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Monocyte chemoattractant protein-1 (MCP-1/CCL2) is renowned for its ability to drive

the chemotaxis of myeloid and lymphoid cells. It orchestrates the migration of these

cell types both during physiological immune defense and in pathological circumstances,

such as autoimmune diseases including rheumatoid arthritis and multiple sclerosis,

inflammatory diseases including atherosclerosis, as well as infectious diseases, obesity,

diabetes, and various types of cancer. However, new data suggest that the scope of

CCL2’s functions may extend beyond its original characterization as a chemoattractant.

Emerging evidence shows that it can impact leukocyte behavior, influencing adhesion,

polarization, effector molecule secretion, autophagy, killing, and survival. The direction of

these CCL2-induced responses is context dependent and, in some cases, synergistic

with other inflammatory stimuli. The involvement of CCL2 signaling in multiple diseases

renders it an interesting therapeutic target, although current targeting strategies have

not met early expectations in the clinic. A better understanding of how CCL2 affects

immune cells will be pivotal to the improvement of existing therapeutic approaches and

the development of new drugs. Here, we provide an overview of the pleiotropic effects

of CCL2 signaling on cells of the myeloid lineage, beyond chemotaxis, and highlight how

these actions might help to shape immune cell behavior and tumor immunity.

Keywords: chemokine, CCL2, macrophages, myeloid cells, polarization, function, immune oncology

INTRODUCTION

Monocyte chemoattractant protein-1 [MCP-1, chemokine nomenclature: C–C motif chemokine
ligand 2 (CCL2)] is a member of the chemokine family, a collection of small, secreted, chemotactic
cytokines, named after their best known function of attracting cells (1). CCL2 is expressed by a
variety of cells, such as endothelial cells, smooth muscle cells (2), fibroblasts (3), epithelial cells (4),
mesangial cells (5), astrocytes (6), T cells (7) and tumor cells (8, 9), as well as by myeloid cells (see
Table 1). CCL2 expression is inducible, triggered upon exposure to inflammatory stimuli, such as
interleukin-1, interleukin-4, interleukin-6 (IL-1, IL-4, and IL-6), tumor necrosis factor α (TNFα),
transforming growth factor β (TGFβ), lipopolysaccharide (LPS), interferon γ (IFNγ), platelet-
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), macrophage colony-
stimulating factor (M-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF)
(29–33). It is found in the circulation, where it has been suggested as a diagnostic biomarker of
breast cancer and prostate cancer (34, 35), as well as in tissues (www.proteinatlas.org) (36), where
it attracts leukocytes to sites of infection or injury to mediate defense and repair.
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TABLE 1 | Expression of CCL2 by myeloid cells.

Cell type Stimulant Readout References

h CD11b+cells IL-6 Antibody array (10)

THP-1 (monocyte cell line), THP-1 derived macrophages (M2 differentiated

with PMA), primary h macrophages (adherent fraction of PBMCs)

LPS, TNFα RT-PCR, ELISA (11)

THP-1 derived macrophages (M2 differentiated with PMA) Coculture with MCF10A tumor cells Cytokine array, RT-PCR (12)

m BMDMs (differentiated in L-cell CM) LPS, IFNγ+LPS RT-PCR (13)

RAW264.7 (macrophage cell line) LPS RT-PCR (14)

m synovial macrophages (adherent fraction of synovial cells) Tenascin-C, osteopontin RT-PCR (15)

m PEMs (adherent fraction) Coculture with MDA-MB 231 tumor cells RT-PCR (16)

m PEMs (M2 differentiated with M-CSF) 4T1 cancer-cell-derived GM-CSF Northern blot (17)

m microglial cells Fragment of amyloid β-protein Aβ(25–35) Northern blot (18)

h female reproductive tract DCs (positive selection from endometrium tissue) Human immunodeficiency virus Multiplex assay (19)

h DCs (from PBMCs, differentiated with IL-4 and GM-CSF) Dengue virus RT-PCR (20)

h DCs (from PBMCs, differentiated with IL-4 and GM-CSF) TLR3, TLR4, and TLR8 agonists ELISA (21)

h lung mast cells (isolated by elutriation) rhSCF Northern blot (22)

HMC-1 (mast cell line) rhSCF ELISA (22)

LAD 2 (mast cell line) Complement factor C3a or C5a ELISA (23)

HMC-1 (mast cell line) fMLP (bacterial-derived peptide) RNase protection

assay

(24)

h neutrophils LPS, IFNγ, LPS+IFNγ, IFNγ+TLR2 ligands

(LTA or Pam3CSK4), TNFα, TNFα+IFNγ

ELISA (25)

h neutrophils PMA, LPS, PAM3CSK4 (TLR2 ligand), FSL-1

(bacterial derived TLR2/6 agonist)

ELISA (26)

RBL-2H3 (rat basophil cell line) fMLP or C3a or C5a ELISA (27)

h eosinophils CB+C5a, CB+fMLP, CB+PAF, GM-CSF,

Ionomycin, PMA, IL-5+CB+C5a,

IL-5+CB+PAF, CB+C5a, IL-5+C5a,

IL-5+C5a+CB

ELISA (28)

This table provides an exemplary overview of the different types of myeloid cells and their ability to secrete CCL2. The stimulant and the readout are provided. BMDM, bone-marrow-

derived macrophage; CB, cytochalasin B; CM, conditioned medium; DC, dendritic cell; fMLP, N-formylmethionine-leucyl-phenylalanine; h, human; m, murine; PAF, platelet-activating

factor; PBMC, peripheral blood mononuclear cells; PEM, peritoneal exudate macrophage; PMA, 2-O-tetradecanoylphorbol-13-acetate; rhSCF, recombinant human stem cell factor;

TLR, toll-like receptor.

CCL2 was first discovered as a chemoattractant for monocytes
(37, 38), but it also attracts T cells (39), B cells (40), natural
killer cells (41), basophils (42), macrophages (43), dendritic
cells (DCs) (44), myeloid-derived suppressor cells (MDSCs)
(45), and neutrophils under very specific conditions (46). CCL2
signals to these target cell types by binding to and activation
of the seven transmembrane G-protein-coupled receptor C–C
chemokine receptor type 2 (CCR2) (47). Several intracellular
downstream signaling cascades of CCR2 are known. Among

Abbreviations: ACKR, atypical chemokine receptor; BMDM, bone-marrow-

derived macrophage; CCR, C–C chemokine receptor; CTL, cytotoxic T

lymphocyte; DC, dendritic cell; FBGCs, foreign body giant cells; G-CSF,

granulocyte-colony stimulating factor; GM-CSF, granulocyte-macrophage colony-

stimulating factor; IFNγ, interferon γ; IL, interleukin; LPS, lipopolysaccharide;

mAb, monoclonal antibody; M-CSF, macrophage colony-stimulating factor;

MCP-1/CCL2, monocyte chemoattractant protein-1; MDSC, myeloid-derived

suppressor cell; oxLDL, oxidized low-density lipoprotein; PBMC, peripheral blood

mononuclear cell; PDGF, platelet-derived growth factor; PEM, peritoneal exudate

macrophage; RA, rheumatoid arthritis; SAC, Staphylococcus aureus Cowan strain

1; SIRS, systemic inflammatory response syndrome; TAM, tumor-associated

macrophages; TGFβ, transforming growth factor β; TNFα, tumor necrosis

factor α; TPA = PMA, tetradecanoylphorbol acetate; VEGF, vascular endothelial

growth factor.

these, activation of JAK2/STAT3 signaling (48), MAP kinase
signaling (49, 50), and PI3K signaling (50, 51) are involved in
promoting cell migration, as well as phospholipase-C-mediated
calcium release (49, 52). In addition, CCL2 can bind to the
atypical chemokine receptors ACKR1 and ACKR2 (53). These
receptors belong to a different category of chemokine receptors,
as they are not directly coupled to G proteins (54). The
atypical chemokine receptors participate in the shaping of
chemokine gradients and therefore act as regulatory components
of chemokine networks (54, 55). To add to the complexity, CCL2
is also able to interact with the glycosaminoglycan chains of
proteoglycans. It binds with varying affinities to different types
of glycosaminoglycans, such as heparan sulfate, heparin, and
dermatan sulfate (56, 57), which serve as coreceptors responsible
for chemokine immobilization, presentation to leukocytes, and
structural activation, i.e., oligomerization (58, 59).

During physiological host defense, for example upon
tissue injury or infection, CCL2 expression is induced by
inflammatory stimuli and promotes extravasation of effector
cells from the blood stream across the endothelium (60, 61).
However, aberrantly increased CCL2 expression is responsible
for sustaining and exacerbating cell recruitment and the
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FIGURE 1 | Graphical overview of the effects of CCL2 on myeloid cells apart from migration. CCL2 [structure PDB 1DON (131)] may impact a large number of

myeloid cells including, monocytes (Mono), macrophages (M8), dendritic cells (DC), mast cells, osteoclasts, foreign body giant cells (FBGCs), myeloid-derived

suppressor cell (MDSC), and basophils. It causes a wide range of different effects on these cells labeled in dark blue headings. Red⊥ -symbols describe inhibition.

Bent arrows describe secretion or intake of molecules; discriminated by the direction of the spearhead.

resultant inflammation. CCL2 has been implicated in the
pathogenesis of conditions, such as rheumatoid arthritis (RA)
(62), atherosclerosis (63), multiple sclerosis (64), diabetes
(65), congestive heart failure (66), and many others [discussed
comprehensively in (67, 68)]. In various types of cancer, such
as breast (69), prostate (70), colorectal (71), or pancreatic
(72) cancer, CCL2 recruits immune cells to the tumor
microenvironment, additionally acting on stromal and tumor
cells to modulate angiogenesis, metastasis, and tumor cell
proliferation (45, 69, 73–75), comprehensively reviewed in
Borsig et al. (76) and Lim et al. (77). Hence, a range of different
targeting approaches has been developed with the goal of
inhibiting CCL2’s role in disease aggravation. To date however,
therapeutic blockade of CCL2 has not been crowned with
success. One potential reason for unexpected side effects and
lack of efficacy observed in the clinic could be the emerging
complexity of CCL2’s effects on immune cell behavior. A detailed
discussion of CCL2-targeting is provided in Discussion and
Conclusions of this review.

In the past few years, more and more functions of chemokines
have been discovered. An overview of all chemokines and

their impact on leukocyte behavior can be found in Lopez-
Cotarelo et al. (78). Several chemokines have been discussed in
detail recently in a special issue of Cytokine (79). Furthermore,
the specific impact of CCL2 on T cells (31, 80) and NK
cells (81) has already been reviewed. Here, we focus on
the molecular and cellular processes induced by CCL2 in
myeloid cells beyond chemotaxis. Emerging evidence highlights
a role for CCL2 not only in attracting cells but also affecting
them functionally and morphologically. Understanding CCL2’s
potential impact on myeloid cells will contribute to deciphering
disease pathogenesis and could therefore improve therapeutic
targeting strategies.

This review summarizes the effects of CCL2 on myeloid cells
and is divided into subsections detailing its different functions.
In addition, Tables 2–5 provide a more detailed overview of
the experiments regarding the source of CCL2, the modes of
blocking CCL2/CCR2, the models, and the readouts. They are
grouped according to myeloid cell types to provide an additional
perspective on CCL2’s functions. Furthermore, Figure 1 shows a
schematic graphical depiction of the multiple effects of CCL2 on
myeloid cells.
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EFFECTS OF CCL2 ON MYELOID CELLS

CCL2: Not Simply a Guidance Cue During
Monocyte Extravasation
Chemotaxis, classically defined as directional cell movement
along a gradient of increasing signal substance concentration
(132), is the best studied function of CCL2. Monocytes circulate
in the blood stream and extravasate into the tissue where they
give rise to macrophages and DCs, and they actively participate
in innate immune defense (133). Monocyte extravasation
comprises various stages including capture, slow rolling on the
endothelium, firm adhesion/arrest, intraluminal crawling, and
transmigration (134). During this process, CCL2 is presented
by the endothelium via proteoglycans as a guidance cue for
extravasation, which subsequently activates G-protein-coupled
receptor-mediated transmigration events. In the tissue, it further
guides monocytes along a chemokine gradient to the location
of insult (135, 136). A pivotal role for CCL2 in attracting
blood monocytes has been well established in in vitro (38) and
in vivo studies. For instance, injecting recombinant rat CCL2
into rat skin intradermally induced intra- and extravascular
accumulation of monocytes 3 h after injection (137). In an animal
model of type II diabetes, the treatment of a diabetic wound with
CCL2 increased monocyte/macrophage infiltrate into the wound
tissue (138). Monocyte infiltration toward CCL2-producing sites
was also detected in transgenic models, where the expression
of CCL2 was targeted to distinct organs via specific promotors,
namely, the thymus (via Lck) or central nervous system (via
myelin basic protein) (139), pancreatic islets (via insulin) (140),
or type II alveolar epithelial cells (via surfactant protein C)
(141). Moreover, blocking antibodies against CCL2 have been
investigated in a variety of disease models in vivo, e.g., in
hepatocellular cancer, where intraperitoneal (i.p.) injection of an
anti-CCL2 antibody reduced inflammatory myeloid cells in the
liver compared to control, or in a zymosan-induced peritonitis
model, where coadministration of an anti-CCL2 antibody with
zymosan i.p. significantly reduced monocyte accumulation in the
peritoneal cavity (60). Likewise, studies investigating the role of
CCL2 via CCL2 knockout mice during inflammatory responses
via i.p. injection of LPS, zymosan, or thioglycollate also showed
a significant reduction in monocyte infiltration to the peritoneal
cavity (142, 143). The significant reduction in monocyte
infiltration in all these different in vivo models indicates a non-
redundant role of CCL2 as monocyte chemoattractant.

However, at the leukocyte/endothelial interface, CCL2 is
not merely acting as guidance cue; it also increases firm
adhesion of human monocytes to vascular endothelium under
flow conditions, monitored via video microscopy (88). This
effect was activated in response to endothelially produced CCL2
(89) and mediated by specific monocytic cell surface receptors.
CD11/CD18 heterodimers form the β2 integrin family, each
consisting of a different α-subunit (αL–CD11a, αM–CD11b,
αX–CD11c, and αD–CD11d) paired with a common β-subunit
(CD18 or β2) (144). These integrins mediate cell adhesion
and chemotaxis, causing rearrangement of the cytoskeleton
(145). Intracellular signals, among them chemokine receptor
activation, cause structural changes in integrins that lead

to enhanced affinity and avidity toward their extracellular
ligands (“inside–out signaling”). Subsequent extracellular ligand
binding to integrins then induces downstream signaling
cascades (“outside in signaling”), which impacts immune
cell recruitment, immune cell interactions, and immune cell
signaling (144). It was discovered that CCL2 increased surface
protein expression of the α-chains of two members of the β2
family of integrins, CD11b and CD11c, and their common β-
chain CD18, whereas no effect on the expression of CD11a,
VLA-4α, or the selectin LAM-1 was observed in human
monocytes (82, 86). Enhanced expression of CD11b and
CD11c correlated with enhanced binding of monocytes to
endothelial cells (86). Moreover, it was shown that CCL2
increased monocyte adhesion to TNFα-stimulated human
pulmonary artery endothelial cells under flow conditions,
in a β2-integrin-dependent manner (89). In addition, Yi
et al. found that activated integrins are polarized at the
leading edge of monocytes within 2min of CCL2 addition
(146). Likewise, CCL2 produced in vivo upon inflammation
in peripheral lymph nodes, or CCL2 injected into CCL2
knockout mice, enhanced integrin-mediated arrest of labeled
WEHI78/24 (murine monocytoid) cells injected through the
femoral artery and visualized via intravital microscopy, whereas
their propensity to roll was unaffected by the presence
of CCL2 (87).

