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Abstract: Macrophages are the core of the pathophysiology of rheumatoid arthritis (RA). They participate in specific 
and non-specific immunological responses, have phagocytosis, chemotaxis and immune regulatory functions, and 
are involved in the onset and progression of RA. In recent years, research on the pathophysiology of RA has focused 
on the polarization and functions of classically activated M1 and selectively activated M2 macrophage subtypes. 
M1 macrophages release different proinflammatory cytokines, thus driving the chronic proinflammatory, tissue de-
struction and pain response in RA. M2 macrophages play an anti-inflammatory role. Because of the important role 
of monocyte-macrophage in RA, drug research targeting monocyte-macrophage can bring us more hope for treat-
ment of RA. This study reviewed the characteristics, plasticity, molecular activation mechanism and relationship 
of RA with mononuclear macrophages, as well as the transformative potential of macrophages in developing new 
therapeutic drugs for clinical practice.
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Introduction

Rheumatoid arthritis (RA) is a chronic systemic 
inflammatory autoimmune disease with an 
unknown etiology. The global overall incidence 
rate is as high as 1%, with a large affected pop-
ulation [1]. Synovitis is the main pathological 
feature of the disease. The normal synovium is 
relatively cell-free, with scattered macrophages 
and sparse blood vessels in the interstitial tis-
sue. Synovial tissue is proliferative and hyper-
trophic in RA, with many infiltrating inflamma-
tory cells. The aggregated immune cells directly 
participate in the development of synovitis by 
promoting the proliferation of synovial fibro-
blasts and activating osteoclasts [2, 3].

According to the classic theoretical model, 
CD4+ T cells have a wide range of pathological 
activities, leading the overall disease process 
of RA, and have been extensively investigated. 
The innate immune system represented by 
mononuclear macrophages has been neglect-

ed for a long time. In addition to phagocytosing 
and killing pathogenic microorganisms, mono-
nuclear macrophages also produce several pro-
inflammatory chemokines and cytokines that 
contribute to the pathogenesis of RA [4]. 
Macrophage phenotype and function are het-
erogeneous. Under the influence of various fac-
tors, macrophages exhibit distinct phenotyp- 
es and activities, namely M1 and M2 macro-
phages. This is known as macrophage polariza-
tion [5, 6]. During RA progression, many factors 
disrupt the dynamic equilibrium of M1/M2 mac-
rophages, causing an imbalance in their num-
ber and proportion, resulting in a constant rise 
of M1-type proinflammatory macrophages and 
an intensified inflammatory response [6, 7]. 
Therefore, effective intervention to change M1 
to M2 macrophages will restore M1/M2 bal-
ance and promote tissue repair and the regres-
sion of inflammation. Therefore, this study el- 
aborates on the mononuclear macrophages’ 
characteristics, polarization features, molecu-
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Table 1. Classification and characteristics of human monocytes
Subset CMs IMs NCMs
Markers CD14++CD16- CD14+CD16+ CD14-CD16++
Chemokine receptors CCR2hi 

CX3CR1lo
HLA-DR +

CCR2hi
CX3CR1hi
HLA-DR +++

CCR2hi
CX3CR1lo
HLA-DR ++

Function Phagocytosis Phagocytosis and inflammatory Patrol
Notes: Classical monocytes (CMs); Intermediate monocytes (IMs); Non-classical monocytes (NCMs); Chemokine (C-C motor) 
receptor 2 (CCR2); Chemokine (C-X3-C motor) receptor 1 (CX3CR1).

lar mechanism of activation and relationship 
with RA, as well as the direction of RA drug 
development.

Characteristics of mononuclear macrophages

The mononuclear macrophage system has 
been discovered for over 100 years. It has 
recently been found that the mononuclear mac-
rophage system plays a crucial role in the on- 
set and progression of several diseases, as 
well as in homeostasis, immunological surveil-
lance and anti-infection. In terms of develop-
mental origin, the mononuclear macrophage 
system members of adult individuals not only 
originate from bone marrow hematopoiesis but 
also from embryonic primitive hematopoiesis. 
In terms of function, the mononuclear macro-
phage system shows a wide range of heteroge-
neity. It has been found in recent years that this 
system has an important immune regulation 
function.

