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Abstract 

Background  The incidence of multiple myeloma (MM), a type of blood cancer affecting monoclonal plasma cells, 
is rising. Although new drugs and therapies have improved patient outcomes, MM remains incurable. Recent studies 
have highlighted the crucial role of the chemokine network in MM’s pathological mechanism. Gaining a better under‑
standing of this network and creating an overview of chemokines in MM could aid in identifying potential biomarkers 
and developing new therapeutic strategies and targets.

Purpose  To summarize the complicated role of chemokines in MM, discuss their potential as biomarkers, and intro‑
duce several treatments based on chemokines.

Methods  Pubmed, Web of Science, ICTRP, and Clinical Trials were searched for articles and research related 
to chemokines. Publications published within the last 5 years are selected.

Results  Malignant cells can utilize chemokines, including CCL2, CCL3, CCL5, CXCL7, CXCL8, CXCL12, and CXCL13 
to evade apoptosis triggered by immune cells or medication, escape from bone marrow and escalate bone lesions. 
Other chemokines, including CXCL4, CCL19, and CXCL10, may aid in recruiting immune cells, increasing their cytotox‑
icity against cancer cells, and inducing apoptosis of malignant cells.

Conclusion  Utilizing anti-tumor chemokines or blocking pro-tumor chemokines may provide new therapeutic 
strategies for managing MM. Inspired by developed CXCR4 antagonists, including plerixafor, ulocuplumab, and motix‑
afortide, more small molecular antagonists or antibodies for pro-tumor chemokine ligands and their receptors can 
be developed and used in clinical practice. Along with inhibiting pro-tumor chemokines, studies suggest combining 
chemokines with chimeric antigen receptor (CAR)-T therapy is promising and efficient.
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Introduction
Multiple myeloma (MM) is a blood cancer of monoclonal 
plasma cells (PCs) characterized by hypercalcemia, renal 
insufficiency, anemia, or osteolytic lesions [1]. According 
to the epidemiological landscape of MM in 2022, though 
the global burden of MM varied from the country, the 
overall incidence of MM was increasing [2]. Thanks to 
new drugs such as immunomodulatory agents, protea-
some inhibitors, monoclonal antibodies, and so on, the 
survival of MM patients has been significantly improved 
[3, 4]. However, MM is still an incurable disease. To 
develop effective treatments and manage MM patients, 
researchers should foster an overview of the pathologi-
cal mechanism of MM cells. In addition to genic muta-
tions in malignant cells, interactions between malignant 
cells and normal cells also contribute to the progression 
of MM.

Chemokines are a member of the cytokine superfam-
ily with chemoattractant properties. According to the 
arrangement of amino-terminal cysteine (C) residues, 
chemokines are divided into four subfamilies: CXC, 
CC, XC, and CX3C subfamily. In the tumor microenvi-
ronment (TME), chemokines are secreted by different 
kinds of cells, including immune cells, tumor cells, and 
tumor-associated cells. Chemokines engage in immune 
cells’ activation, differentiation, proliferation, migra-
tion, and apoptosis and form a complex network in the 
immune system [5]. Malignant cells can evade apoptosis 
via secreting chemokines to recruit immunosuppressive 
cells, while immune cells also migrate to TME to attack 
tumors via chemokines.

Researchers have developed inhibitors, antibodies, or 
antagonists to block interactions between chemokine 
ligands and receptors as adjuvant therapy. CXCR4 antag-
onists such as plerixafor [6] and ulocuplumab [7] are safe 
and effective in combination with bortezomib. Plerixafor 
[8] and motixafortide [9] can improve the mobilization 
of stem cells. The success of CXCR4 antagonists indi-
cates that targeting chemokines and their receptors is a 
potential strategy for managing MM. Therefore, insights 
into the network of chemokine ligands and receptors 
can contribute to the oncobiology of MM, which further 
improves treatment strategy and prognosis.

Thus, this review aims to summarize research on the 
chemokine network in MM in the past 5 years and dis-
cuss chemokines in the pathological progression of MM 
and potential therapy targeting related chemokines.

Main text
Chemokines as biomarkers
According to previous studies, chemokines can serve 
as biomarkers and targets for various tumors, including 
hepatocellular carcinoma [10], endometrial cancer [11], 

and colorectal cancer [12]. Recent studies highlighted 
the role of chemokines in the pathological progression 
of MM (Fig. 1). On the one hand, chemokines participate 
in the body’s metabolism. Chemokines directly secreted 
or indirectly induced by malignant cells may disturb 
the normal function of chemokines and lead to several 
complications in MM. The breakup of chemokine bal-
ances can cause common complications, including bone 
destruction and anemia, in MM. It has been suggested 
that a higher level of activated osteoclastic chemokines, 
such as CXCL7, aggravated bone destruction in MM 
[13]. Besides, MM cells can secret CCL3 to disrupt eryth-
rocyte differentiation and cause anemia [14]. These com-
plications caused by the abnormal level of chemokines 
exacerbate the disease and the pain of patients. On the 
other hand, chemokines take part in the formation of the 
immune environment, which impacts the clearance of 
malignant cells. Malignant cells can utilize chemokines 
to recruit immune cells to protect themselves from apop-
tosis [15]. The level of chemokines in MM patients also 
influences the proliferation, migration, and recruitment 
of immune cells, which is associated with the effective-
ness of chimeric antigen receptor (CAR)-T therapy [16, 
17]. MM cells can also utilize chemokines to migrate, 
which causes extramedullary infiltration and exacerbates 
patients’ burden [18]. Experts proposed chemokines 
could be potential biomarkers for MM to predict progres-
sion and prognosis. Here, we will delve into chemokines’ 
function and significance in MM (Fig. 2).