CCL2 can also induce arachidonic acid release in human
monocytes, which has been shown to be involved in adhesion
and induction of the chemotactic response, in a pertussis-toxin-
sensitive manner (90, 147). The involvement of arachidonic
acid in monocyte adhesion was shown using manoalide
and bromophenacyl bromide, phospholipase A2 inhibitors,
which blocked release of arachidonic acid and impaired cell
adhesion in human monocytes in vitro. This effect was
partially reversed by the addition of arachidonic acid (148).
Furthermore, the same inhibitors led to a decreased migration
of human monocytes in vitro in a microchemotaxis chamber
migration assay toward CCL2 (90). In addition, CCL2 can
activate monocytes, and depending on the experimental setup,
different outcomes were shown for monocyte stimulation
with CCL2. Human monocytes upregulated IL-1 and IL-6
upon CCL2 stimulation, whereas TNFα was unaffected (82).
The increased expression of IL-6 upon CCL2 treatment of
human monocytes was also confirmed by Roca et al. (10).
Neumark et al. found that CCL2 was able to promote the
secretion of TNFα from monocytic THP-1 cells but only
after preactivation with tetradecanoylphorbol acetate (TPA =

PMA) (84).
The data in this section show that CCL2 not only serves as a

chemotactic guidepost during monocyte extravasation but that it
can also control cell adhesion by modulating integrin expression
and localization, as well as by arachidonic acid release. Moreover,
CCL2 may also play a role in activating monocytes to produce
inflammatory cytokines. It is of note that CCL2 responses are
not isolated phenomena but can be viewed as successive or even
simultaneous events because responsiveness to migratory cues
is often tightly linked to signals that regulate cell activation or
differentiation (31).

Frontiers in Immunology | www.frontiersin.org 4 December 2019 | Volume 10 | Article 2759

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gschwandtner et al. CCL2 Influences Myeloid Cell Behavior

TABLE 2 | CCL2’s effects on monocytes.

Effect on monocytes Source of CCL2 or

CCL2/CCR2 blocking/KO

Cells/model Methods and results References

MATURATION/DIFFERENTIATION/CYTOKINE PRODUCTION

Influences cytokine

production

CCL2 purified from

U-105MG CM

h monocytes in serum-free conditions

plated on 2% agarose

Proinflammatory cytokines IL-6↑, IL-1↑,

TNF (=) (MH60 cell proliferation assay,

D10 cell proliferation assay, L929

cytopathic assay)

(82)

rCCL2 h CD11b+ cells treated with rCCL2 in

serum-free medium

Proinflammatory cytokine IL-6↑ (cytokine

and inflammation arrays)

(10)

rCCL2,

pertussis toxin

h monocytes preincubated with

medium +/– rCCL2, then stimulated

with SAC and IFNγ

Preincubation with rCCL2: cytokine

IL12p70↓ (ELISA)

IL-12p35↓, IL-12 p40↓ (RT-PCR),

with pertussis toxin pretreatment: IL12p70

(=) (ELISA)

(83)

rCCL2 TPA-preactivated THP-1 cells

stimulated in serum-free conditions

with +/– rCCL2.

Proinflammatory cytokine TNFα↑ (ELISA) (84)

Intrinsic CCL2 of

monocytes, anti-CCL2 Ab

h monocytes (GG or AA genotype in

−2518) + M. tuberculosis H37Rv

sonicate +/– anti-CCL2 Ab

GG vs. AA genotype: CCL2↑, IL-12p40↓,

GG genotype + anti-CCL2 Ab: IL12-p40↑

(ELISA)

(85)

Enhances maturation

into M2 macrophages

rCCL2 h CD11b+ after isolation and rCCL2

stimulation in serum-free conditions

M2 macrophage marker in CD14+ cells:

CD206↑(FC)

(10)

INTEGRIN EXPRESSION AND ACTIVATION, ARREST

Induces integrin

expression

CCL2 purified from

U-105MG CM

h monocytes stimulated with CCL2 Integrin expression: CD11a (=), CD11b↑,

CD11c↑, CD18↑ (FC),

Selectin LAM-1 (=) (FC)

(82)

rCCL2 h monocytes stimulated with rCCL2 Integrin expression: CD11a (=), CD11b↑,

CD11c↑, CD18↑, VLA-4α (=) (FC),

general monocyte markers unaffected:

CD14 (=), CD15 (=) (FC), adhesion↑

(adhesion assay)

(86)

Increases firm adhesion

and arrest

wt and CCL2 KO mice upon

inflammation,

rCCL2

Labeled WEHI78/24 cells injected

through femoral artery catheter and

PLNs HEV analyzed

Inflamed PLN HEVs: arresting cells↑,

CCL2 KO mice: arresting cells↓ CCL2 KO

mice + rCCL2: arresting cells ↑ (intravital

microscopy)

(87)

rCCL2 Flow chamber assay with HUVEC

monolayer (transduced with

E-selectin adenovirus) and h

monocytes

Adhesion↑ (videomicroscopy,

quantification per HPF)

(88)

Inflamed endothelial cells,

anti-CCL2 Ab, CCL2

antisense oligomer, CCL2

antagonist, anti-CCR2 Ab,

integrin-blocking Abs

Flow chamber assay with TNF-

activated HPAEC monolayer and h

monocytes

Upon blocking CCL2 or CCR2: adhesion↓,

upon blocking integrins: adhesion↓

(videomicroscopy, quantification per HPF)

(89)

Induction of arachidonic

acid release

rCCL2, anti-CCL2

antiserum, pertussis toxin,

phospholipase A2 inhibitors

(p-bromophenacyl bromide,

manoalide)

Prelabeled h monocytes and THP-1

cells stimulated with rCCL2 +/–

pre-treatment with pertussis toxin or

antiserum, migration assay toward

rCCL2 in presence of phospholipase

A2 inhibitors

[3H]Arachidonic acid release: with

rCCL2↑, with anti-CCL2↓, with pertussis

toxin↓ (liquid scintillation spectrometry),

Migration toward rCCL2: in presence of

phospholipase A2 inhibitors ↓ (modified

Boyden Chamber migration assay)

(90)

ENHANCEMENT OF SURVIVAL

Enhances survival rCCL2 h CD11b+ cells treated with rCCL2

under serum deprivation

Antiapoptotic proteins↑ (cFLIPL↑, Bcl-2↑,

Bcl-XL↑), caspase cleavage↓ (caspase 8,

−3, −6, −7 cleavage↓), Lamin A

cleavage↓ (WB), survival↑ (WST-1 cell

viability assay), apoptotic cells ↓ (FC)

(10)

ENHANCEMENT OF HOST DEFENSE, CELLULAR CLEANUP

Hyperactivates

autophagy

rCCL2 h CD11b+ cells treated with rCCL2

under serum deprivation

Microtubule-associated protein cleavage:

LC3 cleavage↑ (WB)

(10)

Induces respiratory

burst

rCCL2 h monocytes exposed to rCCL2 NADPH oxidase activity↑ (H2O2 formation) (91)

(Continued)
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TABLE 2 | Continued

Effect on monocytes Source of CCL2 or

CCL2/CCR2 blocking/KO

Cells/model Methods and results References

Purified CCL2 from

TNF-stimulated

fibrosarcoma cell line 8387

h monocytes exposed to purified

CCL2

N-acetyl beta-d-glucosamininase release↑

(release assay),

superoxide anion release ↑ (release assay)

(92)

Tumor cell killing/growth

inhibition

Purified CCL2 from

supernatant of THP-1 cells

stimulated with LPS, silica,

and hydroxyurea

h monocytes exposed to purified

CCL2 and added tumor cell

suspension

Growth of tumor cell lines HT29, A375,

HTB, MCF7, HTB 88 ↓ ([3H] thymidine

incorporation assay)

(37)

CCL2-expressing CHO cells

(CCL2 transfected) in vivo

m tumor model by injection of CCL2

expressing/non-expressing CHO cells

or coinjection of CCL2 expressing

and non-expressing CHO cells and

HeLa cells

CCL2 expressing cells: tumor formation↓

coinjection of CCL2 expressing and

non-expressing cells: tumor formation

↓(histology)

(93)

Glioblastoma lines HBT20

and HBT28 (CCL2

transfected)

CCL2-expressing HBT20 and HBT28

cell lines cocultured with h monocytes

activated with LPS

Tumor cell lines + activated monocytes:

cytostasis↑ ([3H]thymidine deoxyribose

uptake cytostasis assay)

(94)

Ab, antibody; CHO, Chinese hamster ovary cell; CM, conditioned medium; FC, flow cytometry; h, human; KO, knockout; HEV, high endothelial venule; HPF, high-power field,;

PLN, peripheral lymph node; RT-PCR, reverse transcription PCR; rCCL2, recombinant CCL2; SAC, Staphylococcus aureus Cowan strain 1; SN, supernatant; TPA = PMA,

tetradecanoylphorbol-acetate; WB, Western blot; ↑, upregulation; ↓, downregulation; (=), level stays the same.

CCL2 Induces Context-Specific
Macrophage Polarization and Cytokine
Secretion
Macrophages are phagocytic cells, which are also a major source
of cytokines during inflammation. Highly heterogeneous, their
extraordinary functional plasticity enables them to respond
to diverse microenvironmental stimuli (149). The traditional
division into M1 (classically activated, pro-inflammatory) and
M2 (alternatively activated, anti-inflammatory) provides a simple
classification of macrophage behavior, although in reality, a
multitude of different activation states exists (150). However,
this classification is useful in providing an overview of
the diverging cellular responses to CCL2. Multiple cytokines
have been described in the complex network of macrophage
polarization, and their roles have been successively revealed
(151, 152). The M1 phenotype is characterized by increased
expression of cytokines, such as TNFα, IL-1β, IL-6, and IL-
12; increased expression of surface receptors, such as Fcy-
RI, II, and IIIA; as well as the production of reactive
oxygen species (ROS) and reactive nitrogen species (151,
153). On the other hand, M2 polarization shows higher
expression of IL-10, MRC1/CD206, Ym1, and Arg1 (151,
154), alongside an increasing list of differentially expressed
molecules [reviewed in (150, 155)]. A role for a number
of chemokines in influencing macrophage polarization in
inflammatory conditions has been described (152), including
CCL2. Our current understanding of CCL2’s impact on
macrophage polarization suggests both an impact on M1 and
M2 polarization, which appears to be context dependent (see
Tables 3, 5).

Basal cytokine synthesis was comparable in unstimulated
bone-marrow-derived macrophages (BMDMs) from wild-type,
CCL2 knockout, or CCR2 knockout mice, in which low levels
of inducible nitric oxide synthase (iNOS), IL-12, TNFα, and

IL-10 gene expression were observed (108). Direct stimulation
of cells with CCL2 favored M1 macrophage polarization in
some reports, for example causing upregulation of TNFα
and downregulation of Arg1 in the macrophage cell line
RAW264.7 (98), increasing TNFα expression in peritoneal
macrophages (113), or upregulating IL-1β, iNOS, and IL-6
messenger RNA (mRNA) levels in murine alveolar macrophages
and BMDMs (99). Similarly, downregulation of CCL2 expression
via overexpression of miR124 in RAW264.7 cells and porcine
alveolar macrophages led to decreased M1 and enhanced M2
polarization without any additional stimulation, as measured by
expression of M1 (iNOS, IL-6) and M2 (IL-10, MRC1, Ym1)
markers. In RAW264.7 cells transfected with miR124 in the
presence of LPS, the M1 phenotype could be rescued (95). Apart
from Sodhi and Biswas, who confirmed that their CCL2 was
endotoxin-free and showed that the effect of CCL2 stimulation
could be blocked with an anti-CCR2 antibody (113), other studies
cited here leave open the possibility that effects observed may be
due to contaminating inflammatory stimuli such as LPS or harder
to detect lipoproteins in recombinant protein preparations, or
to other cellular changes caused by miR124 overexpression, and

require confirmation that the effect was specific to CCL2. In vivo
CCL2 knockout mice displayed an M2 phenotype, evidenced by
elevated expression of Arg1, Ym1, and TGFβ, in the livers of
lipoatrophic diabetic A-ZIP-Tg mice, and exhibited improved
insulin resistance and protection from hepatic steatosis (97).
Similarly, in adipose tissue macrophages of CCR2 knockout mice
on a high-fat diet, M2 markers IL-10, Ym1, and Arg1 were
upregulated compared to wild-type mice on a high-fat diet, with
CCR2-null mice exhibiting similarly high levels of M2-like cells
as found in lean wild-type mice (96). These studies hint at a
contribution of CCL2 in driving M1 macrophage polarization
under certain pathological situations, but a direct mode of action
has yet to be established.
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In contrast, an M2 polarizing function for CCL2 has been
reported in several other studies. Stimulation of human CD11b+
myeloid cells with recombinant CCL2 led to an increase in
CD14+/CD206+ cells, suggesting a polarization towardM2-type
macrophages (10). Sierra Filardi et al. dedicated an elaborate
paper to the elucidation of the CCL2/CCR2 axis involvement
in macrophage differentiation/polarization by GM-CSF and
M-CSF. They found that adding recombinant CCL2 during
polarization of murine and human monocytes with M-CSF or
GM-CSF increased M2 markers in several different settings in
vitro. The use of an anti-CCL2 antibody in some of their in
vitro polarization assays indicates a specific role for CCL2 in
this polarization process. They also showed that this effect was
recapitulated in CCR2 knockout mice. In these mice, the absence
of CCR2 altered the M1/M2 ratio in the mouse peritoneum
in a way that M2 peritoneal macrophages were almost absent
compared to wild-type mice (100). These publications show
a direct evidence of CCL2 on polarization in vitro and a
dependence of the effect on CCR2. To back this up, in vivo
studies using blocking antibodies or CCL2 transgenic mice will
be required.

