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Simple Summary: Drug resistance is an obstacle to cancer therapy, and the underlying mechanisms
are still being explored. CC chemokine ligand-2 (CCL2) is one of the key proinflammatory chemokines
that regulate the migration and infiltration of multiple inflammatory cells, such as monocytes and
macrophages. CCL2 can be secreted by tumor cells and multiple cell types, mediating the formation
of the tumor-promoting and immunosuppressive microenvironment to promote cancer development,
progression, and anticancer drug resistance. Notably, CCL2 is also frequently overexpressed in drug-
resistant cancer cells. Here, we review recent findings regarding the role of CCL2 in the development
of resistance to multiple anticancer reagents. In addition, the possible mechanisms by which CCL2
participates in anticancer drug resistance are discussed, which may provide new therapeutic targets
for reversing cancer resistance.

Abstract: CC chemokine ligand-2 (CCL2), a proinflammatory chemokine that mediates chemotaxis
of multiple immune cells, plays a crucial role in the tumor microenvironment (TME) and promotes
tumorigenesis and development. Recently, accumulating evidence has indicated that CCL2 con-
tributes to the development of drug resistance to a broad spectrum of anticancer agents, including
chemotherapy, hormone therapy, targeted therapy, and immunotherapy. It has been reported that
CCL2 can reduce tumor sensitivity to drugs by inhibiting drug-induced apoptosis, antiangiogenesis,
and antitumor immunity. In this review, we mainly focus on elucidating the relationship between
CCL2 and resistance as well as the underlying mechanisms. A comprehensive understanding of the
role and mechanism of CCL2 in anticancer drug resistance may provide new therapeutic targets for
reversing cancer resistance.

Keywords: cancer; CCL2; drug resistance; TME; therapeutic target

1. Introduction

Drug resistance, including natural resistance and acquired resistance, is still an obsta-
cle to cancer therapy [1]. Several mechanisms, such as the overexpression of ATP binding
cassette (ABC) transporters, mutations in drug targets, DNA damage repair [2], and regula-
tion of cell apoptosis [3], contribute to the development of drug resistance. Recently, the
role of chemokines in the development of resistance has attracted much interest [4,5].

Chemokines are a family of small-molecule cytokines that interact with their receptors
to mediate chronic inflammation and an immunosuppressive tumor microenvironment
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(TME), facilitating tumor development, tumor progression, and drug resistance [6]. Accu-
mulating studies, including in vitro, in vivo, and clinical studies, demonstrated that several
chemokines were significantly upregulated in resistant cell lines or patients [7]. Further-
more, these upregulated chemokines mediate drug resistance through the recruitment
of immune cells [8], activation of the survival/proliferation pathway [9], and promotion
of invasion [10]. A variety of chemokines have been reported to be associated with can-
cer resistance, such as C-X-C chemokine ligand-8 (CXCL8) [11], CC chemokine ligand-5
(CCL5) [12], CC chemokine ligand-20 (CCL20) [8], and CC chemokine ligand-2 (CCL2). For
instance, CXCL8 has been reported to induce chemoresistance through the ABCB1 pathway,
and its inhibition could re-sensitize resistant cells to doxorubicin [11]. Blocking CCL20
prevented tumor progression and restored 5-FU sensitivity in colorectal cancer [8]. Collec-
tively, chemokines may be promising potential therapeutic targets to improve anticancer
drug efficacy.

CCL2, also known as monocyte chemotaxis protein-1 (MCP-1), is one of the first
identified chemokines [13]. The CCL2 gene is located in human chromosome 17 (chr.17.0
q11.2), which expresses a 13 kDa protein composed of 76 amino acid residues [14]. CCL2
is mainly secreted by macrophages and tumor cells, and it can also be secreted by fibrob-
lasts [15], endothelial cells [16], and dendritic cells [17]. CCL2 has been identified to be
a potent chemokine for inflammation, which recruits many kinds of immune cells, such
as macrophages [18], T lymphocytes [19], natural killer cells [20], and neutrophils [21].
In particular, the differentiation and survival of tumor-associated macrophages (TAMs)
depend on CCL2. CCL2 can exert its biological effects by recruiting these multiple types of
cells. The major receptor of CCL2 is CCR2 [22]. Upon binding of CCL2 to the N-terminus
of CCR2, various intracellular G protein-mediated downstream signaling pathways are ac-
tivated, including the JAK-STAT pathway, MAPK pathway, and PI3K-AKT pathway, which
regulate multiple biological processes, including chemotaxis, cell survival, proliferation,
migration, and anti-apoptosis (Figure 1). Furthermore, CCL2 plays a particularly important
role in cancer progression. CCL2 can be secreted into the TME, serving as one of the crucial
mediators of complex interactions between tumor and host cells [23], which promote tu-
mor proliferation [24], angiogenesis [25], and metastasis [26] and reduce the response to
therapy by facilitating the formation of a tumor-promoting and immunosuppressive tumor
microenvironment.

