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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is cause of the novel coronavirus disease 
(COVID-19). In the last two years, SARS-CoV-2 has infected millions of people worldwide with different waves, 
resulting in the death of many individuals. The evidence disclosed that the host immune responses to SARS-CoV- 
2 play a pivotal role in COVID-19 pathogenesis and clinical manifestations. In addition to inducing antiviral 
immune responses, SARS-CoV-2 can also cause dysregulated inflammatory responses characterized by the 
noticeable release of proinflammatory mediators in COVID-19 patients. Among these proinflammatory media-
tors, chemokines are considered a subset of cytokines that participate in the chemotaxis process to recruit im-
mune and non-immune cells to the site of inflammation and infection. Researchers have demonstrated that 
monocyte chemoattractant protein-1 (MCP-1/CCL2) and its receptor (CCR2) are involved in the recruitment of 
monocytes and infiltration of these cells into the lungs of patients suffering from COVID-19. Moreover, elevated 
levels of CCL2 have been reported in the bronchoalveolar lavage fluid (BALF) obtained from patients with severe 
COVID-19, initiating cytokine storm and promoting CD163+ myeloid cells infiltration in the airways and further 
alveolar damage. Therefore, CCL2/CCR axis plays a key role in the immunopathogenesis of COVID-19 and 
targeted therapy of involved molecules in this axis can be a potential therapeutic approach for these patients. 
This review discusses the biology of the CCL2/CCR2 axis as well as the role of this axis in COVID-19 immuno-
pathogenesis, along with therapeutic options aimed at inhibiting CCL2/CCR2 and modulating dysregulated in-
flammatory responses in patients with severe SARS-CoV-2 infection.   

1. Introduction 

In December 2019, the first cases of pneumonia due to an unknown 
infection were recorded in Wuhan, China [1]. Extensive research has 
shown that the cause of this infection is a new beta-coronavirus with 
many phylogenetic similarities to the severe acute respiratory syndrome 
coronavirus (SARS-CoV) that caused the 2003 outbreak in China [2]. 
The new SARS-CoV-2 infected millions of people worldwide, leading to 
an epidemic and a public health emergency of international concern by 
the World Health Organization (WHO) [3]. The latest data 
shows 614,561,191 confirmed COVID-19 cases, and 6,518,801 deaths 
had been reported to WHO (until 14 September 2022) [4]. 

The main clinical manifestations of SARS-CoV-2 infection are 

pneumonia associated with lung injury with pulmonary edema and 
diffuse alveolar injury, leading to acute respiratory distress syndrome 
(ARDS), decreased blood O2 saturation, and lethal hypoxemia [5]. Other 
complications in various body organs may occur in the form of throm-
botic disorders, neurological complications, as well as gastrointestinal 
and renal disorders, which are often consequences of uncontrolled sys-
temic inflammation and cytokine release syndrome (CRS) [6–10]. Based 
on available knowledge, the immune system and its components, espe-
cially inflammatory mediators, are involved in the pathogenesis of 
COVID-19 [11]. Chemokines are a group of these mediators that can be 
classified into four categories, CC, CXC, CX3C, and C, depending on the 
position of the conserved cysteine amino acid residues [12]. CCL2 be-
longs to the group of CC chemokines and is also known as monocyte 
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chemoattractant protein-1 (MCP-1) due to its participation in monocyte 
recruitment and can bind to CC chemokine receptor type 2 (CCR2, 
CD192), triggering various downstream signaling pathways [13–16]. 

It has been revealed that CD163+ myeloid cells can be detected in 
damaged alveolar tissue of patients with COVID-19 [17–19]. Moreover, 
in a time-and-severity manner, lymphocyte frequency in blood circula-
tion was reduced in patients with severe SARS-CoV-2 infection [20]. In 
contrast, the frequency of inflammatory HLA-DRlowCD163high mono-
cytes increased within the blood circulation, resulting in infiltration of 
these monocytes into the airways upon release of CCL2 by activated 
airway tissue-resident memory T cells [20]. Furthermore, to confirm the 
importance of monocytes in the immunopathogenesis of COVID-19, high 
plasma levels of several inflammatory mediators, including CCL2, 
granulocyte–macrophage colony-stimulating factor (GM-CSF), CXCL8 
(Interleukin-8), interferon gamma-induced protein 10 (IP-10), and 
osteopontin were detected in patients with SARS-CoV-2 infection [21]. 
Besides, studies have proposed that hyper-inflammation is associated 
with the severity of COVID-19, characterized by upregulation of in-
flammatory cytokines and chemokines including IL-6, IL-10, tumor ne-
crosis factor-alpha (TNF-α), IP-10, CCL2, and CCL3, leading to CRS 
[22–24]. Interestingly, an investigation demonstrated that human 
pluripotent stem cell-derived cardiomyocytes and adult cardiomyocytes 
could be productively infected by SARS-CoV-2, resulting in secretion of 
the CCL2 and following monocyte recruitment. Augmented CCL2 
expression and monocyte infiltration was also detected in the hearts of 
SARS-CoV-2 infected hamsters [25]. 

Considering the importance of the CCL2/CCR2 axis in monocyte 
infiltration into the lung and further tissue damage, it seems that the 
CCL2/CCR2 axis can be a potential therapeutic target for the treatment 
and immunotherapy of patients with severe COVID-19 [26]. Although 
CCL2 has not yet been directly targeted for the treatment of COVID-19, 
evaluating existing options and learning from other CCL2-mediated in-
flammatory diseases could lead to the emergence of novel therapeutic 
approaches [27]. Moreover, despite multiple booster vaccinations, due 
to numerous virus mutations, new waves of the SARS-CoV-2 infection, 
such as Omicron, still infect people [28]. As a result, efforts to manage 
uncontrolled inflammation are still essential. 

This review summarized the biology of CCL2 and its role in the 
immunopathogenesis of COVID-19 and discussed available treatment 
options targeting the CCL2/CCR2 axis. 

2. CCL2 biology 

2.1. Biostructure and biofunction 

CCL2, also known as the small inducible cytokine A2, is a prominent 
member of the CC chemokine superfamily. CCL2 exerts its effect as an 
inflammatory chemokine, and it is essential for the recruitment of leu-
kocytes, including monocytes, dendritic cells (DCs), and memory T cells 
during inflammation [29,30]. Furthermore, CCL2 regulates cancer 
progression through inflammatory responses [31]. The survival of 
different species through intense selective pressure is probably-one of 
the reasons that CCL2 has developed rapidly in humans [29]. Like other 
chemokines, the crystal structure analysis of CCL2 reveals stable mul-
timerization through its function. Upon the dimerization of CCL2, tet-
ramers of this chemokine are generated by dimer-dimers interaction 
[32,33]. CCL2 was the first identified CC chemokine among other CCL 
family members, and it is well characterized in humans and other spe-
cies. The gene of CCL2 is located on chromosome 17 (chr.17, q11.2), 
which encodes a 13 kDa protein with 76 amino acids [34]. In mice, the 
JE gene is remarkably similar to the CCL2 gene in humans, and the 
platelet-derived growth factor (PDGF) is known as a stimulator of the JE 
expression in fibroblasts [35]. According to sequence alignment as-
sessments, CCL2 exhibits a high-level amino acid sequence homology 
among various species, with an extra 21 amino acids in rats and mice, 
compared to humans. However, CCL2 has a conserved sequence with 

minimal sequence identity than other CCL family members. The human 
CCL2 amino acid sequence contains different sections, including the 
signal peptide, pyrrolidone carboxylic acid, and N-linked glycosylation 
asparagine, linked with two disulfide bonds [36]. The chemoattract 
potency of CCL2 can be slightly reduced by extreme glycosylation in its 
structure through inflammatory responses [37]. According to the pro-
tein modeling analysis, several α-helices and β-sheets confirmations are 
involved in the CCL2 structure formation [38]. 

