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ABSTRACT

A wide variety of inflammatory mediators, mainly cytokines and chemokines, are induced during SARS CoV-2 infection.
Among these proinflammatory mediators, chemokines tend to play a pivotal role in virus-mediated immunopathology. The C-C
chemokine ligand 2 (CCL2), also known as monocyte chemoattractant protein-1 (MCP-1) is a potent proinflammatory cytokine
and strong chemoattractant of monocytes, macrophages and CD4+ T cells bearing C-C chemokine receptor type-2 (CCR2).
Besides controlling immune cell trafficking, CCL2 is also involved in multiple pathophysiological processes including systemic
hyperinflammation associated cytokine release syndrome (CRS), organ fibrosis and blood coagulation. These pathological
features are commonly manifested in severe and fatal cases of COVID-19. Given the crucial role of CCL2 in COVID-19
pathogenesis, the CCL2:CCR2 axis may constitute a potential therapeutic target to control virus-induced hyperinflammation
and multi-organ dysfunction. Herein we describe recent advances on elucidating the role of CCL2 in COVID-19 pathogenesis,
prognosis, and a potential target of anti-inflammatory interventions.

1 | Introduction caused by severe acute respiratory syndrome coronavirus 2

(SARS CoV-2), a newly identified highly pathogenic enveloped
Coronavirus disease 19 (COVID-19) led to a global pandemic virus belonging to the family of beta coronaviruses [1, 2]. The
responsible for over 7 million deaths worldwide (https://data. virus enters the body via nasal route and invades the cells
who.int/dashboards/covid19/deaths?n=c). The disease 1is  following binding of spike (S) protein with host angiotensin-
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converting enzyme 2 (ACE2) receptor on target cells [3]. This
triggers release of numerous inflammatory mediators mainly
cytokines and chemokines [4] leading to hyperinflammation,
also known as ‘cytokine storm’ [5] that later manifests as
cytokine release syndrome (CRS)-associated multi-organ
dysfunction [4]. Major clinical characteristics include hypoxia
and pneumonia that progressively develop to acute respiratory
distress syndrome (ARDS), multi-organ failure and death [6].

Chemokines belong to a large family of small molecular weight
proteins that play a key role in various pathophysiological
processes including cell trafficking, inflammation, and immune
regulation [7, 8]. Chemokines primarily interact with their
seven transmembrane G-protein-coupled receptors (GPCRs)
expressed on cell surfaces [9]. Structurally, depending on
cysteine residues at the N-terminal, chemokines are broadly
categorised into four subfamilies: C, C-C, C-X-C, and C-X3-C
[9]. Functionally they can be of two major types; homoeo-
static or inflammatory, however, a third type of chemokine with
overlapping functions is also described. Two of the most com-
mon homoeostatic chemokines CCL19 and CCL21 are known
to control lymphocytes and dendritic cells trafficking in the
secondary lymphoid organs for initiation of effective immune
reactions. While inflammatory chemokines such as CCL2,
CCL7, CXCLS, interferon-induced CXCL9, CXCL10, and
CXCL11 are involved in infection, inflammation, and malig-
nancies [9]. One of the striking features of chemokines is
functional dichotomy exerted by various members of the same
family. For example, C-C family member, CCL2 reported to
support HIV replication [10, 11] while CCL3, CCL4 and CCL5
mediated resistance is reviewed elsewhere [12]. During acute
viral infections, several inflammatory chemokines are overex-
pressed by the infected and activated cells to facilitate effector
leucocyte recruitment, immune cell activation to promote
inflammation, virus clearance and/or inducing immunopa-
thology in severe cases [13].

CCL2 is one of the early discovered chemokines belonging to
C-C (b) family [14, 15] that binds to its cognate receptor CCR2
[16]. CCL2 confers a strong chemotactic behaviour towards
CCR2+ monocytes, macrophages, and CD4+ T cells [17]. Apart
from its chemotactic activity, CCL2 plays multiple immuno-
regulatory roles including systemic inflammation, angiogenesis
and organ fibrosis [18]. CCL2 is considered as one of the major
players in the recruitment of monocytes, macrophages and
CD4+ T cells into the lung, thus can effectively contribute to
CRS, a hallmark of COVID-19. Recent studies on clinical spec-
imens including bronchoalveolar lavage fluid (BALF) and bi-
opsies have shed light on the involvement of CCL2 in COVID-19
[6, 19-21]. This review highlights the recent advances in the role
of CCL2 in COVID-19 pathogenesis, prognosis, and a potential
target of anti-inflammatory interventions. As the role of CCL2
in COVID-19 pathogenesis is evolving, certainly, there are gaps
that need to be seriously addressed. For example, whether CCL2
has a direct or indirect role on COVID-19 replication? What are
the mechanisms of CCL2-mediated tissue injury? Therefore,
further studies are warranted to have a deeper mechanistic
insight to precisely understand the role of CCL2 in COVID-19
pathogenesis.