In a different experimental setup, chitin-induced CCL2
secretion by epithelial cells has been shown to result in CCR2-
mediated M2 macrophage activation in vitro. The supernatant
of epithelial cells lost the ability to induce the M2 marker
Arg1 expression in macrophages in the presence of a CCL2
neutralizing antibody. However, recombinant CCL2 alone was
not able to induce M2 polarization. Therefore, it appears that
CCL2 is necessary but not sufficient to induce Arg1 expression in
this experimental model (101). Knockout of CCR2 significantly
decreased M2 markers expressed by CD11c+ cells isolated from
bronchoalveolar lavage fluid (101). Moreover, upon knockout
of CCL2, a compensatory increase in the expression of CCL7,
which also signals via CCR2, was observed in whole lung
homogenates that may obscure the role of CCL2 in macrophage
M2 polarization. Therefore, CCL2 may act redundantly while
CCR2 is required for chitin-induced M2 polarization in the lung.
Although the CCL2-specific impact was shown via a blocking
antibody in vitro, in vivo models including a CCL2-blocking
antibody or transgenic mouse models are required to provide
more clarity.

To elucidate the signaling mechanisms underlying
macrophage polarization observed by addition of recombinant
CCL2, different groups used blocking reagents or inhibitors.
The CCL2 induced increase in TNFα expression in peritoneal
exudate macrophages (PEMs) was shown to be mediated via
activation of p42/44 MAPK and c-Jun and could be significantly
reduced with the MEK inhibitor PD98059 (113). Stimulation
of human macrophages with CCL2 increased the activation
of p38, ERK1/2, MSK1/2, HSP27, JNK, and STAT5a/b (100).
Moreover, in the murine A-ZIP-Tg CCL2 knockout model,
CCL2 deficiency led to reduced ERK1/2 and p38 MAPK
phosphorylation (97). In a different study, Gu et al. found that
silencing the adhesion molecule ICAM-1, which positively
modulates expression of the CCL2 mRNA binding miR124,
increases CCL2 expression (95). As such, there is still a lot
to uncover regarding the underlying signaling mechanisms.

As many different intermediate activation states can occur in
macrophages and a lot of fine-tuning is involved in the process
of activation, it will be important to work toward a more detailed
understanding about macrophage polarization and the molecules
and signaling pathways involved in it.

In summary, these publications have shown that CCL2 may
influence macrophage polarization and cytokine production.
However, the potential of CCL2 to exert activating and
polarizing effects on monocytes/macrophages in vivo, and the
pathophysiological relevance of these actions, is still under
debate. As described in CCL2: Not Simply a Guidance Cue
During Monocyte Extravasation, a non-redundant role for CCL2
in mediating monocyte chemotaxis in vivo was demonstrated
by blocking CCL2 via antibodies, CCL2 KO mice, injecting
exogenous CCL2, and transgenic models in which CCL2 was
overexpressed at specific organs. In these transgenic models
(140, 141), monocyte infiltration was detected within the CCL2
producing organs, but monocytic activation (investigated via
morphologic changes, retaining the expression of L-selection,
which is normally shed upon inflammatory activation, or absence
of respiratory burst) was unaffected. However, if the activating
effect of CCL2 on monocytes/macrophages is transient, it is
possible that it might have been missed in a transgenic model
where chronic CCL2 stimulation occurs (141). It is also of
note that in these publications, the authors did not take an in-
depth look at cytokine synthesis and macrophage differentiation
or polarization via macrophage marker expression on RNA or
protein levels. The data summarized in this section (also see
Tables 2, 3, 5) suggest a role for CCL2 in impacting activation and
differentiation/polarization of macrophages. There are plenty of
in vitro data including CCL2-blocking antibodies or cells from
CCL2 knockout mice supporting this role. However, more in vivo
data using CCL2 injections, CCL2-blocking antibody injections,
and transgenic mouse models specifically looking at these effects
would be helpful to confirm a direct effect of this chemokine and
to rule out chemokine redundancy. Moreover, the effect of CCL2
is dependent on the activation and polarization state of the cells
at the time of stimulation, and its role in favoring a particular
polarization state is highly context dependent.

CCL2 Primes Cells to Respond to
Subsequent Infection
In addition to studies examining the effect of CCL2 on
macrophage polarization, data are emerging which reveal that
CCL2 may also have the capability of priming myeloid cells.
The process of priming describes the exposure of a cell to a
stimulus that subsequently influences the ability of the cell to
respond to a second stimulus, which is important in pathogen
defense and inflammation (156, 157). In vitro, CCL2 can prime
monocytes and macrophages, thereby influencing the magnitude
of the response to pathogenic immune triggers. Murine BMDMs
(matured in L-cell-conditioned medium) that were pretreated
with recombinant, endotoxin-tested CCL2 before stimulation
with both IFNγ and LPS (classical activation stimuli) resulted
in increased expression of iNOS (2-fold increase) and TNFα (4-
fold increase) mRNA compared to cells that have not undergone
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CCL2 pretreatment (13). The underlying mechanism for the
enhancement of classical activation is that CCL2 increased
expression of miR9, which led to a decrease in the phosphatase
Dusp6, a negative regulator of ERK signal transduction, which in
turn impacts on gene expression of proinflammatory cytokines
(13). Stimulation of PEMs (elicited with mineral oil or complete
Freund’s adjuvant) with LPS and recombinant CCL2 dose
dependently decreased IL-12 production compared to cells
treated only with LPS (109). In human monocytes, IL-12p70 was
downregulated in response to stimulation with Staphylococcus
aureus Cowan strain 1 (SAC) and IFNγ after preincubation with
recombinant endotoxin-tested CCL2, whereas IL-10, TNFα, and
TGFß1 were unaffected in this setup, and the extent of the
response was donor dependent (83). Another study found that
CCL2 synergistically enhanced LPS-induced M1 polarization in
murine BMDMs. As this effect was diminished by Fasudil, a Rho-
kinase inhibitor, the authors proposed a signaling cascade via Rho
(99). To identify if CCL2 costimulation can influence cytokine
profiles, another group cultured human GM-CSF differentiated
macrophages with LPS and CCL2 compared to LPS alone and
found that IL-10 was increased, and IL-6, IL-12p40, and TNFα
protein levels stayed the same (100).

All the studies discussed above rely on adding recombinant
CCL2. In the cases where endotoxin testing was performed
on chemokine preps, any effect from contaminating LPS can
be ruled out, although a CCL2-specific effect may not always
be assumed without the use of CCL2-specific antagonism.
However, there are data that corroborate these effects using
different experimental setups that exclude recombinant protein
contamination. For example, in a transgenic model, where
human CCL2 was expressed in type II alveolar epithelial
cells, it enhanced inflammatory response and led to a more
activated appearance of monocytes upon i.p. injection of
LPS or intravenous (i.v.) injection of yeast wall glucan
compared to control mice, suggesting a sensitizing effect (141).
Macrophages isolated from type 2 granuloma in mice treated
with anti-CCL2 antibody showed significantly increased IL-12
production compared to control antibody (109). Isolated GM-
CSF differentiated BMDMs from wild type and CCR2 knockout
mice that were stimulated with LPS showed no difference in IL-
10 protein levels but an increase in IL-6, TNFα, and CCL2 upon
CCR2 knockout (100). A similar setup was investigated by a
different groupwho found that, upon LPS stimulation of BMDMs
(generated with M-CSF), the expression of iNOS, IL-12, TNFα,
and IL-10 was increased compared to untreated cells and was
significantly different between wild-type and CCL2 and CCR2
knockout mice. BMDMs of CCL2 and CCR2 knockout mice
expressed significantly more iNOS and IL-12 but less IL-10 in
comparison to their wild-type counterparts. In addition, BMDMs
of CCL2 knockout mice expressed more TNFα compared to wild
type (108). Together, these two paragraphs indicate that CCL2
might play a role in “good” priming to boost pathogen defense.

In addition, unfavorable, adverse priming effects have been
observed. In severe burn injury, it was observed that CCL2
converts resident mesenteric lymph node macrophages to M2
subsets, as CCL2 knockout mice did not show a shift toward M2
macrophages compared to wild-type mice. Moreover, treatment

of CCL2 knockout mice with recombinant CCL2 recovered the
M2 shift as seen by increased expression of the M2 markers
CCL17 and CXCL13. The observed shift toward M2 phenotype
decreased host antibacterial innate immunity against sepsis
stemming from oral Enterococcus faecalis infection in mice (106).
Another detrimental effect of CCL2 to pathogen defense has been
observed in systemic inflammatory response syndrome (SIRS) in
mice (modeled via acute pancreatitis). SIRS led to the production
of CCL2, which enhanced M2 polarization, thereby impairing
the resistance of SIRS mice to infectious complications. When
PEMs were cultured with SIRS mouse sera, the M2 chemokine
CCL17 was increased significantly compared to incubation with
normal mouse sera, andmannose receptor mRNAwas expressed.
PEMs isolated from mice injected with SIRS sera showed that
CCL17 expression was increased drastically upon SIRS serum
injection, and the effect was reversed by additional injection of
anti-CCL2 antibody. PEMs isolated from normal mice treated
with recombinant CCL2 showed an increased CCL17 expression
compared to control mice (107).

This section has shown that CCL2 can act as an accessory to
prepare cells for responding to subsequent stimuli and enhance
effects of other signaling molecules by combinatorial signaling,
thereby having an important role in pathogen defense. A striking
example of the pathophysiological impact of CCL2 on myeloid
cells in human disease was shown by Flores-Villanueva et al.
who discovered that patients with the CCL2 allele G in the
CCL2-promotor-enhancing region show a higher likelihood that
a Mycobacterium tuberculosis infection will progress to active
pulmonary tuberculosis. Patients with the GG genotype have
higher CCL2 and lower IL-12p40 plasma levels compared to
patients with the AA genotype. This was pinned down in vitro
to higher CCL2 and resulting lower IL-12p40 production by
monocytes in response to Mycobacterium tuberculosis antigens
of healthy donors with the GG genotype compared to donors
with the AA genotype (85). An influence of CCL2 in combination
with LPS on reducing IL-12 expression has also been shown in
several in vitro and in vivo assays in this section. All together,
these human and murine data provide robust evidence for a non-
redundant role of CCL2 in myeloid cell priming toward infection
through the use of CCL2-blocking antibodies, CCL2 knockout
mice, and transgenic mice in in vitro and in vivo experiments.

CCL2 Impacts Myeloid Cell Maturation and
Differentiation
In addition to influencing monocyte/macrophage biology, CCL2
has also been shown to influence differentiation and maturation
of monocytes into DCs (see Table 4) and MDSCs. DCs circulate
in the blood and migrate into lymphoid tissue, skin, and mucosa,
where they capture foreign material, migrate to lymphoid
organs, and present it to T cells. Thereby, they are able to
transmit information to the adaptive immune system (158).
DCs differentiated in the presence of CCL2, GM-CSF, and IL-4
displayed a markedly reduced production of IL-12 in response
to CD40L and IFNγ compared to cells differentiated with GM-
CSF and IL-4 alone and subsequent treatment with CD40L
and IFNγ (118). This IL-12 suppression was in line with other
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studies of dexamethasone-treated human DCs (159) and LPS-
treated, human immature DCs (117), where blocking CCL2 using
a monoclonal antibody increased IL-12 production. Moreover,
DCs matured in the presence of CCL2 have been shown to
stimulate CD4+ T cells to produce less IFNγ vs. CCL2 untreated
DCs (118). This effect was only observed when adding CCL2
during DCmaturation, but not when added at the time of CD40L
stimulation (83, 118), which underlines that CCL2 influences
differentiation of monocytes into DCs. More evidence for CCL2’s
impact on DC differentiation comes from coculture experiments.
A coculture of the trophoblast cell line HTR8 and human
immature DCs showed that blocking CCL2 using monoclonal
antibodies resulted in altered differentiation of DCs, evidenced
by a decrease in CD14 expression indicating loss of monocytic
cell properties and an increase in CD1a expression indicating
gain of dendritic cell characteristics (117). It is of note that the
response of DCs to CCL2 is dependent on their maturation
state, as immature BMDCs from CCL2 and CCR2 knockout mice
produced less IL-6 upon LPS stimulation, whereas mature, LPS-
treated BMDCs from CCL2 and CCR2 knockout mice produced
less IL-10 and more TNFα than those from wild-type mice (108).

Myeloid-derived suppressor cells (MDSCs) are derived
from granulocytic precursors, forming polymorphonuclear
MDSCs (PMN-MDSCs) or from monocytic precursors, forming
monocytic MDSCs, and arise in pathological conditions, such
as chronic inflammation or cancer. They are renowned for
their function to suppress T-cell responses and to support
tumorigenesis (160). CCL2 has been shown to affect the
differentiation of myelomonocytic cells into monocytic MDSCs.
In an in vitro coculture system, CCL2 secreted from the
trophoblast cell line HTR8/SVneo was shown to mediate
the differentiation of CD14+ myelomonocytic cells into
CD14+HLA-DR(-/low) MDSCs, as addition of anti-CCL2
antibody markedly reduced CD14 expression compared to
untreated and isotype-control-treated cells. The effect on
differentiation occurred at least partly in a STAT3-dependent
manner (161). Another study by Fujisaka et al. indirectly implies
an effect of CCL2 on MDSC differentiation. Hox antisense
intergenic RNA overexpression in hepatocellular carcinoma cell
lines Li-7 and Hep3B led to an increase in CCL2 expression in
these cells. Subsequent coculture of these cells with peripheral
blood mononuclear cells (PBMCs) led to PBMC differentiation
to CD14+HLA-DR–CD33+CD11b+ MDSCs (162). However,
abolishing this effect, for example, using anti-CCL2 blocking
antibodies, was not tested.

CCL2 is also involved in the formation of osteoclasts (see
Table 3). Osteoclasts are multinucleated cells formed via the
fusion of mononuclear progenitors of the monocyte/macrophage
lineage, which play a major role in bone resorption. Together
with bone formation by osteoblasts, this process is crucial for
the strength and integrity of the skeleton (163). The CCL2/CCR2
axis is involved in recruiting monocytes and preosteoclasts to
remodeling sites, and several groups have shown that this axis
is crucial for osteoclastogenesis, the formation of osteoclasts
(102, 164–166). Along these lines, the CCL2/CCR2 axis is also
required for the formation of foreign body giant cells (FBGCs),
which can arise in the presence of foreign bodies, such as implants

(102, 167). Absence of CCL2 or CCR2 caused by respective
knockouts in bone marrow cells caused significant reduction
in osteoclast and FBGC formation compared to wild-type
counterparts (102). The importance of the chemokine receptor
pair was also confirmed via blocking the CCL2/CCR2 axis with
a dominant negative CCL2 mutant (7ND) in vitro, which led to
inhibition of differentiation of colony forming unit-granulocyte
macrophages (CFU-GM) into human osteoclasts by RANKL and
M-CSF treatment vs. CFU-GMs not treated with 7ND (103).
Furthermore, CCR2 and CCL2 knockout in mice were shown
to result in elevated bone mass, visible in trabecular femur bone
mineral density, trabecular bone volume, and trabecular number
(104). Another publication by Binder et al. also showed that
CCR2 knockout mice exhibit increased bone mass as observed in
increased bone volume fraction, trabecular thickness, and bone
mineral density, as well as decreased trabecular separation. All
measured osteoblast markers (osteoblast-covered bone surface,
calcein labeling, mineral apposition, osteoclastin concentrations)
remained unaffected by CCR2 knockout compared to wild type,
but osteoclast markers (osteoclast surface to bone ratio, osteoclast
size, osteoclast nuclearity) were significantly reduced in these
animals compared to wild type, which confirmed the effect on
osteoclasts rather than osteoblasts (105). Further experiments
showed that CCL2 signaling via CCR2 in murine osteoclasts in
vitro resulted in activation of the ERK1/2 pathway. Addition of
rCCL2 to wild-type osteoclasts treated with ERK1/2 inhibitor
PD98059 led to decreased mRNA expression of Tnfrsf11a
(RANK), an osteoclast marker, compared to CCL2 untreated
cells. Induction of RANK expression by rCCL2 was almost
completely abolished by CCR2 knockout. Moreover, knockout of
CCR2 led to reduced nuclear factor kappa B (NF-κB) activation
in vitro in murine osteoclasts compared to wild type, as measured
by a NF-κB p65 DNA-binding assay. Last but not the least,
CCR2 knockout mice were protected from osteoporosis caused
by estrogen deficiency in a murine ovarectomy model compared
to the wild-type ovarectomy group (105). The significance of
CCL2/CCR2 signaling in osteoclast function is mirrored by its
contribution to diseases of the bone, such as RA, osteoporosis,
multiple myeloma, tooth eruption, and bone metastasis (102).