A wide range of immune and non-immune cells can produce and 
release CCL2 spontaneously or by inducing other stimuli such as 
oxidative stress, cytokines, and growth factors. Mutational research 
revealed that the basic structure of CCL2 comprised two essential do-
mains related to its biological function [39]. The primary domain in-
cludes the sequence from Thr-10 to Tyr-13, while the second location 
exists at amino acid residues 34 and 35. It is reported that permanent 
mutation at the position of residue 10 or 13 can hamper CCL2 function 
[40]. On the other hand, the necessity of the second location was 
demonstrated by the outcome of two mutations. There were two mu-
tations, the first affecting a proline between Ser-34 and Lys-35 and the 
second affecting the Gly-Pro-His sequence. In addition, it has been 
mentioned that mutations of residues 28 and 30 can alter cell-type 
specificity [39]. 

The formation of the secondary structure of CCL2 illustrates four 
β-sheets sections, which contain residues 9–11 (βo), 27–31 (β1), 40–45 
(β2), and 51–54 (β3). There are also two helical domains and a long helix 
that extends from residue 58 to 69 [37]. Furthermore, the position of 
amino acid residues from 6 to 16 through the protein structure plays a 
crucial role in the CCL2 dimerization [41]. The CCL2 interface is 
generated by the residues Glu50, Ile51, and Cys52, whereas particularly 
amino acid residues, such as Asn6, Ala7, Val9, Tyr13, Asn14, Phe15, and 
Thr16, are important for the formation of N-terminus which are neces-
sary for its conformational structure and proper activity [32]. 

Evidence shows that inflammatory chemokines such as CCL2 
contribute to defense against viral infections by recruiting innate and 
adaptive immune cells to the infection site, enhancing their cytotoxicity 
and capacity to release antiviral mediators. On the other hand, their 
overwhelming secretion following infection is the major reason for 
hyper-inflammation [42,43]. In this regard, CCL2 may be one of the 
main reasons for ARDS and even death in patients with severe SARS- 
CoV-2 infection [44]. 

2.2. Signaling 

Chemokines exert biological effects via interactions with G-protein 
coupled receptors (GPCRs) and related signaling pathways [45] (Fig. 1). 
Several studies have indicated that five different inflammatory chemo-
kines can activate CCR2, and CCL2 is one of the most important ligands 
for initiating the CCR2 signaling pathway [46–49]. CCR2 is a GPCR 
composed of a single polypeptide chain with seven hydrophobic trans-
membrane domains attributed to some intracellular and extracellular 
loops, an extracellular acidic domain from N-terminal with an intra-
cellular serine/threonine C-terminal domain [50]. The extracellular 
region from the N-terminal of the receptor is the most essential for the 
high-affinity binding to specific ligands. The other three extracellular 
sites of the receptor are critical for activating subsequent intracellular 
signal transduction [51,52]. CCR2A and CCR2B are the two alterna-
tively spliced variants of CCR2 with a different number of amino acids in 
their structure found in humans [53]. These two variants of CCR2 can 
activate various signaling pathways and participate in various functions. 
However, CCR2B is the main variant representing the most CCR2 
expressed on the surface of different cells [34]. The binding and oligo-
merization of some compounds, such as glycosaminoglycan (GAG), are 
necessary for CCL2 and other chemokines to exhibit their function in vivo 
[54]. However, the affinity of the final binding is lower than the first 
attachment between CCL2 and the N-terminus of CCR2 [55]. 

There are two well-established CCL2 signaling pathways. 
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Inflammatory cytokines like tumor necrosis factor (TNF)-α can bind to 
their receptor and activate the nuclear factor-B kinase (NFKB) inhibitor 
(IKK) through the canonical pathway. IKK activation subsequently 
promotes the phosphorylation of NFKB-bound inhibitor NF-B (IB), 
leading to IB degradation. Consequently, the translocation of activated 
NF-κB homodimers through the nucleus can stimulate the transcription 
of the inflammation-related genes, including CCL2, TNF-α, and IL-6 
[56,57]. Additionally, CCL2 signaling can be initiated via a noncanon-
ical pathway through the expression of NF-κB-independent CCL2, acti-
vated by PDGF or insulin [35]. It has been elucidated that normal insulin 
concentrations remarkably decrease both NF-κB and CCL2 expression in 
human aortic endothelial cells [58]. It has been revealed that a nonca-
nonical pathway can promote phosphatidylinositol 3-kinase (PI3K)-Akt 
signaling by augmenting Ras homolog enriched in the brain (RHEB) as 
the inhibitor of mTORC1-repressor. Subsequently, mTORC1 de-
phosphorylates forkhead box K1 (FOXK1) by protein phosphatase 2A 
(PP2A), resulting in CCL2 expression [59]. 

Interaction between the N-terminus site of CCL2 and CCR2 causes 
GDP to dissociate from Gαi and be replaced by intracellular GTP [50], 
and following these occurrences; the Gαi-GTP complex dissociates from 
the receptor and the generation of the Gβγ heterodimer. As a result, Gαi 
blocks adenylate cyclase, while Gβγ stimulates phospholipase C, leading 
to diacylglycerol and inositol 1,4,5-trisphosphate (IP3) formation. These 
events eventually result in the production of calcium from intracellular 
sources and the initiation of signaling cascades, such as the calmodulin- 
dependent protein kinase II (CaMKII), protein kinase C (PKC), PI3K, Akt, 
and ERK, involved in cell mobility, survival, gene transcription, and the 
activation of pro-nociceptive molecules [60,61]. Gβγ components also 
stimulate PI3K and Akt, activate the polymerization of actin and pseu-
dopod formation, and promote monocyte migration [62]. Furthermore, 

it has been demonstrated that CCL2 significantly increases the p38 
MAPK phosphorylation, which subsequently enhances transcription 
factor phosphorylation of some mediators, i.e., cAMP response element- 
binding protein (CREB). The CCL2/CCR2 axis influences Ca2+ influx and 
synaptic network function within hippocampal neurons [63]. Arach-
idonic acid (AA) is an essential second messenger through the GPCR 
signaling pathway during CCL2-induced chemotaxis. AA is synthesized 
from phospholipids through phospholipase A2 (cPLA2) enzyme function 
and plays an essential role as an inflammatory eicosanoid precursor. It 
has been reported that antisense cPLA2 deletion significantly inhibits 
CCL2-induced chemotaxis, suggesting that AA production is essential for 
monocyte locomotion and recruitment [64]. During chemotaxis, acti-
vated CCR2 interfaces directly with FROUNT, a specific clathrin heavy- 
chain protein, contributing to the development of clusters along the cell 
front [65]. Notably, abundant serine and threonine residues within the 
CCR2 C-terminal can be phosphorylated after interacting with the re-
ceptor, leading to receptor desensitization and eventually interrupting 
signal transduction [34]. 

3. Role of CCL2 in the immune system 

Inflammatory responses could initiate upon the ligation of CCL2 to 
CCR2 on the surface of various cells, such as monocytes, resulting in 
leukocyte infiltration and T cell proliferation in inflammatory diseases, 
including atherosclerotic cardiovascular disease, related vasculopathy, 
and multiple sclerosis [66–70]. Moreover, CCL2 has a crucial role in 
inflammation and immune response, and binding to CCR2 initiates 
various signaling pathways to regulate the activation and migration of 
target cells. 