Characteristics of monocytes

Monocytes, the largest cells in the human body, 
account for 3%-8% of peripheral white blood 
cells. In a stable state, monocytes are non-pro-
liferating cells that circulate in the peripheral 
blood, spleen and bone marrow [8, 9]. During 
infection, monocytes infiltrate tissues and lym- 
ph nodes in large numbers. Monocytes have 
two main differentiation fates during their 
migration to tissues: macrophages and dendrit-
ic cells (DCs). The inflammatory microenviron-
ment and pattern recognition receptors may 
influence tissue migration and differentiation 
into inflammatory DCs or macrophages [8].

CD14 is a lipopolysaccharide (LPS) pattern rec-
ognition receptor that recognizes and binds 
LPS or the LPS-binding protein complex and 
mediates innate immune response [10]. CD16 
can bind the Fc segment of IgG to regulate  

antibody-dependent cell-mediated cytotoxicity 
[11]. To some extent, the difference in CD14 
and CD16 expression in monocyte subsets  
may reflect the above different effects. Ac- 
cording to the distribution status of LPS helper 
receptor CD14 and scavenger receptor CD16, 
monocytes can be divided into three sub- 
types: CD14++CD16+ classical monocytes 
(CMs), CD14-CD16++ non-classical monocytes 
(NCMs) and CD14+CD16+ intermediate mono-
cytes (IMs). Many studies have shown that 
changes in monocyte subsets are important for 
disease diagnosis and treatment (Table 1).

CMs account for 90% of peripheral blood mo- 
nocytes in healthy people and can be quickly 
recruited to inflammatory sites to play a role in 
phagocytosis, but they lack typical inflammato-
ry characteristics [12]. The adhesion molecule 
CD62 ligand (CD62L) can combine with endo-
thelial cell peripheral node, mediating mono-
cyte migration [13]. CD62L is almost exclusively 
expressed in CMs cells in the corresponding 
stable state. At the same time, the high expres-
sion of chemokine (C-X-C motor) receptor 1 
(CXCR1), CXCR2 and chemokine (C-C motor) 
receptor 2 (CCR2) is also conducive to their 
migration [14, 15]. CMs also highly express 
phagocytic-function-related proteins CD93, 
CD64, CD11b and CD36. Functional experi-
ments have also shown that its phagocytosis is 
stronger than IMs and NCMs [14]. This also 
demonstrates that CMs are important cell scav-
engers and contribute to the first-line innate 
immune defense. CMs cells can secrete an 
excess of granulocyte colony-stimulating fac- 
tor, chemokine (C-C motif) ligand 2 (CCL2), 
interleukin 6 (IL-6) and IL-10 [14].

IMs are transitional monocytes with both 
phagocytic and inflammatory functions. They 
express CCR2 and chemokine (C-X3-C motor) 
receptor 1 (CX3CR1). They are capable of rap-
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idly recruiting to inflammatory sites and par- 
ticipating in the inflammatory response. They 
also express HLA-DR, CD163, CCR5 and other 
antigens [16]. CX3CR1 and CCR2 are related  
to monocytes’ recruitment, activation, tissue 
infiltration and target organ damage [13]. 
Overexpression of antigen processing and pre-
sentation-related molecules HLA-DR, HLA-DO, 
CD74, and costimulatory molecules CD40 and 
CD54 in IMs has the strongest ability to stimu-
late CD4+ T cell proliferation in vitro. Addi- 
tionally, MHC class I molecules are highly 
expressed by both CD14+CD16++ monocytes 
and IMs cells, which may contribute to the acti-
vation of CD8+ T cells [17].

NCMs are usually called “patrol monocytes”, 
which can show antigen presentation and 
“inflammation” characteristics after activation. 
Its low expression of CCR2 and high expression 
of CX3CR1 may be related to its “patrol” func-
tion. NCMs were transferred into mice by adop-
tive transfer and crawled along the blood ves-
sel wall of the mice, showing the “patrol” 
function [18]. In vitro experiments also found 
that NCMs could crawl long distances through 
the front-extended lamellar pseudopods [19].

Characteristics of macrophages

Macrophages have strong heterogeneity and 
plasticity in function. Macrophages are classi-
fied as M1 or M2 based on their cytokine se- 
cretion, surface molecule expression, arginine 
metabolism pathway and other characteristics 
[6, 20, 21]. The macrophages activated by Th1 
cytokines, including Interferon-γ (IFN-γ), are 
called classically activated macrophages (M1 
macrophages). Th2 cytokines (IL-4 and IL-13) 
activated macrophages, are known as alterna-
tively activated macrophages, or M2 macro-
phages [22].