2 | The CCL2:CCR2 Biology

CCL2 was identified decades back in human glioma cells and
peripheral blood mononuclear cell cultures [14, 15]. CCL2 is
predominantly expressed by immune cells of myeloid lineages
including monocytes, macrophages and dendritic cells [22] and
primarily regulates monocytes, macrophages, memory T lym-
phocytes, and natural killer (NK) cell trafficking [17, 23].
Migration of cells involves a series of dynamic changes in the
activated integrins leading to rolling, adhesion and trans-
localisation through the vascular endothelium [24]. In brief,
binding of CCL2 to its cognate receptor CCR2 instigates an
amplification cascade involving multiple signalling pathways.
Human CCR2 exists in two spliced forms, CCR2A and CCR2B
requiring different signalling pathways [16]. CCR2B is the most
common isoform present on cell surface while CCR2A is mostly
cytoplasmic. Ligation of CCL2 to CCR2 triggers dissociation of
the a subunit from the a, § and y complex of an intracellular
G-protein to block adenylyl cyclase (AC) resulting in decreased
adenosine 3',5'-cyclic monophosphate (cAMP). Release of a
subunit results in formation of a $—y heterodimer that activates
PI3K-Akt-NFxB [25, 26], JAK-STAT [27], Ras-MEK-INK/p38/
ERK [25] pathways (Figure 1). Mobilisation of NFxB, AP-1 and
STAT transcription factors induce expression of genes involved
in inflammation, migration, and angiogenesis. For example,
CCL2 activation of macrophages results in the release of cyto-
kines IL-1, IL-6, CCL2, TNF-a and growth factors such as
platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF) and transforming growth factor (TGF-f)
[28], thereby, contributing to various biological processes.

2.1 | CCL2 in Inflammation and Tissue Injury

Several structural cells such as epithelial cells [29], endothelial
cells [30], fibroblast [30] and astrocytes [31] have been described
to secrete CCL2 (Figure 1). Apart from controlling cell migration,
CCL2 induces expression of other inflammatory cytokines and
chemokines that lead to tissue injury and organ damage. For
example, CCL2 promotes fibrosis of several organs including
lung, liver and heart (reviewed in detail elsewhere) [32]. Fibrosis
or scarring is an immunopathological event triggered by in-
flammatory mediators like CCL2 [33]. Recruitment of inflam-
matory cells, fibroblasts proliferation and accumulation of extra
cellular matrix (ECM) proteins are the key features of tissue
fibrosis [32]. CCL2 is considered as one of the potent pulmonary
fibrogenic factors by controlling macrophage infiltration into the
lung, activating CCR2+ fibroblasts to initiate remodelling, sur-
vival [34], and fibroblast procollagen production [35]. These
events consequently lead to fibroproliferative disorders in ARDS
[36]. Association of elevated levels of CCL2 in chronic hepatitis
patients with hepatic fibrogenesis indicates their involvement in
fibrosis [32]. Fibrotic role of CCL2 can also be extended to dia-
betic nephropathy [37] and lupus nephritis patients [38] where
urine CCL2 levels and macrophage infiltration correlate with
disease severity. Importantly, CCL2 seems to play a pivotal role in
cardiovascular diseases, with overexpression of CCL2 found in
myocardial samples of heart failure patients [39]. Furthermore,
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FIGURE1 | Major CCL2 producing cell types and signalling cascade.
Illustrated view depicting major human cells such as monocyte/
macrophages, dendritic, epithelial, endothelial cells, and fibroblasts
known to produce CCL2 following viral infections or activation by
inflammatory mediators. Binding of CCL2 to CCR2’' a GPCR receptor
triggers dissociation of the o subunit from the «, § and y complex of
the intracellular G-protein. The a subunit then inhibits adenylyl
cyclase (AC) function resulting in decreased adenosine 3',5'-cyclic
monophosphate (cCAMP). Dissociation of the o subunit subsequently
results in the formation of B—y heterodimer that eventually leads to
activation of NFkB, AP-1 and STAT transcription factors downstream
to PI3K-Akt, JAK-STAT, and Ras-MEK-JNK/p38/ERK pathways.
Activation of transcription factors induce expression of genes involved
in various biological processes such as inflammation, migration,
fibrosis and angiogenesis. (Created with Biorender.com.)