Fig. 1. CCL2/CCR2 signaling pathway. The ligation of CCL2 to CCR2 can activate various signaling pathways such as JAK/STAT, MAPK and NFKB, which finally 
induces the expression of various genes by activating transcription factors, leading to cell proliferation, migration of immune cells such as monocytes and macro-
phages, expression of inflammatory mediators, and hyperinflammation. 
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3.1. Innate immunity 

CCL2 is the first purified and best characterized human CC chemo-
kine, identified because of its monocyte chemotactic property in-vitro in 
human cell lines [37]. CCL2 is believed to be identical to JE, a gene 
whose expression is induced in mouse fibroblasts by PDGF [35]. How-
ever, the human homolog, characterized as CCL2, was first purified from 
human cell lines based on its monocyte chemoattractant properties. 
Many cell types, including monocytes, macrophages, fibroblasts, endo-
thelial, epithelial, smooth muscle cells (SMCs), mesangial, astrocytic, 
and microglial cells, produce CCL2 constitutively or after induction by 
oxidative stress, cytokines, or growth factors [71–74]. These cells are 
essential for antiviral immune responses in the peripheral circulation 
and tissues. However, monocyte/macrophages are the major sources of 
CCL2 [75,76]. The main inducers of CCL2 expression include proin-
flammatory cytokines [e.g., interleukin (IL)-1, IL-4, IL-6, TNF-α, 
interferon-gamma (IFN)-γ)], growth factors [e.g., macrophage colony- 
stimulating factor (M− CSF), granulocyte–macrophage colony- 
stimulating factor (GM-CSF), PDGF, vascular endothelial growth factor 
(VEGF)], lipopolysaccharides, reactive oxygen species (ROS), oxidized 
low-density lipoprotein (oxLDL) and immune complexes [77] (Fig. 2). 
Conversely, transforming growth factor-beta (TGF)-β and retinoic acid 
may down-regulate CCL2 expression [78]. CCL2 regulates the migration 
and infiltration of monocytes, DCs, memory T lymphocytes, and NK cells 

[30,79]. CCL2mediates its effects through its receptor CCR2, and, unlike 
CCL2, CCR2 expression is relatively restricted to certain types of cells, 
including monocytes, T lymphocytes and vascular SMCs [37]. The 
interaction of CCL2 with CCR2 is crucial in inflammation and 
inflammatory-associated diseases and is involved in the innate immune 
response by recruiting monocytes into the site of inflammation [80]. 
There are two alternatively spliced forms of CCR2, namely, CCR2A and 
CCR2B, which differ only in their C-terminal tails [53]. CCR2A is the 
major isoform expressed by mononuclear cells and vascular smooth 
muscle cells [81], whereas monocytes and activated NK cells predomi-
nantly express the CCR2B isoform. CCR2A and CCR2B may activate 
different signaling pathways and exert different actions. For example, 
CCL2/CCR2A-mediated migration occurs without Ca2+ mobilization, 
but Ca2+ flux is induced in the CCR2B-positive cells [82,83]. Further-
more, CCL2 promotes the concurrent initiation of different sign falls; 
their effect on monocyte chemotaxis could be extraordinary. Some 
studies demonstrated that the p38 MAPK pathway is involved in the 
CCL2-mediated relocation of monocytes [84]. 

3.2. Adaptive immunity 

Besides recruiting and directing leukocyte movement, several lines 
of evidence indicate that CCL2 participates in adaptive immunity, con-
trolling the preferential differentiation of T helper (Th) lymphocytes 

Fig. 2. CCL2 inducers and role of CCL2 in 
innate and adaptive immunity. Various 
mediators such as IL-1β, IL-4, IL-6, TNF-α, 
IFN-γ, GM-CSF, M− CSF, VEGF, LPS, oxLDL, 
and ROS can lead to increased expression of 
CCL2. Following the increased CCL2 level, 
this chemokine can affect the innate and 
adaptive arms of the immune system. In 
general, CCL2 causes the recruitment and 
activation of various immune cells. It can 
also affect the function of monocytes and 
macrophages and cause their differentiation 
and phenotype alteration in different physi-
ologic and pathologic states.   
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toward the Th1 or Th2 phenotype. Since IL-4 production is increased in 
cells that are given a primary T cell receptor (TCR) stimulus in the 
presence of CCL2, CCL2 may activate the IL-4 promoter [85]. Therefore, 
CCL2 expression is more associated with developing Th2 responses 
[32,86]. Unlike other chemokines of the C–C family, which trigger the 
Th1 phenotype upon their interaction with CCR5 on T-helper cells [34], 
CCL2 acts as a potent factor in the polarization of Th0 cells into the Th2 
phenotype [87]. However, Th1 and Th2 responses can be promoted by 
CCL2 in-vivo, depending on other reported factors, such as CCL2 in-
duction timing, target tissue, and type of pathogen [88]. CCL2 regulates 
the differentiation of monocytes into DCs and modulates Th1 immune 
response by selectively suppressing naïve T cells differentiation into the 
Th1 effector cells via regulating the release of DC-derived IL-12 [89]. 
Additionally, CCL2 is involved in cytokine production by naïve T cells 
[85]. It has been reported that the released CCL2 in the draining lymph 
nodes of the skin can be presented on the surface of high endothelial 
venules (HEVs) to recruit lymphocytes [90]. In addition, CCL2 partici-
pates in recruiting memory T-cells [30,91]. 

Neutrophils-derived CCL2 in a Th1 microenvironment has been 
suggested to be involved in Th1-associated adaptive responses [92]. 
These findings provide an important clue as to why there is a switch 
from Th1 to Th2 cytokine response in viral infections such as SARS-CoV- 
2 and the human immunodeficiency virus (HIV). The reciprocal inhi-
bition between Th1 and Th2 cytokines is the major factor that induces 
Th2 differentiation and inhibits the development of IFN-γ-secreting cells 
[93]. In other Th2 immune-mediated diseases, such as asthma, CCL2 is 
expressed at high levels, and its neutralization in animal models 
ameliorated the disease [94]. Interestingly, CCR2 could have an anti- 
inflammatory action. As mentioned above, the proinflammatory role 
of CCR2 is dependent on antigen-presenting cells (APCs) and T cells, 
whereas the anti-inflammatory role of CCR2 is dependent on CCR2 
expression on the surface of regulatory T cells (Tregs) [37]. 

4. CCL2/CCR2 axis in viral infections 

Evidence reveals that CCL2 contributes to the pathogenesis of bac-
terial, fungal, and viral infection diseases, such as salmonella, C. elegans, 
severe acute respiratory syndrome (SARS), HIV, respiratory syncytial 
virus (RSV), human cytomegalovirus (HCMV), human rhinovirus (HRV), 
and simian-human immunodeficiency virus (SHIV) [95–97]. Like many 
inflammatory cytokines and chemokines, CCL2 expression is increased 
following infection to facilitate locomotion and leukocyte activation 
[98]. Following the migration of effector cells such as neutrophils and 
monocytes to the site of infection, inflammatory innate immune re-
sponses against pathogenic microorganisms begin to clear the infection. 
The regulated immune responses induced by chemokines prevent tissue 
damage due to hyperinflammation and microorganisms from escaping 
the immune system [97]. As mentioned earlier, CCL2 induces monocyte 
migration to the site of infection, which has also been reported in viral 
infections such as influenza, West Nile virus (WNV), and mouse cyto-
megalovirus (MCMV). In some infections, such as HIV, the role of CCL2 
is more harmful than protective because recruited and infiltrated leu-
kocytes become new targets of the virus for infection, resulting in more 
replication of HIV [99]. In addition, it has been shown that sometimes 
CCL2 can directly affect the replication of viruses and increase viral load 
[100]. In middle east respiratory syndrome (MERS) and SARS infections, 
CCL2 and CXCL10 are responsible for the recruitment of monocytes, 
macrophages, and T cells to the lungs [101–104]. 