Recently, extensive research has focused on the role of CCL2 in the development of re-
sistance to cancer therapy [27–30]. It has been reported that CCL2 expression is often higher
in drug-resistant tumor cell lines than in drug-sensitive tumor cell lines, and silencing or
blockade of its expression can re-sensitize cancer cells to anticancer treatment [27–30]. Accu-
mulating studies suggest that CCL2 is associated with resistance to chemotherapy [7,31,32],
targeted therapy [29], hormonal therapy [28], and immunotherapy [30] (Table 1). However,
an integrated understanding of the association of CCL2 with anticancer drug resistance is
lacking. In this review, we discuss and summarize the findings regarding the role of CCL2
in the development of resistance to multiple drugs. Additionally, we focus on the potential
mechanisms by which CCL2 participates in the process of anticancer drug resistance. Such
insights could present us with an option for designing more effective therapies to overcome
cancer resistance.
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Figure 1. The signaling pathways and multiple biological processes of CCL2. Multiple factors such as
hypoxia, proinflammatory cytokines, drugs, and radiation therapy increase the production of CCL2.
After binding to CCR2, various intracellular G protein-mediated downstream signaling pathways are
activated, such as JAK/STAT, PI3K/AKT, and MAPK pathways, which are related to chemotaxis,
survival, proliferation, migration, and anti-apoptosis.

Table 1. CCL2 is associated with anticancer drug resistance.

Type of Therapy Anticancer Drug Type of Cancer Resistance Mechanism Ref.

Chemotherapy

Paclitaxel Ovarian cancer - [7]
Platinum and taxane Gastric cancer - [31]

Cabazitaxel Prostate cancer Resistance to apoptosis [32]

Docetaxel Prostate cancer Resistance to apoptosis via PI3K/AKT
signaling [33]

Docetaxel Lung cancer Resistance to apoptosis via PI3K/AKT
signaling [34]

Paclitaxel and carboplatin Ovarian cancer - [35]
Cisplatin Bladder cancer - [36]

Cisplatin Gastric cancer Resistance to autophagy via
PI3K/AKT/mTOR signaling [27]

Temozolomide Glioma Resistance to apoptosis via AKT
signaling [37]

Hormone therapy

Tamoxifen Breast cancer Resistance to apoptosis via
PI3K/AKT/mTOR signaling [38]

ADT Prostate cancer - [28]

ADT Prostate cancer
Recruit macrophages and promote

EMT and metastasis via STAT3
activation

[39]

Targeted therapy

Bevacizumab Colorectal cancer Promote angiogenesis [29]

Bevacizumab Glioblastoma Recruit macrophages and promote
angiogenesis [40]

Sorafenib Hepatocellular carcinoma Recruit macrophages and Treg cells [41]
BRAF inhibitor Melanomas Recruit MDSCs [42]

Vemurafenib Melanomas Resistance to apoptosis [43]
Trastuzumab Gastric cancer Regulate the TAMs phenotype [44]

Immunotherapy
PD-1/PD-L1 inhibitor Breast cancer Inhibit infiltration of cytotoxic T cells [30]

Immunotherapy - Inhibit infiltration of cytotoxic T cells [45]
PD-1/PD-L1 inhibitor Liver cancer Inhibit antitumor immunity [46]
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2. CCL2 Induces Resistance to Chemotherapy
2.1. Resistance to Taxanes

Taxanes, including paclitaxel, docetaxel, and cabazitaxel, are a type of first-line
chemotherapy agent that inhibits cell growth by stopping mitosis. It has been demon-
strated that CCL2 may be a taxane-resistance-associated protein [7,31–34].