M1 macrophages are primarily activated by 
granulocyte-macrophage colony-stimulating fa- 
ctors (GM-CSF), LPS and other factors. They 
are capable of secreting several proinflamma-
tory cytokines, such as tumor necrosis factor-α 
(TNF-α), IL-6, IL-1β, IL-23 and others. They 
express CD80, CD86, HLA-DR and other mole-
cules, enhancing antigen presentation ability, 
promoting T cell activation, Th1 immune res- 
ponse and inflammation, accelerating extracel-
lular matrix degradation and apoptosis [21]. 
Macrophage colony-stimulating factor (M-CSF), 

IL-4 and other stimuli are principally responsi-
ble for the selective activation of M2 macro-
phages. They suppress T cell proliferation and 
activation, regulate Th2 type immune respons-
es, and play an anti-inflammatory role by highly 
expressing anti-inflammatory cytokines IL-10, 
transforming growth factor-β (TGF-β), argina- 
se-1 (ARG1), CD206, CD163 and others [21]. In 
addition, according to different activating mol-
ecules, M2 can be divided into four subtypes: 
M2a, M2b, M2c and M2d: (1) IL-4 and/or IL-13 
induce M2a macrophages, which can promote 
Th2 immune response and participate in tissue 
repair [23]; (2) M2b macrophages are induc- 
ed by Toll-like receptors (TLRs) agonists, IL-1R 
ligands or immune complexes and release high 
quantities of inflammatory cytokines (TNF-α, 
IL-6 and others) [23]; (3) M2c macrophages are 
triggered by IL-10, glucocorticoids and others, 
and highly express TGF-β and IL-10, inhibit 
immune and inflammatory responses, and par-
ticipate in cell debris clearance and immune 
regulation [23]; (4) M2d macrophages are co 
induced by TLRs and adenosine A2a receptor 
agonist to inhibit the production of proinflam-
matory cytokines, induce anti-inflammatory cy- 
tokines (IL-10 and IL-12) and vascular endothe-
lial growth factor secretion, participate in tumor 
angiogenesis, and promote the development 
and metastasis of tumors [23, 24] (Table 2).

Macrophage polarization regulation

Different signaling pathways control macro-
phage polarization, including Janus kinase 
(JAK)-signal transducers and activators of tran-
scription (STAT), phosphoinositide 3-kinases 
(PI3K)/AKT, TLR4/nuclear factor kappa-B (NF-
κB), Notch and TGF-β (Figure 1). M1 macro-
phages are primarily associated with AKT2, 
Reconciliation Signal Binding Protein-Jkappa 
(RBP-J), STAT1, p38 and NF-κB, whereas M2 
macrophages are primarily associated with 
AKT1, STAT6 and SMAD2/3/4. In 2014, Wang 
et al. [25] showed that lncRNAs (such as lnc- 
RNA E330013P06) could also regulate the 
polarization state of macrophages. Despite 
some understanding of macrophage polariza-
tion and the roles that different macrophage 
types play, the precise mechanism of macro-
phage polarization and mutual transformation 
remains unknown.

M1 polarization signaling pathway: NF-κB is a 
key transcription regulator of TLR4-induced M1 
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Table 2. Classification and characteristics of human macrophages
Subset M1 type M2 type
Activated by LPS, IFN-γ, and GM-CSF Immune complexes, IL-4, IL-13, c-Myc, and 

IRF-4
Markers CD80, CD86, MHC II, CD64, CD40, 

CD11c, TLR2, and TLR4
CD206, CD163, CD209, CD301, CD36, 
CD200R, CD32, D16 and CD23

Cytokine production TNF, IL-1β, and IL-6 (proinflammatory) IL-10, IL-1RII, and IL-1RA (anti-inflammatory)
Chemokine production CXCL-1, CXCL-10, and CCL-5 CCL-17, CCL-18, CCL-22, and CCL-24
Function Inflammatory, bactericidal, pathogen 

clearing, and anti-tumor effects
Anti-inflammation, immune regulation, allergy, 
tissue repair, and tumor promotion

Notes: Lipopolysaccharide (LPS); Interferon-γ (IFN-γ); Granulocyte-macrophage colony-stimulating factors (GM-CSF); Interleukin 
4 (IL-4); V-Myc Avian Myelocytomatosis Viral Oncogene Homolog (c-Myc); Interferon regulatory factor 4 (IRF4); MHC class II mol-
ecules (MHC II); Toll-like receptor 2 (TLR2); Tumor necrosis factor (TNF); Chemokine (C-X-C motif) ligand 1 (CXCL-1); Chemokine 
(C-C motif) ligand 5 (CCL-5).