In contrast, it has been revealed that CCL2 and CXCL10 could sup-
press the multiplication of lymphoid progenitor cells leading to lym-
phopenia in MERS and SARS infections [104–107]. Evaluation of 
inflammatory monocyte-macrophages (IMMs)-derived chemokines 
demonstrate that CCL2 dominantly supports the activation of these 
CCR2+ cells [108]. In patients with SARS infection, the bronchoalveolar 
lavage fluid (BALF) analysis showed that levels of CCL2 were signifi-
cantly increased and associated with alveolar macrophage infiltration 

[109–111]. Furthermore, CCR1, CCR5, and CCR2 could have a protec-
tive role in infected DCs with SARS-COV. Therefore, impaired expres-
sion or function of these receptors might be associated with disease 
severity and mortality [112]. Previous studies also disclosed that CXCR3 
and CCR2 were upregulated in the RSV, associated with disease severity 
[113]. Additionally, an experimental study used a CCR2 antagonist in 
influenza H1N1 infected mice, and findings showed that antagonizing 
CCR2 could induce the activity of nucleoprotein-specific cytotoxic T 
cells [114]. 

It seems that the CCL2/CCR2 axis could have a dual role in the 
pathogenesis of viral infections, and targeting this axis might be a po-
tential therapeutic approach to reduce hyperinflammation (Fig. 3). 

5. The CCL2/CCR2 axis in COVID-19 

SARS-CoV-2 appears the same biological and viral characterization 
as SARS-CoV and MERS-CoV; therefore, the chemokine signature of 
COVID-19 patients is assumed to have similar inflammatory mediators; 
however, the transmission rate of SARS-CoV-2 is higher, along with 
lower mortality rate compared to MERS and SARS [115]. Furthermore, 
hyperinflammation triggered by other viral pathogens, including influ-
enza H1N1 and avian H5N1, may assist in identifying the effect of 
chemokines implicated in forming inflammatory responses against 
SARS-CoV-2 infection [116–118]. Therefore, recognizing the SARS-CoV- 
2 chemokine signature and distinguishing it from non-COVID-19 path-
ogenic microbial ARDS would minimize complications and decrease 
mortality by developing interventional techniques [119]. Although 
resident alveolar macrophages are beneficial in the early stages of the 
disease, infiltrating monocytes and macrophages are essential in the 
progression of COVID-19 [115]. Infiltrated monocytes as the major 
leukocytes migrated into the infected lungs, and excessive secretion of 
cytokines and chemokines by these immune cells can lead to remarkable 
severe lung inflammation in SARS-CoV-2 patients [109,120,121]. Ac-
cording to the comparison of the SARS-CoV-2 chemokine profile with 
SARS-CoV and MERS-CoV, CCL2 has a critical contribution to the 
pathogenesis of pulmonary disease in all coronaviruses (Fig. 4). Never-
theless, different behaviors of SARS-CoV-2 and SARS-CoV in isolated 
human lung tissues is notably associated with increased capacity of 
replication and infection, suggesting the dissimilar pattern of cytokine 
and chemokine production in these viruses [122]. 

Although various chemoattractant mediators induce monocyte 
migration, CCL2 and CCL7 are often expressed quickly by stromal and 
immune cells upon activation of pattern recognition receptors (PRR) or 
cytokine secretion [123]. As mentioned above, CCL2 is the predominant 
chemokine related to COVID-19 severity, and it is increased during the 
primary infection and is significantly enhanced during the late stages in 
expired cases [124,125]. CCL2 is primarily produced in the lungs by 
alveolar macrophages, T cells, and endothelial cells, while CCR2 is 
mainly upregulated on the surface of monocytes, macrophages, and T 
cells in an inflammatory condition [126]. Following the expression of 
CCR2 in extracellular matrix (ECM) glycosaminoglycans (GAGs), CCL2 
can stimulate monocyte recruitment into the infected lungs, where they 
trigger calcium influx, produce oxygen radicals, and express integrin in 
COVID-19 patients [123,127,128]. The CCL2/CCR2 axis also partici-
pated in mast cell progenitors migration during inflammatory responses 
in vitro and in vivo [129]. Histamine and leukotrienes produced by mast 
cells interact to promote T helper 2 (Th2) polarization [130]. Corre-
spondingly, CCR2+ blood monocytes significantly increase neutrophil 
accumulation, demonstrating the interaction between monocytes and 
neutrophils through leukocyte efflux during respiratory inflammation 
[131]. 

Moreover, CCL2 has been stimulating fibroblast procollagen pro-
duction [132]. These effects of CCL2 may result in fibroproliferative 
disorders in ARDS [130]. According to animal model studies, the 
administration of CCL2 antagonists could minimize pulmonary hyper-
inflammation and improve the longevity of infected mice [114]. 

M. Ranjbar et al.                                                                                                                                                                                                                                



International Immunopharmacology 113 (2022) 109325

6

Although recruited macrophages initially express a high level of 
CCL2, CXCL10 and CCL3 are augmented in advanced stages of the dis-
ease with high severity [133]. Compared to convalescent individuals, 
symptomatic patients revealed a higher level of CCL2, leading to 
monocytes and macrophages locomotion into the lungs [134]. It has 
been reported that among the chemokines, which were considerably 
increased in fatal COVID-19 cases, CCL2 was increased equally in 
moderate to severe patients during the primary infection and main-
tained at steady levels after that in moderate cases. Additionally, CCL2 
levels were elevated in the late stages of the disease [124]. Furthermore, 
transcriptional investigations on post-mortem lung tissue patients with 
COVID-19 revealed a substantial upregulation from the CCL2 coding 
gene [135]. COVID-19 patients admitted to ICU exhibited higher levels 
of CCL2 than patients with mild SARS-CoV-2 infection [24,136]. 

In contrast with the exacerbating effect of the CCL2/CCR2 axis 
during the pulmonary inflammation in patients with various severity of 
COVID-19, an investigation demonstrated that during the mouse- 
adapted SARS-CoV-2 infection, CCR2 reduced the viral load and the 
weight of animals through inflammatory responses. In this study, Ccr2-/- 

mice represented a higher level of neutrophils and inflammatory cyto-
kines than wild-type mice, probably due to the excessive viral load in 
their lungs. Therefore, the CCL2/CCR2 axis in the mouse-adapted SARS- 
CoV-2 can promote cytokine secretion and neutrophil recruitment into 
the lung, leading to viral load restriction [137]. 

Another crucial issue in the pathogenesis and vaccination of COVID- 

19, which is related to CCL2, is the increase in the frequency of mono-
cytic myeloid-derived suppressor cells (M− MDSCs) and the recruitment 
of these cells, which disrupt the host’s antiviral responses in a chronic 
inflammation condition. On the other hand, how MDSCs influence im-
munization following COVID-19 vaccination remains to be determined 
[138]. An investigation reported that the number of M− MDSCs was 
significantly higher in the blood of patients with severe COVID-19 than 
in control subjects. These immunosuppressive cells can suppress effector 
T cells and the release of IFNγ by increasing the expression of arginase-1 
(Arg-1) and IL-6 [139]. Regarding the role of CCL2 in the recruitment of 
M− MDSCs, it can be argued that inhibiting this chemokine or its re-
ceptor may help reduce the migration of M− MDSCs and increase the 
effectiveness of vaccination and antiviral responses of the immune sys-
tem [140–142]. 

