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Abstract
CX3CL1 (Fractalkine) is a multifunctional 
inflammatory chemokine with a single recep-
tor CX3CR1. The biological effects elicited by 
CX3CL1 on surrounding cells vary depending 
on a number of factors including its structure, 
the expression pattern of CX3CR1, and the cell 
type. For instance, the transmembrane form of 
CX3CL1 primarily serves as an adhesion mol-
ecule, but when cleaved to a soluble form, 
CX3CL1 predominantly functions as a chemo-
tactic cytokine (Fig.  1.1). However, the bio-
logical functions of CX3CL1 also extend to 
immune cell survival and retention. The pro-
inflammatory nature of CX3CR1-expressing 
immune cells place the CX3CL1:CX3CR1 
axis as a central player in multiple inflamma-
tory disorders and position this chemokine 
pathway as a potential therapeutic target. 
However, the emerging role of this chemokine 
pathway in the maintenance of effector mem-
ory cytotoxic T cell populations implicates it 
as a key chemokine in anti-viral and anti-
tumor immunity, and therefore an unsuitable 

therapeutic target in inflammation. The 
reported role of CX3CL1 as a key regulator of 
cytotoxic T cell-mediated immunity is sup-
ported by several studies that demonstrate 
CX3CL1 as an important TIL-recruiting che-
mokine and a positive prognostic factor in 
colorectal, breast, and lung cancer. Such 
reports are conflicting with an overwhelming 
number of studies demonstrating a pro-
tumorigenic and pro-metastatic role of 
CX3CL1 across multiple blood and solid 
malignancies.

This chapter will review the unique struc-
ture, function, and biology of CX3CL1 and 
address the diversity of its biological effects 
in the immune system and the tumor micro-
environment. Overall, this chapter high-
lights how we have just scratched the surface 
of CX3CL1’s capabilities and suggests that 
further in-depth and mechanistic studies 
incorporating all CX3CL1 interactions must 
be performed to fully appreciate its role in 
cancer and its potential as a therapeutic 
target.
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1.1	 �The CX3CL1:CX3CR1 Axis

C-X3-C motif chemokine ligand 1 (CX3CL1) is a 
unique chemokine functioning in both a trans-
membrane and soluble form, unlike other chemo-
kines which are solely expressed as soluble 
proteins [1]. It is a protein of 373 amino acids 
forming three main domains: chemokine, mucin-
like stalk, and transmembrane [1]. In its trans-
membrane form CX3CL1 functions in immune 
cell adhesion in an integrin-independent manner 
(Fig. 1.1) [2, 3]. The mucin-like stalk facilitates 
cleavage of CX3CL1 by metalloproteases: ADAM 
metallopeptidase domain 10 (ADAM10) under 
homeostatic conditions and ADAM metallopepti-

dase domain 17 (ADAM17) under inflammatory 
conditions [4, 5]. Such cleavage releases the solu-
ble glycoprotein form of CX3CL1, in which it 
primarily functions as a chemotactic cytokine [1]. 
CX3CL1 has also been shown to mediate immune 
cell survival and has been recently described in 
the maintenance of memory populations of cyto-
toxic T cells [6–11]. The distinct biological effects 
of CX3CL1 are mediated through its sole receptor 
CX3CR1, which is expressed by CD8+ T cells, 
natural killer (NK) cells, B cells, monocytes, mac-
rophages, neurons, microglia, smooth muscle 
cells, and even tumor cells in malignancies such 
as pancreatic cancer, multiple myeloma, B-chronic 
lymphocytic leukemia (B-CLL), and metastatic 

Fig. 1.1  The diverse biological functions of CX3CL1. 
CX3CL1 is expressed as a transmembrane protein which 
can be cleaved into a soluble form and secreted into the 
extracellular space. In its transmembrane form, it predom-
inantly functions in adhesion. In a soluble form, it func-

tions as a survival factor and a chemotactic cytokine. Its 
biological effects on cell migration can enable crucial 
immune responses but have also been implicated in 
chronic inflammation and tumor metastasis [1–5, 8, 9, 11, 
16, 24, 27, 30, 50–54]
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prostate cancer [1, 3, 12–17]. The biological 
effects of CX3CL1 are also determined by the dif-
ferential expression of CX3CR1, which can be 
epigenetically regulated by immune cells [10]. 
Specifically, higher CX3CR1 expression by 
IL-7Rαlow effector memory (EM) CD8+ T cells is 
accompanied by higher levels of DNA methyla-
tion of the CX3CR1 gene promoter and this con-
fers increased migratory capacity toward 
CX3CL1, in contrast to the functionally distinct 
IL-7Rαhigh EM CD8+ T cell subset [10]. Therefore, 
since IL-7Rαlow EM CD8+ T cells have higher lev-
els of perforin, it is likely that they have greater 
cytotoxic potential than IL-7Rαhigh EM CD8+ T 
cells and this implicates CX3CL1 as a pivotal 
player in anti-tumor and anti-viral immunity [10]. 
Moreover, CX3CL1 has been shown to differenti-
ate CX3CR1+ pro-inflammatory macrophages in 
the liver implicating it in macrophage-mediated 
hepatic inflammation [18].