Summarizing, CCL2 was shown to be able to influence
monocytes during their differentiation into DCs, MDSCs, and
osteoclasts. Regarding the impact of CCL2 on the differentiation
into DCs and MDSCs, in vitro data are available, in which the
role of CCL2 was confirmed using CCL2-blocking antibodies.
However, this function remains to be confirmed in vivo. For
CCL2’s role in osteoclast formation, plenty of in vitro data were
obtained using anti-CCL2 antibody, a CCL2 mutant protein as
well as recombinant CCL2, and data using CCL2 and CCR2
knockout mice were obtained, providing evidence for a non-
redundant role of the chemokine and showing that the effect
is mediated via CCR2. To further strengthen the data on this
function, CCL2-blocking antibodies could be tested in vivo.

Considerations Regarding CCL2’s Impact
on Myeloid Cells
A number of intriguing questions arise in the wake of
work focusing on CCL2’s influence on myeloid cells beyond
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chemotaxis. One of these questions centers around data
showing downregulation of CCR2 expression of monocytes
when differentiating into macrophages. CCR2 downregulation
upon differentiation was reported by Denholm et al. for PMA-
treated THP-1 cells (168) or human monocytes differentiated via
culturing them in vitro for 7 days (169). There are also examples
in the literature showing that macrophages respond very weakly
to CCL2 in a chemotaxis assay (170). Thus, do macrophages
even express the receptor that would enable them to respond
to CCL2? Sierra-Filardi et al. performed profiling of human and
murine macrophages by reverse transcription PCR (RT-PCR)
and fluorescence-activated cell sorting and showed that GM-CSF
differentiated macrophages do express CCR2 (100). Moreover,
evidence from experiments using macrophage cell lines in vitro
(summarized in Table 3) show an effect of CCL2 treatment and
CCL2 blocking on macrophage polarization (95, 98, 99, 101)
or anti-CCL2 treatment (101). Much evidence showing that
macrophages can respond to CCL2 also comes from studies
done on osteoclasts, which are tissue-residentmacrophages (102–
105). Concluding, it seems that macrophages represent a wide
spectrum of differently polarized cells wherein some subsets do
express CCR2 and are able to respond to CCL2 while others do
not (171–173). Regulation of cell expression of this chemokine
receptor may represent a neat way of controlling site-specific
macrophage responses to CCL2.

Another important caveat to consider is the potential
for endotoxin contamination in recombinant CCL2 protein
preparations used for in vitro and in vivo studies to contribute
to monocyte/macrophage activation. Only very few of the above
reviewed papers provide information about the endotoxin level
of the recombinant CCL2 used in the studies. A large number of
papers mentioned the supplier, whereas some did not mention
the source of recombinant CCL2 at all. It will be important not
only to test LPS levels but also to include anti-CCL2 antibodies to
show specificity going forward when examining cell activation in
this way.

An important fact that is often overlooked is binding of
CCL2 to its coreceptors, glycosaminoglycans and proteoglycans,
as this can influence the chemokine’s oligomerization state,
presentation, and, therefore, function (59, 174–176). Apart from
heparan sulfate proteoglycans, the CCL2/CCR2 axis was found
to be involved in versican’s (chondroitin sulfate proteoglycan)
metastasis promoting role in murine and human models of
diseases (177), and versican was shown to protect CCL2 from
degradation and to enhance its chemotactic properties (178).
These molecular aspects are rarely taken into consideration
when investigating CCL2’s functional roles, as the recombinant
chemokine is usually added in solution, whereas in vivo, it
is most likely presented by components of the extracellular
matrix. This might help to explain its varying, context-
dependent functions.

Moreover, when interpreting the outcomes of different
experiments, it is essential to consider whether CCL2 or CCR2
was targeted. CCR2 can be activated by other ligands than CCL2,
namely, CCL7, CCL8, CCL12 (mouse only), CCL13, CCL16, and
the chemoattractant PC3-secreted microprotein (179–181), and
its manipulation has wider ranging effects than targeting CCL2

alone, which might be compensated by the upregulation of other
CCR2 ligands. In addition, expression profiling of wild-type,
CCL2 knockout, and CCR2 knockout murine monocytes showed
alterations in multiple genes between the different genotypes,
especially in those that are involved in development and function
(182). This may be responsible for diverging responses in CCL2
knockout vs. CCR2 knockout. In addition, cellular responses
following activation of CCR2 can be cell-type specific due to
coupling of the receptor to different G-proteins (183, 184).

Temporal aspects of CCL2 stimulation also seem to be
very important on the functional outcome of stimulation
(13). In knockout mice, the chemokine receptor is constantly
knocked out, whereas antibodies or recombinant protein can
be administered only at certain timepoints (182). Furthermore,
in knockout animals, CCL2 and CCR2 are usually knocked out
systemically and not in a tissue- or cell-type specific manner,
which results in far reaching systemic effects. CCL2’s function
of attracting monocytes is indispensable to get monocytes to
the center of inflammation (142, 143) or cancer (16), and
therefore, this property is a prerequisite for being able to exert
other effects on those cells. Therefore, knockout mouse models
may not be suitable to answer all questions regarding CCL2’s
functions on myeloid cells, and alternative setups, for instance
using CCL2-blocking antibodies, should be considered. Finally,
some effects might occur only in a defined range of CCL2
concentrations (13).

Another interesting fact to consider is that CCL2 induces
expression of MCP-1-induced protein (MCPIP, Regnase-1,
Zc3h12a) (185), which was found to promote an M2 phenotype
in macrophages by inhibition NF-κB activation, sequential
induction of ROS, ER stress, and autophagy, and induction of
C/EBPbeta and PPARy (186). Furthermore, it was shown that
MCPIP/Regnase-1 is responsible for degradation of IL-6 and
IL-12p40 mRNA in macrophages (187). Additional effects of
MCPIP/Regnase-1 in controlling immune responses have been
reviewed in Takeuchi (188). This raises the possibility that some
of the effects may not be directly caused by CCL2, but via
CCL2-induced factors.

Altogether, while new data are starting to reveal a role
for CCL2 beyond chemoattraction, more detailed in vitro,
mechanistic, and in vivo studies are required to fully understand
CCL2’s position among myeloid cell activating, polarizing, and
priming stimuli.

CCL2 Enhances Myeloid Cell Survival and
Proliferation
Looking beyond myeloid cell activation and differentiation, a
number of studies have examined the impact of CCL2 on
the survival of these innate immune cells. In human CD11b+
cells under serum starvation, addition of recombinant CCL2
upregulates antiapoptotic proteins cFLIPL, Bcl-2, and Bcl-XL and
inhibits cleavage of caspases−3, −6, −7, −8, and lamin A, all
of which contribute to promoting CD11b+ cell survival (10). In
human PBMC-derived, M-CSF, and LPS-treated macrophages,
CCL2 secretion is regulated via NFAT5, which is in turn regulated
by proinflammatory M1 polarizing and hypoxic stimuli, and
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confers apoptotic resistance to human RA macrophages and
murine peritoneal and splenic macrophages. This was shown in
NFAT5-silencing experiments in which NFAT5-silenced human
RA synovial fluid macrophages were incubated with or without
CCL2 addition, and the apoptosis marker Annexin V was
measured by flow cytometry. Furthermore, treatment with anti-
CCL2 antibody increased apoptosis in macrophages from wild-
type mice. Moreover, expression levels of NFAT5 and CCL2 were
significantly higher in matched RA synovial fluid CD14+ cells
(comprised mainly of macrophages) than in peripheral CD14+
cells, highlighting the potential importance of these molecules
in this disease. However, the authors conclude that CCL2 alone
is probably not entirely responsible for NFAT5-mediated RA
macrophage survival, as NFAT5 regulates a number of genes
involved in macrophage apoptosis (32).

CCL2 stimulated proliferation and polarization of human
macrophages (generated with M-CSF) into myeloma-associated
macrophages, a subset of bone marrow infiltrating cells in
multiple myeloma that has been shown to be responsible for
drug resistance (126, 189). Increased proliferation was observed
for human macrophages incubated in vitro in the presence of
CCL2 vs. untreated cells in an 3-(4,5-Dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay, which is a colorimetric assay based on the
conversion of the tetrazolium dye MTS to a formazan by
mitochondrial enzymes (190). Moreover, CCL2 induced
expression of myeloma-associated macrophage markers IL-6 and
c-myc when added to the media, compared to CCL2-untreated
cells. This effect was achieved by activating growth and survival
signaling via PI3K/Akt and ERK/MAPK pathways, as addition
of PI3K-Akt inhibitor LY294002 or Erk1/2 inhibitor U0126 to
the cell media of myeloid-associated macrophages inhibited
cell proliferation vs. untreated cells (126). Another different
action on macrophage survival has been observed by treatment
of macrophages with CCL2, which induced macrophage cell
division in adipose tissue explants measured by a 5-ethynyl-2′-
deoxyuridine (EdU) incorporation assay. Furthermore, in vivo
CCL2 knockout decreased macrophage proliferation in adipose
tissue of high-fat diet compared to wild-type mice also measured
by EdU incorporation (112).

In this context, the question arises whether macrophages,
which have long been regarded as terminally differentiated
immune cells, are actually able to proliferate. The MTS assay that
Li et al. were using is an assay determining metabolic activity
of cells used as proxy for cell viability/proliferation and shows
a decrease (when blocking CCL2) or increase (when adding
CCL2) in signal intensity compared to control. If this is not due
to proliferation, the other option would be that the observed
effect is due to viability. The authors further showed that PI3K-
Akt and MAPK/Erk pathways were activated, which not only
promote cell proliferation but could also improve survival. The
EdU incorporation assay performed by Amano et al. however,
is an assay specifically designed for detecting cell proliferation
by EdU incorporation of cells during the S-phase and clearly
showed a positive signal. Furthermore, there are publications
showing that macrophages can self-renew as reviewed in Jenkins
et al. (191) and Sieweke and Allen (192). Independent of the

underlying process (survival or proliferation), it can be concluded
that more viable or more metabolically active macrophages were
detected upon CCL2 treatment.

Neutrophils defend the host against pathogen infection
via phagocytosis, degranulation, and generation of neutrophil
extracellular traps and the release of a variety of effector
molecules (193). In neutrophils, addition of soluble CCL2
induced the activation of PI3K/Akt, ERK, and NF-κB in vitro,
which led to a decrease in constitutive apoptosis in these cells.
CCL2 exerted this antiapoptotic effect in a CCR2-dependent
manner as tested using the CCR2 receptor antagonist RS102895
and an anti-CCR2 antibody (194). Interestingly, IFNγ, which
is known for its antiapoptotic effect on neutrophils, and which
does not affect CCL2 synthesis alone, can cause expression and
secretion of CCL2 in the presence of LPS in human neutrophils
in vitro (25). Moreover, GM-CSF, which also has been shown
to be an antiapoptotic cytokine for neutrophils (195) induces
secretion of CCL2 in human neutrophils in vitro (196). Whether
CCL2 expression is causative for the observed antiapoptotic
effects of IFNγ and GM-CSF on neutrophils or merely acts as
a messenger has not been shown, but might be an interesting
hypothesis to test.

Together, these data indicate that CCL2 not only recruits
immune cells to tissues but may also prolong their residence
at the sites of inflammation by impacting on apoptosis and/or
survival-controlling molecules. The majority of data summarized
in this section has been obtained using in vitro assays. The use of
anti-CCL2 antibodies and a CCR2 receptor antagonist and anti-
CCR2 antibody point toward a CCL2-specific effect mediated via
CCR2. Apart from one experiment by Amano et al. using CCL2
knockout mice (112), more conclusive evidence from in vivo
studies using knockout mice or blocking antibodies is warranted.

CCL2 Enhances Host Defense, Cellular
Cleanup, and Allergic Responses
In addition to the effects on myeloid cell migration, phenotype,
and survival, CCL2 may also impact further, diverse and far
ranging immune cell functions that are summarized below.

Increase of Phagocytosis, Efferocytosis, and

Endocytosis of Macrophages
Macrophage efferocytosis (recognition and engulfment) of
apoptotic cells has been shown to be increased by CCL2.
Upon treatment with recombinant CCL2, murine alveolar
macrophages, PEMs, and the J774 macrophage cell line exhibited
increased efferocytotic activity. This was shown in vitro using
an assay in which macrophages were cocultured with apoptotic
human neutrophils after treatment, with or without CCL2,
and staining with Diff Quik to visualize ingested apoptotic
cells. This was confirmed in a murine in vivo model where
apoptotic human neutrophils were injected into the lungs of mice
treated with CCL2 and staining lavaged alveolar macrophages
with MPO for neutrophil apoptotic bodies, vs. CCL2-untreated
control mice. This was mediated in a Rac1/PI3-kinase-dependent
manner (110).When investigating BMDMs (M-CSF derived) and
BMDCs (GM-CSF derived) generated from CCL2 knockout and
CCR2 knockout mice, Chen et al. found reduced phagocytosis
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(of Escherichia coli) and endocytosis (of dextran) compared to
BMDMs of wild-type mice (108). Furthermore, the CCL2/CCR2
axis seems to be essential for macrophage-mediated endocytosis
of collagen and fibrin (111, 171). This ECM turnover is critical
during tissue remodeling and repair (197).

Activation of Autophagy of Monocytes
Autophagy is a constitutive, cellular mechanism of degradation
of damaged proteins and cellular organelles. It can be enhanced
under various physiological and pathophysiological stimuli,
such as inflammation, hypoxia, and starvation (198). A
hyperactivation of autophagy was observed in human CD11b+
cells upon CCL2 treatment (10). This was shown by detecting
an increase in the LC3-II protein (resulting from cleavage off
the microtubule-associated protein LC3) that correlates with
autophagosome number (199). Together with their other findings
of CCL2’s influence on cytokine production and macrophage
polarization (see CCL2 Induces Context-Specific Macrophage
Polarization and Cytokine Secretion), Roca et al. suggest that
autophagy might play a role inM2macrophage polarization (10).