Figure 1. Signaling pathways involved in macrophage regulation. The ligand combines with Notch receptor to form 
a complex to activate A disintegrin and metalloprotease (ADAM) and γ-secretase, resulting in Notch intercellular 
domain (NICD) entering the nucleus to regulate transcription of downstream target genes. Nuclear factor kappa-B 
(NF-κB) signal path is composed of NF-κB, NF-κB inhibitor (IκB) and IκB kinase (IKK) [41]. When the ligand binds 
to the relevant receptor, the receptor configuration changes and activates IKK, which leads to phosphorylation of 
IκB. Phosphorylated IκB is recognized and degraded by the 26S proteasome after ubiquitination by ubiquitin ligase. 
NF-κB is then released from the cytoplasmic NF-κB/IκB complex and activated. The upstream ligand activates phos-
phoinositide 3-kinases (PI3K), which catalyzes the phosphorylation of PI(4)P and PI(4,5)P2 at site 3 to PI(3,4)P2 and 
PI(3,4,5)P3, respectively, which then activates the protein kinase AKT. Transforming growth factor-β (TGF-β) binds to 
its receptor, downstream SMAD2/3 protein is phosphorylated, and p-SMAD2/3 recruits Smad4 to form complexes 
and translocate to the nucleus, co-regulating transcription of downstream target genes. Cytokine interactions phos-
phorylate Janus kinase (JAK) and further promote signal transducers and activators of transcription (STAT) dimeriza-
tion, which then enters the nucleus to regulate transcription of downstream target genes.

macrophage polarization [26, 27]. STAT1 is an 
important transcription factor of IFN-γ induc- 
ed M1 macrophage polarization. IFN-γ ligands 

bind to their receptors to induce JAK1/2-me- 
diated tyrosine phosphorylation and subse-
quent STAT1 dimerization. STAT1, as a homodi-
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mer, binds to a cis-element named IFN-γ 
activation site in the M1 polarization-related 
gene promoter and eventually promotes M1 
macrophage polarization [28]. The Notch sig-
naling pathway is also involved in macrophage 
M1 polarization. According to studies, the 
ligand Delta-like Ligand-4 (Dll4) combines with 
the Notch1 receptor to form a complex to acti-
vate the downstream A disintegrin and metal-
loprotease (ADAM) and γ-secretase, leading to 
Notch intercellular domain (NICD) entering the 
nucleus and interacting with the transcription 
factor RBP-J. Thus, M1 polarization is promoted 
[29]. It has also been found that the Notch  
signaling pathway of M1 macrophages from 
mouse bone marrow is activated. Notch inhibi-
tors can reduce the number of M1 macro-
phages induced by TNF-α and increase the 
number of M2 macrophages, thereby improving 
joint damage in mice [30]. In addition to activat-
ing the classic D drosophila mothers against 
decapentaplegic (SMAD) dependent signaling 
transduction pathway, the TGF-β receptor can 
also activate SMAD-independent signal trans-
duction, such as mitogen-activated protein 
kinase and PI3K pathways. The TGF-β-SMAD 
independent pathway can activate proinflam-
matory proteins and transcription factors, such 
as c-Jun N-terminal kinase (JNK), p38 and 
NF-κB. Thus, macrophages are “reprogramm- 
ed” to the M1 type [31]. PI3K produces phos-
phatidylinositol 3,4,5-triphosphate, which acti-
vates the protein kinase AKT. AKT is consisted 
of three subtypes: AKT1, AKT2 and AKT3 [32]. 
AKT2 promotes M1 macrophage polarization 
while inhibiting M2 macrophage polarization 
[33].