The redundancy of the chemokine system is 
an essential fail-safe for the functionality of the 
immune system and may present challenges for 
effectively therapeutically targeting specific 
pathways. For a long time, it was believed that 
the CX3CL1:CX3CR1 axis lacked this redun-
dancy and comprised an exclusive ligand and 
receptor pair, which increased the attractiveness 
of this pathway for therapeutics [3]. However, in 
2010 Nakayama et al. unexpectedly discovered 
that the chemokine CCL26 is a functional ago-
nist for CX3CR1 [3, 12]. CCL26 was already 
established as an antagonist for chemokine 
receptors CCR1, CCR2, and CCR5, and a low-
affinity agonist for CCR3 with 10-fold less affin-
ity than CCL11 [19–21]. Therefore, CCL26 is 
regarded as an interesting and widely interacting 
chemokine, albeit a low-affinity chemokine; it 
has dual agonist and triple antagonist capabili-
ties. CCL26 is classically regarded as a pivotal 
player in allergy and its ability to recruit 
CX3CR1-expressing cells adds another layer of 
complexity to the CX3CL1:CX3CR1 axis. In 
fact, it has been shown to work together with 
CX3CL1 to recruit NK cells to allergic nasal tis-
sue [22]. This highlights the need for consider-
ation of CCL26 in any future studies scrutinizing 
the role of CX3CL1 in cancer.

While the CX3CL1:CX3CR1 pathway is 
important in the recruitment of key anti-tumor 
immune cells such as NK cells and T cells, it has 
been implicated in the progression and metasta-
sis of both hematological and solid malignancies 
[1–3, 13–16, 23–31]. Here, we review key stud-
ies uncovering this chemokine pathway to evalu-
ate whether CX3CL1 is a friend or foe in 
tumorigenesis.

1.2	 �Pro- and Anti-Tumor Immune 
Roles of CX3CL1

There are a number of conflicting studies on the 
role of CX3CL1  in anti-tumor immunity. 
Numerous reports implicate CX3CL1 as a potent 
recruiter of NK cells and T cells into the tumor 
microenvironment and a crucial promoter of 
strong anti-tumor activity [25, 32–35]. Recent 
studies have identified CX3CR1 as a novel 
marker of effector memory CD8+ T cells and a 
potential marker of PD-1 therapy-responsive and 
chemotherapy-resistant CD8+ T cell subsets, 
implicating the importance of this chemokine 
pathway in successful anti-tumor immune 
responses and response to immunotherapy [7, 
36]. In a case study of 158 patients with T2/T3 
stage gastric adenocarcinoma, higher CX3CL1 
levels were shown to correlate with higher infil-
trations of CD8+ T cells and NK cells and were 
identified as independent prognostic factors for 
disease-free survival [37]. Similar results were 
reported in a cohort of 80 colorectal cancer 
patients in which intratumoral CX3CL1 posi-
tively correlated with better prognosis and higher 
density of tumor-infiltrating lymphocytes (TILs) 
[38]. Similarly in 204 invasive breast carcinoma 
patients, intratumoral CX3CL1 levels positively 
correlated with higher tumor infiltrations of NK 
cells, T cells, and dendritic cells (DCs) and were 
identified as independent prognostic factors for 
disease-free and overall survival [39]. 
Interestingly, high intratumoral CX3CL1 expres-
sion was associated with smaller tumor size and 
lower tumor stage regardless of receptor status, 
i.e., estrogen receptor (ER+ and ER−), progester-
one receptor (PR+ and PR−), and human epidermal 
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growth factor receptor 2 (HER2+ and HER2−) 
[39]. Moreover, high intratumoral CX3CL1 was 
more prevalent in patients without lymph node 
metastasis further supporting a positive role for 
this chemokine in controlling breast cancer pro-
gression [39]. Unsurprisingly, intratumoral 
CX3CL1 positively correlated with higher tumor-
infiltrating lymphocytes (TILs) in a second breast 
cancer study [40]. However in contrast to the 
Park et  al. study, this study revealed that high 
CX3CL1 levels observed in 252 of the 757 
patients corresponded with reduced survival and 
poorer clinical outcomes such as lymph node 
involvement, high Ki67, α-B crystallin expres-
sion, and luminal B (worse prognosis luminal 
cancers) subtype [40]. Such adverse clinical out-
comes were mostly observed in the patients with 
the lowest TILs suggesting that the complex and 
multifaceted functions of CX3CL1 in breast car-
cinoma requires further scrutiny and more in-
depth immune profiling among multiple cohorts 
using comparable measures of high and low 
CX3CL1 expression before definitive conclu-
sions can be drawn [40]. As we will discuss later, 
other studies have focused on the pro-tumorigenic 
role of CX3CL1  in breast cancer, which may 
negate any positive effects this chemokine has on 
anti-tumor immunity [26, 27, 31, 40].