Chemokines are mainly comprised of the CXC sub-
family and CC subfamily chemokines. According to their 
function in MM, they can be divided into pro-tumor, 
anti-tumor, and dual-effect chemokines. Pro-tumor 
chemokines can promote extramedullary infiltration, 
bone destruction, and tumor proliferation by interaction 
with MΦs, monocytes, neutrophils, Tregs, or PBMCs. 
Contrastingly, anti-tumor chemokines can bind to their 
receptors to induce NK cells, CD8 + T cells, DCs, or 
endothelial cells to enhance their anti-tumor efficacy and 
tumor apoptosis. Or some chemokines, including CCL5 
and CXCL10, are double-edge swords in MM. MΦs, 
macrophages; Tregs, regulatory T cells; PBMCs, periph-
eral blood mononuclear cells; NK cells, natural killer 
cells; DCs, dendritic cells; MM, multiple myeloma.

CC chemokine/receptor subfamily
CC chemokines are a group of cytokines with an N-ter-
minal CC domain. These chemokines reveal both anti-
tumor and pro-tumor functions in MM. While some 
may lead to deteriorated anemia, chemoresistance, and 
tumor dissemination, others may aid in the recruitment 
of dendritic cells (DCs) essential for the immune system 
to attack malignant cells.
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To resist apoptosis induced by chemical drugs, MM 
cells may attempt to recruit tumor-associated mac-
rophages (TAMs) or myeloid-derived suppressor cells 
(MDSCs) to form TME. Newly published studies suggest 
that chemokines CCL2, CCL3, and CCL5, along with 
their receptors, participate in the formation of chemore-
sistance in MM.

CCL2, known as monocyte chemoattractant protein-1 
(MCP-1), is mainly secreted by monocytes, macrophages, 
and DCs [19]. It interacts with CCR2 to promote tumor 

growth and progression through various mechanisms. 
Previous studies have shown that the CCL2-CCR2 axis is 
related to increased angiogenesis, recruitment of immu-
nosuppressive cells, and the proliferation and survival 
of malignant cells [20]. Recent research suggests that 
CCL2 is linked to M2 polarization and contributes to 
MM chemoresistance [15]. MM cells upregulate CCL2 
expression in macrophages, further upregulating MCP-
1-induced protein (MCPIP1) via the JAK2-STAT3 signal-
ing pathway. Although CCL2 does not directly affect MM 

Fig. 1  The chemokine network in multiple myeloma
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cells’ proliferation and chemoresistance, MCPIP1 plays 
a role in M2 polarization and enhances the protective 
effect of macrophages in MM. The research indicates that 
CCL2 expression is linked to therapeutic status and can 
be a good prognostic factor.

Aside from CCL2, CCL3, known as macrophage 
inflammatory protein-1α (MIP-1α), can bind to CCR1 
to protect MM cells from apoptosis induced by melpha-
lan and bortezomib. Increased CCR1 is associated with 
upregulated Bcl-2, Bcl- xl, survivin, and downregulated 
Bim, leading to chemoresistance [21]. MM cells can also 

induce the differentiation of peripheral blood mononu-
clear cells (PBMCs) towards MDSCs by secreting CCL5 
[22]. In  vitro experiments show that the secretion of 
CCL5 and CCL3 is significantly higher in MDSCs-induc-
ible groups than in MDSCs-non-inducible groups. More-
over, MDSCs-non-inducible groups gained the ability to 
induce MDSCs by adding CCL5, while supplementation 
of CCL3 did not promote MDSCs differentiation. The 
serum level of CCL5 in patients with better response sig-
nificantly decreased after receiving combination therapy 
of carfilzomib, lenalidomide (LEN), and dexamethasone, 

Fig. 2  The function and mechanism of chemokines in multiple myeloma
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suggesting that CCL5 may promote disease progression. 
It may be practical to monitor the CCL5 level to manage 
the disease.

In addition to CCL2 and CCL5, CCL3 shows multi-
functional properties that can aggravate the disease. The 
CCL3-CCR1 axis can attract M2 macrophages into TME, 
resulting in anemia and metastasis in MM. Research 
shows that elevated CCL3 levels in the myeloma micro-
environment impair erythrocyte differentiation of hemat-
opoietic stem and progenitor cells (HSPCs), leading to 
anemia [14]. CCL3 suppresses the expression of GATA1 
via p38 signaling, which hinders erythroid differentiation 
in CD34 + HSPCs. The suppressive effect of CCL3 on 
erythropoiesis can be blocked by CCR1 antagonists, sug-
gesting that CCL3/CCR1/phos-p38 is critical to CCL3-
induced anemia in MM. A high level of CCR1 is observed 
in MM PCs and indicates a poor prognosis [23]. Moreo-
ver, CCR1 is an independent prognosis factor of MM 
patients and induces splenic and bone dissemination of 
MM cells [18]. The CCL3-CCR1 axis plays a vital role in 
overcoming retention caused by CXCL12 and the migra-
tion of MM cells from the bone environment to periph-
eral blood [18]. Based on the current comprehension of 
CCL3, its prognostic and therapeutic value may be worth 
further exploration.