Altogether, it seems that understanding the dual effect of the CCR2/ 
CCL2 axis on disease severity and immune responses priming is essential 
to designing different therapeutic strategies and vaccines for patients 
with COVID-19. 

6. The CCL2/CCR2 axis in the different variants of SARS-CoV-2 

In addition to Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and 
Delta (B.1.617.2) SARS-CoV-2 variants of concern (VOCs), Omicron 
(B.1.1.529) has been added to the list [143]. The lineages B.1.1.7, 
recognized first in the United Kingdom, and B.1.351, recognized first in 

Fig. 3. Consequences of the CCL2/CCR2 axis activation in viral infections. When different pathogenic viruses enter the body, host inflammatory processes are 
activated. Virus-infected cells in various organs can produce CCL2, leading to the recruiting and activation of leukocytes, mainly monocytes and macrophages, into 
the brain, lungs, liver, gut, heart, and reproductive system. With the infiltration of these inflammatory cells, severe inflammatory responses are formed at the site of 
infection. Increased CCL2 levels can also lead to tissue fibrosis. Monocytosis and lymphopenia, along with the induction of bacterial or viral co-infections, are other 
outcomes of increased expression of CCL2 following viral infections. 
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South Africa, have been categorized as VOCs according to the trans-
missibility, disease severity, and immune escape capability [144,145]. 
Mutations in the spike protein receptor-binding domain (S-RBD) may 
also contribute to their adaptation to new hosts [146,147]. 

Past lessons from coronaviruses show that the level of IL-6, CCL2, 
CXCL1, CXCL5, and CXCL10 is higher in SARS-CoV-2 than in SARS-CoV- 
1 [148]. According to animal and clinical studies, infection with SARS- 
CoV-2 variants stimulated the production of a wide range of proin-
flammatory cytokines, including IL-1-α, IL-1β, IL-2, IL-4, IL-7, IL-17, 
TNF-α, IFN-γ, CCL2, CCL3, CCL4, and CXCL1 [149–153]. Moreover, 
researchers found that levels of CCL2, IL-8, and CXCL10 were signifi-
cantly increased in patients infected with the ancestral Wuhan strain 
than in Alpha, Delta and Omicron variants [154]. 

Investigating the lung tissue levels of CCL2 showed that the con-
centrations of this CC chemokine were elevated following the infection 
of mice with B.1.1.7 and B.1.351 SARS-CoV-2 variants [155]. Another 
preclinical study reported that serum levels of CCL2 and CXCL10 were 
lower in Beta variant-infected mice at the beginning of infection because 
these animals produced significantly lower levels of CCL2 and CXCL10 
than wild-type mice at two days post-infection. However, CCL2 and 
CXCL10 levels gradually increased over time in the studied mice [156]. 
According to an early study in K18-hACE2 mice, infection by 614D 
variant enhanced pulmonary levels of CCL2 and CCL5, infiltrating 
myeloid and activated CD8+ T cells in the lungs [150]. In this regard, 
examines the pattern of cytokines secreted in the lungs and livers of K18- 
hACE2 mice disclosed that the inflammatory profile in mice infected by 

B.1.1.7 and B.1.351 variants was entirely different from those infected 
with early SARS-CoV-2 strains bearing 614D or 614G because the 
expression of CCL2 and CCL5 were significantly upregulated in liver and 
lung of the studied animals. Therefore, CCL2 and CCL5 could be the 
tissue-specific chemokine signatures for mice infected with 614D and 
614G variants [157]. 

In patients with moderate SARS-CoV-2 infection, it has been reported 
that CCL2 levels in the Wuhan variant are significantly higher than in 
Alpha, Delta, and Omicron variants [154]. The comparison of CCL2 
levels in the same patients shows that after the Wuhan variant, patients 
with Delta and Alpha variants have higher concentrations than the 
Omicron variant, respectively. Interestingly, in the severe form of 
COVID-19, the levels of CCL2 in patients with Wuhan variants, followed 
by Delta and Omicron, respectively, show a higher expression than the 
Alpha variant, although this difference is not significant. These findings 
indicated that although the rate of CCL2-mediated inflammatory re-
sponses in the Omicron variant is lower in mild and moderate forms of 
the disease, with the severity of the disease, these responses can increase 
at the level of the Delta variant and lead to severe symptoms in COVID- 
19 patients [154]. 

It was also discovered that deletion variants of open reading frame 6 
(ORF6) could significantly induce the host’s inflammatory response 
without affecting virus replication. In this variant, the gene expression of 
CCL2 was upregulated, inducing hyperinflammation. Moreover, the 
expression of CCL2 in the 26-nucleotide deletion variant (D26) was 
higher than in the 34-nucleotide deletion (D34) variant [158]. 

Fig. 4. Normal and inflamed lung before and after SARS-CoV-2 infection. After entering the SARS-CoV-2, it usually enters the lungs and infects immune and 
non-immune cells such as macrophages and type 2 alveolar cells that express the ACE2 receptor. One of the critical events in infection control is the migration of 
inflammatory cells to the site of infection. In the case of viral infections such as SAS-CoV-2, neutrophils and monocytes are the first cells that migrate to the damaged 
lung tissue. Moreover, CCR2+ cells, such as monocytes and macrophages, migrate from circulation to the lung alveoli, where CCL2 is overexpressed by resident cells, 
leading to activation of infiltrated leukocytes and lung inflammation. Neutrophils, macrophages, and T cells also aggravate this situation by releasing inflammatory 
mediators such as IL-1β, IL-6, IFN-γ and TNF-α. Alveolar macrophages have a protective and anti-inflammatory role in normal conditions as well as in the initial 
stages of SARS-CoV-2 infection; nonetheless, with the severity of the disease, the phenotype of infiltrated macrophages and monocytes changed to inflammatory. 
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Collectively, CCL2 concentrations can vary significantly depending 
on SARS-CoV-2 variants, which implies that viral protein mutations 
affect immune responses at the cellular and molecular levels. 

7. Therapeutic approaches based on CCL2/CCR2 axis targeting 

As discussed before, the role of this chemokine is critical in inflam-
mation because following the ligation of CCL2 to CCR2 and activation of 
signaling pathways, migration of monocytes initiated that play a pro-
tective role in the clearance of pathogen microorganisms [92,159,160]. 
This section summarized the outcomes of the CCL2/CCR2 axis inhibition 
using various available compounds and drugs, as well as the possibility 
of employing these inhibitors in patients with COVID-19 (Table 1). 

7.1. CCL2/CCR2 inhibitors in Non-viral pathological conditions 

Anti-CCL2 monoclonal antibodies, including carlumab and ABN912, 
are a group of CCL2 inhibitors that bind and neutralize human CCL2 
[161]. In patients with rheumatoid arthritis (RA), using ABN912 
worsens the disease because the CCL2 serum levels increase in these 
patients following ABN912 therapy [162]. This may occur in a wide 
range of antibody-targeted therapies. Carlumab is another anti-CCL2 
antibody. The effectiveness of this inhibitor is also debatable because 
it could not bring satisfactory results in several inflammatory diseases, 
such as idiopathic pulmonary fibrosis [163], castration-resistant meta-
static prostate cancer [164], and inflammatory-induced solid tumors 
[165]. Carlumab and ABN912 have not been used in patients with 
COVID-19, which can be due to the lack of effectiveness of this drug in 
other inflammatory-based diseases 

Ingramon is a synthetic peptide antagonist of CCL2. This peptide can 
suppress the chemotactic effects of CCL2 in a glioma-conditioned me-
dium, reducing monocyte’s locomotion [166]. Another study showed 
that treatment with Ingramon was associated with a less noticeable rise 
of high-sensitivity C-reactive protein (hsCRP) and reduced CCL2 and 
fibrinogen plasma levels in patients with coronary disorders. This study 
claimed that Ingramon did not affect CCL2 dimerization or interaction of 
cell receptors with CCL2. However, this synthetic peptide suppressed 
CCL2 binding to heparin. Therefore, the anti-inflammatory action of 
Ingramon may be due to impairing the interaction of CCL2 with gly-
cosaminoglycans [167]. A study on patients with osteoarthritis (OA) 
showed that the CCL2/CCR2 axis mediates monocyte-derived inflam-
mation and cartilage destruction [168]. In this regard, Bindarit, another 
synthetic CCL2 inhibitor, was used to treat mice with OA. The outcome 
showed that blockade of CCL2 could significantly decrease macrophage 
infiltration in the synovium and further cartilage damage in OA mice 
[168]. 