To address the concept of CX3CL1 as a pro-
tumor chemokine, it must first be noted that sev-
eral studies have identified it as a key recruiter of 
tumor-associated macrophages (TAMs) into the 
tumor microenvironment and recent reports have 
uncovered soluble and molecular regulators of 
these processes [23, 41]. Zhou et al. reported that 
CX3CL1 correlates with increasing tumor stage 
in a cohort of 38 lung cancer patients, comprising 
23 cases of squamous cell carcinoma and 15 cases 
of adenocarcinoma ranging in stage from I to 
IV.  Schmall et  al. demonstrated that this could 
potentially be mediated via the recruitment of 
TAMs into non-small cell lung carcinomas by 
CX3CL1 and CCL2. These data revealed that 
macrophage-derived IL-10 within the tumor 
microenvironment mediated the upregulation of 
CX3CR1, while tumor-derived CX3CL1 and 
CCL2 expression was driven by CCL1, granulo-
cyte colony-stimulating factor (G-CSF), and 

CCL3 [41]. Furthermore, genetic ablation of 
CX3CL1 and CCL2 inhibited tumor growth and 
metastasis, shifted TAMs toward an anti-tumor 
M1 phenotype, and suppressed tumor vessel 
growth suggesting that blockade of these chemo-
kine pathways might have therapeutic potential to 
block TAM-mediated immune suppression in 
lung cancer [41]. Furthermore, this study demon-
strated that the prevalence of intratumoral CCR2+ 
TAMs correlated with tumor stage in a cohort of 
72 non-small cell lung cancer patients providing 
further evidence that CX3CL1 and CCL2 contrib-
ute to lung tumor progression [41]. While the pre-
vious studies provide insights into CX3CL1’s role 
in lung cancer progression, a larger study examin-
ing datasets for 2443 patients across France, 
Sweden, Canada, and the USA was reported using 
data from The Gene Expression Omnibus data-
base and The Cancer Genome Atlas and con-
cluded that higher levels of intratumoral CX3CL1 
mRNA was associated with improved overall sur-
vival in lung adenocarcinoma but not lung squa-
mous cell carcinoma [42]. Such CX3CL1 
expression was associated with genes regulating 
cell adhesion, leukocyte migration, T cell activa-
tion, and NK cell-mediated cytotoxicity in lung 
adenocarcinoma [42]. These reports present con-
flicting conclusions on the immune repertoires 
recruited to CX3CL1-expressing lung tumors and 
its divergent implications on patient outcomes 
might be impacted by other chemokines in the 
tumor microenvironment. For instance, CX3CL1 
alone might promote anti-tumor immune 
responses against lung tumors, but in the presence 
of CCL2, it may enhance intratumoral TAM accu-
mulation. In a testicular germ cell cancer study, 
Batool et al. demonstrated that the miRNA miR-
125b is epigenetically repressed and that its resto-
ration can reduce CX3CR1 expression and TAM 
recruitment in vivo, suggesting a possible means 
through which TAM accumulation in the tumor 
microenvironment might be regulated [23]. 
However, the role of miRNA miR-125b in the 
recruitment of CX3CR1+ CD8+ T cells and NK 
cells would need to be assessed before this could 
be considered therapeutically.

CX3CL1-mediated recruitment of myeloid 
derived suppressor cells (MDSCs) into the tumor 
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microenvironment is another means through 
which this chemokine compromises anti-tumor 
immunity and facilitates tumor progression 
(Fig. 1.2) [43]. A recent study has pinpointed the 
mechanisms through which CX3CR1 expression 
on MDSC is regulated and a potential means of 
attenuating their CX3CL1-mediated recruitment 
to tumor [43]. In brief, the cyclin-dependent 
kinase (CDK) inhibitors p16INK4 and p21Cip1/
Waf1 are highly expressed by monocytic MDSCs 
(Mo-MDSCs) and stimulate CX3CR1 chemokine 
receptor expression by preventing CDK-mediated 
phosphorylation and inactivation of SMAD3 [43]. 
This study demonstrated that deletion of p16INK4 
and p21Cip1/Waf1 reduces CX3CR1 expression 
on Mo-MDSC and significantly reduces their 
recruitment to CX3CL1-expressing tumors, thus 
suppressing tumor advancement and offering 

therapeutic potential to prevent MDSC-mediated 
immune suppression in the tumor microenviron-
ment [43]. It must be noted that other chemokines 
such as CCL2, CXCL12, and CXCL8 have also 
been shown to enhance MDSC recruitment to the 
tumor microenvironment in gastric and ovarian 
cancers, and therefore they may offer additional 
targets for use with CX3CL1-targeted therapy to 
block migration of tumor-promoting immune 
cells [44, 45]. Furthermore, prostaglandin E2 
(PGE2) has been shown to modulate production 
of some of these chemokines, which presents fur-
ther therapeutic opportunities through antagonism 
of the PGE2 G-protein coupled receptors [45].

With a diverse range of reported immune 
profiles and clinical outcomes accompanying 
high intratumoral CX3CL1, it appears that the 
biological ramifications are dependent on several 
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Fig. 1.2  The anti-tumor and pro-tumor roles of CX3CL1. 
Schematic illustrating the biological effects of CX3CL1 
exerted on immune cells and tumor cells. (a) CX3CL1 
facilitates anti-tumor immune responses via chemoattrac-
tion of CD8+ T cells, natural killer (NK) cells, and den-
dritic cells (DC). (b) In its transmembrane form, CX3CL1 
facilitates cell adhesion and transendothelial migration. 