A clinical study found that circulating CCL2 was remarkably elevated in patients
who had no response to platinum- and taxane-based chemotherapy [31]. Similarly, the
upregulation of CCL2 has been reported in docetaxel and cabazitaxel-resistant cancer
cells [32–34]. CCL2 was significantly upregulated when treated with docetaxel combined
with mitoxantrone. Furthermore, it has been shown that just docetaxel, not mitoxantrone,
induced CCL2 expression in a dose-dependent manner in LNCaP and LAPC4 prostate
cancer cell lines [33]. Conversely, increasing CCL2 reduces the efficacy of docetaxel [34].
Furthermore, knocking down CCL2 can inhibit cell proliferation and enhance the effect
of docetaxel.

Additionally, the results of cDNA microarray analysis showed that CCL2 was upregu-
lated in cabazitaxel-resistant cells compared to the cabazitaxel-sensitive cells, and CCL2
was the most upregulated in the 24-CCL subfamily (CCL1, CCL28, etc.) [32]. Furthermore,
blocking the CCL2-CCR2 axis could increase caspase-3 and PARP levels and restore the
sensitivity of cabazitaxel-resistant cells to cabazitaxel. The author also constructed a mouse
model and demonstrated that a combination of CCR2 antagonists with cabazitaxel was
more effective at inhibiting tumor growth than cabazitaxel and CCR2 antagonists alone.
CCL2 blockade could enhance the efficacy of paclitaxel and carboplatin [35]. These findings
suggest that CCL2 may contribute to taxane chemoresistance.

2.2. Resistance to Platinum Drugs

Platinum complexes are a class of anticancer drugs that disrupt DNA structure and
function [47]. Three compounds have been approved by the FDA: cisplatin, carboplatin, and
oxaliplatin [48]. Studies have shown that CCL2 is associated with platinum resistance [27,36].
For instance, Duranyildiz et al. [31] reported increased CCL2 levels in the sera of patients
resistant to platinum- and taxane-based therapies. Studies demonstrated that cisplatin-resistant
cancer cells secrete more CCL2 than cisplatin-sensitive cancer cells, and knockdown of CCL2
successfully reverses cisplatin resistance. Furthermore, cisplatin-sensitive cancer cells can
acquire resistance to cisplatin after being cocultured with cisplatin-resistant cells [27]. These
findings indicate that CCL2 mediates resistance to platinum drugs.

2.3. Resistance to Temozolomide

A very recent study demonstrated that CCL2 promotes temozolomide (TMZ) resis-
tance in glioma cells [37]. The study found that CCL2 was significantly upregulated in
TMZ-resistant glioma cells compared to the parental cell lines. Further in vivo study con-
firmed that overexpression of CCL2 significantly reduced the antitumor effect of TMZ,
indicating that overexpression of CCL2 is the cause of TMZ resistance. Moreover, the study
demonstrated that CCL2 induced resistance to temozolomide by reducing TMZ-induced
apoptosis by the activation of the AKT pathway and the promotion of glycolysis.

3. CCL2 Reduces the Sensitivity of Cancer to Hormone Therapy

Hormone therapy mainly changes the disordered state of hormone balance through
hormones or its antagonist drugs, which suppress the growth of hormone-dependent cancer.
There is evidence that CCL2 may lead to resistance to hormone therapy by facilitating
tumor metastasis and suppressing apoptosis [38,39].

Tamoxifen is frequently used for the treatment of estrogen receptor-positive breast
cancer without apparent adverse effects [49]. A recent study revealed that TAMs promote
the development of tamoxifen resistance by secreting CCL2 [38]. Firstly, they found
that tamoxifen-resistant breast cancer cells significantly induced more macrophage M2
polarization compared to tamoxifen-sensitive cells. In turn, the conditioned media of
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M2-polarized macrophages induced breast cancer cells resistant to tamoxifen [38]. Then,
they analyzed the expression of seven cytokines, including CXCL-1, CCL2, CCL5, IL-6,
IL-8, IL-17, and CXCL-5, to investigate the possible mechanism, and they found that only
the expression of CCL2 was statistically increased. Mechanistically, CCL2 could inhibit
apoptosis and mediate tamoxifen resistance by activating the PI3K/Akt/mTOR signaling
pathway. Additionally, CCL2 recruits monocytes to the TME, thereby promoting the
formation of the tamoxifen resistance microenvironment. Furthermore, after endocrine
therapy, the progression-free survival rate in patients with high CCL2 expression in the
stroma was shorter than in those with low CCL2 expression [38]. Altogether, these results
suggest that CCL2 leads to tamoxifen resistance and can serve as a novel therapeutic target
to overcome tamoxifen resistance in breast cancer patients.