M2 polarization signaling pathway: IL-4 and 
IL-13 can activate STAT6 and promote polariza-
tion of M2 macrophages, whereas STAT6 acety-
lation inhibits this polarization [34]. The SMAD-
dependent pathway activated by TGF-β pro- 
motes the expression of M2 polarization-relat-
ed genes and reprograms macrophages into 
M2 type [35]. Macrophages lacking AKT1 
expression have high levels of inducible nitric 
oxide synthase (iNOS), IL-6 and TNF-α. This 
shows that AKT1 promotes M2 macrophage 
polarization while inhibiting M1 macrophage 
polarization [33]. In addition, studies have 
shown that the activation of sirtuin 1 (SIRT1) 
promotes the high expression of M2-related 
genes such as IL-10 and can also down-regu-

late the expression of M1-related genes such 
as CCL2, iNOS, and the activity of NF-κB, sug-
gesting that SIRT1 promotes the polarization of 
macrophages to the M2 type and plays an anti-
inflammatory role [36].

The role of mononuclear macrophages in RA 
pathogenesis 

Compared to that in healthy people, the propor-
tion of CMs in peripheral blood in RA patients 
decreased, while the proportion of CD16+ 
monocyte subsets increased (including NCMs 
and IMs), and the proportion of such cells was 
positively correlated with disease activity [37, 
38]. Under pathological conditions, CD16+ 
monocytes have a unique receptor expression 
profile, which can promote the development  
of RA. STAT1 pathway is down-regulated, and 
RA-derived monocytes secrete a large amount 
of TNF-α [39]. This cytokine has strong proin-
flammatory immune activity, and over synthesis 
is the main feature of the disorder of the cyto-
kine network in RA patients, which is directly 
related to the progress of the disease. Further 
research clarified the pathological function of 
mononuclear macrophages from synovial tis-
sues (Figure 2). In RA patients, the turnover 
rate of monocytes increases, and the blood cir-
culation time decreases, showing a significant 
tendency toward joint aggregation [40]. After 
migration into the RA synovium, monocytes can 
polarize into M1 macrophages to play an inflam-
matory role and can also polarize into M2 mac-
rophages, which may be related to the regres-
sion of inflammation. Compared to that of 
healthy people, the ratio of M1/M2 in the syno-
vial tissue of RA patients increases [41]. M1 
macrophages express MHC-II, TLR and Fc 
gamma receptors. They can promote T cell acti-
vation through antigen presentation and acti-
vate B cells to produce antibodies. On the one 
hand, M1 macrophages can promote CD4+ T 
cell activation [42]. The overflow of inflamma-
tory factors caused by T cell activation directly 
feeds back to monocytes and promotes the 
generation of CD16 and IgG immune complex-
es, promoting their differentiation into osteo-
clasts [43]. On the other hand, macrophages 
provide an environment for the long-term sur-
vival of B cells and promote their production of 
anti-citrullinated protein antibodies (ACPAs), 
diagnostic markers of RA [44]. In ACPA-posi- 
tive patients, mononuclear macrophages have 
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Figure 2. Mononuclear macrophages’ role in the pathogenesis of rheumatoid arthritis. Firstly, mononuclear macro-
phages can act as antigen presenting cells (APC) to promote the activation of T cells and B cells. B cells can produce 
autoantibodies such as anti-citrullinated protein antibodies (ACPA). The immune complex formed by the combina-
tion of autoantibodies produced by B cells and antigens or the pro-inflammatory factors produced by T cells can 
feedback on mononuclear macrophages, further amplifying the pro-inflammatory function of mononuclear macro-
phages. In addition, mononuclear macrophages also secrete inflammatory cytokines to recruit inflammatory cells, 
stimulate fibroblast-like synoviocytes (FLS) and induce osteoclast activation, promoting inflammatory response and 
bone destruction. The interaction of mononuclear macrophages, other immune cells and immune factors ultimately 
leads to the progression of rheumatoid arthritis.

enhanced their proinflammatory capacity and 
can secrete more inflammatory factors, while 
the aggravated immune disorder promotes the 
differentiation and activation of osteoclasts 
[45]. This feedback mechanism shows that M1 
macrophages are an important driver of joint 
immune homeostasis destruction and bone 
damage in RA. M1 macrophages secrete cyto-
kines, including IL-1 and TNF-α, recruit inflam-
matory cells, stimulate fibroblast-like synovio-
cytes (FLS), induce osteoclast activation, and 
promote inflammatory response and bone de- 
struction [27]. Synovial M1 macrophages can 
also secrete chemokine (C-X-C motif) ligand 4 
(CXCL4), CXCL7, recruit monocytes and neutro-
phils, secrete several matrix metalloproteinas-
es (MMPs), and promote synovitis and articular 
cartilage tissue destruction [46].