(c, d) CX3CL1 has been shown to promote osteosarcoma 
cell migration via intercellular adhesion molecule-1 
(ICAM-1) upregulation, breast cancer cell growth via 
transactivation of the epidermal growth factor (EGF) 
pathway, and pancreatic cancer cell growth via hypoxia-

inducible factor (HIF)-1α [2, 3, 31, 39, 48]
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factors including the tumor type and the condi-
tions within the tumor microenvironment. In the 
absence of thorough immune profiling studies 
and at a time when all biological functions of 
CX3CL1 are not completely understood, it is dif-
ficult to define the role of CX3CL1 in cancer and 
future studies must consider a wider array of fac-
tors to truly uncover whether this multifaceted 
chemokine is an enemy or ally of the anti-tumor 
immune response [23, 39, 40].

1.3	 �CX3CL1 Exerts Direct 
Biological Effects on Tumor 
Progression

As previously described, CX3CL1 is a potent 
driver of NK cell and CD8+ T cell migration and 
this in itself should make it a formidable compo-
nent in the immune system’s arsenal against 
tumor growth. While several studies have demon-
strated that high intratumoral CX3CL1 levels 
correspond to high TIL prevalence, there is 
emerging evidence that this chemokine also plays 
a role in shaping the immunosuppressive features 
of the tumor microenvironment [23, 25, 37–39, 
41]. Aside from governing aspects of the immune 
control of tumor growth, CX3CL1 has also been 
shown to elicit direct pro-tumorigenic effects on 
tumor cells through its receptor CX3CR1 and 
these will be discussed in this section.

Pancreatic ductal adenocarcinoma (PDAC) is 
a malignancy plagued with dismal survival rates 
of ~5% and high levels of treatment resistance. 
There is emerging evidence that high expression 
of CX3CR1 and CX3CL1 correlates with poor 
prognosis in PDAC and that CX3CL1 can directly 
and indirectly promote PDAC tumor growth [17, 
29, 46]. This has been the focus of several stud-
ies; a study by Huang et al. revealed significantly 
elevated CX3CL1 and CX3CR1 expression in 
PDAC tumors with highest levels associated with 
metastasis and severity of disease [17]. Further 
analysis demonstrated that CX3CL1 could 
directly enhance both growth and migration of 
PDAC cells and that such growth was regulated 
through the activation of the JAK/STAT signaling 

pathway [17]. In support of this, a more recent 
study has demonstrated that CX3CL1 can pro-
mote motility, invasion, and contact-independent 
growth of PDAC cells and that this can be reduced 
by the CX3CR1 inhibitor JMS-17-2 in an AKT-
dependent manner [29]. These data suggest that 
the CX3CL1:CX3CR1 axis might be therapeuti-
cally targeted to limit PDAC tumor cell growth 
and metastasis [29]. Recent evidence demon-
strates that CX3CL1 also promotes PDAC tumor 
cell survival and resistance to TNF-related 
apoptosis-inducing ligand (TRAIL) in an indirect 
manner via the recruitment of inflammatory cells, 
which in turn induces apoptosis resistance in 
PDAC cells, which is mediated at least in part by 
a RelA-CX3CL1 paracrine pathway [24]. This 
study showed that TRAIL-resistant pancreatic 
cancer cell lines exhibit enhanced NF-κB activity 
compared to sensitive cell lines, and TRAIL 
treatment induces CX3CL1 expression in these 
cells via the RelA-centered NF-κB signaling 
pathway [24]. In summary, these data reveal that 
the augmented migration of inflammatory cells 
conferring TRAIL resistance to PDAC tumors is 
facilitated by TRAIL-mediated activation of 
RelA/NF-κB and subsequent CX3CL1 expres-
sion in such tumors (Fig. 1.1) [24].

CX3CL1-elicited effects via NF-κB activity is 
not confined to TRAIL resistance and has been 
shown to govern tumor progression and metasta-
sis in osteosarcoma through the regulation of 
intercellular adhesion molecule-1 (ICAM-1) 
[47]. This study showed that CX3CL1-induced 
human osteosarcoma cell migration, via upregu-
lation of intercellular adhesion molecule-1 
(ICAM-1) expression, was regulated through the 
CX3CR1/PI3K/Akt/NF-κB pathway (Fig.  1.2) 
[47]. Furthermore, intratumoral levels of 
CX3CL1 and ICAM-1 were associated with 
tumor stage in osteosarcoma patients and further 
in vivo studies revealed that lung metastases of 
osteosarcomas are governed at least in part by 
CX3CL1 [47]. Interestingly, such CX3CL1-
mediated regulation of ICAM-1 was not observed 
in a separate study on circulating CD8+ T cells 
suggesting that the effects of CX3CL1 are depen-
dent on the cell type [6].
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It is well established that tumor cells must 
alter their metabolic processes to survive in the 
hypoxic and nutrient-depleted tumor microenvi-
ronment. A study by Ren et al. has revealed that 
CX3CL1 stimulated Hypoxia-Inducible Factor 
(HIF)-1α expression in PDAC through the PI3K/
Akt and MAPK pathways subsequently facilitat-
ing enhanced glucose uptake, thus identifying 
CX3CL1 as a promoter of PDAC tumor cell 
growth and survival in the challenging tumor 
microenvironment (Fig. 1.2) [48].