CCL2 significantly contributes to cardiac fibrosis by recruiting
CCR2+ monocytes and macrophages enriched in fibrogenic
mediators such as TGF-f and osteopontin [40, 41].

2.2 | CCL2 During Viral Infections

Several human viruses including human immunodeficiency
virus (HIV), hepatitis-C virus (HCV), human cytomegalovirus

Target cells

!

®
'... ccL2
® [ ]

FIGURE 2 | CCL2 induction by various human viruses. Several
human viruses including those causing acute or chronic infections,
are known to induce chemokine CCL2. Some of the common
respiratory viruses such as influenza, RSV, MERS CoV and SARS CoV
induce CCL2 production by target cells. (Created with Biorender.com.)

(HCMV), and respiratory viruses such as influenza, respiratory
syncytial virus (RSV), severe acute respiratory syndrome (SARS
CoV), middle east respiratory syndrome (MERS CoV), and
SARS CoV-2 are known to induce CCL2 [42] (Figure 2). In case
of HIV infection, CCL2 not only recruits the permissive
monocytes and CD4+ T cells to the site of infection, but also
elevates the viral load by promoting viral replication via a feed-
back-loop mechanisms [10, 11, 43, 44]. Furthermore, HIV vir-
aemic patients at advance stage of the disease tend to harbour
higher frequency of circulating CCL2-positive inflammatory
monocyte subsets compared to aviraemic and healthy controls
[45]. On the other hand, HCV infection-triggered CCL2 pro-
duction by the hepatocytes and Kupffer cells found to correlate
with disease severity [46]. With regards to respiratory in-
fections, RSV not only upregulates CCR2 but also correlates
with severity of disease pathogenesis as well [47]. CCL2 is also
overexpressed during influenza infection [48, 49] and admin-
istration of a CCL2 antagonist was found to suppress pulmo-
nary hyperinflammation in influenza infected mice [50].
Induction of CCL2 is well established for MERS and SARS-CoV
infections as monocytes, macrophages, and T cells are recruited
via CCL2 to infection sites causing hyperinflammation and lung
injuries [51]. Indeed, CCL2 levels observed in BALF of SARS
CoV infected patients correlate with increased frequency of
alveolar macrophages [52-54]. In addition, in vitro studies have
also revealed CCL2 expression by some of the primary human
cells and cell-lines. For example, primary alveolar and bron-
chial epithelial cells [55], human monocyte-derived macro-
phages (MDMs) [56], and dendritic cells [51] produce CCL2
following SARS CoV-2 infection. This was also true for human
monocytic (THP-1) [57] and lung epithelial cell line A549 [58].
Together, these studies underscore a key role of CCL2 in virus-
induced immunopathology. An elaborated view on CCL2 in
SARS CoV-2 infection is described in the following sections of
this review.
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3 | COVID-19 Pathogenesis: An Overview

SARS CoV-2 is an enveloped virus consisting of spike (S)
glycoprotein, membrane (M), envelope (E) and nucleocapsid
(N) proteins with positive-sense single-stranded RNA as
genome. Spike glycoproteins consist of two subunits, the S1
subunit binds to ACE2 receptor while S2 subunit facilitates the
virus fusion with the membrane of target cells (Figure 3).
Binding of spike protein to ACE2 causes cleavage by trans-
membrane serine protease 2 (TMPRSS2) that subsequently ac-
tivates the S2 subunit to initiate fusion and release of viral
genomic RNA into the target cells [59, 60]. Infection of SARS
CoV-2 triggers the release of a plethora of inflammatory medi-
ators leading to a systemic hyperinflammation referred to as
CRS, a hallmark of COVID-19. A detailed overview on
COVID-19 associated hyperinflammation is published else-
where [61, 62]. Inflammatory mediators are either produced by
the cells infected by the virus or by otherwise activated cell
types. However, CRS has been described as the culprit behind
the high mortality observed in severe COVID-19 patients
suffering from acute respiratory distress syndrome (ARDS) and
multi-organ failure. COVID-19 associated key immunopatho-
logical features are discussed below.