As androgen receptor (AR) signaling is important for the development of prostate
cancer, androgen deprivation therapy (ADT) is a first-line treatment for metastatic prostate
cancer (PCa) [50]. Although ADT is initially effective in the majority of patients, CRPC
(castration-resistant prostate cancer) will develop in advanced prostate cancer [51]. Cur-
rently, CCL2 has been confirmed to be associated with the induction of CRPC and may be a
promising target for preventing castration resistance [28,39]. Izumi et al. [39] elucidated
that AR silencing could induce increased CCL2 expression, which in turn recruited TAM
and also enhanced PCa metastasis. Further in vitro and in vivo studies demonstrated
that blockade of the CCL2/CCR2-STAT3 axis could inhibit PCa metastasis. Additionally,
they analyzed the expression changes of CCL2 in four patients with CRPC to investigate
whether CCL2 contributes to the development of CRPC. Intriguingly, they found that CCL2
expression increased after ADT-sensitive patients developed CRPC, and PCa patients with
increased CCL2 expression had a poor prognosis. These findings indicated that CCL2
promotes the development of PCa progression, but its linkage to the development of CRPC
needs further investigation.

Recently, Lee et al. [28] revealed that overexpression of WNT5A results in LNCaP cells
becoming resistant to castration and causes increased expression of CCL2, which can recruit
TAMs to tumor sites. Notably, an in vivo study showed that the removal of macrophages
significantly attenuated WNT5A-induced CRPC, indicating that WNT5A induces CRPC by
upregulating the expression of CCL2. Similarly, a recent study demonstrated that CCL2
is involved in the development of FOXA1 loss-induced CRPC progression [52]. These
results indicate that a combination of targeting AR and anti-CCL2/CCR2 may be a better
therapeutic strategy to prevent PCa progression at the castration-resistant stage.

4. CCL2 Leads to the Development of Resistance to Targeted Therapy

Targeted therapy plays an anticancer role mainly by interfering with key targets related
to tumor development. Due to the advantages of mild side effects and confirmed efficacy,
targeted therapy has been increasingly widely used in clinics in recent years. Recent studies
have revealed that CCL2 reduces the effectiveness of multiple targeted therapies, such
as bevacizumab, sorafenib, vemurafenib, and trastuzumab, which are mainly related to
CCL2-mediated angiogenesis and anti-apoptosis.

4.1. Resistance to Anti-VEGF Drugs

The vascular endothelial growth factor (VEGF) family and its receptors are essential
for angiogenesis, which plays an important role in cancer progression. A study found
that VEGF is overexpressed in tumors and is considered a valid biomarker of the tu-
mor [53]. Therefore, agents that directly or indirectly target VEGF have been developed for
cancer therapy.

Bevacizumab, a humanized VEGF-A-targeting monoclonal antibody, has been ap-
proved for the treatment of metastatic colorectal cancer, metastatic breast cancer, non-small-
cell lung cancer, glioblastoma, renal cell carcinoma, ovarian cancer, and cervical cancer [54].
Recently, a study found that colorectal cancer patients with positive expression of ETV5, a
member of the ETS transcription factor family that can trigger angiogenesis by upregulating
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VEGFA, are resistant to bevacizumab [29]. An in-depth mechanistic study found that ETV5
not only upregulated VEGFA but also increased the expression of CCL2 [29]. Additionally,
these factors are two parallel signals that sustain angiogenesis for tumor development. Dur-
ing bevacizumab treatment of colorectal cancer patients with positive expression of ETV5,
the secretion of CCL2 induced by ETV5 resulted in persistent angiogenesis, indicating that
CCL2 plays a critical role in bevacizumab resistance. Indeed, the combination of anti-CCL2
and bevacizumab inhibited ETV5-positive colorectal cancer angiogenesis more efficiently
than either of them alone [29]. Similarly, a recent study of glioblastoma confirmed that
CCL2 expression can enhance resistance to bevacizumab by recruiting macrophages [40].