While the last section highlighted CX3CL1-
mediated effects on breast cancer progression via 
its cross talk with the immune system, this com-
plex chemokine has also been shown to directly 
exert biological effects on breast cancer cells. For 
instance, a recent study demonstrated that 
CX3CL1 transactivates ErbB receptors in human 
breast cancer cells and triggered proliferation of 
such cells through the proteolytic shedding of an 
ErbB ligand (Fig. 1.2) [31]. The group concluded 
that it is likely that CX3CL1 acts as a specific 
tumor promoter for ErbB2-expressing mammary 
carcinomas [31].

The CX3CL1-mediated promotion of tumor 
progression is not limited to solid malignancies 
and has been shown in several hematological 
malignancies. It is well established that CXCR4 
and its ligand CXCL12 are players in the migra-
tion of myeloma cells to bone marrow and stud-
ies are uncovering a role for the 
CX3CL1:CX3CR1 axis in cross talk between 
multiple myelomas and their bone microenvi-
ronments [14]. In B-cell chronic lymphocytic 
leukemia (B-CLL), a study by Corcione et  al. 
reported that CX3CL1 binding to CX3CR1 on 
B-CLL cells leads to the upregulation of 
CXCR4 and increased migration of B-CLL 
cells to monocyte-derived nurse like cells 
(NLCs) expressing CXCL12  in the tumor 
microenvironment [15].

It is clear that CX3CL1 elicits biological 
effects outside its defined function of an immune 
cell adhesion and chemotactic protein and that 
its role within the tumor microenvironment is 
shaped by complex multicellular and molecular 
cross talk.

1.4	 �CX3CL1 in the Metastatic 
Niche

Emerging evidence suggests that CX3CL1 gov-
erns spinal metastasis of primary lung, kidney, 
breast, and prostate tumors [16, 27]. In a study by 
Liu et al., a lack of CX3CR1 expression in such 
metastatic tumors was reported and this is likely 
due to sustained reduction of the receptor on the 
cell surface following ligand binding [6, 27]. So 
far, such CX3CL1-mediated internalization of 
CX3CR1 has only been reported on CD8+ T cells 
and further work is warranted to determine 
whether this also occurs in cancer cells and to 
confirm the biological ramifications [6]. However, 
others have shown that both CX3CL1 and 
CX3CR1 expression is higher in prostate meta-
static tumors in spine compared to the primary 
tumor site and that CX3CR1 overexpression 
leads to more spinal metastasis in mice [16, 27]. 
Further analyses revealed that CX3CL1 elicited 
its effects on prostate tumor metastasis via activa-
tion of the Src/FAK pathway in an epidermal 
growth factor receptor (EGFR)-dependent man-
ner [16]. The inhibitors of these kinases repressed 
the cell migration induced by CX3CL1 or 
CX3CR1 overexpression and therefore may rep-
resent potential targets for preventing spinal 
metastasis in prostate cancer [16]. Others have 
also implicated CX3CL1-mediated spinal metas-
tasis of breast tumors via the Src/FAK pathway 
and have demonstrated that the Src inhibitor 
Bosutinib and FAK inhibitor PF-00562271 can 
reduce CX3CL1-driven migration further, indi-
cating that these are targetable pathways in the 
prevention of spinal metastasis of solid tumors 
[26]. In PDAC, tumor perineural dissemination is 
a common mechanism through which tumor 
recurrence occurs following surgery and the 
CX3CL1:CX3CR1 pathway is believed to drive 
the migration of the PDAC cells to local periph-
eral nerves [28]. Of course, CX3CL1-mediated 
metastasis is not restricted to the spine and the 
chemokine has also been implicated in lymph 
node involvement [40, 49]. Lymph node metasta-
sis was promoted by CX3CL1 via activation of 
JNK and MMP2/MMP9 activity in lung cancer 
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cells [49]. Furthermore CX3CL1 was shown to 
promote epithelial-to-mesenchymal transition 
through the TACE/TGF-α/EGFR pathway and 
subsequent upregulation of Slug expression in 
prostate cancer cells [30].

Overall, it appears that the CX3CL1 can gov-
ern cancer metastasis, either via CX3CR1 over-
expression by metastatic tumor cells to facilitate 
spread to the CX3CL1-enriched microenviron-
ments or via direct effects on signaling path-
ways affecting the EMT pathways of cancer 
cells [30, 42].