3.1 | Dysregulated Cytokine/Chemokine Network
and Cytokine Release Syndrome

Multiple studies have demonstrated the persistence of IL-6,
IL-1f3, TNF-a, IFN-y, CCL2, IL-10, CCL3 and CXCL10 during
SASRS-CoV-2 infection [63, 64]. Among these cytokines, IL-6
plays a central role in COVID-19 pathogenesis and remains
the major driver of systemic CRS. An analysis of 123 patients
with severe (76.19%) and mild (30.39%) COVID-19 reported
elevated levels of IL-6 in all patients [65, 66]. IL-6 causes
excessive inflammation and activates C-reactive protein (CRP)
to promote COVID-19-associated pneumonia, thrombo-
inflammation and multiple organ damage [67]. In addition,
IL-6 is also involved in cadherin decomposition and mast cell
secretion of histamine resulting in an increased vascular
permeability (peripheral oedema), hypotension, and hypoxia.
In contrast to IL-6, persistence of high levels of CCL2,
CXCL10, CCL3 and TNF-a are predominantly detected in
patients admitted to intensive care unit (ICU) rather than in
non-ICU patients [68]. However, next to vascular leakage, IL-
6 also plays a crucial role in the initiation of coagulation and
complement activation ultimately leading to blockage of
small-calibre blood vessels including capillaries and probably
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FIGURE 3 | SARS CoV-2 structure and cellular entry. SARS CoV-2 is comprised of four major structural proteins, spike (S), membrane (M),
envelope (E) and nucleocapsid (N), and a positive-sense single-stranded RNA as genome. Below illustration depicts the mechanism of SARS CoV-2

entry and sequential events that occur during the cellular infection. (Created with Biorender.com.)
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arterioles [67, 69] and, thus, the development of disseminated
intravascular coagulation (DIC), a hallmark phenomenon of
CRS [70]. Considering the predominant contribution of IL-6
to COVID-19 severity, IL-6-receptor monoclonal antibody
tocilizumab had been recommended during the pandemic to
limit systemic inflammation and disease progression [71, 72].
From a prognostic point of view, the ratio of IL-6 and D-
Dimer, a by-product of blood clot degradation used as pre-
dictive biomarker of coagulation disorder in COVID-19 [73]
has been suggested as a reliable early predictor of COVID-19-
associated pneumonia and overall systemic disease develop-
ment. In addition to above cytokines, chemokines markedly
contribute to CRS as abundant CCL2, CXCL10, CCL3 and
CCL4 were detected in the PBMCs and BALF of COVID-19
patients [19, 74, 75].

3.2 | Perturbed Immune System

A perturbed immune system is the hallmark of COVID-19. Early
release of inflammatory mediators following SARS CoV-2
infection triggers widespread infiltration of innate (monocytes,
macrophages, neutrophils, basophils, eosinophils, and NX cells)
and adaptive (T- and B-cells) immune cells at the site of infec-
tion or inflammation. For example, marked infiltration of
monocytes and macrophages were observed in COVID-19 cases
with typical diffuse alveolar injury [76]. A significant rise of
neutrophils was detected more in severely rather than mildly
affected COVID-19 patients [77]. In contrast, strong reduction in
hyperactivated peripheral CD4" and CD8" T lymphocytes has
been reported in ARDS cases [78]. NK cell frequency, however,
was significantly reduced in severe COVID-19 patients [66].
Given the altered immune cell frequencies, formation of a high
neutrophil: lymphocyte ratio together with low levels of baso-
phils, eosinophils, monocytes, NK cells, T- and B-cells is now
considered a predictive factor of multi-organ failure and death
in COVID-19 patients [79]. The apparent reduction in hyper-
activated CD4+ and CD8+ T lymphocytes could result from
enhanced apoptosis in these cell populations [6, 80]. Interest-
ingly, increased levels of pathogenic IL-17 producing Th17 cells
were observed in severe cases of COVID-19 [81]. In addition,
skewing of CD4+ T cells towards a hyperactivated IFN-y
secreting helper CD4+ T (Thl) phenotype appears to pro-
foundly contribute to COVID-19 pathogenesis [82].