Sorafenib, a multi-kinase inhibitor that inhibits Raf, PDGFR, and VEGFR signaling, has
been widely used in the treatment of liver cancer [55]. Zhou et al. indicated that, following
sorafenib treatment, more tumor-associated neutrophils (TANs), macrophages, and Treg
cells infiltrated into the tumor [41]. They also found that decreased TANs significantly
enhanced the sensitivity to sorafenib in a mouse model [41]. This suggests that TANs
promote sorafenib resistance in HCC cells. Furthermore, TANs highly expressed CCL2
and CCL17 through the PI3K/Akt and p38/MAPK signaling pathways, which promoted
intratumor infiltration of macrophages and Treg cells. Notably, the number of CCL2+
or CCL17+ TANs was associated with the microvascular invasion, size, differentiation,
and stage of the tumor [41]. Inhibition of CCL2 or its receptor significantly reduced the
migration of macrophages and Treg cells. These findings indicate that CCL2 plays an
important role in sorafenib resistance.

4.2. Resistance to BRAF Inhibitors

Accumulating studies demonstrate that a BRAF inhibitor (BRAFi) can significantly
improve the survival of cancer patients with BRAF mutations [56,57]. Recent studies have
shown that CCL2 is related to the development of resistance to BRAFi. Steinberg et al. [42]
found that BRAFi initially decreases the expression of CCL2, but long-term treatment with
BRAFi causes CCL2 to increase above its initial level. Additionally, Vergani et al. [43]
revealed that cancer cells that are resistant to BRAFi (vemurafenib) produce increased
CCL2, which, in turn, promotes the development of resistance. Downregulation of CCL2
restored apoptosis in resistant cells and improved vemurafenib efficacy.

Notably, it has been demonstrated that CCL2-mediated acquired resistance to BRAFi
may be related to myeloid-derived suppressor cells (MDSCs) [42]. CCL2 secreted by
melanoma cells is a key mediator of MDSC recruitment to tumors. Although blocking
CCR2 alone was not sufficient to inhibit tumor growth, resistance to BRAFi was abolished
when CCR2 antagonists were used in combination with other drugs (anti-CTLA-4 and
anti-PD-1 drugs). These studies confirm that targeting CCL2 is a promising strategy to
reverse BRAF inhibitor resistance.

4.3. Resistance to Trastuzumab

Trastuzumab has been widely used in HER2+ patients with breast carcinoma. Recent
studies suggest that CCL2 affects trastuzumab efficacy in breast cancer [58] and induces
trastuzumab resistance in HER2+ gastric cancer [44]. Tagliabue et al. treated FVB mice that
bore HER2+ mammary carcinoma cells (MI6) with trastuzumab with or without a CCL2-
blocking monoclonal antibody and found that treatment with anti-CCL2 significantly
enhanced the activities of trastuzumab [58], indicating that the therapeutic activity of
trastuzumab is dependent on the CCL2 level. Fu et al. [44] demonstrated that HER2+
gastric cancer patients with higher CCL2 expression had a poorer prognosis. Moreover,
patients with innate resistance to trastuzumab had significantly higher expression of CCL2.
Notably, they established a stable CCL2-overexpressing HER2+ gastric cancer cell line
and found that tumor cell-derived CCL2 had no direct effect on trastuzumab resistance.
However, CCL2 overexpression remarkably reduced the inhibitory activity of trastuzumab
when coculturing the CCL2-overexpressing cell lines with induced TAMs. An in vivo study
showed that CCL2-overexpressing cell lines were resistant to trastuzumab. CD40 and HER2
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bispecific antibodies, which specifically target the HER2 and CD40 signaling pathways,
significantly upregulated the M1-like phenotype of TAMs and overcame trastuzumab
resistance. These findings suggest that CCL2 can elicit trastuzumab resistance via regulation
of TAMs.

5. CCL2 Leads to Resistance to Immunotherapy

Cancer immunotherapy effectively inhibits cancer by enhancing the immunogenicity
of tumor cells and the sensitivity to the killing of effector cells. Although immunotherapy is
often more effective than conventional chemotherapy and targeted therapies, many patients
still develop resistance to immunotherapy [59]. PD-1/PD-L1 inhibitors, which enhance T
cell immunity to impede tumor immune evasion, are considered one of the most successful
cancer immunotherapy approaches [60] used in a variety of cancer treatments, such as
non-small cell lung cancer (NSCLC) [61], Hodgkin’s lymphoma [62], and melanoma [63].
However, many factors can contribute to resistance to PD-1/PD-L1 inhibitors, such as the
presence of STK11 and KEAP1 mutations [64].