1.5	 �CX3CL1 in Inflammation-
Driven and Obesity-
Associated Cancer

As a key regulator of pro-inflammatory cell 
migration, it is now well established that 
CX3CL1 plays a central role in multiple inflam-
matory conditions such as asthma, obesity, der-
matitis, diabetes, and neuropathic pain [6, 9, 
50–53]. In neuroinflammation, CX3CL1 medi-
ates its effects via activation of CX3CR1 on 
microglial cells and subsequent phosphorylation 
of p38 MAPK [50]. Furthermore, CX3CL1-
mediated activation of satellite glial cells leads to 
TNFα, IL-1β, and prostanoid expression to main-
tain the inflammatory-associated pain [52]. In air-
way inflammation, CX3CL1 serves to promote 
survival of pro-inflammatory T cells in the 
inflamed lungs of asthma patients [9]. The 
involvement of CX3CL1  in inflammatory disor-
ders is further facilitated through its induction by 
inflammatory cytokines such as TNF-α and IFN-γ 
which are often expressed by the CX3CL1-
responsive lymphocytes and myeloid cells, and 
this can provide a pathological feedback loop in 
maintaining the chronicity of the inflammation 
and in the exacerbation of disease [54]. For 
instance, the inflammatory subtype of monocytes/
macrophages expressing intermediate levels of 
CX3CR1 (CX3CR1INT) and producing TNF-α, 
IL-1 IL-6, and CCL2 are enriched in inflamed 
colon, where they undoubtedly contribute to 
tissue inflammation and further recruitment of 
inflammatory cells [55].

Inflammation-driven and obesity-associated 
malignancies represent a unique challenge for the 
immune system in that the desired immune 
response should facilitate tumor eradication 
without exacerbating tumorigenic inflammation 
derived from obese adipose tissue, and this pres-
ents challenges for cancer immunotherapy. Given 
the involvement of CX3CL1  in a plethora of 
inflammatory disorders, one would assume that it 
plays a role in the pathogenesis of inflammation-
driven malignancies [9, 50–53, 56]. However, 
studies have shown that CX3CL1 is associated 
with better outcomes in the inflammatory-driven 
and obesity-associated colorectal cancer [38]. 
Moreover, a study by Erreni et al. indicates that 
this may be facilitated by the adhesive and reten-
tion functions of CX3CL1, which prevents 
migration of primary tumor cells and limits meta-
static progression [57]. This is in striking contrast 
to the pro-metastatic role of CX3CL1 in breast, 
lung, kidney, pancreatic, bone, and prostate can-
cer described earlier.

While CX3CL1 has been identified as a key 
player in adipose tissue inflammation in obesity, 
its role in the tumorigenesis of obesity-associated 
cancers such as oesophageal adenocarcinoma 
(OAC) is poorly understood. OAC is an exemplar 
model of inflammation-driven cancer and has one 
of the strongest associations with obesity of all 
malignancies [58]. Several studies have revealed 
that the immune system is dysregulated and sev-
eral chemokine pathways are altered in OAC 
patients and this undoubtedly contributes to 
chronic inflammation and compromised anti-
tumor immunity in this cohort [6, 59–62]. One 
study by Conroy et al. has identified that CX3CL1 
is a key regulator of CD8+ T cells in OAC and 
that its abundance in the visceral adipose tissue 
(VAT) strongly correlates with markers of meta-
inflammation such as CRP in these patients [6]. 
This is not surprising since there is an abundance 
of T cells expressing CX3CL1-inducing cyto-
kines IFN-γ and TNF-α in these tissues [59, 60]. 
However, the role of CX3CL1  in anti-tumor 
immunity at the tumor site and its effects on 
tumor metastasis and patient outcomes warrant 
further investigation in these patients. It is known 
that CX3CL1 can alter the CX3CR1 and 
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L-selectin expression of cytotoxic T cells in OAC 
and this is likely to have significant ramifications 
for their anti-tumor activities in this cohort [6]. 
Inflammation-triggered changes in CX3CR1 
expression by monocytes/macrophages have also 
been observed in inflamed colon leading to the 
accumulation of the most inflammatory 
CX3CR1INT populations of these cells in inflamed 
tissue, in comparison to the CX3CR1HI phenotype 
observed in normal colon [55]. Other phenotypic 
and transcriptional alterations observed in this 
study suggested that this altered CX3CR1 expres-
sion represents impaired monocyte-to-macrophage 
differentiation in inflamed colon, but the role of 
CX3CL1 in this cross talk was not elucidated [55]. 
However, given its regulation of CX3CR1 expres-
sion by T cells, CX3CL1 is a likely candidate in the 
inflammatory shift of gut-homing monocytes in 
intestinal inflammation [6, 55].

At a time when inflammation-driven and 
obesity-associated malignancies such as CRC 
and OAC are increasing in prevalence, it is 
becoming more urgent to delineate the role of 
CX3CL1  in the chronic inflammation and anti-
tumor immune responses of such immunologi-
cally complex patients.