Since CCL2 is overexpressed in breast cancer tissues, and patients 
with high expression of CCL2 have early recurrence or poor prognosis in 
breast cancer [169–172], a study evaluated the impact of prop-
agermanium (PG), a CCL2 inhibitor, in perioperative patients with pri-
mary breast cancer [173]. They found that IL-6 levels were 
downregulated in treated patients with PG dose-dependently. Consistent 
with these data, a mouse model of metastatic breast cancer showed that 
IL-6 levels were downregulated by anti-CCL2 neutralizing antibodies, 
resulting in inhibition of metastasis [174]. Concerning the critical 
pathologic role of IL-6 in hyperinflammation and the formation of 
cytokine storm COVID-19, CCL2 blockade by PG and other agents might 
be beneficial for the COVID-19 treatment by inhibiting monocyte/ 
macrophage recruitment and downregulating IL-6 levels [11]. 

TNF-α inhibitors are another group of agents that might be effective 
in COVID-19 management by reducing inflammation [175]. Interest-
ingly, TNF-α inhibitors such as can etanercept and adalimumab inhibit 
CCL2 production through epigenetic regulation in THP-1 monocytes 
[176]. Mechanistically, TNF-α inhibitors decrease NFKB-associated 
acetyltransferases, including p300, CBP, and PCAF, reducing the acet-
ylation of H3 and H4 histones in the CCL2 promoter. Moreover, the 

expression of the WDR5 and SMYD2 methyltransferases down-regulated 
by TNF-α inhibitors, inducing trimethylation of H3K4, H3K27, H3K36 
and H3K79 in the mentioned promotor [176]. Diallyl disulfide (DADS), 
the organo-sulfur compound found in garlic, is another CCL2 inhibitor 
that can be effective in inflammatory disorders. An investigation re-
ported that DADS decreased TNF-α-induced CCL2 production in 
MDAMB-231 cells [177]. Another study explored the mechanism by 
which DADS attenuates TNF-α-induced CCL2 production and found that 
this compound inhibits TNF-α-induced CCL2 production primarily by 
reducing the expression of IKKε and pERK, impairing MAPK/ERK, and 
NFKB pathway signals [178]. Accordingly, the DADS mechanism of 
action is similar to TNF-inhibitors and influences CCL2 production by 
creating a disturbance in upstream signaling pathways involved in CCL2 
expression [179]. Since anti-TNFs have been effective in reducing the 
severity of the disease in patients with COVID-19, perhaps these com-
pounds can be used together with other CCL2/CCR2 inhibitors to make a 
synergistic therapeutic effect [180]. 

Bindarit (AF 2838) or 2-methyl-2-[[1-(phenylmethyl)-1Hindazol-3- 
yl]methoxy] propanoic acid is a small anti-inflammatory molecule 
that exhibits an inhibitory effect on CCL2, CCL3, and, CCL8 production 
by down-regulating NF-kB pathway [181,182]. Efficacy of Bindarit has 
been revealed in various experimental and clinical inflammatory con-
ditions, such as Alzheimer’s disease (AD) [183], experimental autoim-
mune encephalomyelitis (EAE) [184], diabetes-associated periodontitis 
[185], diabetic nephropathy [186], and lupus nephritis [186]. Accord-
ingly, Bindarit might have the same effect in COVID-19, in which 
hyperinflammation plays a critical role. 

Blockade of CCL2 using L-RNA aptamer (Spiegelmer) is another po-
tential therapeutic approach to manage inflammatory states such as 
COVID-19. L-RNA aptamers are nuclease-resistant RNA-like molecules 
constructed from L-ribose units that neutralize the biologic functions of 
target molecules [187]. Because of their high biostability without any 
further chemical modifications, L-RNA aptamers are considered poten-
tial drugs in various diseases [188,189]. The effect of CCL2 blockade 
was examined in autoimmune-prone MRL lpr/lpr mice using pegylated 
mNOX-E36, a Spiegelmer that binds murine CCL2 with high affinity and 
neutralizes its action in vitro and in vivo [190]. This study found that 
mNOX-E36–3′PEG effectively improves the mice’s lupus nephritis, 
autoimmune peribronchitis, and lupus-like skin disease. 

A small heterodimer partner (SHP, NR0B2) is a transcriptional 
repressor that inhibits the transcription of its downstream target genes, 
such as CCL2 [191–194]. A recent study discovered 5-(dieth-
ylsulfamoyl)-3-hydroxynaphthalene-2-carboxylic acid (DSHN), a novel 
agonist for SHP that acts as a transcriptional activator for SHP [191]. It 
was reported that activation of SHP by DSHN inhibited hepatocellular 
carcinoma (HCC) cell migration and invasion by suppressing CCL2 
expression. According to this data, it is expected that SHP and its ago-
nists like DSHN be effective in inflammatory disorders such as COVID- 
19. However, further studies are required in patients with SARS-CoV-2 
infection. 

Because of the critical role of CCR2 in the recruitment of inflam-
matory monocytes, the therapeutic potential of CCR2 antagonists for 
preventing and treating inflammatory, infectious, and autoimmune 
diseases has always been of interest to researchers. Although CCR2 an-
tagonists could not succeed in clinical trials [179], using CCR2 inhibitors 
achieved promising outcomes in cancer settings. 

Experimental and clinical studies on solid tumors and peritonitis 
demonstrated that a group of small molecules, such as BMS-813160 and 
BMS-687681, can inhibit CCR2 and CCR5 in a dual-function manner 
[195,196]. These CCR2/CCR5 antagonists suppress the migration and 
infiltration of monocytes and macrophages, reducing inflammatory re-
sponses. Since CD14+, CD16+, and CCR5+ monocytes are involved in the 
pathogenesis of COVID-19, using these dual-antagonists could be 
beneficial in managing hyperinflammation in SARS-CoV-2 infected pa-
tients. In this regard, another study reported that by inhibiting the CCR5 
receptor with leronlimab, a CCR5-specific antibody, plasma levels of IL- 
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Table 1 
List of available therapeutic agents for targeting the CCL2/CCR2 axis.   

