progres-
sion. Activation of the MMP1 signaling pathway can
promote macrophage infiltration (Liao et al., 2020);
Urokinase-type PLG activator (PLAU) is crucial to
collagenolysis and neovascularization. Recent evidence
showed that IL-6 could promote thrombus resolution
by enhancing PLAU expression in macrophages
(Nosaka et al., 2020). Overall, the underlying biological
functions of the DEPs are principal characteristics
of the different THP-1-derived M2 subtypes. Note
that the microenvironment may also have an impact
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on the physiological conditions of different macro-
phage subtypes. This was not considered in the current
study and may need to be explored in future research.

To further explore the relationship between macro-
phages and diseases, we predicted macrophage-
associated diseases for the four THP-1-derived M2 sub-
types. All four M2 subtypes were commonly involved
in breast cancer. Previous studies have suggested that
macrophages are a major component of various solid
tumors (Chen et al., 2019; Zhao et al., 2021), compris-
ing up to about 50% of the tumor mass in breast carcin-
omas (Lewis et al., 1995). M2b, M2c, and M2d macro-
phages are involved in multiple sclerosis. Accumulat-
ing evidence suggests that M2 macrophages contribute
to tissue reparation and can limit inflammation in
multiple sclerosis (Batchu, 2020). In addition, M2a is
associated with Ras-associated autoimmune leukopro-
liferative disorder that often triggers thrombocytopenia
and SLE (Li et al., 2020; Neven et al., 2021). M2b
was associated mainly with hemolytic anemia, which
has been reported to be associated with macrophage
activation syndrome (Minoia et al., 2021). M2c was
associated with dilated cardiomyopathy. It has been
suggested that M2 macrophages can reduce cardiac
fibrosis in human inflammatory dilated cardiomyo-
pathy (Baumeier et al., 2021). The M2d subtype was
related to immune deficiency disease. Evidence showed
that macrophages not only are susceptible to human
immunodeficiency virus type 1 (HIV-1) infection, but
also assist in sustaining viral persistence (Hendricks
et al., 2021). These findings imply that the same disease
may be accompanied by various subtypes of macro-
phage, and the composition and interaction of macro-
phage subtypes can be a key factor in disease progres-
sion. However, macrophage subtypes in most diseases
have not been fully characterized. The special DEPs
generated in this study for each M2 subtype could be
candidate markers that may benefit future clinical
and pre-clinical research into macrophage-associated
disease models.

5 Conclusions

In summary, we revealed for the first time the
similarities and differences of biological processes
involving four THP-1-derived M2 subtypes based on
systematic proteomic analysis. This study confirmed
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several known markers and generated a list of novel
marker candidates which could be used for the identi-
fication of M2a, M2b, M2c, and M2d macrophages. A
main finding is that M2a and M2c, and M2b and M2d
have very similar protein expression profiles. In add-
ition, our study generated a valuable resource for future
investigation of the mechanisms of immune regulation
in macrophage-related diseases, as well as preclinical
studies using THP-1-derived macrophage models.
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