1.6	 �Challenges 
of Therapeutically Targeting 
the CX3CL1:CX3CR1 Pathway

The complex functionality of CX3CL1 as a regu-
lator of migration, adhesion, and survival of both 
anti-tumor and pro-tumor immune cells and a 
facilitator of cancer growth and metastasis cloud 

its potential as an anti-cancer therapeutic. While 
the blockade of the CX3CL1:CX3CR1 chemo-
kine pathway might limit tumor progression, it is 
also likely to attenuate NK cell and cytotoxic T 
cell recruitment to the tumor microenvironment, 
potentially disrupting effective anti-tumor immu-
nity. Moreover, CX3CL1’s reported role in limit-
ing metastasis of colorectal tumors and in the 
maintenance of crucial T cell populations would 
also be compromised if its signaling through 
CX3CR1 was antagonized. While its biological 
effects vary between cancer types and cell types, 
the ability of CX3CL1 to recruit NK cells and T 
cells remains constant which should be taken into 
account when considering its suitability as an 
immunotherapeutic target. While the CX3CR1 
antagonist JMS-17-2 shows great promise to dis-
rupt breast cancer metastasis and might present a 
feasible approach in other malignancies, such 
antagonism might have negative effects on 
CX3CL1’s governance of T cells and NK cells 
and this must be heavily scrutinized before such 
therapeutics are considered [6, 7, 25, 32, 63]. The 
multifaceted functionality of CX3CL1  in the 
context of the immune system alone is fascinat-
ing and complex, from a recruiter of MDSCs and 
TAMs to a potent orchestrator of anti-tumor 
immune cell migration and phenotype, and a 
driver of pathological inflammation [6, 17, 23, 
25, 32, 43, 51, 56]. However, the doubled-edged 
nature of CX3CL1’s biological effects present it 
as a more challenging therapeutic target and 
therefore more in-depth in vivo studies are war-
ranted to gain a deeper understanding of its role 
in the progression of cancer and governance of 
the immune system (Table 1.1).

Table 1.1  Pro- and anti-tumorigenic functions of CX3CL1

Cancer type Pro-tumorigenic functions Anti-tumorigenic functions Reference
Breast CX3CL1 governs spinal metastasis of 

breast tumors via the Src/FAK pathway.
CX3CL1 induces ErbB receptors in 
human breast cancer cells and triggered 
proliferation of such cells through the 
proteolytic shedding of an ErbB ligand 
and transactivates EGF pathway.

High intratumoral CX3CL1 associated 
with higher TILs, less lymph node 
involvement, lower tumor stage and size.

[26, 31, 
39]

(continued)

1  CX3CL1 Signaling in the Tumor Microenvironment



10

References

	 1.	Bazan JF et  al (1997) A new class of membrane-
bound chemokine with a CX3C motif. Nature 
385(6617):640–644

	 2.	Fong AM et al (1998) Fractalkine and CX3CR1 medi-
ate a novel mechanism of leukocyte capture, firm 
adhesion, and activation under physiologic flow. J 
Exp Med 188(8):1413–1419

	 3.	 Imai T et al (1997) Identification and molecular char-
acterization of fractalkine receptor CX3CR1, which 
mediates both leukocyte migration and adhesion. Cell 
91(4):521–530

	 4.	Garton KJ et al (2001) Tumor necrosis factor-alpha-
converting enzyme (ADAM17) mediates the cleavage 
and shedding of fractalkine (CX3CL1). J Biol Chem 
276(41):37993–38001

	 5.	Tsou CL, Haskell CA, Charo IF (2001) Tumor 
necrosis factor-alpha-converting enzyme mediates 
the inducible cleavage of fractalkine. J Biol Chem 
276(48):44622–44626

	 6.	Conroy MJ et  al (1867) Identifying a Novel Role 
for Fractalkine (CX3CL1) in Memory CD8+ T Cell 
Accumulation in the Omentum of Obesity-Associated 
Cancer Patients. Front Immunol 9:2018

	 7.	Bottcher JP et  al (2015) Functional classification of 
memory CD8(+) T cells by CX3CR1 expression. Nat 
Commun 6:8306

	 8.	White GE et  al (2014) Fractalkine promotes human 
monocyte survival via a reduction in oxidative stress. 
Arterioscler Thromb Vasc Biol 34(12):2554–2562

	 9.	Mionnet C et al (2010) CX3CR1 is required for air-
way inflammation by promoting T helper cell sur-
vival and maintenance in inflamed lung. Nat Med 
16(11):1305–1312

Cancer type Pro-tumorigenic functions Anti-tumorigenic functions Reference
Pancreatic High CX3CL1 and CX3CR1 associated 

with metastasis and disease severity.
CX3CL1 promotes invasion and growth 
of pancreatic cancer cells and drives their 
migration to local peripheral nerves.
TRAIL resistance in pancreatic cancer is 
conferred via RelA-CX3CL1 paracrine 
pathway.
CX3CL1 stimulates HIF-1α expression 
via PI3K/Akt and MAPK pathways 
facilitating enhanced glucose uptake and 
pancreatic tumor cell growth.

[17, 24, 
28, 29, 
48]

Colorectal High CX3CL1 correlates with higher TILs. [38]
Gastric High CX3CL1 correlates with higher TILs. [37]
Lung CX3CL1 correlates with increasing 

tumor stage and contributes to TAM 
accumulation in lung cancer.
CX3CL1 promoted lymph node 
metastasis via JNK and MMP2/MMP9 
pathway in lung cancer cells.