4 | Role of CCL2 in SARS-CoV-2-Induced CRS

In addition to systemic CCL2 elevation, lung autopsies of
COVID-19 patients have revealed infiltration of CCR2-
expressing macrophages, neutrophils and T cells indicating a
crucial role for CCL2 in COVID-19-associated pulmonary
inflammation [83]. Among immune cells, CCR24+ monocytes
constitute the major infiltrate in BALF as well as in lung tissue
of COVID-19 patients presenting with CRS [83]. This was
further supported by single-cell RNA sequencing (scRNA-Seq)
analysis where severe and moderate COVID-19 patients
demonstrated higher numbers of CCR2+ monocytes than
mildly affected patients and healthy individuals [19]. Other
studies have reported early induction of CCL2 and CCR2-+

monocyte as well as macrophage infiltration into lungs of severe
COVID-19 patients [20]. These studies provide strong evidence
of CCL2 involvement in COVID-19-associated CRS. A hypo-
thetical model on how SARS CoV-2-induced CCL2 can regulate
COVID-19 immunopathogenesis and CRS-associated multi-or-
gan dysfunction (Figure 4). SARS-CoV-2 infects alveolar
epithelial cells where it replicates to produce more virions.
However, this process subsequently induces CCL2 production
and secretion by the infected cells which then initiates recruit-
ment of CCR2+ monocytes, macrophages, neutrophils, and T
cells to the site of infection. In addition to infecting epithelial
cells, SARS CoV-2 exposure of innate immune cells such as
macrophages and dendritic cells can also trigger the release of
CCL2 which in turn may further enhance the infiltration of
CCR2+ cells from the circulatory blood system. The newly
recruited immune cells could subsequently be activated by
CCL2 and other inflammatory factors, an activation loop that
could support the generation of a cytokine storm manifesting as
CRS in COVID-19 patients.

Besides, proinflammatory cytokines and chemokines, a recent
study reported elevated levels of galactin-9 (Gal-9) in COVID-19
patients that positively correlates with CCL2 [84]. Interestingly,
this correlation was found to be significant with respect to
Wuhan isolates and delta but not omicron variant [85], sug-
gesting differential impact of these variants on host CCL2 re-
sponses. Moreover, another study demonstrated Gal-9 to
enhance SARS CoV-2 replication and inflammation in airway
epithelial cell [86]. These studies shed light on role of Gal-9 in
SARS CoV-2-induced hyperinflammation and therefore, could
potentially be considered as potential surrogate marker of
COVID-19 disease severity [87].

Several reports of Kawasaki-like multi-system inflammatory
syndrome (MIS-C) have been described in children and ado-
lescents during COVID-19 pandemic [88-92]. Kawasaki disease
is a systemic acute inflammatory condition with unknown
aetiology [93, 94]. The disease is mainly characterised by pro-
found vasculitis affecting mainly the coronary arteries [89].
Occurrence of inflammatory monocytes and macrophages in the
vascular lesions strongly points towards the marked secretion of
cytokines and chemokines as elevated levels of inflammatory
chemokines including CCL2 has been reported in Kawasaki
disease [95]. Involvement of CCL2 in Kawasaki diseases was
supported by a study where gamma globulin treatment found to
lower the monocyte frequency in the circulation [96]. However,
analysis of cardiac tissues obtained from patients of Kawasaki
disease describes an association of matrix bound CCL2 with
monocyte infiltration, and acute vasculitis [97]. Involvement of
CCL2 with vasculitis in Kawasaki disease as well as their
marked elevation in COVID-19 patients indicate towards over-
lapping mode of pathogenesis, however, this need to be thor-
oughly investigated.

5 | Role of CCL2 in CRS Associated Multi-Organ
Dysfunction

CRS remains the leading cause of multi-organ dysfunction and
mortality among severe COVID-19 patients. Affected patients
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Infiltrated immune cells can be activated by various inflammatory mediators including CCL2 leading to cytokine storm/CRS (5) which eventually

causes multi-organ dysfunction (6). (Created with Biorender.com.)

mainly suffer from acute lung failure, acute kidney injury, acute
liver failure, cardiovascular diseases, haematological abnor-
malities, and neurological disorders (Figure 4). SARS-COV-2
mediated endothelial cell damage, infiltration of inflammatory
cells, and blood coagulation abnormalities are considered
pathological events contributing to multi-organ dysfunction
[4, 6, 98].