M2 macrophages play a protective role in RA. In 
the advanced stages of inflammation, macro-

phages undergo apoptosis or transform into an 
anti-inflammatory phenotype, namely the M2 
phenotype, which secretes several anti-inflam-
matory factors, inhibits the inflammatory reac-
tion, promotes tissue repair, remodeling and 
angiogenesis, and maintains internal balance 
to counteract the potential tissue damage from 
the inflammatory macrophage reaction [47]. 
However, macrophage polarization is dynami-
cally reversible, which means that when the 
microenvironment changes, M1 macrophages 
can turn to M2 macrophages [48]. Some stud-
ies have found that in the presence of a large 
number of TLR2 ligands, the anti-inflammatory 
activity of M2 macrophages decreases, but 
there is no significant change in cell surface 
markers, implying that the classic M1/M2 
model cannot fully represent the function of 
macrophages under inflammatory conditions 
[49, 50].
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However, there are still refractory RA patients 
with poor efficacy and a variety of adverse reac-
tions after the drug treatments. Therefore, 
developing new therapeutic targets is particu-
larly important. Given the mononuclear macro-
phages’ role in RA pathogenesis, research on 
mononuclear macrophage-related targets can 
bring more hope. In view of the relationship 
between mononuclear macrophages and RA, 
we focused on biotherapeutic drugs that target 
cytokines, cytokine receptors and signal path-
ways that regulate macrophage polarization 
(Table 3).

Biotherapeutics targeting cytokines and their 
receptors

Proinflammatory cytokines are the core driving 
factors for the onset and progression of RA. 
Many key cytokines, such as TNF-α, IL-1 and 
IL-6, are primarily secreted by inflammatory 
mononuclear macrophages, whereas other 
cytokines can interfere with the polarization 
and function of mononuclear macrophages, 
affecting their immune function. Sinomenine 
has been shown to reduce the peripheral IM 
distribution ratio in RA patients and inhibit the 
production of inflammatory cytokines, including 
GM-CSF, TNF-α, CXCL1, M-CSF, IL-1β and oth-
ers, thereby alleviating local inflammation and 
tissue destruction dominated by mononuclear 
macrophages [52]. Methotrexate treatment 
can effectively regulate cytokine production 
and membrane receptor expression in RA pa- 
tients’ monocytes [53].

In this context, it is not surprising that many 
classic RA drugs intervene mononuclear mac-
rophage secretion. TNF-α is the first cytokine 
targeted in RA treatment. Successfully blocking 
TNF-α in RA patients confirmed its core role as 
an inflammatory mediator. TNF-α is the target 
of nearly 20% of biological agents targeting 
cytokines in the treatment of RA. Five anti-
TNF-α drugs have been approved for market-
ing, including infliximab, etanercept, adalimum-
ab, certolizumab-pegol and golimumab, which 
regulate macrophage polarization toward M2 
type and inhibit the inflammatory response of 
M1 macrophages [54].

Selective blocking of other monocyte-related 
cytokines shows similar therapeutic potential. 
IL-6 is a critical cytokine in RA pathogenesis 
and functions in synovial tissues similarly to 

Table 3. Approved and under-development 
drugs for the treatment of mononuclear mac-
rophages in RA
Target Name Clinical stage
Cytokines Sinoacutine Approval 

MTX Approval
TNF-α Infliximab Approval

Etanercept Approval
Adalimumab Approval
Cetrolizumab-pegol Approval
Golimumab Approval

IL-6 Sarilumab Approval
Tocilizumab

IL-1 Anakinra Approval
IL-1 Canakinumab Approval
GM-CSF Mavrilimumab Phase III
JAK Tofacitinib 

Baricitinib
Upadacitinib
Filogtinib

Approval
Approval
Phase III
Phase III

NF-κB Iguramod
Denosumab

Approval
Approval

PI3K PBT-6
ZSTK474
GS9901

--

Notes: Methotrexate (MTX); Tumor necrosis factor-α 
(TNF-α); Interleukin 6 (IL-6); Granulocyte-macrophage 
colony-stimulating factors (GM-CSF); Janus kinase (JAK); 
Nuclear factor kappa-B (NF-κB); Phosphoinositide 3-ki-κB); Phosphoinositide 3-ki-); Phosphoinositide 3-ki-
nases (PI3K).