Drug or compound Type of study and disease Mechanism of action and consequences Ref 

CCL2 inhibitors ABN912 Human / RA  o Inhibiting CCL2  
o Worsening the disease because the CCL2 serum levels 

increase following the therapy 

[162] 

Carlumab Human / idiopathic pulmonary fibrosis, 
castration-resistant metastatic prostate 
cancer, and inflammatory-induced solid 
tumors  

o Inhibiting CCL2  
o It was not effective in the mentioned disorders 

[163-165] 

Ingramon In vitro / GliomaHuman/ Coronary disorder  o Inhibiting CCL2  
o Suppressing the chemotactic effects of CCL2 in a glioma- 

conditioned medium, reducing monocyte’s locomotion  
o Less noticeable rise of hsCRP and reduced CCL2 and 

fibrinogen plasma levels D  
o Cannot affect CCL2 dimerization or interaction of cell 

receptors with CCL2  
o Suppressing CCL2 binding to heparin  
o Impairing the interaction of CCL2 with glycosaminoglycans 

[166,167] 

Bindarit Animal/ OA  o Decreasing macrophage infiltration in the synovium and 
further cartilage damage 

[168] 

Propagermanium (PG) Human/Metastatic breast cancer  o A CCL2 inhibitor  
o Decreasing IL-6 levels dose-dependently 

[173] 

Etanercept and 
adalimumab 

In vitro/ Inflammatory condition  o Anti-TNF  
o Inhibiting CCL2 production through epigenetic regulation 

in THP-1 monocytes  
o Decrease NFKB-associated acetyltransferases, including 

p300, CBP, and PCAF, reducing the acetylation of H3 and 
H4 histones in the CCL2 promoter  

o Down-regulating the expression of WDR5 and SMYD2 
methyltransferases  

o Inducing trimethylation of H3K4, H3K27, H3K36 and 
H3K79 in the CCL2 promotor 

[176] 

Diallyl disulfide (DADS) In vitro/ Inflammatory condition  o A CCL2 inhibitor  
o Decreasing TNF-α-induced CCL2 production in MDAMB- 

231 cells  
o Inhibiting TNF-α-induced CCL2 production primarily by 

reducing the expression of IKKε and pERK  
o Impairing MAPK/ERK and NFKB pathway 

[177,178] 

Bindarit (AF 2838) In vitro/ in vivo/AD, EAE, diabetes-associated 
periodontitis, diabetic nephropathy, and 
lupus nephritis  

o Inhibiting CCL2, CCL3, and CCL8 production  
o Down-regulating NFKB pathway 

[181-186] 

L-RNA aptamer 
(Spiegelmer) 

In vivo/ Autoimmune-prone MRL lpr/lpr mice  o Blocking CCL2 blockade  
o Neutralizing murine CCL2  
o Improving the mice’s lupus nephritis, autoimmune 

peribronchitis, and lupus-like skin disease 

[190] 

DSHN In vitro/ HCC  o A novel agonist for SHP that acts as a transcriptional 
activator for SHP  

o Activation of SHP by DSHN inhibited HCC cell migration 
and invasion by suppressing CCL2 expression 

[191-194] 

Anti-CCL2 antibody Animal study18-hACE2 mouse model  o Inhibiting CCL2 delayed virus-induced death in mice 
infected with B.1.351 SARS-CoV-2 variant 

[156] 

CCR2 inhibitors BMS-813160 and BMS- 
687681 

Human/AnimalSolid tumors, peritonitis  o CCR2/CCR5 antagonists  
o Inhibiting CCR2 and CCR5 in a dual function manner  
o Suppressing the migration and infiltration of monocytes 

and macrophages  
o Reducing inflammatory responses. 

[195,196] 

PF-04178903 Animal/Influenza-infected mice  o A CCR2 antagonist  
o Reducing mortality and improving the frequency of 

cytotoxic CD8+ T cells, hypothermia and weight loss  
o Reducing the levels of total protein, albumin, and lactose 

dehydrogenase activity in bronchoalveolar lavage fluid  
o Cannot influence the viral titers and Streptococcus 

pneumoniae-induced secondary infection  
o Cannot influence the anti-influenza–neutralizing 

antibodies 

[114] 

RS504393 Animal/ mice model of lipoatrophic 
diabetesIn silico  

o A CCR2 antagonist  
o Reducing CCL2/CCR2-mediated and adipose tissue- 

independent inflammation  
o Improving metabolic processes  
o Binding to the S-RBD of SARS-CoV-2 and ACE2 receptors  
o Reducing monocyte and macrophage infiltration  
o Reducing chronic inflammation  
o Inhibiting the virus and its specific receptor 

[198,202] 

CCX140-B Human/ patients with type 2 diabetes with 
nephropathy  

o A CCR2 antagonist  
o Inhibiting CCL2-dependent monocyte activation and 

migration 

[203] 

(continued on next page) 
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6 were remarkably reduced, and the CD4/CD8 ratio was restored. 
Furthermore, SARS-CoV2 plasma viremia decreased, and CD8+ cyto-
toxic T cells’ frequency significantly increased following the treatment 
[197]. 

It has been reported that the CCL2/CCR2 axis is involved in hepatic 
macrophage infiltration and insulin resistance by inducing a chronic 
inflammatory condition [198]. Recent studies showed that patients with 
COVID-19 and diabetes had a higher absolute neutrophil count and 
lower lymphocyte count. Moreover, the levels of ferritin, erythrocyte 
sedimentation rate (ESR), lactate dehydrogenase (LDH), C-reactive 
protein, CCL2, IL-6, IL-8 and interferon beta 1 (IFNB1) were higher in 
diabetic patients with COVID-19 [199–201]. RS504393 is another CCR2 
antagonist, and it has been revealed that administration of this antag-
onist could reduce CCL2/CCR2-mediated and adipose tissue- 
independent inflammation, improving metabolic processes in mice 
models of lipoatrophic diabetes [198]. Surprisingly, an in silico study 
shows that RS504393 can also bind to the S-RBD of SARS-CoV-2 and 
angiotensin-converting enzyme 2 (ACE2) receptors [202]. Therefore, it 
may be possible to use this antagonist in treating diabetic patients with 
COVID-19 to reduce monocyte and macrophage infiltration, reduce 
chronic inflammation, and inhibit the virus and its specific receptor. 
CCX140-B is another small molecule CCR2 antagonist that inhibits 
CCL2-dependent monocyte activation and migration [203]. In a ran-
domized clinical trial, the clinical efficacy of CCX140-B was evaluated in 
patients with type 2 diabetes with nephropathy; outcomes indicated that 
CCX140-B could reduce CCR2+ monocyte-induced inflammation and 
had a reno-protective impact [203]. It has been reported that treating 
lung adenocarcinoma A549 cells with (CAS445479-97–0), a CCR2 
antagonist significantly suppressed their motility and invasion ability 
[204]. This study suggested the potential therapeutic role of the CCR2 
inhibition of CCR2+ tumor cells in patients with non-small cell lung 
cancer (NSCLC). 

7.2. CCL2/CCR2 inhibitors in viral infections 

Studies on viral infections have shown that neutralizing CCL2 can 
help improve the condition by reducing inflammation. For example, in 
acquired immunodeficiency syndrome (AIDS), it was shown that CCL2 
neutralization hinders human immunodeficiency viruses (HIV)-1 repli-
cation in monocyte-derived macrophages [205]. Experimental studies 
demonstrated that administrating anti-CCL2 in mice with Theiler’s 
murine encephalomyelitis virus-induced demyelinating disease (TMEV- 
IDD) could reduce mononuclear cell infiltration and significantly 
decrease disease progression through modulating central nervous sys-
tem (CNS) inflammation [206]. 

An investigation reported that administration of PF-04178903, a 
CCR2 antagonist small molecule in influenza-infected mice, significantly 
reduced mortality and improved the frequency of cytotoxic CD8+ T cells, 
hypothermia and weight loss in the studied animals. Moreover, the 
levels of total protein, albumin, and lactose dehydrogenase activity in 
bronchoalveolar lavage fluid of the treated mice were meaningfully 
reduced. However, PF-04178903 could not influence the viral titers and 
Streptococcus pneumoniae-induced secondary infection, as well as anti- 
influenza–neutralizing antibodies [114]. Since inflammatory CCR+

monocytes and their migration to the lung is similar in the pathogenesis 
of influenza and COVID-19, the use of PF-04178903 may be effective in 
managing inflammation in patients with COVID-19 [137,207]. 