5.1 | CCL2in ARDS

ARDS remains the leading cause of death due to acute respi-
ratory failure among severe COVID-19 patients while the ma-
jority of patients, even asymptomatic individuals, may develop
lung consolidation [99, 100] or diffuse bilateral pneumonia
[101]. In consequence to SARS CoV-2 exposure, abnormal
secretion of pro-inflammatory cytokines and chemokines are
major triggers of hyperactivation and apoptosis of alveolar
epithelial and endothelial cells. Both events may result in hyp-
oxia, oedema, and vascular leakage particularly in cases of
COVID-19-associated ARDS. As described above, several in-
flammatory mediators including CCL2 are overexpressed in the
alveolar macrophages [74, 75]. Elevated CCL2 levels during
ARDS may be the driving force behind the massive infiltration
of CCR2+ inflammatory cells. In addition, early secreted IL-6
and TNF-a upon SARS CoV-2 exposure may act on infiltrated
immune cells to further release CCL2 which may further

exacerbate the inflammatory responses in a feed-back loop
mode. These findings indicate that the CCL2 milieu together
with infiltrating CCR2+ inflammatory cells are critical in
contributing to the progression and fatality of ARDS [21].
Furthermore, CCL2-mediated enhancement of procollagen
synthesis by the fibroblasts could further add to ARDS associ-
ated fibroproliferative complications [35, 36].

5.2 | CCL2 in Pulmonary Fibrosis

Pulmonary fibrosis is characterised by aberrant scarring of lung
tissue that progressively results in lung dysfunction. Multiple
inflammatory cytokines and chemokines are involved in this
process, where CCL2 takes a central position in driving lung
fibrosis. CCL2 contributes to fibrosis in multiple ways, by pro-
moting infiltration of inflammatory cells, angiogenesis, fibro-
blast collagen synthesis, myofibroblast differentiation, fibroblast
recruitment and survival [102, 103]. This pathway appears to be
clinically relevant as patients with idiopathic pulmonary fibrosis
exhibit elevated levels of CCL2 in BALF and serum [104, 105].
Moreover, occurrence of high frequency of CD163" monocyte-
derived-macrophages potentially migrated in response to
CCL2 found to exhibit strong profibrotic features during ARDS
[106]. In addition, experimental animal models of pulmonary
fibrosis also show elevated levels of CCL2 in the lung of fibrosis
developing mice [107]. Moreover, CCR2-deficient mice were
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protected from developing fibrosis [104]. These studies under-
score the crucial role of CCL2 in lung fibrosis. Pulmonary
fibrosis is one of the clinical manifestations of severe COVID-19
and is potentially driven by CCL2, a chemokine known to re-
cruit fibrocytes and profibrotic macrophages to the lung [108].
Elevated pulmonary levels of CCL2 and the massive infiltration
of CCR2+ monocytes into lung tissue of CIVID-19 patients,
indicate that CCL2 is a major contributor to the pathogenesis of
lung fibrosis during COVID-19.

5.3 | CCL2 in Adverse Cardiovascular System

A growing body of evidence supports the role of CCL2 in car-
diovascular diseases including atherosclerosis [109], myocardial
infraction [110], cardiomyopathy [111], and hypertension [112].
CCL2 is strongly associated with adverse cardiovascular out-
comes including thrombus formation during COVID-19 [113].
The level of hyperactivated platelet generation, thrombus for-
mation, and atherosclerosis appear to correlate with the
expression levels of CCL2 [113-115]. One important feature of
COVID-19 pathogenesis is increased neutrophil death (NETosis)
that leads to formation of neutrophil extracellular traps (NETS),
a prognostic marker of COVID-19-associated coagulopathy.
CCL2 induced during this process functions to recruit myeloid
cells to NET to promote a pro-inflammatory and a procoagulant
state [116-118]. In a retrospective study, elevated CCL2 was
found to correlate with activation of the coagulation cascade
and severity of respiratory impairment [119]. Moreover, a recent
study in animal model has demonstrated virus-induced ARDS to
promote cardiac inflammation via CCR2+ macrophage expan-
sion [120]. Involvement of CCL2 in cardiovascular abnormal-
ities was well supported in an in vitro study where CCL2
treatment resulted in platelet aggregation and granule secretion,
an effect that was efficiently abrogated using a CCR2 inhibitor
or CCL2 neutralising antibody [114]. Therefore, blockade of the
CCL2:CCR2 pathway could potentially reduce adverse
cardiovascular-related anomalies in COVID-19 patients, by
limiting the accumulation of inflammatory monocytes and
other myeloid populations at infection site.