Recently, CCL2 has been confirmed to be associated with PD-1/PD-L1 inhibitor resis-
tance [30,46]. The study demonstrated that increased CCL2 expression, which is induced
by the activation of PI3K/AKT and NF-κB signaling, is the cause of intrinsic PD-1/PD-L1
inhibitor resistance [30]. The authors found that activation of PI3K/AKT and NF-κB in-
duced the upregulation of both PD-L1 and CCL2 in breast cancer cells. Interestingly, the
expression of CCL2 was still increased despite blocking PD-L1 by a PD-L1 inhibitor. Dual
blockade of CCL2 and PDL1 by siRNA and the PD-L1 inhibitor induced a higher level of T
cell-mediated apoptosis than siCCL2 and PD-L1 inhibitor alone [45].

Similarly, Wang et al. proved that environmental eustress could overcome PD-L1/PD-
1 resistance by silencing CCL2 [46]. The EE (enriched environment) is known to be an
environmental eustress model that can reduce mouse anxiety and make mice happier [46].
The researchers found that EE downregulated CCL2 expression in tumor cells and tumor-
associated immune cells through the peripheral neuroendocrine–immune pathway sympa-
thetic nervous system (SNS)/β-adrenergic receptors (β-ARs)/CCL2. Accordingly, down-
regulation of CCL2 expression enhanced CD8+ T cell-mediated antitumor immunity, which
mitigates cancer immunosuppression and overcomes PD-1 immunotherapy resistance by
inhibiting TAM and G-MDSC infiltration.

6. Putative Mechanisms of CCL2-Mediated Drug Resistance in Cancer
6.1. CCL2 Induces Resistance via Inhibition of Apoptosis and Autophagy

A previous study indicated that chemokines and growth factors produced by a tumor
could promote proliferative and antiapoptotic signals, helping the tumor to escape drug-
mediated destruction [65]. Similarly, recent studies have revealed that CCL2 could activate
the PI3K/AKT pathway and resist tumor cell apoptosis and autophagy, thereby leading
to resistance to major anticancer agents, such as taxanes [33,34], platinum drugs [27],
tamoxifen [38], and temozolomide [37] (Figure 2).

Qian et al. [33] found that overexpressed CCL2 could activate the PI3K/AKT signaling
pathway to inhibit apoptosis-related protein caspase-3 activation and Bcl-2 phosphorylation.
Similarly, Natsagdorj et al. [32] indicated that cabazitaxel could induce apoptosis by activating
caspase-3 and poly ADP-ribose polymerase (PARP). However, overexpression of recombinant
human CCL2 (rhCCL2) decreased the apoptotic rate induced by cabazitaxel through inac-
tivation of caspase-3 and PARP. Furthermore, blocking the CCL2-CCR2 axis could increase
caspase-3 and PARP levels and restore the sensitivity of cabazitaxel-resistant cells to cabazitaxel.
Additionally, CCL2 mediated tamoxifen resistance by similar mechanisms.
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Figure 2. The role and mechanism of CCL2 in the development of anticancer resistance. CCL2
expression is increased in multiple resistant cancer cells and can interact with multiple cells in
the TME, thereby leading to resistance to chemotherapy, hormone therapy, targeted therapy, and
immunotherapy by: (1) suppressing apoptosis and autophagy; (2) facilitating tumor metastasis
through EMT; (3) increasing angiogenesis; and (4) forming an immunosuppressive TME.

Autophagy is widely believed to promote tumor survival. However, activation of
autophagy has also been reported to improve chemotherapy sensitivity [66]. Xu et al. found
that CCL2 induces cisplatin resistance in gastric cancer cells by inhibiting autophagy [27].
Mechanistically, CCL2 attenuated cytotoxicity induced by cisplatin by activating PI3K-
Akt-mTOR signaling to inhibit autophagy. Knockdown of CCL2 or autophagy induction
successfully reversed cisplatin resistance. In addition, CCL2 also increased the expression
of SQSTM1, one of the autophagic receptors that are degraded by autophagy in autolyso-
somes [67]. In turn, SQSTM1 activated CCL2 transcription via the NF-κB signaling pathway,
representing a positive feedback loop to sustain drug resistance [27].