Induction of Respiratory Burst in Monocytes
Respiratory burst is an essential line of host defense characterized
by increased oxygen uptake into phagocytic cells and subsequent
production of large quantities of microbicidal reactive oxygen
species (200). In human monocytes, CCL2 was shown to
induce respiratory burst (91), and a CCL2-induced N-acetyl-
β-glucosaminidase and superoxide anion release has been
described (92). These effects have not been confirmed in in vivo
models yet.

Activation of Mast Cells
Mast cells can be found in connective tissues throughout
the body. They are rich in granules containing inflammatory
mediators (e.g., eicosanoids, histamine) and contribute to
inflammatory responses, such as allergic reactions (201). CCL2
is a well-established activator of mast cells. The chemokine has
been shown to activate murine mast cells and led to mast cell
degranulation in vitro and in vivo (202–204). In vitro, it caused
profound histamine release from rat mast cells (205, 206), as well
as release of serotonin (rat) (205) and the leukotriene C4 (LTC4)
(mouse) (203). Furthermore, it induced mast cell aggregation
and cytoplasmic communication between rat mast cells in vitro
(205). The effect of CCL2 on mast cells in allergic reactions
has been shown in a mouse model of ragweed-pollen-induced
allergic conjunctivitis, where blocking of CCL2 or its receptor
CCR2 by antibodies suppressed clinical signs of hyperreactivity
andmast cell degranulation in the animals (204). Similar findings
were reported in a cockroach-allergen-induced mouse model of
allergic bronchial hyperreactivity, where anti-CCL2 antibodies
and CCR2 knockout were able to attenuate the allergic reactions
(203). Therefore, controlling CCL2 levels in allergic diseases
might prove to be useful in the clinic.

Activation of Basophils and Eosinophils
Granulocytes are characterized by the presence of granules in
their cytoplasm and are subdivided in neutrophils, eosinophils,
and basophils. After maturation and proliferation in the

peripheral circulation, eosinophils exert their function in tissues,
where they release cytotoxic granule proteins, lipid mediators,
cytokines, and other proinflammatory substances. They play a
role in parasitic defense, as well as in allergies and asthma (207).
Basophils, like mast cells, modulate inflammatory responses
by releasing histamine and a variety of cytokines to recruit
various effector cells (Th2, macrophages, and others) to sites
of inflammation (208). In vitro, CCL2 induced release of
histamine from human basophils (209, 210) as well as release
of sulfido-leukotrienes (211) and promoted LTC4 production
in IL-3, IL-5, and GM-CSF-pretreated human basophils (212).
These degranulating effects of CCL2 were accompanied by
profound structural changes of basophils, such as granule-
vesicle attachments, piecemeal degranulation, anaphylactic
degranulation, and uropod formation that differ quantitatively
from other secretagogue agents (213).

The impact of CCL2 on eosinophils is less clear. The
chemokine does not directly attract these cells (214, 215).
However, studies suggest that it might serve as an indirect
mediator of eosinophil activation and attraction. In a mouse
model of ragweed-pollen-induced allergic conjunctivitis,
treatment with an anti-CCL2 Ab inhibited eosinophilic
recruitment (216). In another study, SiglecF+/CD11c–
eosinophils from chitin challenged CCR2 knockout mice
expressed markedly less CCL5, IL-13, and CCL11 than respective
cells from wild-type mice (101). These observations may be
explained by a disruption of CCL2-dependent attraction of T
lymphocytes to sites of allergic inflammation and subsequently
missing attraction and activation of eosinophils by the intricate
interplay between αβ T lymphocytes and γδ T lymphocytes that
recruits eosinophils, which was reviewed by de Henriques and
Penido (217).

CCL2 Plays a Role in Lipid Body Biogenesis and

Instrumentation in Macrophages
Lipid bodies (lipid droplets) are cellular organelles occurring in
large amounts not only in adipose tissue but also in non-adipose
tissue, which are an important part of lipid metabolism. More
recently, lipid bodies have been shown to also be involved in
processes such as endoplasmatic reticulum stress and oxidative
stress as well as protein storage and turnover (218). CCL2 plays
a role in equipping newly formed lipid bodies with leukotriene
B4 synthetic function (115). Pacheco et al. discovered in vitro
that the process was mediated via a CCR2-, ERK1/2-, PI3K-,
and cytoskeleton-dependent mechanisms (115). Later, the role
of the CCL2/CCR2/ERK axis in oxidized low-density lipoprotein
(oxLDL) induced lipid body biogenesis has been confirmed,
and the findings were extended by showing that anti-CCL2-Ab
pretreatment inhibited the expression of adipose differentiation-
related protein upon oxLDL stimulation in macrophages (116).
The pivotal role of CCL2 in the process was confirmed in vivo in
sepsis (cecum ligation and puncture) and endotoxemia models
of inflammation, where CCL2 knockout led to a decreased lipid
body number per cell and decreased amount of leukotriene B4
(115). Moreover, further data regarding the reduction in lipid
body formation upon anti-CCL2-Ab treatment in vitro and the
dependence on CCR2 signaling in vivo were shown (116). This
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TABLE 3 | Summary of CCL2’s effects on macrophages.

Effect on

macrophages

Source of CCL2 or

CCL2/CCR2

blocking/KO

Cells/model Methods and results Disease References

MATURATION/DIFFERENTIATION/CYTOKINE PRODUCTION

CCL2/CCR2 deficiency

enhances M2

polarization

Cell-derived (after

transfection of ICAM-1

siRNA, miR124 mimic)

RAW264.7 macrophages

(transfected), porcine alveolar

macrophages (transfected)

ICAM-1 siRNA: M1 markers iNOS↑,

CD86↑, IL-6 ↑, M2 markers Ym1 (=/↓),

Mrc-1 (=), IL-10 (=)

miR124 mimic: M1 markers iNOS↓, CD86

(=/↓), IL-6↓, M2 markers Ym1↑, Mrc-1↑,

IL-10 (=/↑) (RT-PCR)

Acute lung injury (95)

CCR2 KO HFD mice Adipose tissue macrophages

from high-fat diet (HFD) mice

(+/–CCR2 KO)

HFD CCR2 KO vs. HFD wt: M2-markers

IL-10↑, Ym1↑, Arg1↑, Mrc2↓, Mgl1↑,

Mgl2↑ (RT-PCR)

Obesity (96)

CCL2 KO mice Lipoatrophic diabetic A-ZIP-Tg

mice (+/– CCL2 KO), livers

analyzed

CCL2 KO vs. wt: M2 markers Arg1↑,

Ym1↑, TGFβ↑ (RT PCR), phosphorylation

ERK-1/2, and p38MAPK↓ (WB)

Insulin resistance

and hepatic

steatosis

(97)

Enhances M1

polarization

rCCL2 Starved RAW264.7

macrophages treated with CCL2

M1 marker TNFα↑, M2 marker Arg1↓

(RT-PCR)

Abdominal aortic

aneurysm

(98)

No info about CCL2,

Rho inhibitor Fasudil

Alveolar macrophages and

BMDMs + CCL2 +/– LPS +/–

Fasudil

M1 markers: iNOS↑, IL-6↑, IL-1β↑, effect

diminished by Fasudil (RT-PCR)

Allergic inflammation (99)

Enhances M2

polarization

Anti-CCL2 Ab h monocytes polarized with

M-CSF +/– anti-CCL2 Ab

anti-CCL2 Ab vs. IgG: GM-M8-markers

IL23A↑, IL12B↑, TNF↑, CCL1↑,

SERPINE1↑, EGLN3↑, INHBA↑,

ALDH1A2↑, M-M8-markers IGF1↓,

STAB1↓, CMKLR1↓, SLC40A1↓,

FOLR2↓, HMOX1↓, CD163↓, HTR2B↓

(RT-PCR)

/ (100)

SN from chitin-exposed

epithelial cells,

anti-CCL2 Ab, rCCL2,

CCR2 KO mice, CCL2

KO mice

AMJ2-C11m macrophages +

SNs from chitin-exposed LA-4m

lung epithelial cells +/–

anti-CCL2 Ab or + rCCL2,

BALF CD11c+ of KO mice vs.

wt after chitin-treatment

SN+anti-CCL2-Ab: M2 marker Arg1↓,

rCCL2: Arg1 (=),

CD11c+ of CCR2KO: M2 markers Arg1↓,

CCL17↓, CCL22↓(RT-PCR), M2 markers

CCL17↓, CCL22↓, Ym1↓ (ELISA)

CCL2KO: CCL7↑

Allergic lung

inflammation

(101)

Osteoclast formation,

FBGC formation

CCL2 and CCR2 KO,

rCCL2

Bone marrow derived CCL2 and

CCR2 KO osteoclasts

(differentiated in M-CSF and

RANKL) and FBGCs

(differentiated in GM-CSF and

IL-4) in vitro,

osteoclasts in vivo

KO: cell count, nuclei count and cell size

of TRAP stained cultures of osteoclasts

and FBGCs ↓, rescued by rCCL2

KO: cell number, and number of nuclei in

TRAP stained bone marrow sections ↓

/ (102)

Dominant negative

CCL2 mutant protein

7ND or CM of 7ND

transfected HEK293T

cells

Cord blood derived osteoclasts

(differentiated from CD14+ cells

by GM-CSF, IL-3, SCF to form

CFU-GM cells; then treated with

RANKL and M-CSF to form

osteoclasts) treated with 7ND

NFATc2↓, CALM1↓, JUN↓ (RT-PCR),

osteoclast formation↓ (TRAP staining and

cell counting)

/ (103)

CCL2 KO, anti-CCL2

Ab, rCCL2

Bone-marrow-derived CCL2 KO

and wt osteoclasts (differentiated

in M-CSF and RANKL),

primary osteoclasts from CCL2

KO and wt mice

CCL2 KO osteoclasts: osteoclast

formation↓ (cell count of TRAP pos),

c-Fms↓, RANK↓(RT-PCR)

Ab treated wt osteoclasts: c-Fms ↓(FC)

CCL2 treated wt and CCL2 KO

osteoclasts: c-Fms↑, RANK↑ (RT-PCR),

CCL2 KO osteoclasts: pERK↓ (WB),

CCL2 KO primary mBM: F-actin formation

↓ (rhodamine-phalloidin stain)

/ (104)

rCCL2, anti-CCL2 Ab,

CCL2 KO

BMDMs from wt and CCR2 KO

mice (differentiated in M-CSF

and RANKL)

rCCL2-treated wt BMDMs: osteoclast

number↑ (cell counts of TRAP pos),

mAb-treated wt BMDMs: osteoclast

number↓ (cell counts of TRAP pos),

rCCL2 treated wt BMDMs: RANK↑ (FC),

CCL2 KO BMDMs: RANK↓ (FC),

CCL2 KO mice: bone mass ↑ (bone mass

measurement), NF-κB and ERK1/2

signaling ↑ (RT-PCR)

/ (105)

(Continued)
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TABLE 3 | Continued

Effect on

macrophages

Source of CCL2 or

CCL2/CCR2

blocking/KO

Cells/model Methods and results Disease References

PRIMING OF CELLS TO RESPOND TO SUBSEQUENT INFECTION

Enhances response to

subsequent

infection/inflammation

rCCL2 rCCL2 pre-treated BMDMs

(matured in L-cell CM) +/– IFNγ

+/– LPS

rCCL2+IFNγ+LPS: M1 markers iNOS↑,

TNFα↑,

rCCL2: ERK1/2 phosphatase Dusp6↓,

Dusp6-targeting miRNA miR9↑ (RT-PCR)

rCCL2+IFNγ+LPS: M1 marker TNFα↑

(Luminex)

rCCL2+IFNγ+LPS: pERK/tERK ratio

↑ (WB)

Inflammation (13)

CCL2 KO mice, rCCL2 MLM prepared from wt mice and

CCL2 KO mice (+/– burn injury),

+/– stimulated with heat-killed E.

faecalis, +/– rCCL2; culture

fluids analyzed

MLM from burned CCL2 KO mice vs. wt:

CCL1 (=), CCL17↓, CCL13↓, MLM from

wt mice with rCCL2: CCL1 (=), CCL17↑,

CCL13↑, MLM from burned CCL2KO

mice treated with rCCL2 vs. untreated:

CCL1 (=), CCL17↑, CCL13↑ (ELISA)

Severe burn injury (106)

SIRS mouse sera

(naturally containing

CCL2), rCCL2,

anti-CCL2 Ab

PEMs cultured with SIRS or

normal mouse sera +/–

anti-CCL2 Ab or rCCL2,

PEMS isolated after +/- SIRS

sera or anti-CCL2 Ab injection

SIRS vs. normal sera: M2 marker CCL17↑

(ELISA), M2 marker mannose receptor↑

(RT-PCR)

PEMs of mice + SIRS sera: CCL17↑, with

anti-CCL2-Ab: CCL17↓,

PEMs of normal mice + rCCL2:

CCL17↑ (ELISA)

Systemic

inflammatory

response syndrome

(SIRS)

(107)

rCCL2 h differentiated GM-8 cultured

with LPS +/– rCCL2

LPS+rCCL2: IL-10↑, IL-6(=), IL12p40(=),

TNFα(=) (ELISA)

/ (100)

CCR2 KO mice GM-F from wt and CCR2 KO

mice cultured with LPS

CCR2 KO: IL-10 (=), IL-6↑, TNFα↑,

CCL2↑ (ELISA)

/ (100)

CCL2 KO, CCR2 KO

mice

LPS stimulation of M-CSF

differentiated BMDMs

M1 markers: CCL2 KO: TNFα↑, CCR2

KO: TNFα(=), CCL2 KO and CCR2 KO:

iNOS↑, CCL2 KO and CCR2 KO: IL-12↑,

M2 marker: CCL2 KO and CCR2 KO:

IL-10↓

Retinal

para-inflammation

(108)

Anti-CCL2 Ab, rCCL2 Type 2 (SEA) pulmonary

granuloma 8 of mice-treated

+/– anti-CCL2 Ab, CFA or

oil-elicited PEMs stimulated +/–

rCCL2 + LPS

rCCL2: IL12↓,

anti-CCL2-Ab: IL-12↑(ELISA)

Lung granuloma (109)

ACTIVATES CYTOTOXICITY, PHAGOCYTOSIS, EFFEROCYTOSIS

Increases macrophage

cytotoxicity

rCCL2 rCCL2-primed RAW264.7

macrophages and primary

mouse aortic SMCs in co-culture

apoptosis of SMCs↑ (Annexin

V-PE/7-AAD apoptosis kit),

CCL2-priming of RAWs: FasL↑ (RT-PCR),

cleaved caspases↑, FasL↑(WB)

Abdominal aortic

aneurysm

(98)