6 | Impact of SARV CoV-2 Variants and
Vaccination on CCL2 Response

Given the significant predictive association of CCL2 with mor-
tality among COVID-19 patients supports the notion of exces-
sive infiltration of monocytes in the lung of infected individuals.
Most of the studies describe the elevated levels of CCL2 in in-
dividuals infected with Wuhan strain, however, reports on other
SARS CoV-2 variants are lacking until recently, a study
demonstrated differential impact of Wuhan isolate, Delta
variant and Omicron variant on host immune responses as in-
dividual infected with Wuhan strain and delta variants produce
more or less similar levels of proinflammatory cytokine and
chemokines than Omicron variants [85]. In contrast, plasma
chemokines profiling of Wuhan and omicron infected
COVID-19 individuals showed significantly elevated levels of
CCL2 irrespective of the genetic variants [121]. However further

investigations are required to have deeper insight on CCL2 re-
sponses to COVID-19 variants.

Impact of COVID-19 vaccination on host CCL2 is elusive.
Recently, a study has shed light on this important issue. In a
longitudinal study authors demonstrated lower levels of in-
flammatory markers such as TNF-a, IL-7, CCL2, CXCLS,
CXCL10 and IL-29 in vaccinated compared to unvaccinated
SARS CoV-2 -infected individuals [122]. Lowering of these in-
flammatory mediators perhaps could potentially explain the
reduced inflammation associated with reduced COVID-19
severity. Therefore, extensive research is warranted to investi-
gate inflammatory responses against various COVID-19 vac-
cines particularly, the CCL2 response.

7 | CCL2 as Prognostic Marker

Multiple studies have implicated an association of chemokines
including CCL2 and CXCL10 with poor prognosis and mortality
among COVID-19 patients [123, 124]. In addition, these che-
mokines also display different degrees of correlation with viral
load and symptoms like asthenia, dyspnoea, anosmia [6]. For
example, an elevated plasma CCL2 level positively correlates
with COVID-19 viraemia [125]. Nasopharyngeal swab samples
from ICU and non-ICU admitted COVID-19 patients revealed
that CCL2 levels are correlated with poor prognosis, suggesting
that CCL2 could serve as a predictive marker for COVID-19
progression [126, 127]. Moreover, the fatality rate was posi-
tively correlated with CCL2 in critically ill patients [128]. An
association of CCL2 with COVID-19 prognosis has also emerged
from autopsy findings of patients exhibiting massive CCR2+
monocytes and macrophages infiltration into the lung [75].
Similarly, in a retrospective study, elevated CCL2 correlates
with the activation of the coagulation cascade and severity of
respiratory impairment. CCL2 correlates with D-dimer indi-
cating an unfavourable outcome in COVID-19 patients [119].
Hence based on the above studies, CCL2 may be considered as a
prognostic marker in patients with COVID-19.

8 | CCL2:CCR2 Axis as Therapeutic Target

Given the critical role of CCL2 in SARS-CoV-2 pathogenesis,
targeting the CCL2:CCR2 axis may offer potential therapeutic
intervention to minimise COVID-19-associated hyper-
inflammation and multi-organ dysfunction. Some earlier studies
on CCL2 blockade do show effectiveness against breast and
prostate cancer [129, 130]. Moreover, a number of CCL2 and
CCR2 inhibitors and monoclonal antibodies have been devel-
oped and tested in various human inflammatory diseases as well
as in animal models of inflammation and viral infection. For
example, Bindarit, an inhibitor of CCL2 found to inhibit
macrophage infiltration in animal model of osteoarthritis [131]
while anti-CCL2 monoclonal antibodies such as Carlumab and
ABNO912 found to be ineffective in human idiopathic fibrosis and
rheumatoid arthritis respectively [132, 133]. A summary of
agents targeting the CCL2:CCR2 axis is provided in Table 1.
However, a detailed overview on drugs and compounds in viral
and non-viral infections is described elsewhere [42]. The small
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TABLE 1 | Therapeutic targeting of CCL2/CCR2 axis.