6.2. CCL2 Leads to Resistance by Promoting Angiogenesis

Tumor angiogenesis is an indispensable process for tumorigenesis and development.
Multiple cytokines are known to be involved in angiogenesis, such as VEGF, GM-CSF,
and FGFs. CCL2 also accelerates tumor development by increasing angiogenesis in sev-
eral kinds of cancers, such as hepatocellular carcinoma [68], prostate cancer, esophageal
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squamous carcinoma, and gastric carcinoma [25] (Figure 2). It has been reported that
CCL2 mediates tumor angiogenesis in two main ways: CCL2 can bind to CCR2 directly,
leading to angiogenesis [69,70], and CCL2 may indirectly promote angiogenesis through
the recruitment of macrophages [25,71]. VEGF is also involved in CCL2-mediated angio-
genesis. In PC-3M prostate cancer cells, CCL2 was found to indirectly cause angiogenesis
by upregulating VEGF expression in tumor cells [72].

In cancer treatment, antiangiogenic drugs inhibit important proangiogenic factors, but
CCL2, as another key proangiogenic factor, neutralizes the effect of antiangiogenic drugs.
Recently, it has been reported that CCL2 induced anticancer agent resistance by promot-
ing neovascularization formation, leading to resistance to temozolomide, bevacizumab,
and sorafenib [73]. Feng et al. [29] indicated that, while bevacizumab targets VEGFA to
inhibit tumor angiogenesis, ETV5-mediated CCL2 secretion acts as a parallel bypass to
increase tumor angiogenesis to promote bevacizumab resistance. Additionally, Zhou et al.
indicated that sorafenib treatment induces increased expression of CCL2 and infiltration
of neutrophils, macrophages, and Treg cells, which promote angiogenic function through
VEGF [74,75] to neutralize the antiangiogenic effect of sorafenib.

6.3. CCL2 Mediates Resistance by Facilitating Tumor Metastasis

Tumor metastasis is one of the major causes of death in cancer patients. The vi-
tal role of CCL2 in facilitating tumor metastasis has been demonstrated in diverse can-
cers, which involve the activation of multiple signaling pathways, including the MAPK,
JAK/STAT, and PI3K/AKT pathways. Many studies indicate that CCL2 facilitates tumor
cell metastasis by promoting epithelial-to-mesenchymal transformation and the recruitment
of macrophages [26,76] (Figure 2).

ADT with antiandrogens could lead to a reduction in primary tumors yet may lead
to increased metastasis in some PCa patients [77]. CCL2 may contribute to ADT-induced
PCa metastasis. It has been reported that the inhibition of AR signaling promotes CCL2
secretion in prostate cancer cells. In turn, the upregulated CCL2 promotes STAT3 phospho-
rylation, leading to enhanced epithelial–mesenchymal transition (EMT) and metastasis of
prostate cancer cells, thus promoting prostate cancer cell castration resistance [39]. Similarly,
during the development of bicalutamide resistance, CCL2 induces increased migration and
invasion of prostate cancer cells by promoting AKT phosphorylation [78].

6.4. CCL2 Mediates Resistance by Forming an Immunosuppressive TME

The TME consists of a variety of cellular and non-cellular elements, such as inflamma-
tory cells, immune cells, bone marrow-derived cells, cancer-associated fibroblasts, micro-
vessels, extracellular matrix, and a variety of growth factors as well as chemokines [79]. It
has been indicated that the TME has a significant effect on cancer progression and serves as
an important target for cancer therapy [79]. CCL2, as an important medium between the
tumor and TME, can be secreted by multiple cells in the TME and interacts with immune
cells infiltrated in the TME [23] (Figure 2). Normally, immune cells function to eliminate
malignancies that are harmful to the host, whereas some immune cells in the TME promote
tumor cell growth and metastasis [80]. Furthermore, in recent years, accumulating studies
have suggested that the TME affects the sensitivity of cancer to drugs [4,5]. In this study,
we focused on several immune cells in the TME as well as their interactions with CCL2.