Some chemokines utilized by MM cells can promote 
migration and chemoresistance, while others may par-
ticipate in antigen uptake, cytotoxicity, and prolifera-
tion of lymphocytes. For instance, the CCL19-CCR7 axis 
induces migration of DCs towards sites with a higher 
concentration of CCL19 and mediates DC homing [24, 
25]. DC vaccines utilizing DCs from patients to activate 
immune responses have been used in clinical practice, 
and immunogenicity determines DC vaccines’ efficacy. 
Inspired by the function of CCL19-CCR7, research finds 
that monocyte-derived DCs have a lower transcript and 
protein level of CCR7, leading to migration dysfunc-
tion [26]. By contrast, hematopoietic stem cell-derived 
DCs are preferable sources of DC vaccine, as stem cell-
derived DCs from MM patients show similarities in cell 
yield, morphology, and phenotype compared to healthy 
donors. It indicates that chemokines can also be a pos-
sible reference standard to select cells used in autologous 
cell transplantation.

CXC chemokine/receptor subfamily
The CC chemokine subfamily and the CXC chemokine 
subfamily comprise most of the chemokine family. Like 
CC chemokines, CXC chemokines are a double-edged 
sword in MM. While some induce bone destruction 
[13, 27, 28], chemoresistance [29], and tumor metasta-
sis [30], others can enhance the cytotoxicity of CD8 + T 

cells or induce apoptosis of MM cells to protect the body 
against tumors [17].

Chemokines such as CXCL7, CXCL8, CXCL12, and 
CXCL13 by MM cells and surrounding cells contribute 
to disease progress and decrease the overall survival in 
patients [13, 28, 31]. CXCL7, for example, is processed 
by neutrophils and interacts with CXCR2 to recruit neu-
trophils [32]. It also plays a role in osteoclastogenesis and 
the formation of osteoclasts that break down bone tissue, 
a common characteristic of MM [33].

Matrix metalloproteinase-13 (MMP13) secreted by 
mesenchymal stromal cells (MSCs) can enhance the acti-
vation and formation of osteoclasts by promoting the 
bioavailability of CXCL7 [13]. However, an in vivo exper-
iment demonstrated that mice with MM cells had ele-
vated MMP-13 in mRNA level, resulting in bone lesions 
and lower overall survival. Though MMP-13 expression 
is not observed in all MM patients, analysis shows that 
it is associated with overall survival. Understanding the 
role of MMP-13 in regulating CXCL7 bioavailability may 
provide insight into bone lesions in MM.

CXCL8, also known as interleukin-8 (IL-8), can acti-
vate CXCR1 and CXCR2 to recruit neutrophils [27], 
similar to CXCL7. In patients with MM, CXCL8 lev-
els are higher than in healthy individuals, indicating an 
association between CXCL8 and MM [34]. Interestingly, 
there is a difference in IL-8 concentration between males 
and females worth exploring. Additionally, it has been 
reported that IL-8 is linked to osteolysis in breast can-
cer, underscoring its role in complications in MM [35]. 
In MM, MM cells can secrete exosomes that MSCs can 
internalize, leading to upregulation of the expression of 
IL-8 [31]. This process relies on amphiregulin (AREG) 
packed into exosomes and its interaction with epidermal 
growth factor receptor (EGFR). According to the study, 
targeting EGFR may offer a practical and innovative 
strategy to inhibit the CXCL8-CXCR1/2 axis in MM.

Though studies have proved the role of CXCL13 in sev-
eral hematologic diseases [36–38], it has been suggested 
recently that the CXCL13-CXCR5 axis contributes to 
tumor progress. Higher levels of CXCL13 are not only 
due to the direct secretion of malignant cells but also 
bone marrow stromal cells (BMSCs) and macrophages 
stimulated by malignant cells [28]. MM cells can rely on 
Bruton’s tyrosine kinase (BTK) signaling to induce M2 
polarization, while M2 polarized macrophages mutu-
ally upregulate CXCL13 expression in MM cells via 
TGFβ. With a higher level of CXCL13, enhanced for-
mation of osteoclasts and elevated receptor activator of 
nuclear kappa B ligand (RANKL) is observed, indicating 
the role of CXCL13 in osteolytic disease. In addition to 
lytic lesions, biopsies suggest the relationship between 
CXCL13 and extramedullary disease. And MSCs have 
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been found to mediate chemoresistance to bortezomib 
depending on CXCL13 [39]. However, there are currently 
no small molecule inhibitors directly targeting CXCL13. 
Future research may attempt to complement the lack of 
current study due to its function on bone destruction, 
chemoresistance, and extramedullary disease.