Agent Type Model/disease Effects Ref.
Bindarit CCL2 inhibitor Animal/osteoarthritis Reduced macrophage infiltration [131]
Anti-CCL2 CCL2 blocker Animal/18-hACE2 mouse B.1.351 Delayed virus-induced death [134]
antibody SARS-CoV-2 variant
Carlumab Anti-CCL2 Human/idiopathic pulmonary fibrosis No improvement [132]
monoclonal antibody
ABN912 Anti-CCL2 Human/rheumatoid arthritis No improvement instead disease [133]
monoclonal antibody worsening
Ingramon Peptide inhibitor of Human/in vitro/glioma Inhibits monocyte migration [135]
CCL2
BMS-813160 CCR2/CCRS dual Animal/peritonitis Inhibit monocytes and macrophages [136]
antagonist migration
Cenicriviroc CCR2/CCRS5 dual Human/COVID-19 Reduces inflammation, inhibits SARS  [137]
antagonist CoV-2 replication in vitro [138]
PF-04178903 CCR2 inhibitor Animal/mouse influenza-infection Suppresses lung immune pathology [50]

CCX140-B CCR2 inhibitor

Human/type-2 diabetes and
nephropathy

Reduces inflammation and reno-protective [139]
effects

molecule antagonists BMS-813160 and BMS-687681, a dual in-
hibitor of CCR2 and CCRS5, were found to suppress monocyte and
macrophage infiltration in an animal model of peritonitis [136].
Leronlimab (CytoDyn, Inc, USA), a humanised anti-CCR5
monoclonal antibody developed to block HIV infection, has
been reported to bring down plasma IL-6 levels as well as SARS
CoV-2 viral load [140] is currently being tested in a phase II
clinical trial (ClincialTrials.gov identifier NCT04347239) against
COVID-19. Cenicriviroc (CVC, Tobira Therapeutics Inc, San
Francisco, CA), a potent small-molecule CCR2/CCRS5 inhibitor,
has been shown to block HIV gp120 binding [141], and CCL2/
CCLS5 receptor binding [142] inhibits HIV RNA replication as
well as inflammatory response in infected individuals [143-145].
Therefore, optimal administration of CVC during different pha-
ses of SARS CoV-2 infection may attenuate or prevent the in-
flammatory consequences of COVID-19 and could provide a
beneficial effect by avoiding excessive monocyte recruitment. To
test CVC efficacy in COVID-19 patients, at least 3 clinical trials,
I-SPY/COVID Clinical Trial (ClincialTrials.gov identifier
NCT04488081), ACTIV-1/NIAD/NIH Consortium Study (Clin-
cialTrials.gov identifier NCT04593940), and Charité trial in
Germany (NCT04500418), are currently ongoing. However, the
I-SPY clinical trial has been discontinued due to poor recovery
time of COVID-19 patients. Furthermore, a recent study revealed
no difference in time to recovery in patients with COVID-19-
associated pneumonia following abatacept, cenicriviroc, or
infliximab administration (NCT04593940) [146]. Further studies
are required to determine the utility, efficacy, and safety of CVC
in treating patients with moderate to severe COVID-19.

9 | Conclusion and Future Prospect

In summary, the proinflammatory chemokine CCL2 appears to
be a key mediator contributing to the pathogenesis of COVID-19.
In addition to regulating immune cell trafficking, CCL2 is an
important contributor to COVID-19-associated co-morbidities

such as CRS, ARDS, fibrosis, and multi-organ dysfunction. As-
sociation of elevated CCL2 levels with COVID-19 severity,
further underscores its prognostic value. Furthermore, the
CCL2/CCR2 axis constitutes an attractive therapeutic target,
which is currently under investigation through multiple clinical
trials world-wide. Therefore, a comprehensive molecular un-
derstanding of the host response to infection may contribute to
developing anti-inflammatory treatment strategies that might
complement antiviral agents in severe cases. Future endeavours
will be important to elucidate whether adjunct CCL2 blocking
strategies can improve therapeutic outcomes in tandem with
other therapeutic approaches recommended as COVID-19
treatment regimens. Currently, an ongoing clinical trial is be-
ing investigated, the CCR2/CCRS5 blocker cenicriviroc (Clin-
cialTrials.gov identifier NCT04500418). However, it will be
important to conduct in-depth mechanistic studies involving pre-
clinical animal models of SARS CoV-2 infections to identify po-
tential new drug targets for the treatment of COVID-19, but
foremost to initiate large-scale clinical trials for the various
CCL2/CCLS5 blockers established in the clinics to test their effi-
cacy and safety among moderate and severe COVID-19 patients.
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