The relationship between macrophages and 
targeted treatment of RA

Antigen-activated T cells produce pro-inflam-
matory cytokines, which stimulate macropha- 
ges, monocytes and synovial fibroblasts to pro-
duce additional pro-inflammatory cytokines, 
IL-1, IL-6 and TNF-α. This will lead to the recruit-
ment of more immune cells (such as B cells  
and NK cells), thus secreting immunoglobulins, 
such as rheumatoid factor and IFN-γ. These 
pro-inflammatory cytokines can make an over-
all contribution to joint inflammation [27]. 
Identifying the molecular mechanism of the 
pathological changes of mononuclear macro-
phages that dominate the progress of RA is 
conducive to developing a new scheme for the 
precise treatment of RA [51].

Currently, many RA drugs in clinical use have 
inhibitory effects on macrophages, which can 
effectively improve the disease condition. 



Mononuclear macrophages in rheumatoid arthritis

2116 Am J Transl Res 2023;15(3):2109-2121

TNF-α. IL-6 participates in various inflammatory 
reactions by activating immune cells, endothe-
lial cells and osteoclasts and generating acute 
phase proteins, including C-reactive protein 
[55]. Biological agents targeting IL-6 cytokines 
have been approved for marketing. Tocilizumab 
is a recombinant humanized anti-IL-6R mono-
clonal antibody that can prevent IL-6 from  
binding to soluble IL-6 receptors and mem-
brane-bound IL-6 receptors, thereby alleviating 
IL-6-mediated inflammatory responses [56]. 
Sarilumab is a fully human monoclonal anti-
body drug that targets IL-6 receptors and blo- 
cks IL-6-mediated signal transduction [57]. The 
primary role of IL-1 in RA is destructing the bone 
and cartilage. IL-1 participates in the genera-
tion of osteoclasts and MMPs, which leads to 
cartilage degradation by stimulating the human 
nuclear factor KB receptor activator ligand. In 
patients with RA, high levels of IL-1 (IL-1α and 
IL-1β) were detected in synovial tissue and tis-
sue fluid [58]. Anakinra is a typical drug that 
targets the IL-1 pathway and reduces the activ-
ity of IL-1α and IL-1β by binding to IL-1 receptors 
[59]. Targeting IL-1β with canakinumab can also 
inhibit the signal transduction of IL-1 [60]. 
GM-CSF has been implicated in the regulation 
of M1 macrophage polarization [61]. GM-CSF is 
an immune regulatory cytokine and a new ther-
apeutic target for RA. Mavrilimumab is a mono-
clonal antibody that can be administered intra-
venously to block GM-CSF receptors. It has 
been shown to significantly reduce the RA activ-
ity and is currently in the clinical development 
stage [62].

Biotherapeutics targeting signaling pathways

The JAK-STAT pathway is an intracellular signal-
ing transduction pathway stimulated by cyto-
kines, through which many RA proinflammatory 
cytokines, such as IL-6, conduct intracellular 
signaling transduction and play their roles. The 
JAK-STAT pathway also includes the cytokine 
synthesis process and is identified as one of 
the key signaling transduction pathways in- 
volved in RA inflammatory lesions [63]. Tofa- 
citinib and baricitinib are two new synthetic  
oral small-molecule drugs for treating RA. They 
block the intracellular signal of cytokines and 
inhibit the transmission of abnormal immune 
signals by inhibiting the JAK-STAT pathway [64, 
65]. Other JAK inhibitors in clinical develop-
ment include filgotinib and upadacitinib, which 
are highly selective JAK1 inhibitors [66].