Besides pro-tumor CXC chemokines mentioned 
above, CXCL12, also known as stromal cell-derived 
factor-1 (SDF-1), attracts great interest from research-
ers due to its complex function in MM. CXCL12 can 
bind to CXCR4 to participate in various dysfunctions 
in hematological diseases [40, 41]. Emerging studies 
suggest the role of CXCL12 in multifaceted function in 
MM, including tumor migration [30] and chemoresist-
ance [29, 42]. CXCL12 has two isoforms, CXCL12alpha 
and CXCL12gamma, each with distinct stability and 
immobilization properties [43]. CXCL12alpha is known 
to promote the phosphorylation of phosphoinositide 
3-kinase (PI3K) and protein kinase B (PKB), which fur-
ther leads to the overexpression of interleukin-6 (IL-6) 
[42]. Furthermore, the CXCL12alpha-CXCR4 axis con-
tributes to a higher adhesion rate between MM cells and 
BMSCs, contributing to lower apoptosis in the coculture 
state. CXCL12gamma, expressed in BMSCs, mediates 
chemoresistance and requires heparan sulfate proteogly-
cans (HSPGs) to be immobilized to the membrane [29]. 
Notably, protection provided by BMSCs functions via 
adhesion instead of solvable molecules and can be abol-
ished by CXCL12gamma-CXCR4 inhibition. Regardless 
of chemoresistance, the CXCL12-CXCR4 axis may also 
induce extramedullary migration [30]. It was known that 
MM cells could emigrate from bone marrow to form cir-
culating plasma cells (cPCs) and invade other tissues in 
the past [44]. However, the mechanism is still unclear 
and remains to be discussed. Recent single-cell sequenc-
ing results have revealed increased secretion of CXCL12 
in cPCs, indicating its potential role in extramedullary 
plasmacytoma.

While some CXC chemokines, as mentioned ear-
lier, act as tumor promoters in MM, others, like CXCL4 
and CXCL10, impede malignant cell growth. CXCL4, 
called platelet factor 4 (PF-4), can induce MM cell apop-
tosis by enhancing SOCS3 to regress STAT3, validat-
ing its potential predictive value [45]. A recent study 
shows that higher PF-4 levels correlate with better out-
comes, and higher PF-4 is also observed in healthy indi-
viduals [46]. Differently, CXCL10 can recruit natural 
killer (NK) cells, cytotoxic T lymphocytes, and mac-
rophages, playing a crucial role in anti-tumor immunity 
through CXCL9/10/11-CXCR3 axes [47]. As CXCL10 
is induced by interferon, including IFN-α/β and IFN-γ, 
it is also named IFN-γ-induced protein-10, and its asso-
ciation with chemotaxis, cytotoxicity, and proliferation 

is well-documented [48]. CXCL10 has been shown to 
enhance CAR-T cells’ proliferation and anti-tumor abil-
ity in vitro [17]. And patients undergoing CAR-T therapy 
with higher CXCL10 at baseline reveal better outcomes 
than those with lower CXCL10. However, MM cells may 
utilize the CXCRL9/10-CXCR3 axes to interfere with the 
bone marrow localization of NK cells to evade immune 
surveillance [49]. Blocking CXCR3 has been shown to 
improve NK cells’ infiltration in the bone marrow and 
reinforce IL-15-activated NK cells’ anti-tumor activ-
ity [50]. Therefore, due to their complicated functions, 
the decision to boost or inhibit CXCL9/10-CXCR3 axes 
should be based on specific clinical backgrounds.

Therapy based on chemokines
There are two mainstream strategies for utilizing 
chemokines to treat tumors: targeting pro-tumor 
chemokines and increasing the concentration of anti-
tumor chemokines [51]. Additionally, some studies are 
exploring anti-tumor chemokines with adoptive cellular 
therapy (ACT) to enhance its effectiveness. Here, aimed 
at pro-tumor and anti-tumor chemokines, we will dis-
cuss the use of chemokines in treating MM, respectively 
(Table 1).

Targeting pro‑tumor chemokines
Malignant cells can trigger other cells or autonomously 
secrete chemokines to evade immune supervision. This 
creates an environment known as TME that protects 
MM cells from immune cells, making them less suscep-
tible to treatment and leading to refractoriness. Thus, 
clinical practices focus on blocking signaling between 
MM and normal cells with inhibitors or small molecules 
to break down these barriers.

Chemokines such as CCL2, CCL3, CCL5, and CXCL12 
contribute to immune suppression in MM, leading to 
chemoresistance. The CCL2-CCR2 axis is responsible 
for M2 polarization and prevents MM cells from apop-
tosis caused by chemotherapy drugs [15]. Studies are cur-
rently being conducted to address this issue by targeting 
the CCL2-CCR2 axis associated with the recruitment 
of TAMs. For instance, carlumab has shown anti-tumor 
activity in preclinical and clinical trials. However, sub-
sequent tests have shown no long-term suppression of 
serum CCL2 or significant anti-tumor effects [56].

Considering the protective effect of CCL3 on malig-
nant cells, researchers have combined CCL3-neutralizing 
antibodies with melphalan and bortezomib to enhance 
cytotoxicity in MM cells [21]. Inspired by the compli-
cated impact of the CCL3-CCR1 axis, various CCR1 
antagonists have been developed to block the CCL3-
CCR1 axis, although their effectiveness requires further 
evaluation [50]. It is revealed that BX471, an antagonist 
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of CCR1, can reverse the reduced erythropoiesis induced 
by the CCL3-CCR1 axis in ex  vivo [14]. Moreover, 
another CCR1 antagonist, CCX9588, has been proven to 
prevent malignant cells from migrating to CCL3 in vitro 
and disseminating to the bone in vivo [18]. Though most 
modulators are preclinical, CCL3 and CCR1 are potential 
therapeutic targets in MM and are worth exploring.