Macrophages are one of the leukocytes in the natural immune system, which can be
polarized into two different types: M1 and M2 [81]. In contrast to M1, M2 macrophages
inhibit the immune response and promote tumor progression [82]. Moreover, tumor-
associated macrophages (TAMs) clustered in the tumor microenvironment are considered
a particular phenotype of M2 macrophages [82], because their function is similar to that
of M2 macrophages [83]. It was established that TAMs play an important role in CCL2-
mediated tumorigenesis and development. CCL2 promotes tumor progression by recruiting
TAMs [40], but TAMs also induce cancer resistance by secreting CCL2 [38]. This interaction
facilitates tumor growth and metastasis in the TME.
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Neutrophils are involved in various immune processes, such as inflammation, autoim-
munity, and cancer [84]. Tumor-associated neutrophils (TANs) secrete CCL2 to facilitate
the progression of cancer. It was reported that CCL2 secreted by TANs promoted lymph
node metastasis from oral squamous cell carcinoma (OSCC) [85]. Consistently, melatonin
suppressed CCL2 secreted by TANs via blockage of P38/MAPK and AKT, retarding OSCC
metastasis [86]. In addition, CCL2 could also induce TANs to express PD-L1, which
inhibited tumor immunity in hepatocellular carcinoma [87].

Regulatory T cells (Tregs) refer to CD4+ CD25+ Foxp3+ T cells. Tregs can promote tu-
mor growth by inhibiting tumor-specific T cell immunity or increasing angiogenesis [75,88].
CCL2-mediated tumorigenesis and development are associated with the Treg recruitment
process. CCL2 can lead to the activation and accumulation of Tregs, thus suppressing
antitumor immunity in breast cancer tissues [89]. However, downregulation of cancer
cell-derived CCL2 inhibited the interaction between breast cancer cells and Tregs, thus in-
hibiting the proliferation and migration of breast cancer cells [90]. Moreover, expression of
CCL2 induced by radiotherapy mediates the recruitment of CCR2+ Tregs in a mouse model
of head and neck squamous cell carcinoma, thus diminishing the efficacy of radiotherapy,
indicating that CCL2 may be a potential target to improve the efficacy of radiotherapy [91].

MDSCs are a group of immature immunosuppressive cells from the bone marrow
whose primary function is to inhibit the T cell response [92]. CCL2 contributes to the
progression of cancer via recruiting MDSCs to form a tumor-supportive immune mi-
croenvironment, whereas the inhibition of CCL2 production diminished both the accu-
mulation of MDSC and tumor growth [93]. In CCL2-null mice, the number of MDSCs
is decreased, but CD8+ T cells are increased, which attenuates the progression of BRAFi-
resistant gliomas [94].

7. Conclusions

In this review, we summarize the roles and potential mechanisms of CCL2 in the
development of anticancer drug resistance. However, there are still gaps in our under-
standing of the processes by which CCL2 contributes to the development of anticancer
drug resistance. Firstly, some studies lack direct and solid scientific evidence supporting
that CCL2 plays causative roles in inducing resistance [95]. For instance, many studies
just observed that CCL2 was upregulated in resistant cancer cells or tissues [95]. In-depth
investigation is needed to provide a certain mechanism that CCL2 could affect, such as
drug pharmacokinetics, biodistribution, or action. Secondly, the mechanism by which
CCL2 induces resistance is not fully understood. For example, although CCL2 secreted by
M2-polarized TAMs could activate the PI3K/Akt/mTOR pathway [38], the direct mecha-
nism underlying the CCL2-induced activation of this pathway has not yet been elucidated.
Finally, the regulatory mechanism of CCL2 secretion remains unclear, as it may vary based
on different cellular contexts or drug treatments. For example, the mechanism of inducing
CCL2 expression is different for gefitinib [95] compared to erlotinib [96].

At present, CCL2-targeted therapy or its combination with other drugs has been shown
to effectively improve the efficacy of antitumor drugs in in vitro experiments and animal
models [97,98]. CCL2 or CCR2 antagonists are also undergoing clinical trials [99,100].
However, targeted CCL2 combination therapy is still in an early stage. In conclusion, the
mechanisms of CCL2 in inducing drug resistance in cancer are very complicated, and
further pre-clinical studies and clinical trials should be considered to investigate whether
targeting CCL2 could overcome anticancer drug resistance.
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