Increases efferocytosis

of apoptotic cells

rCCL2, in vivo m AMs, PEMs, and J774

macrophage cell line in vitro

treated with rCCL2, m AMs

+/–rCCL2 in vivo

Phagocytic index upon rCCL2 treatment ↑

(in vitro and in vivo phagocytosis assays)

Acute lung

inflammation

(110)

Increases phagocytosis

and endocytosis

CCL2 KO, CCR2 KO

mice

BMDM (M-CSF stimulated) from

KO vs. wt mice

Phagocytosis: CCR2 KO↓, CCL2 KO↓

(E. coli phagocytosis assay),

Endocytosis: CCL2KO↓, CCR2KO↓

(dextran endocytosis assay)

Retinal

para-inflammation

(108)

Increases extracellular

matrix turnover

CCR2 KO Macrophages of CCR2 KO mice CCR2 KO: number of collagen

endocytosing Ly6C+ and Ly6C-

macrophages↓(FC), number of Dexlow

macrophages ↓ (FC), number of total and

Ly6C+ fibrin endocytosing macrophages↓

(FC)

/ (111)

(Continued)
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TABLE 3 | Continued

Effect on

macrophages

Source of CCL2 or

CCL2/CCR2

blocking/KO

Cells/model Methods and results Disease References

ENHANCES SURVIVAL, PROLIFERATION

Anti-apoptotic,

increases survival and

proliferation

NFAT5 shRNA, rCCL2,

anti-CCL2 Ab

h RA-SF macrophages, m

splenic macrophages, PEMs

Apoptosis: RA-SF8: with NFAT5 shRNA↑,

with NFAT5 shRNA + rCCL2 (=), splenic

8 + anti-CCL2 Ab↑ (FC),

PEMs + anti-CCL2 Ab: proliferation↓

(MTT assay)

Rheumatoid arthritis (32)

CCL2 KO mice, rCCL2 EdU administration via drinking

water in wt and CCL2 KO mice

receiving HFD, treatment of

visceral AT explants of ob/ob

mice with rCCL2 and EdU ex

vivo

Proliferation rate: AT 8 of CCL2 KO↓,

rCCL2 treatment of explants↑ (FC:

percentage of EdU+ macrophages)

Obesity associated

adipose

tissue inflammation

(112)

CYTOKINE PRODUCTION

Cytokine production Anti-CCL2 Ab h M-GSF differentiated 8

generated in presence of +/–

anti-CCL2 Ab

CCL2-blocking: IL6↑ (ELISA and RT-PCR) / (100)

CCR2 KO mice GM-8 from CCR2KO mice

compared to wt

CCR2KO: M2 markers Htr2b↓, IL10↓, M1

markers TNF (=), Inhba (=),

CCR7(=)(RT-PCR)

/ (100)

CCR2 KO mice M-8 from CCR2KO mice

compared to wt

CCR2KO: M2 markers Folr2↓, Htr2b↓,

IL10↓, M1 markers TNF↑, Inhba↑, CCR7

(=)

/ (100)

rCCL2, MEK inhibitor

PD98059

PEMs stimulated in vitro with

rCCL2 +/– PD98059

Pro-inflammatory M1 marker: TNFα↑,

addition of PD98059: TNFα↓ (RT-PCR and

L929 cell assay for TNF activity)

Inflammation and

tumor growth

(113)

rCCL2, Anti-CCL2 Ab Neuron + m microglia co-culture

+/– rCCL2;

Induction of thiamine deficiency

in cocultures +/– anti-CCL2 Ab

rCCL2: microglia activation↑, anti-CCL2

Ab: microglia activation (=)(microscopy),

rCCL2: TNFα↑, IL1β ↑ (RT-PCR)

Neurodegeneration (114)

ACTIVATION OF LIPID BODY BIOGENESIS

Activation of lipid body

biogenic and functional

machineries

CCL2 and CCR2 KO

mice, anti-CCL2 Ab,

rCCL2

PEMs from wt and KO mice +/–

LPS or +/– CLP, +/– anti-CCL2

Ab or +/– rCCL2,

analysis of cell-free SN from

peritoneal lavage

Lipid bodies per cell: CCL2 KO: ↓, CCR2

KO:↓ wt mice + anti-CCL2 Ab:↓, CCL2

KO+ rCCL2:↑ (microscopy),

newly synthesized LTB4: CCL2KO: ↓,

CCR2KO:↓, wt mice + anti-CCL2 Ab:↓,

CCL2 KO+ rCCL2:↑ (ELISA)

Infection-driven

inflammatory

disorders

(115)

CCR2 KO mice,

anti-CCL2 Ab

PEMs +/– anti-CCL2 Ab +

oxLDL,

in vivo injection of oxLDL in wt

and KO mice + analysis of

peritoneal wash

Lipid bodies/cell: anti-CCL2 Ab↓, CCR2

KO↓,

Lipid body-associated protein: anti-CCL2

Ab: ADRP↓ (WB)

Atherosclerosis (116)

Ab, antibody; ADRP, adipose differentiation-related protein; AM, alveolar macrophage; BMDM, bone-marrow-derived macrophage; CFA, complete Freund’s adjuvant; CM, conditioned

medium; FBGC, foreign body giant cell; FC, flow cytometry; h, human; HFD, high-fat diet; KO, knockout; m, murine; MLM, mesenteric lymph node macrophage; oxLDL, oxidized

low-density lipoprotein; PEM, peritoneal exudate macrophage; RT-PCR, reverse transcription PCR; rCCL2, recombinant CCL2; RA-SF, rheumatoid arthritis synovial fluid; SEA, soluble

(Schistosoma mansoni) egg antigens; SIRS, systemic inflammatory response syndrome; SN, supernatant; SMC, smooth muscle cells; WB, Western blot; VAT, visceral adipose tissue;

wt, wild type. ↑, upregulation; ↓, downregulation; (=), level stays the same; 8, macrophage.

mechanism is part of innate immune responses to infections
and inflammatory processes and is involved in the formation of
atherosclerosis (116).
All together, these data reveal not only surprisingly wide-ranging
target cell types that respond to CCL2 activation but also
implicate a multitude of effector functions resulting from this
interaction, from cellular cleanup to cellular metabolism and
allergic responses.

CCL2 Can Set Up Effector Molecule
Feedback Loops in Tumor-Immune Cell
Crosstalk
Multiple studies describe an important role of CCL2 in the

tumor microenvironment in different types of cancer. Apart

from directly influencing tumor and stromal cells (74, 76, 77)

and attracting immune cells into the tumor microenvironment

Frontiers in Immunology | www.frontiersin.org 15 December 2019 | Volume 10 | Article 2759

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gschwandtner et al. CCL2 Influences Myeloid Cell Behavior

TABLE 4 | Summary of CCL2’s effects on dendritic cells.

Effect on dendritic

cells

Source of CCL2 or

CCL2/CCR2

blocking/KO

Cells/model Methods and results Reference

MATURATION/DIFFERENTIATION/CYTOKINE PRODUCTION

Monocyte to dendritic

cell differentiation

Anti-CCL2 Ab HTR8-DC coculture system during the

differentiation of DCs +/– anti-CCL2 Ab

Anti-CCL2 Ab: monocytic marker CD14↓, DC

markers CD1a↑, DC-SIGN (=) (FC)

(117)

Cytokine production Anti-CCL2 Ab HTR8-DC coculture system +/–

anti-CCL2 Ab, stimulated with LPS

Anti-CCL2 Ab: IL-10↓, IL12p70↑ (ELISA) (117)

rCCL2 h CD14+ differentiated with GM-CSF +

IL-4, primed +/– CCL2, then CD40L +/–

IFNγ added; SNs analyzed

IL-12p70↓(ELISA),

IL-12p35↓, IL-12p40↓(RT-PCR)

(118)

rCCL2 h CD14+ differentiated with GM-CSF +

IL-4, pretreated with CCL2 then combined

TLR4/TLR8 activation; SNs analyzed

IL12↓ (ELISA) (21)

rCCL2 h DCs + CD4 cells cocultured; SNs

analyzed

IFNγ of CD4+ cells↓ (ELISA) (118)

CCL2 KO, CCR2 KO m BMDCs differentiated with GM-CSF,

activated with LPS

Immature DCs: CCL2 KO and CCR2 KO:

IL-6↓, mature DCs: CCL2 KO: IL-6↓, IL10↓,

TNFα↑, CCR2 KO: IL10↓, TNFα↑ (ELISA)

(108)

Downregulates HLA-DR,

upregulates PD-L1

rCCL2 h CD14+ cells differentiated with GM-CSF

+/– CCL2 +/– LCN2

Costimulatory molecule HLA-DR↓,

immune-suppressive molecule PD-L1↑ (FC)

(119)

ENDOCYTOSIS

Increases endocytosis CCL2 KO, CCR2 KO m BMDCs differentiated with GM-CSF

from wt and KO mice

KO mice: endocytosis↓ (Dextran endocytosis

assay)

(108)

LCN2, lipocalin-2; BMDC, bone-marrow-derived dendritic cell; SN, supernatant. ↑, upregulation; ↓, downregulation; (=), level stays the same.

(69), more recently, an additional role in mediating tumor-
immune cell crosstalk has been ascribed to CCL2 (see Table 5).
As described in CCL2 Induces Context-Specific Macrophage
Polarization and Cytokine Secretion of this review, macrophages
polarize in response to cues of their microenvironment. In the
context of cancer, it is worth noting that M1 classically activated
macrophages possess antitumorigenic properties, whereas M2
alternatively activated macrophages are ascribed protumorigenic
properties (219).

In a coculture model of RAW264.7 macrophages and 4T1
mouse breast cancer cells, CCL2 and VEGF-A promoted
the formation of M2 macrophages, detected via the M2
marker CD206 (121). In another setup, monocytic-cell-derived
TNFα upregulated CCL2 secretion from tumor cells, which
then promoted TNFα secretion from monocytic cells, thereby
forming a vicious circle of cross-regulation that may contribute
to tumor progression and malignancy (84). Brault et al.
demonstrated that tumor-derived CCL2 was able to modify
cytokine gene expression (increased TNFα, IL-18), but not
protein expression, in PEMs and tumor-associated macrophages
(TAMs). Interestingly, they observed a difference in the effects
of tumor-derived CCL2 and recombinant CCL2, being that only
the latter was able to induce IL-12 protein expression. This may
have been caused by different posttranslational modifications
(PTMs) of CCL2 (discussed in Can CCL2 Inhibit Tumor Cell
Growth and Enhance Tumor Cell Killing by Myeloid Cells?), the
presence of other factors in the tumor cell supernatant that
suppressed IL-12 production, or the presence of bacteria-derived
contaminants (discussed in Considerations Regarding CCL2’s

Impact on Myeloid Cells), which can be present in recombinant
protein preparations and can cause IL-12 stimulatory effects (220,
221). No information about the presence of LPS or lipoproteins
could be found in the above paper (125).

More evidence also points toward an involvement of the
CCL2/CCR2 axis in the crosstalk between tumor cells and
macrophages leading to immunosuppression. In a cell-based
assay, murine BMDMs were exposed to the conditioned
media of murine hepatoma cell line Hepa1-6 cells to mimic
microenvironmental interactions. After exposure of BMDMs to
the conditioned medium, the expression of M2 marker genes,
Arg1 and IL-10, were upregulated, and the effect could be blocked
with a CCR2 antagonist or anti-CCL2 antibody. Furthermore,
iNOS and IL-12 were upregulated upon blocking CCR2 or CCL2
(122). In human CD11b+ cells, IL-6 and CCL2 induced the
expression of each other. Treatment of isolated human CD11b+
cells incubated with CCL2 increased IL-6 expression more than
5-fold compared to untreated cells, measured with cytokine
arrays. Likewise, IL-6 treatment induced CCL2 expression 2-fold
(10). In their publication, the authors suggested a mechanism by
which CCL2 and IL-6 potentiate tumor progression, as the tumor
infiltrating monocytes are protected from apoptosis (see CCL2
Enhances Myeloid Cell Survival and Proliferation) and skewed
toward a protumorigenic M2 phenotype (10). On the contrary,
in another study, IL-6 mRNA (measured by cytokine array) and
protein levels (measured by ELISA) of humanmonocytes derived
from PBMCs by CD14+ sorting and M-CSF treatment were
upregulated in the presence of anti-CCL2 antibody vs. isotype
control (100).
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In amodel performed by Kersten et al. BMDMs (differentiated
with murine M-CSF, primed with LPS) were incubated in
vitro in the presence of murine lobular breast cancer cell
line KEP conditioned medium, which resulted in 2-fold IL-
1β upregulation that returned to the control level upon CCL2
blockade. In vivo, TAMs from KEP tumors of CCL2-blocking
antibody-treated mice showed significantly decreased IL-1β
mRNA expression vs. control KEP tumor-bearing mice (124).
These findings indicate that tumor-derived CCL2 initiates
the expression of TAM-derived IL-1β. IL-1β, itself, has been
previously shown to stimulate IL-17 production in γδ T cells
(222), a subgroup of T cells characterized by the presence
of γ and δ T cell receptor chains and non-MHC restricted
antigen recognition (223). While IL-17 plays an important role
in host defense (224), it has also been shown to enhance
tumor progression by conferring T cell suppressive properties to
neutrophils (222). In summary, CCL2 has the potential to drive
via IL-1β the γδ T cell/IL17/neutrophil axis, which promotes
breast cancer metastasis (124, 222).

In another study, the effect of tumor-derived CCL2 was
investigated by incubating macrophages (derived from THP-
1 cells by PMA treatment) with conditioned medium of the
salivary adenoid cystic carcinoma cell line SACC-83. The authors
showed that the tumor-cell-conditioned medium increased the
percentage of M2 macrophages determined via RT-PCR and
upregulated M2 polarization markers CD163, CD206, IL-10, and
Arg1 while downregulating M1marker TNFα. Moreover, tumor-
derived-conditioned medium induced the expression of glial-
cell-derived neurotrophic factor by TAMs on mRNA and protein
level, which was involved in promoting proliferation, migration,
and invasion of SACC cells. All these effects were reversed when
the CCR2 antagonist RS504393 was added. Furthermore, in vivo,
the CCR2 antagonist significantly reduced the number of CD163
M2 TAMs (123).

In vivo, the function of CCL2 in the tumor microenvironment
was investigated using a CCL2-blocking antibody together with a
CCL12-blocking antibody, as two CCL2 orthologs bind to CCR2
in the mouse, namely, murine CCL2 and CCL12 (120, 179).
A change occurred in the polarization of TAMs to a more
antitumoral phenotype as defined by a reduced percentage of
tumor-associated M2 macrophages (CD11b+, Ly6G–, F4/80+,
CD206+) after CCL2/CCL12 blockade in an animal flank tumor
model in which mice were injected in the right flank with
tumor cells and tumors were treated with anti-CCL2/anti-CCL12
antibodies or saline as control. Furthermore, mRNA levels of the
M2 markers FcR-1, CD206, and Arg-1 were reduced to ∼60%
of control levels after treatment with the antibodies. This was
associated with the activation of cytotoxic CD8+ T lymphocytes
(CTLs) (120). Another group tested a CCR2 antagonist in
vivo in a subcutaneous tumor model, where treatment led
to decreased production of M2 cytokines and chemokines
by TAMs (122). In patients with breast cancer, a positive
correlation of CCL2 with IL-1β and with macrophage marker
CD68 in all breast cancer types was shown (124). Furthermore,
the relevance of these findings was also confirmed in human
hepatocellular carcinoma tumor tissue stainings, where CCL2
expression in tumor cells correlated with the tumor-infiltrating

CD68+ TAM and lower numbers of antitumorous CD8+
T cells (122).