Though CCL2 and CCL3 may be potential therapeu-
tic targets in MM, antibodies or small molecules aimed 
at them have yet to be widely applied in clinical practice. 
Notably, inhibition of CXCL12 has been confirmed as an 
efficient approach to managing MM patients and is cur-
rently being used. Among CXCR4 antagonists, plerixafor 
(AMD3100) is the first and the only chemokine modu-
lator approved for treating multiple myeloma patients. 
Although initially used in stem cell mobilization [8], 
plerixafor has undergone phase I/II clinical trial with 
safety and efficacy in combination with bortezomib [6]. 
Despite investigating the new use of plerixafor, new mod-
ulators are being developed and in clinical trials. CXCR4 
antagonist motixafortide (BKT140) reveals satisfying 
outcomes in mobilizing stem cells in phase III trial and is 
likely to be popularized in the treatment [9]. Besides, the 
phase Ib/II trial of ulocuplumab also received exhilarat-
ing results [7]. Inspired by the success of plerixafor and 
ulocuplumab and the complicated role of the CXCL12-
CXCR4 axis in MM, more efforts are made to explore 
inhibitors, antagonists, and antibodies aimed at the 
interaction between CXCL12 and its receptor. Olaptesed 
pegol (NOX-A12), which can bind to CXCL12, shows 
benefits in combination with dexamethasone, indicating 
the strategy to target CXCL12 rather than CXCR4 [57].

Unlike CCL2, CCL3, and CXCL12, CCL5 regulates the 
formation of MDSCs. To prevent the protective effects of 
CCL5 on MM cells, immunomodulatory drugs are used 
to block the CCL5-CCR5 axis and interfere with MDSCs 
induction [22]. LEN and pomalidomide can downgrade 
the expression of CCR5 and increase interferon regula-
tory factor 8 (IRF8) in the mRNA level in peripheral 
blood mononuclear cells (PBMCs) while also hindering 
the expression of CCL5 in MM cells. By acting on both 
normal PBMCs and malignant cells, these drugs can 
decrease the protection of MDSCs against MM cells and 
improve disease progression.

In addition to abating chemoresistance in MM, target-
ing pro-tumor chemokines can relieve bone destruction. 
CXCL8 participants in osteolytic lesions in MM, so anti-
bodies targeting CXCL8 have been developed to abrogate 
the CXCL8-CXCR1/2 axis [58–60]. However, CXCL8 
antibodies have yet to be applied in managing MM 
patients. Despite small molecules or antibodies directly 
binding to CXCL8 or CXCR1/2, targeting related signal-
ing to reduce CXCL8 secretion is also feasible. Gefitinib, 

an EGFR inhibitor, can block AREG-EGFR signaling to 
relieve bone destruction in MM [31, 61], while JQ1 acts 
on BMSCs to disturb CXCL8 synthesis and reveal anti-
tumor efficacy [52].

Instead of directly focusing on the concentration of 
chemokines, another perspective considers regulating 
their bioavailability. As MMP13 regulates the bioavaila-
bility of CXCL7, Lo et al. conducted both cell and animal 
experiments to explore the efficacy of MMP13 inhibitors 
[13]. The result indicated that MMP13 inhibitors reduced 
osteoclastogenesis and restrained the growth of malig-
nant cells, leading to improved overall survival. Unlike 
generally inhibiting CXCL7 or CXCR2, the mechanism 
of CXCL7 bio-utilization provides a new view to block 
the CXCL7-CXCR2 axis. Besides using inhibitors or 
small molecules to interfere with the axis, it is practical 
to decrease the bioavailability of CXCL7 to improve bone 
lesions in MM. Some studies on the CXCL12-CXCR4 
axis also attempt to regulate CXCL12 concentration via 
associated signaling pathways. For example, ruxolitinib 
can block the JAK1/2 pathway and further downgrade 
the expression of CXCL12 in monocytes and CXCR4 in 
MM cells when coculturing [53]. Similarly, some stud-
ies utilize inhibitors to block responses induced by the 
CXCL12-CXCR4 axis. Copanlisib, a PI3K inhibitor, 
can interfere with CXCL12-dependent chemotaxis to 
reduce fibroblast migration and restrict MM cell chem-
oresistance [54]. According to the complicated biologi-
cal function of the CXCL12-CXCR4 axis in MM, further 
exploration may unveil more signaling pathways that 
interact with the axis and provide additional potential 
targets to abate pro-tumor effects.

Studies on CXCL13 have mainly focused on indirect 
regulation rather than directly targeting CXCL13 or its 
receptor, CXCR5, alongside CXCL7 and CXCL12. As the 
interaction between MM cells and macrophages depends 
on BTK, it is also a promising approach to inhibit pro-
inflammatory reactions in macrophages. Ibrutinib, a 
BTK inhibitor, can reduce abnormal overexpression of 
CXCL13 [28] in vivo experiments, and the clinical prac-
tice achieved satisfying safety and efficacy [62]. Future 
studies may utilize BTK inhibitors, including ibrutinib, to 
improve the outcome of patients with refractory MM.