NF-κB expression is significantly increased in 
the synovial tissue of RA patients. Highly ac- 
tivated NF-κB can increase the production  
of proinflammatory cytokines, including IL-1β, 
TNF-α and IL-6, and accelerate the progression 
of RA. Through positive feedback regulation, 
the upregulation of proinflammatory cytokines 
can activate NF-κB, forming a vicious circle that 
accelerates the progression of RA [67, 68]. 
Iguratimod is a new class of disease-modify- 
ing anti-rheumatic drugs (DMARDs) that inhibit 
NF-κB activation and is exclusively approved in 
China and Japan for treating RA [69]. Igurati- 
mod was recommended as the guiding drug for 
RA patients by the Asia Pacific League of 
Associations for Rheumatology [70]. Denosu- 
mab was able to decrease NF-κB receptor activ-
ity and partially restore bone degradation in RA 
patients, according to the findings. Denosu- 
mab can be administered in combination with 
DMARDs for RA patients with progressive bone 
degradation [71].

PI3K/AKT inhibits FLS autophagy, promotes 
synovial cell proliferation cells, and aggravates 
RA by acting on the mammalian target of 
rapamycin (mTOR) [72]. In addition to being 
engaged in synovial inflammation and FLS cell 
aberrant proliferation, the PI3K/AKT signaling 
pathway also affects osteoclast differentiation 
and production, which eventually results in joint 
deformity and exacerbates the progression of 
RA. PI3K is assumed to be a viable therapeutic 
target for RA because it participates in the 
inflammatory process. PI3KC2γ expression in 
synovial tissue fluid, tissue and peripheral 
blood mononuclear cells of RA patients is sig-
nificantly higher than that in healthy people, 
and PBT-6 inhibits PI3KC2γ expression in syno-
vial fibroblasts and macrophages [73]. In vivo 
and in vitro studies have shown that ZSTK474 
can inhibit PI3K activity, thereby inhibiting  
synovitis and bone destruction in RA patients 
and that this inhibition is far stronger than that 
of the commonly used PI3K inhibitor LY294002 
[74]. GS9901 is a highly selective oral PI3Kδ 
inhibitor for RA treatment [75].

Discussion

According to the distribution of CD14 and CD16, 
monocytes can be divided into three sub- 
classes: CMs, IMs and NCMs. Monocytes can 
be activated into macrophages by cytokines. 
Macrophages activated by Th1 cytokines are 
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called M1 macrophages, and those activated 
by Th2 cytokines are called M2 macrophages 
[22]. During the development of RA disease, 
many factors can break the dynamic balance of 
M1/M2 macrophages, causing an imbalance of 
quantity and proportion, leading to the con- 
tinuous increase of M1 pro-inflammatory mac-
rophages, thus exacerbating the inflammatory 
reaction [6].

Peripheral monocytes, when stimulated, can 
move into RA synovium, polarize to the M1 type, 
and play an inflammatory function. M2 polari- 
zation of peripheral monocytes may be associ-
ated with the reversal of inflammation [7]. 
Mononuclear macrophages play a critical role 
in RA pathogenesis, with M1-type proinflamma-
tory macrophages predominating [5]. Macro- 
phages release proinflammatory cytokines 
through antigen presentation, activate FLS, 
recruit inflammatory cells, secrete MMPs, and 
transform into osteoclasts to destruct cartilage 
and bone. Although conventional RA drugs can 
alleviate symptoms, they cannot stop the dis-
ease progression and have obvious toxic and 
adverse effects. Recent biotherapies have a 
well-defined mechanism of action and target, 
as well as a considerable short-term clinical 
benefit. Identifying the molecular mechanism 
of the pathological changes of mononuclear 
macrophages that dominate the progress of RA 
is conducive to developing a new scheme for 
precise treatment of RA [51, 76]. In recent 
years, the role of biological agents in RA 
patients has become increasingly prominent, 
but with the occurrence of adverse reactions 
cannot be ignored. Infection, as one of the 
adverse reactions [76], may be related to the 
immune disorder and the immune dysfunction 
[77], and is one of the common causes of death 
[78]. We should pay more attention to RA sec-
ondary infection and provide early diagnosis 
and treatment to improve patients’ prognoses 
and alleviate their pain. Therefore, it is mean-
ingful to continue to explore the research relat-
ed to RA and infection.

To sum up, the pathophysiological process of 
RA is very complex, and mononuclear macro-
phages play a crucial role in the pathogenesis 
of RA. An in-depth study of macrophages can 
help further clarify the pathogenesis of RA and 
explore new therapeutic targets.
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