Summarizing, this paragraph points toward a tumor-
promoting, immunosuppressive role of CCL2 in the tumor
microenvironment. By including CCL2 and/or CCR2 blocking
antibodies in their in vitro setups several groups confirmed that
the observed effect was indeed based on the CCL2/CCR2 axis.
Moreover, the importance of CCR2 signaling was confirmed in
a series of in vivo studies, using CCR2 antagonists and blocking
antibodies against two of its ligands, namely, CCL2 and CCL12.
The missing pieces in this puzzle are in vivo studies specifically
targeting only CCL2.

Can CCL2 Inhibit Tumor Cell Growth and
Enhance Tumor Cell Killing by Myeloid
Cells?
In contrast to CCL2 Can Set Up Effector Molecule Feedback
Loops in Tumor-Immune Cell Crosstalk, where CCL2 is involved
in promoting tumor growth via suppressing the immune
response, a series of older papers demonstrate an inhibitory
effect on tumor cell growth of CCL2. Stimulation of human
monocytes with CCL2 in a study by Matsushima et al. led to
a growth inhibitory effect for the HT29 colon cancer cell line
and the A375 C-5 melanoma cell lines assessed with a [3H]-
thymidine incorporation assay in vitro, in which monocytes were
grown adherently and tumor cells were added in suspension
for coculturing and the incorporation of [3H]-thymidine was
measured (37). Similar findings pointing toward a tumoricidal
effect of CCL2 have been shown by Rollins et al. who injected
CCL2-expressing and CCL2-non-expressing Chinese hamster
ovary cells into nude mice, compared their tumor-forming
potential, and found that CCL2-expressing cells were not able
to form tumors in vivo, whereas CCL2-non-expressing cells did
form tumors. The authors did not confirm whether the effect was
mediated by monocytes. However, this seems plausible, as mostly
monocytes were attracted to the site of tumor cell injection (93).
Asano et al. used human brain tumor cells with different CCL2
expression levels (native HBT28: high CCL2; HBT20: low CCL2
and CCL2-transfected HBT28 and HBT20 cells) and showed
that the propensity of LPS-activated human monocytes to inhibit
tumor cell growth was dependent on the basal CCL2 expression
level of the tumor cells (94). These three papers suggest an
interplay between CCL2 and monocytes that leads to decreased
tumor cell growth.

More evidence shows that CCL2 mediates tumor cell

killing indirectly by activating macrophages. The macrophage-

activating effects of CCL2 were shown as treatment with
CCL2 induced phosphorylation of p42/44 MAPK in murine
peritoneal macrophages in vitro, which could be blocked by

pretreatment with MEK inhibitor PD98059. Moreover, CCL2
treatment induced transcription and phosphorylation of the
transcription factor c-Jun (113). Furthermore, the authors could
show that CCL2 treatment led to a drastic change in actin
redistribution, bundling, and aggregation, which is a typical
response of leukocytes to chemokines [as reviewed in (225)] and
could also be blocked by PD98059. The functional consequences
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of their findings were shown in a cytotoxicity assay, where CCL2
treatment enhanced macrophage-mediated cytotoxicity and
accompanying TNFα expression. The effect could be inhibited by
PD98059 in a dose-dependent manner. Altogether, they showed
that CCL2 is an activator of PEMs via the MAPKs ERK1, ERK2,
and JNK (113). Cytotoxicity of macrophages is modulated via
CCL2 by increasing the level of membrane-bound FasL, a protein
involved in apoptosis, which renders CCL2-primedmacrophages
more cytotoxic. CCL2-primed macrophages (RAW264.7) killed
primary smooth muscle cells (SMCs) through a FasL/Fas-
Caspase8-RIP1-mediatedmechanism, and cell–cell contacts were
required for the effect, as conditioned medium of primed
macrophages added to SMCs did not achieve the same effect as
adding the primed cells (98).

A series of publications suggest that CCL2 can also synergize
with bacterial endotoxins to activate macrophages to become
tumoricidal. In one assay, PEMs were cultured in the presence of
LPS and supernatant of CT26 (murine colon carcinoma) tumor
cells. Subsequent coculturing of these macrophages with CT26
cells showed that macrophage cytotoxicity (assessed by [3H]-
thymidine release from lysed cells) toward CT26 tumor cells was
increased in a CCL2-dependent manner, as the addition of CCL2
strongly increased cytotoxicity and the addition of anti-CCL2
antibody reduced cytotoxicity. The findings were confirmed in
vivo, where CCL2-positive tumor cells produced significantly
fewer lung metastases (127). Along this line, various tumor cells
transfected to express CCL2 were significantly lysed by PEMs
treated with LPS, whereas parental (untransfected) or control
cells (transfected with control complementary DNA) were not.
In addition, when using the bacterial products lipopeptide and
muramyl tripeptide phosphatidylethanolamine to activate PEMs
in vitro, the effect on cytotoxicity was very similar (128).

Singh et al. showed that the combination of CCL2 and LPS
acted synergistically in activating macrophages, as the capacity of
each of the stimuli alone to activate the tumoricidal properties
of macrophages was significantly lower. Owing to the fact that,
in their assays, the sequence of the stimuli was important
(first chemokine stimulation, then LPS stimulation), the authors
suggested that CCL2 can prime macrophages to respond to a
subsequent signal, which corresponds well with CCL2’s ability
to prime myeloid cells described in CCL2 Primes Cells to
Respond to Subsequent Infection of this review (128). Similar
findings were also obtained in an in vivo model, where tumor
cells producing high levels of CCL2 (transfected with CCL2
complementary DNA and antibiotic selection before injection)
were significantly lysed by macrophages of mice treated with
LPS, whereas parental or control transfected cells were not (130).
The same effect was achieved in vitro with the supernatants of
CCL2-transfected syngeneic NIH3T3 fibroblasts and LPS, which
synergistically activated tumoricidal properties in PEMs against
RENCA (renal adenocarcinoma cell line) cells (129). Moreover,
alveolar macrophages were isolated after injection of CCL2-
transfected fibroblasts or mock-transfected fibroblasts into the
tail vein. Cytotoxicity of these macrophages was then tested in
vitro by coculture with radiolabeled RENCA cells. Cytotoxicity of
macrophages against RENCA cells was increased in macrophages
gained from mice injected with CCL2-transfected fibroblasts vs.

mice injected with control-vector transfected cells. This finding
was backed up in a murine in vivo model of experimental
lung metastases, where subcutaneous administration of CCL2-
transfected fibroblasts along with RENCA cells (and subsequent
administration of transfected fibroblasts at days 3, 5, and 7 into
the original site of injection) reduced tumor size and amount of
metastasis to the lung (129). In all the studies of this paragraph,
CCL2 (secreted from different cell types, being tumor cells
and fibroblasts) is involved in priming macrophages to respond
to LPS.

Apart from monocytes and macrophages, also neutrophils
have been investigated in the context of influencing tumor
progression in the presence of CCL2. A potential antimetastatic
effect of CCL2 via activation of neutrophils has been described.
In vitro, CCL2 was shown to induce killing of cultured MDA-
MB231 tumor cells by human neutrophils added as suspension
in the presence of granulocyte-CSF (G-CSF). The effect was
also shown for naive murine neutrophils on the 4T1 cancer cell
line. The cytotoxic effect was underlined by increased H2O2

production in neutrophils after exogenous CCL2 was added to
the media. In vivo, knockout of CCL2 in primary tumors of
mice injected intradermally with B16-F10 (melanoma) and LLC
cells (lung carcinoma) inhibited this neutrophil activation in
tumor-bearing mice, and CCL2 knockout tumors showed earlier
metastasis in vivo. Together, these results indicated that CCL2
released from the primary tumor may have an antimetastatic
effect by activation of neutrophils (226). In contrast, Lavender
et al. found that naive murine neutrophils were already active
on 4T1 cells in the absence of exogenous CCL2 and that CCL2
addition did not increase their cytotoxic potential. Tumor-
entrained neutrophils, i.e., neutrophils from tumor-bearingmice,
displayed the same behavior. However, the situation was different
for the less aggressive 67NR cell line. Naive neutrophils were
not active against the 67NR cell line in cocultures, and the
addition of exogenous CCL2 did not change that. However,
when CCL2 pretreated tumor-naive neutrophils were seeded
together with 67NR cells, the neutrophils were then cytotoxic.
On the other hand, tumor-entrained neutrophils gained activity
against 67NR cells when exogenous CCL2 was added to the
coculture. To add to the complexity of the situation, when
testing the hypothesis in vivo, exogenous CCL2 had an opposite
effect on tumors, as it led to increased tumor localization of
67NR cells in mice intravenously injected with 67NR cells and
intranasal delivery of CCL2 (227). The findings of the two above
studies show that, under certain circumstances, CCL2 is able
to confer antitumorigenic and antimetastatic characteristics to
neutrophils. However, the exact context of these actions needs to
be defined before a definite conclusion can be made.

In summary, direct effect on monocytes, macrophages,
and neutrophils (growth inhibitory and tumoricidal) as well
as synergistic effects of CCL2 with bacterial endotoxins
on activated macrophages were described. These findings
characterizing CCL2’s effect on reducing tumor cell growth
and increased killing via influencing myeloid cells suggest an
antitumoricidal role of CCL2. However, these findings are
in direct contrast with the publications showing that CCL2
favors tumor progression via M2-macrophage polarization (see
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CCL2 Enhances Host Defense, Cellular Cleanup, and Allergic
Responses) and immunosuppression (see CCL2 Can Confer
Immunosuppressive Effects on T Cells viaMyeloid Cells), enhances
tumor cell survival and proliferation (8, 74) and metastasis (77)
and that high CCL2 correlates with an unfavorable prognosis in
several types of cancer such as breast cancer (228, 229), lung
adenocarcinoma (230), or pancreatic cancer (231). Moreover,
most tumor cell lines produce CCL2 and are able to grow in vivo
in wild-type as well as CCL2 knockout mice (232, 233). These
contrasting effects call for a more detailed investigation in single
cancer types, as they might be accountable for the failures in
therapeutically targeting CCL2 (see Discussion and Conclusions).
Potential explanations for the varying effects of CCL2 can be
found when studying the molecular aspects of CCL2 biology.
This topic is beyond the scope of the review, but the authors
would like to point out several potentially important aspects in
the following paragraph.

When analyzing the experimental setups (see Table 5 for
details), it is of interest to note that the source of CCL2
might have an influence on the functional outcome of CCL2
signaling. PTMs can be dependent on the cellular source and
can alter CCL2’s function. For example, nitration of its tyrosine
residues by reactive nitrogen species, such as peroxynitrite, has
been shown to reduce CCL2-mediated monocyte migration in
diffusion gradient chemotaxis and transendothelial migration in
Transwell assays (234, 235). NO2-CCL2 showed reduced binding
to CCR2 and heparan sulfate coreceptors. In addition, NO2-
CCL2 was able to antagonize the effects of unmodified CCL2 in
vivo (235). Furthermore, matrix metalloproteinase (MMP)-2 and
MMP-9 have been shown to cleave human CCL2 in vitro, which
resulted in twofold reduction in THP-1 cell migration (236).
Finally, various glycosylated forms of human CCL2 from PBMCs
have been characterized, which showed less chemoattractant
activity on monocytes (237). Based on these differential effects
elicited by PTMs and the multiple effects of CCL2 on myeloid
cells described in this review, it seems likely that also CCL2’s
effects on myeloid cells could be influenced by PTMs. For
example, Brault et al. have shown a different outcome when using
tumor-derived supernatant containing CCL2 in comparison to
recombinant CCL2 (125). The observed effect might be due
to different PTMs or to the potential presence of additional
stimulatory or inhibitory factors in the supernatant. Moreover,
Yoshimura et al. have shown that different cell types serve as
the main source of CCL2 in different in vivo cancer models
(17, 232, 233) and have been comprehensively reviewed in
Yoshimura (33).

From a molecular point of view, it is also worth noting
the different sizes/molecular weights of human and murine
CCL2 (often referred to as JE). Murine CCL2 has a glycosylated
50 amino-acid-long C-terminal tail, which can be cleaved by
the protease plasmin generating a chemotactically more potent
truncation variant, whereas the N-terminus is more conserved
(238, 239). Moreover, a CCL2 homolog, namely, CCL12/MCP-5,
exists inmice, which does not exist in humans, which complicates
translating finding from in vivomouse models to human diseases
(179). Moreover, CCL2 is capable of oligomerizing. Proudfoot
et al. suggested that dimerization of CCL2 is required for its

function in vivo (58) and also Zhang and Rollins concluded that
CCL2 functions as dimer (240). In contrast Paolini et al. and Tan
et al. state that CCL2 is active as a monomer (241, 242). To add to
the complexity, CCL2 can also form heterooligomers with other
chemokines (243). On top of that, the active oligomerization state
might be different for human and mouse CCL2 as they differ in
their C-terminal tail (239) and is influenced by their interaction
with glycosaminoglycans (59).

Apart from the molecular aspects of CCL2 biology, the
tumor microenvironment is highly complex, and a multitude of
molecules and cell types impact on the tumor vs. host-defense
battle. CCL2 is certainly not the only culprit, but it is definitely
present in the tumor microenvironment and has the potential
to impact not only on cancer or stromal cells but also on
myeloid cells.