Increasing the concentration of anti‑tumor chemokines
Despite decreasing the concentration of pro-tumor 
chemokines, increasing the concentration of anti-tumor 
chemokines is also a practical strategy in MM treatments. 
As some chemokines contribute to eliminating tumors, 
clinical researchers have focused on arming CAR-T cells 
with anti-tumor chemokines to enhance their potency in 
removing malignant cells.
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One way to utilize anti-tumor chemokines is by 
increasing the concentration of CCL19, which is associ-
ated with antigen-presenting. In addition to using stem-
derived DCs instead of monocyte-derived DCs [26], 
arming CAR-T cells with CCL19 to enhance cytotoxic-
ity is also worth exploring. CAR-T cells secreting CCL19 
and IL-7 have been proven to have higher infiltration of 
DCs and T cells in tumor tissue [63]. While in MM, Duan 
et al. designed B-cell maturation antigen (BCMA)-7 × 19 
CAR-T cells, which overexpressed CCL19 and IL-7 to 
cure two patients with refractory MM [16]. BCMA-7 × 19 
CAR-T cells revealed delayed terminal differentiation, 
leading to a higher ratio of stem cell-like memory T cells 
(Tscms) and durability. Although with more potent cyto-
toxicity towards tumor cells, BCMA-7 × 19 CAR-T cell 
therapy was safe with self-limiting and revisable adverse 
effects. Though the clinical trial had a small sample of 
only two patients, it is valuable to dig out the potential of 
BCMA-7 × 19 CAR-T cells in MM management.

Similarly, the addition of CXCL10 has been shown to 
enhance CAR-T cells’ proliferation, cytotoxicity, and 
chemotaxis, making it a possible solution for the remain-
ing challenges of CAR-T therapy. CXCL10 can reduce 
PD-1 expression in CAR-T cells and provides a viable 
solution to improve the exhaustion of CAR-T cells [17]. 
However, CXCL10 may adversely affect NK cell localiza-
tion and potential cytotoxicity, attenuating the efficacy 
of therapies based on NK cells. Limited by its negative 
effect on NK cell localization and potential cytotoxic-
ity, the application of CXCL10 to CAR-T therapy may 
have a long way to go. In a word, exploring anti-tumor 
chemokines can provide CAR-T therapy with novel tar-
gets and strategies to solve current challenges in the infil-
tration and exhaustion of CAR-T cells.

Interactions between chemokines and their receptors 
interweave a complex network in MM. Blue boxes in 
the figure indicate the anti-tumor effects of chemokines, 
while red boxes indicate the pro-tumor effect of 
chemokines. Malignant cells can utilize the chemokine 
network to interfere with physiological functions, includ-
ing erythroid differentiation, osteoclast, and M2 polari-
zation, induce chemoresistance, and downregulate the 
immune system. MΦs, PBMCs, MDSCs, BMSCs, MSCs, 
and HSPCs can be influenced and participate in the path-
ological progression. MM cells can use exosomes, MMPs, 
HSPGs, or MIF to regulate chemokines and foster TME 
suitable for themselves. Conversely, chemokines also aid 
immune cells in migrating into tumor sites, enhancing 
the immune system and inducing apoptosis of malig-
nant cells. And such function may be applied to develop 
drugs against MM. MM, multiple myeloma; MΦs, mac-
rophages; PBMCs, peripheral blood mononuclear cells; 
MDSCs, myeloid-derived suppressor cells; BMSCs, bone 

marrow stromal cells; MSCs, mesenchymal stromal cells; 
HSPCs, hematopoietic stem and progenitor cells; MMPs, 
matrix metalloproteinases; HSPGs, heparan sulfate pro-
teoglycans; MIF, macrophage migratory inhibitory factor; 
TME, tumor microenvironment.

Future and challenges of chemokines
Interactions between chemokines and their receptors are 
complex and correlate with pathological progression and 
prognosis of diseases. Except for MM, chemokine modu-
lators are developed to heal various conditions such as 
pulmonary fibrosis [64], colon cancer [65], multiple scle-
rosis (MS) [66], and rheumatoid arthritis (RA) [67–69], 
indicating the potential of chemokines as drug targets.

Iceberg theory is quite suitable for describing modula-
tors’ developments in MM (Fig.  3). IL-6, matrix metal-
loproteinases (MMPs), and vascular endothelial growth 
factor (VEGF) are potential targets in MM, which lay 
in part close to the water surface. Though inhibition in 
clinical trials did not receive satisfying outcomes [70–76], 
further studies may attempt to find specific patients sen-
sitive to these modulators, explore combinations with 
other drugs, or develop more efficient modulators. In 
contrast, G protein-coupled receptor class C group 5 
member D (GPRC5D) [77], CD38 [78, 79], signaling lym-
phocytic activation molecule F7 (SLAMF7) [80–82], and 
BCMA [83–85] showed favorable results. Modulators 
targeting them are in the upper layers; some are already 
in clinical use (Table 2).