Evidence strongly designates that COVID-19 severity and mortality 
are consistently lower in women than in men [208–213]. It is theorized 
that female biological factors such as 17β-estradiol (E2) and progester-
one (P4) confer protection against death. Since studies have demon-
strated that E2 exerts its anti-inflammatory effect by inhibiting the 
production of pro-inflammatory cytokines and chemokines such as IL-1β 
and TNF-α, and CCL2, two clinical trials were conducted to evaluate the 
clinical benefits of E2 (NCT04359329) and P4 (NCT04365127) in 
COVID-19 patients. Outcomes of these studies demonstrated that pro-
gesterone therapy might effectively treat male patients with moderate to 

Table 1 (continued )  

Drug or compound Type of study and disease Mechanism of action and consequences Ref  

o Reduce CCR2+ monocyte-induced inflammation and had a 
reno-protective impact 

Extracellular loop 1 
inverso (ECL1i) 

Animal/ murine models of peritonitis and 
multiple sclerosis  

o A potent, allosteric, non-competitive, and selective CCR2 
inhibitor  

o Decreasing inflammatory responses in murine models of 
peritonitis and multiple sclerosis 

[215] 

Cenicriviroc (CVC) Human/COVID-19  o A dual CCR2/CCR5 antagonist with a potent antiviral 
activity  

o Attenuating or repressing dysregulated inflammatory 
responses as well as fibrosis 

[216] 

CAS445479-97-0 In vitro/lung adenocarcinoma A549 cells  o A CCR2 antagonist  
o significantly suppressed motility and invasion ability of 

CCR2+ tumor cells 

[204] 

Natural 
compounds 

Progesterone (P4) Human/ COVID-19  o Inhibiting the production of pro-inflammatory cytokines 
and chemokines such as IL-1β and TNF-α, and CCL2  

o Progesterone therapy might effectively treat male patients 
with moderate to severe COVID-19 

[214] 

Curcumin In vitro/in vivo/inflammatory diseases  o Down-regulating of some critical elements involved in 
cellular and molecular pathways, such as NFKB  

o Inhibiting the production of CCL2 by osteoblastic cells, 
blood monocytes, and alveolar macrophages  

o Antiviral effect  
o ACE2 inhibition in SARS-CoV2 infection 

[224- 
227,229,230] 

Lippia sidoides and 
Terminalia glabrescens 
extracts 

In vitro/ Inflammation  o Inhibiting CCL2 production in LPS-stimulated THP-1 cells [217] 

Shufeng Jiedu capsule 
(SFJDC) 

Human/ upper respiratory tract infections  o Antiviral, anti-inflammatory, antipyretic, and immune 
regulatory activity  

o Its most potent compounds are quercetin, kaempferol, 
luteolin, wogonin, 7-Methoxy-2-methyl isoflavone, nar-
ingenin, beta-sitosterol, stigmasterol, physovenine, and 
formononetin  

o CCL2 is one of the main targets of SFJDC 

[218-221]  
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severe COVID-19 [214]. 
Researchers have established that CCL2 is the first and most potent 

chemokine released during SARS-CoV-2 infection, and inhibiting CCL2 
with an anti-CCL2 antibody could delay virus-induced death in mice 
infected with SARS-CoV-2 beta variant (B.1.351) [156]. 

Extracellular loop 1 inverso (ECL1i) is also a potent, allosteric, non- 
competitive, and selective CCR2 inhibitor [215]. It has been revealed 
that the administration of ECL1i significantly decreased inflammatory 
responses in murine models of peritonitis and multiple sclerosis [215]. It 
has been reported that in both early and late stages of COVID-19, Cen-
icriviroc (CVC) as a dual CCR2/CCR5 antagonist with a potent antiviral 
activity can attenuate or repress dysregulated inflammatory responses as 
well as fibrosis [216]. However, the only clinical trial (NCT04500418) 
designed to evaluate CVC in patients with COVID-19 was terminated due 
to the non-cooperation of the patients in this study. 

There are many plant extracts and natural compounds with anti- 
inflammatory properties; however, the anti-inflammatory mechanisms 
of most of these herbal compounds are not elucidated. In this context, it 
was reported that two Brazilian plants, Lippia sidoides and Terminalia 
glabrescens extracts inhibit CCL2 production in LPS-stimulated THP-1 
cells [217]. Shufeng Jiedu capsule (SFJDC) is another traditional Chinese 
medicine containing eight types of herbal medicines with antiviral, anti- 
inflammatory, antipyretic, and immune regulatory activity [218], used 
to treat upper respiratory tract infections such as influenza [219,220] 
and recommended for COVID-19 treatment in China. According to 
network pharmacology analysis, its most potent compounds are quer-
cetin, kaempferol, luteolin, wogonin, 7-Methoxy-2-methyl isoflavone, 
naringenin, beta-sitosterol, stigmasterol, physovenine, and for-
mononetin. CCL2 is one of the main targets of SFJDC; however, exam-
ining the inhibition of CCL2 and the anti-inflammatory effects of each 
SFJDC component in patients with COVID-19 requires further studies 
[221]. 

Curcumin is a polyphenolic compound of Curcuma longa L. rhizo-
me with anti-oxidant and anti-inflammatory effects [222,223]. This 
compound exerts its effects by down-regulation of some critical ele-
ments involved in cellular and molecular pathways, such as NFKB, 
which plays a critical role in inflammation. Evidence revealed that 
curcumin inhibits the production of CCL2 by osteoblastic cells, blood 
monocytes, and alveolar macrophages [224–227]. In addition, the 
inhibitory effect of curcumin on LPS-induced CCL2 production has been 
reported in rat astrocytoma cell C6 via the JNK pathway [228]. Corre-
spondingly, the antiviral effect of curcumin has been reported through 
ACE2 inhibition in SARS-CoV2 [229,230]. These findings suggest that 
curcumin might modulate CCL2-mediated inflammatory responses in 
COVID-19 [231,232]. 

8. Concluding remarks and future direction 

According to the results of numerous studies conducted in the field of 
COVID-19 pathogenesis mechanisms, it can be concluded that the 
infiltration of inflammatory monocytes and macrophages and the dys-
regulated inflammation caused by the function of these cells and the 
released inflammatory mediators are one of the most important patho-
logical events of severe SARS-CoV-2 infection. On the other hand, the 
CCL2/CCR2 chemokine axis plays a vital role in the recruitment and 
migration of monocytes and macrophages to the lung tissue. Therefore, 
inhibiting this axis using different compounds may reduce the disease’s 
severity and manage hyperinflammation. However, few studies have 
been conducted in this field, the reasons for which are still unclear 
[233]. The critical point in this therapeutic approach is to pay attention 
to other mechanisms involved in migrating monocytes and macrophages 
to the lung. 

Interestingly, in addition to CCL2, the CXCL17/GPR35 axis can also 
participate in the migration of alveolar macrophages or the precursors of 
these cells from circulation to the lungs [234]. Perhaps this parallel 
mechanism is one of the reasons for the lack of efficacy required by CCL2 

or CCR2 inhibition. Therefore, combination therapies aimed at inhibit-
ing CXCL17/GPR35 and CCL2/CCR2 axes may be more effective than 
monotherapy in inhibiting the migration of monocytes and macrophages 
to the lung. On the other hand, using CCL2 or CCR2 inhibitors can 
effectively increase vaccine immunization by inhibiting the function of 
MDSCs in vaccinated people. 
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