CCL2 Can Confer Immunosuppressive
Effects on T Cells via Myeloid Cells
T cells are also crucial players in host defense in the form of
adaptive immune responses, which are tightly interwoven with
myeloid-cell-driven innate immunity. Immunosuppressive
effects of CCL2 have been described for monocytes/DCs
and MDSCs. CCL2 and lipocalin-2, a protein that is
induced by CCL2 and is involved in host defense against
bacterial infection, cooperatively generated immunoregulatory
CD11c+ DCs (DCreg) from CD14+ monocytes in vitro.
These DCregs displayed suppressive activity as assessed
by coculture with autologous CD3+ T cells along with
anti-CD3 mAb and measurement of T cell proliferation by
colorimetric measurement (WST1 assay). The suppressive
effect was accompanied by lowered expression of costimulatory
molecules such as HLA-DR and increased expression of
immunosuppressive molecules such as PD-L1. Furthermore, the
generated DCregs induced FOXP3+ expression on CD4+ T
cells, a marker of immunosuppressive Treg phenotype. In vivo,
CCL2 blockade by either injection of CCL2 small-interfering
RNA into tumors of mice injected with Snail transfected
B16-F10 murine melanoma cells or treatment with mAb
resulted in decreased tumor growth and metastasis (119). Using
cocultures of PMN-MDSCs isolated from murine shCCL2
knockdown tumors, and CD4+ T cells, Chun et al. showed
that tumor-derived CCL2 confers immunosuppressive effects
from PMN-MDSCs on CD4+ T cells. PMN-MDSCs isolated
from CCL2 knockdown mouse tumors vs. control tumors
showed a decrease in T cell inhibiting ROS production and
abolished the decreases in T cell receptor ζ chain expression in
CD4+ T cells. The authors found that this effect of CCL2 was
mediated by MDSC STAT3 (71). Supportive evidence for the
immune-suppressing function of CCL2 via MDSCs was gained
in a murine ApcMin/+ in vivo model of colon cancer in which
anti-CCL2 Ab reduced tumor number compared to isotype
control Ab. Adding back exogenous CCL2 by intratumoral
injection led to an increase in tumor burden and tumoral MDSC
accumulation (71). In addition to affecting T cells, CCL2 secreted
from MDSCs seems to have another protumorigenic effect, by
modulating angiogenesis. Expression of Rgs2, an inhibitor of
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TABLE 5 | Summary of CCL2’s effects on macrophages in cancer.

Effect on

macrophages

Source of CCL2 or

CCL2/CCR2

blocking/KO

Cells/model Methods and results Tumor type References

MATURATION/DIFFERENTIATION/CYTOKINE PRODUCTION

Promotes M2

phenotype

Anti-CCL2 Ab +

Anti-CCL12 Ab

m flank tumor model +/–

blocking Abs

Blocking Abs: M2 marker CD206↓ (FC),

Blocking Abs: M1 marker iNOS↑, M2

markers FcR1↓, CD206↓, Arg1↓ (RT-PCR)

NSCLC (120)

SN of tumor cells,

rCCL2

Coculture of RAW264.7

macrophages and 4T1m breast

cancer cells

M2 marker CD206↑ (FC) Breast cancer (121)

CM of tumor cells,

CCR2 antagonist,

anti-CCL2 Ab

m BMDM and CM of Hepa1-6

cells

M2 markers Arg1↑, IL-10↑, M1 markers

iNOS↓, IL12↓, immune suppressive

cytokines: G-CSF↑, MIP-1↑, MIP-2↑,

CCL2 blocking or CCR2 antagonist:

effects reversed (RT-PCR)

Hepatocellular

carcinoma

(122)

SACC-83 (adenoid

cystic carcinoma cell

line) CM, CCR2

antagonist RS504393

Macrophages derived from

THP-1 cells treated with PMA

+/– RS504393 + CM,

murine SACC-83 xenograft

model +/- RS504393

Macrophages with SACC-83 CM: M2

marker CD163↑, CD206↑ (FC), M2

marker Arg1↑, IL-10↑, M1 marker TNFα↓,

IL-1β↓ (RT-PCR), GDNF expression↑

(RT-PCR, WB, ELISA),

in presence of RS504393: M1 markers

Arg1 and IL-10↓ (RT-PCR),

murine SACC-83 xenograft model +

RS504393: tumor associated M2

macrophages CD163↓

(immunohistochemical cell counts)

Adenoid cystic

carcinoma

(123)

Cytokine

production

CCR2 antagonist m flank tumor model +/– CCR2

antagonist

CCR2 antagonist: immune suppressive

cytokines↓ (cytokine profiling of sorted

(F4/80, CD11b, CD206) macrophages)

Hepatocellular

carcinoma

(122)

Anti-CCL2 Ab TAM isolated from mammary

tumors +/– anti-CCL2 Ab

blocking CCL2: IL-1β↓, marker genes (=)

(Arg1, CD206, decoy IL1R2, iNOS),

inducers of IL-17 (=) [TGFβ, IL-6, Il23p19)]

(RT-PCR)

Breast cancer (124)

SN of tumor cells (+/–

transfected with

antisense CCL2),

rCCL2

PEMs (activated and resting) or

isolated TAM + 4T1 cell SNs or

rCCL2

PEMs + tumor-derived CCL2:

proinflammatory cytokines TNFα ↑, IL18↑,

IL-12 not detectable (RT-PCR),

rCCL2 treatment of PEMs: IL12↑ (ELISA),

TAM from tumors +/– CCL2: IL12 (=),

TNFα (=), IL18 (=) (ELISA)

Breast cancer (125)

Proliferation and

polarization

rCCL2, anti-CCL2 Ab,

PI3K-Akt inhibitor,

Erk1/2 inhibitor

h macrophages stimulated with

M-CSF +/– cocultured in

Transwell system with ARP-1 or

MM.1S MM cells to obtain

MM-associated macrophages

Blocking CCL2: proliferation↓, adding

rCCL2: proliferation↑, blocking PI3K-Akt

and ERK1/2: proliferation↓ (MTS assay)

adding rCCL2: phosphorylation of different

kinases↑, IL-6 (=), c-myc↑, cyclin D1↑,

p27Kip1↓ (WB)

Multiple myeloma (126)

ACTIVATES KILLING

Primes

macrophages to

become

tumoricidal

together with LPS

Tumor cells transfected

+/– CCL2, tumor cell

SN, Anti-CCL2-Ab

PEMs (+/–LPS) and CT26 tumor

cells (+/–CCL2 transfected), +/–

anti-CCL2 Ab

Cytotoxicity in presence of CCL2↑,

blocking CCL2: cytotoxicity↓ (release of

radioactivity from target cell DNA)

Colon carcinoma (127)

Tumor cells transfected

+/– CCL2, rCCL2

PEMs (+/–LPS) and melanoma

and fibrosarcoma tumor cells

(syngeneic)

Cytotoxicity ↑(release of radioactivity from

target cell DNA)

Melanoma (128)

SN of NIH3T3,

Anti-CCL2 Ab, rCCL2

PEMs and RENCA cells + SN of

CCL2-transfected NIH3T3 +/–

LPS, +/– anti-CCL2-Ab or

rCCL2,

alveolar macrophages isolated

+/– after injection of

CCL2-transfected NIH3T3 and

RENCA cells

Cytotoxicity in presence of CCL2 ↑,

blocking of CCL2: cytotoxicity↓ (release of

radioactivity from target cell DNA)

Renal

adenocarcinoma

(129)

(Continued)
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TABLE 5 | Continued

Effect on

macrophages

Source of CCL2 or

CCL2/CCR2

blocking/KO

Cells/model Methods and results Tumor type References

In vivo model Injection of adenocarcinoma

cells transfected +/–CCL2

complementary DNA +/- LPS

i.p.

CCL2 + LPS: tumor size↓ (measuring

footpad/tumor size)

Adenocarcinoma (130)

Increases

macrophage-

mediated

cytotoxicity

rCCL2, MEK inhibitor

PD98059

PEMs cells + P815 (m

mastocytoma) cells + rCCL2

+/– PD98059,

PEMs + rCCL2

Cytotoxicity with rCCL2↑, with PD98059↓

(release of radioactivity from target cell

DNA),

PEMs with rCCL2: Phospho-p42/44

MAPK↑, phospho-JNK↑,

phospho-c-Jun↑ (WB)

Inflammation and

tumor growth

(113)

No direct influence

on macrophage-

mediated

anti-tumor activity

SN of tumor cells (+/–

transfected with

antisense CCL2)

PEMs (activated and resting)

from female Balb/c mice + 4T1

tumor cell SNs

Phagocytic activity (=) (phagocytosis

assay),

cytotoxicity (=) (cytolytic activity assay),

nitric oxide levels (=) (colorimetric

detection)

Breast cancer (125)

Ab, antibody; BMDM, bone-marrow-derived macrophage; CM, conditioned medium; FACS, fluorescence-activated cell sorting; FC, flow cytometry; h, human; KO, knockout; m, murine;

MM, multiple myeloma; NSCLC, non-small cell lung cancer; PEM, peritoneal exudate macrophage; RT-PCR, reverse transcription PCR; rCCL2, recombinant CCL2; SSC, side scatter;

SN, supernatant; TAM, tumor-associated macrophage; WB, Western blot; ↑, upregulation; ↓, downregulation; (=), level stays the same.

cell proliferation and mediator of cell differentiation (244), was
shown to be highly upregulated in MDSCs from tumor-bearing
mice, and knockout of Rgs2 led to decreased CCL2 expression
and reduced tumor growth due to decreased vascularization
in vivo. In vitro, conditioned media from Rgs2−/− MDSCs led
to a decrease in angiogenic function of human umbilical vein
endothelial cells that could be rescued by exogenous CCL2 (245).

Taken together, these findings show that CCL2 is involved in
conveying immunosuppressive properties on T cells via myeloid
cells. Therefore, tumors can take advantage of CCL2 secretion by
hampering immune defense and increasing angiogenesis at the
same time.

DISCUSSION AND CONCLUSIONS

CCL2 was one of the first chemokines described and has
since been extensively studied for its chemoattractant function
(37, 246, 247). Multiple effects of CCL2 are owed to the
types of cells it recruits. However, increasing evidence has
shown that CCL2 may be far more than merely a guidance
cue for leukocytes. In this review, we have summarized
how this chemokine influences myeloid cell function and
therefore modulates immune responses (Figure 1). Among other
effects, CCL2 has been shown to enhance the cell-killing
properties of monocytes andmacrophages, to enhance survival of
macrophages and neutrophils, and to have profound influence on
macrophage polarization and corresponding effector molecule
secretion. Moreover, immunosuppressive effects of CCL2 on
MDSCs have been described, which caused decreased defense
against cancers. The summarized data of CCL2’s effects show
that downstream signaling cascades of CCL2 are not unique
to cell migration and often elicit multiple different functions.
For example, ERK1, ERK2, and p38 have been shown to be

involved in processes as diverse as macrophage activation, tumor
cytotoxicity, polarization, and lipid body formation (100, 113,
115). All in all, CCL2 is not a maverick. In a lot of cases,
other signaling molecules, such as LPS, or other cell types,
such as CD8+ T cells, are involved in mediating the effect of
CCL2, and CCL2 acts as the partner in crime. A discussion
about CXCL10 and CCL1 as checkpoints was recently published
(248), as information about these chemokines in this new
role is accumulating. CCL2 was so far only mentioned in the
form of a CCL2-MDSC immune checkpoint at the earliest
stage of colorectal cancer development in one publication (71).
However, the research field about chemokines as checkpoints
is growing, and potentially, more findings about CCL2 can
be anticipated.

Targeting CCL2 signaling is of high clinical interest due to
its involvement in various types of cancer, as well as other
difficult to treat diseases, such as atherosclerosis (63), multiple
sclerosis (64), and diabetes (65). However, successful clinical
modulation of CCL2 and the CCL2/CCR2 axis has remained
elusive. Numerous clinical trials (www.clinicaltrials.gov) with
anti-CCL2 antibodies, as well as with small molecule CCR2
receptor antagonists, have been conducted. Small molecule CCR2
antagonists were tested for example in metastatic pancreas
cancer (PF-04136309, NCT02732938), insulin resistance/type 2
diabetes mellitus (BMS-741672, NCT00699790), and chronic
hepatitis C infection (PF-04136309, NCT01226797). Despite
the efforts, many small molecule CCR2 antagonist programs
have ended in discontinuation for various reasons, such as
lack of efficacy or company strategy, whereas some CCR2
antagonists are still in development for instance by Chemocentrix
(e.g., CCX872-B, NCT02345408, or CCX140-B NCT03703908).
So far, only one small molecule has made it to clinical
phase 3, which is the combined small molecule CCR2/CCR5
antagonist Cenicriviroc that is currently tested in a clinical
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phase 3 study of liver fibrosis in adults with non-alcoholic
fatty liver disease (NCT03028740). An antibody against CCL2
(CNTO888, Carlumab), investigated in patients with metastatic
castration-resistant prostate cancer and patients with solid
tumors, or an antibody against CCR2 (MLN1202, Plozalizumab),
investigated in patients with RA, was not successful in clinical
trials to date (249, 250). Other approaches that target CCL2 using
chemokine mutants (56, 57), a truncated CCL2 analog (251),
chemokine fusions (“fusokines”) (252), or spiegelmers (NOX-
E36, emapticap pegol) (253) are under investigation. The lack of
success in targeting CCL2 has been mirrored with approaches
that interfere with the bioactivity of several chemokines in
different diseases [reviewed in (254)], which have also so far
not lived up to early expectations. A potential pitfall of anti-
CCL2/CCR2 treatments could be the functional redundancy
of the chemokine ligand and receptor system that allows for
compensation of a loss of one chemokine or receptor (59,
255). However, some evidence suggests that the chemokine
redundancy that is evident in vitro does not occur, at least to the
same extent, in vivo (256). An alternative explanation suggests
that each chemokine/receptor/coreceptor/cell combination has
a particular role within a specific physiological/pathological
context (257). Other authors argue that inappropriate target
selection and ineffective dosing may be more likely mistakes
made on the way to CCR targeting therapies (258). Moreover,
targeting chemokines and their receptors affects physiological
cell migration and development and is therefore a double-
edged sword (259). This hurdle could be overcome by
making use of novel targeting platforms, such as bispecifics,
or applying combination therapies with checkpoint inhibitors
(259). At present, our molecular understanding of chemokine
presentation, structure–function relationships of chemokines
and their (co-)receptors, differential signaling of ligands, and
feedback loops regulating the chemokine signaling network is
still incomplete and make it currently challenging to interpret
or predict the consequences of modulating chemokine behavior
in vivo (254, 260). This review has shown that it has to be
taken into consideration that CCL2 has a significant impact
on immune cells that goes beyond attraction. Correspondingly,

it has recently been shown that the efficiency of trastuzumab
relies on CCL2 levels and monocytes present in the TME
in mammary carcinoma in vivo (261). A higher CCL2
level also increased the response to chemotherapy (paclitaxel
and cisplatin) (262). Therefore, for making a step toward
successful targeting of the CCL2/CCR2 axis, it is pivotal not
only to understand the effects of CCL2 on cell migration,
cancer, and stromal cells but also to consider its effects
on immune cells and the underlying molecular mechanisms
of action.

Concluding, we have summarized how multifaceted the
effects of CCL2 on myeloid cells are. The outcome of the
response is highly context, cell type, and time dependent, and
in the case of polarization, it can go in different directions.
Therefore, the dual role of CCL2 that was pointed out in several
contexts, such as tumor progression and immunosurveillance
(33, 68, 263, 264), or multifunctionality of chemokine receptors
in leukocytes (78), was also confirmed for the effects of
the CCL2/CCR2 axis on myeloid cells and calls for a more
in depth in vivo profiling. Justifiably, in a lot of previous
publications about CCL2, the focus has been put on monocyte
infiltration, which is the chemokine’s best studied function and
a prerequisite for impacting on myeloid cells subsequently.
With this review, we would like to suggest also taking into
account the potential impact of CCL2 on myeloid cell function,
as CCL2 might be involved in several subsequent steps of
the pathway, including polarization, activation, and survival of
myeloid cells.
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