Among drugs aimed at chemokines, only drugs tar-
geting the CXCL12-CXCR4 axis have been used in 
clinical practice. In contrast, most neutralizing anti-
bodies, antagonists, or inhibitors are still in the stage 
of experiment or development. Plerixafor is at the tip 
of the iceberg, which has been uncovered and applied 
already, while motixafortide has passed the phase 
III trial and will surface. Early studies mainly utilized 
plerixafor to mobilize CD34 + hematopoietic cells for 
ACT [8]. Aimed at reducing the failure of mobiliza-
tion of autologous hematopoietic cells, motixafortide, 
known as BKT140, has been developed and has passed 
phase III study recently [9], which may be a substitution 
for plerixafor. As scientists have a deeper insight into 
the CXCL12-CXCR4 axis in MM, a phase I/II clinical 
research innovatively combined plerixafor with bort-
ezomib to sensitize MM cells and improve outcomes 
[6]. In addition to plerixafor, ulocuplumab, another 
CXCR4 antagonist, is also proven efficient in increas-
ing the response rate in refractory MM in phase II 
clinical study [7]. Regarding the CXCL12-CXCR4 axis, 
some modulators targeting CXCL12 instead of CXCR4 
are also worth further exploring. Olaptesed pegol is a 
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CXCL12 inhibitor that could improve response rates in 
combination with bortezomib and dexamethasone [57].

Except for CXCL12-CXCR4, CCL3-CCR1 is another 
hotspot axis, whereas modulators targeting CCR1 still 
have a long way to go. Given that CCL3-CCR1 partici-
pates in inflammation, various antagonists or inhibi-
tors of CCR1 are developed to cure diseases associated 
with immune disorders. Among them, only CCX354, 
which is designed for RA, passed phase II [67]; nev-
ertheless, AZD-4818 [88], BMS-817399 [89], and 
CP-481715 [90] are proved to be either toxic in phase 
I or limited efficacy in phase II. Besides, most CCR1 
antagonists remain uncertain of their efficacy and are 
in the preclinical phase or phase I [18, 65, 91–97]. Thus, 
modulating targeting CCL3-CCR1 resembles the enor-
mous part of the iceberg buried undersea and has great 
potential to explore. Considering the recent discovery 
of CXCL13-CXCR5 and the lack of specific inhibitors, 
the CXCL13-CXCR5 axis is also worth unearthing. 
Other chemokine-chemokine receptor axes, including 
CCL5-CCR1, CCL2-CCR2, and CXCL9/10-CXCR3, 
are also under study, though results revealed the need 
for improvements of their modulators [55, 56, 64, 66]. 
Inspired by the newly developed therapy of plerixafor 
and the appearance of motixafortide, future studies may 
either invent new modulators targeting chemokines to 
regulate their biological function or propose innovative 
uses of drugs approved for market.

Exosomes or proteinases also associates with 
chemokines [13, 31]. Immunomodulators are proven to 
participate in regulating the chemokine network [22], 
while clinical practices that apply anti-tumor chemokines 
to improve CAR-T therapy demonstrate the feasibility of 
combining chemokines with ACT [16]. With profound 
knowledge, more available drugs and treatments would 
emerge and benefit MM patients. More efforts should be 
made to probe into the function and pathological mecha-
nism of chemokines in MM to better support the devel-
opment of new applications of chemokines.

Conclusion
As chemokines regulate the migration of immune cells, 
targeting chemokines may provide a possible solution to 
remodel the TME, activate immunoreaction, and pro-
mote the clearance of malignant cells. Studies have tried 
to block the interaction of pro-tumor chemokine ligands 
and receptors to alleviate the complications and pro-
gress in MM. However, chemokines can interact with 
multiple receptors to take effect. When antagonists or 
inhibitors block specific receptors, chemokines may 
bind to alternative receptors to activate related signal-
ing pathways. Thus, some inhibitors or antagonists tar-
geting single chemokine ligands or receptors may not 
achieve the expected effect. Combining these inhibitors 
or antagonists with other drugs is a promising strategy to 
improve their efficacy. By contrast, increasing anti-tumor 

Fig. 3  Target inhibitors, antagonists, or antibodies in multiple myeloma
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Table 2  Some target inhibitors, antagonists, or antibodies in multiple myeloma

Abbreviations: SDF-1 Stromal Cell-derived Factor-1, MM Multiple myeloma, LEN Lenalidomide, aHSCs Autologous hematopoietic stem cells, CDC Complement-
dependent cytotoxicity, ADCC Antibody-dependent cellular cytotoxicity, VEGFR Vascular endothelial growth factor receptor, EGFR Endothelial growth factor receptor, 
VEGF Vascular endothelial growth factor, RTKI Tyrosine kinase inhibitor, PDGFR Platelet-derived growth factor receptor, SLAMF7 Signaling lymphocytic activation 
molecule F7, ADPC Antibody-dependent cellular cytotoxicity, BCMA B-cell maturation antigen, ADC Antibody-drug conjugate, GPRC5D G protein-coupled receptor 
class C group 5 member D

Targets Modulators Function Investigational 
stage

Results Reference

CXCL12-CXCR4 Olaptesed pegol (NOX-A12) CXCL12 (SDF-1) inhibitor
Inhibiting dissemination and coloni‑
zation of MM cells

Phase II Confirmed safety and efficacy at least 
72 h

[57, 86]

F50067 CXCR4 antagonist
Sensitizing MM cells to LEN and dex‑
amethasone
Inducing CDC and ADCC

Phase I Observed dose-limiting toxicity [87]

Plerixafor (AMD3100) CXCR4 antagonist
Sensitizing MM cells to bortezomib
Mobilizing hematopoietic cells

Phase II Confirmed safety and efficacy 
in combination with bortezomib 
in MM

[6]

Phase IV Confirmed safety and efficacy 
in improving mobilization of aHSCs.

[8]

Ulocuplumab CXCR4 monoclonal antibody
Improving overall response rate 
to standard therapy

Phase II Confirmed safety and efficacy 
in combination with either LEN 
and dexamethasone or bortezomib 
and dexamethasone in MM

[7]

Motixafortide (BKT140) CXCR4 antagonist
Mobilizing hematopoietic cells

Phase III Confirmed safety and efficacy 
of mobilization in MM

[9]

IL-6 Siltuximab (CNTO 328) IL-6 monoclonal antibody
Inhibiting smoldering MM 
from transiting to MM

Phase II Confirmed safety and failure to meet 
the desired effect

[70]

VEGF Zactima (ZD6474) VEGFR and EGFR inhibitor
Inhibiting angiogenesis

Phase II Confirmed safety while no reduction 
of M protein

[71]

Sorafenib (BAY 43-9006) Raf-kinase and VEGFR inhibitor
Inhibiting Raf-signaling pathway 
and angiogenesis

Phase II No activity by the International Uni‑
form Response Criteria for MM

[72]

Bevacizumab VEGF-A monoclonal antibody
Inhibiting angiogenesis

Phase II No significant difference 
between combination therapy 
and single-agent thalidomide 
or single-agent bortezomib

[73, 74]

Semaxinib (SU5416) RTKI of VEGFR-2
Inhibiting VEGF-induced angiogen‑
esis

Phase II Minimal clinical activity [75]

Pazopanib VEGFR, PDGFR, and c-Kit inhibitor
Inhibiting angiogenesis

Phase II No meaningful clinical responses 
in the single-agent treatment

[76]

CD38 (Only 
post-phase III 
modulators are 
listed.)

Daratumumab CD38 monoclonal antibody
Sensitizing MM cells to proteasome 
inhibitors

Phase IV Confirmed benefits in combination 
with carfilzomib and dexamethasone

[78]

Isatuximab CD38 monoclonal antibody
Inducing MM cells’ apoptosis

Phase IV Confirmed benefits in combination 
with carfilzomib and dexamethasone

[79]

SLAMF7 Elotuzumab SLAMF7 monoclonal antibody
Inducing ADCC, ADPC and inhibiting 
adhesion of MM cells

Phase IV Confirmed benefits in combination 
with LEN and dexamethasone

[80–82]

BCMA (Only 
post-phase III 
modulators are 
listed.)

Teclistamab BCMA and CD3 bispecific antibody
Inducing T cells’ activation and MM 
cells’ apoptosis

Phase IV Approved treatments in relapsed 
or refractory MM

[83]

Belantamab mafodotin ADC targeting BCMA
Inducing MM cells’ apoptosis 
and activation of anti-tumor immune 
responses

Phase IV Approved treatments in pluri-refrac‑
tory patients

[85]

Elranatamab BCMA and CD3 bispecific antibody
Inducing T-cell mediated cytotoxicity

Phase IV Observed promising early responses 
with manageable safety

[84]

GPRC5D Talquetamab CD3 and GPRC5D bispecific antibody
Mediating immune cells to attack 
GPRC5D-expressing MM cells

Phase III Confirmed response and safety 
in treating relapsed or refractory MM 
in phase II trial

[77]
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chemokines to enhance the clearance of tumor cells is 
another practical strategy. Chemokines can recruit and 
activate immune cells, which makes it a possible solu-
tion for the exhaustion of CAR-T cells. Arming CAR-T 
cells with anti-tumor chemokines reveals feasibility and 
is worth further exploration [16]. Considering exosomes 
or proteinases are also associated with chemokines [13, 
31], research on chemokines can inspire the develop-
ment of other inhibitors in MM, which may contribute to 
more potential targets. Finally, probing into chemokines 
will supplement the mechanism of the current treat-
ment, such as immunomodulators, and better guide the 
clinical practice. To utilize chemokines to treat MM, 
more research focused on the related signaling path-
ways of chemokines should be done. With a comprehen-
sive knowledge of chemokine/chemokine receptor axes, 
researchers can better take advantage of chemokines to 
relieve and treat MM.

CXCR4 inhibitor plerixafor is the only chemokine 
modulator put into clinical use, while motixafortide 
has passed phase III trial recently. Modulators target-
ing CXCL12(SDF-1)-CXCR4 have promising poten-
tial in development and clinical use. Although F50067, 
a CXCR4 antagonist, was observed to be toxic in the 
phase I study, other modulators targeting CXCR4 and 
CXCL12 reveal safety and efficacy in clinical tests. Other 
modulators targeting BCMA, CD38, and SLAMF7 are 
also approved for treating MM patients. Talquetamab, a 
GPRC5D inhibitor, is in the phase III trial now. By com-
parison, there are some difficulties in developing VEGF 
inhibitors with limited efficacy. Inhibition of targets 
such as CCL3-CCR1, CCL5-CCR1, CXCL10-CXCR3, 
CXCL13-CXCR5, MMPs, and CCL2-CCR2 may also be 
developed and applied.
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