High CX3CL1 expression associated with 
leukocyte migration, T cell activation and 
NK cell-mediated cytotoxicity and better 
prognosis in lung adenocarcinoma.

[41, 42, 
49]

Osteosarcoma CX3CL1 induces osteosarcoma cell 
migration, by enhancing ICAM-1 via the 
CX3CR1 /PI3K/Akt/NF-κB pathway.
CX3CL1 governs lung metastasis.

[47]

B-CLL CX3CL1 enhances B-CLL cell 
migration.

[15]

Multiple 
Myeloma 
(MM)

CX3CL1:CX3CR1 axis plays a role in 
MM cell migration to their bone 
microenvironment.

[14]

Prostate CX3CL1 and CX3CR1 govern spinal 
metastasis of prostate tumors via the Src/
FAK pathway.
CX3CL1 promotes EMT transition in 
prostate tumors via TACE/TGF-α/EGFR 
and upregulation of Slug.

[16, 27, 
30]

Table 1.1  (continued)

M. J. Conroy and J. Lysaght



11

	10.	Shin MS et  al (2015) DNA Methylation Regulates 
the Differential Expression of CX3CR1 on Human 
IL-7Ralphalow and IL-7Ralphahigh Effector Memory 
CD8+ T Cells with Distinct Migratory Capacities to 
the Fractalkine. J Immunol 195(6):2861–2869

	11.	Landsman L et  al (2009) CX3CR1 is required for 
monocyte homeostasis and atherogenesis by promot-
ing cell survival. Blood 113(4):963–972

	12.	Nakayama T et  al (2010) Eotaxin-3/CC chemo-
kine ligand 26 is a functional ligand for CX3CR1. J 
Immunol 185(11):6472–6479

	13.	Nishimura M et  al (2002) Dual functions of frac-
talkine/CX3C ligand 1  in trafficking of perforin+/
granzyme B+ cytotoxic effector lymphocytes that 
are defined by CX3CR1 expression. J Immunol 
168(12):6173–6180

	14.	Wada A et al (2015) Role of chemokine CX3CL1 in 
progression of multiple myeloma via CX3CR1 in bone 
microenvironments. Oncol Rep 33(6):2935–2939

	15.	Corcione A, Ferretti E, Pistoia V (2012) CX3CL1/
fractalkine is a novel regulator of normal and 
malignant human B cell function. J Leukoc Biol 
92(1):51–58

	16.	Liu P et al (2018) CX3CL1/fractalkine enhances pros-
tate cancer spinal metastasis by activating the Src/
FAK pathway. Int J Oncol 53(4):1544–1556

	17.	Huang LY et al (2012) Fractalkine upregulates inflam-
mation through CX3CR1 and the Jak-Stat pathway 
in severe acute pancreatitis rat model. Inflammation 
35(3):1023–1030

	18.	Lee YS et al (2018) CX3CR1 differentiates F4/80(low) 
monocytes into pro-inflammatory F4/80(high) mac-
rophages in the liver. Sci Rep 8(1):15076

	19.	Kitaura M et al (1999) Molecular cloning of a novel 
human CC chemokine (Eotaxin-3) that is a functional 
ligand of CC chemokine receptor 3. J Biol Chem 
274(39):27975–27980

	20.	Petkovic V et al (2004) Eotaxin-3/CCL26 is a natu-
ral antagonist for CC chemokine receptors 1 and 5. A 
human chemokine with a regulatory role. J Biol Chem 
279(22):23357–23363

	21.	Ogilvie P et al (2003) Eotaxin-3 is a natural antago-
nist for CCR2 and exerts a repulsive effect on human 
monocytes. Blood 102(3):789–794

	22.	El-Shazly AE et al (2013) Novel cooperation between 
CX3CL1 and CCL26 inducing NK cell chemotaxis 
via CX3CR1: a possible mechanism for NK cell infil-
tration of the allergic nasal tissue. Clin Exp Allergy 
43(3):322–331

	23.	Batool A et  al (2018) A miR-125b/CSF1-CX3CL1/
tumor-associated macrophage recruitment axis con-
trols testicular germ cell tumor growth. Cell Death 
Dis 9(10):962

	24.	Geismann C et  al (2018) TRAIL/NF-kappaB/
CX3CL1 mediated onco-immuno crosstalk leading to 
TRAIL resistance of pancreatic cancer cell lines. Int J 
Mol Sci 19:6

	25.	Lavergne E et al (2003) Fractalkine mediates natural 
killer-dependent antitumor responses in vivo. Cancer 
Res 63(21):7468–7474

	26.	Liang Y et al (2018) CX3CL1 involves in breast can-
cer metastasizing to the spine via the Src/FAK signal-
ing pathway. J Cancer 9(19):3603–3612

	27.	Liu W et al (2017) CX3CL1: a potential chemokine 
widely involved in the process spinal metastases. 
Oncotarget 8(9):15213–15219

	28.	Marchesi F et  al (2008) The chemokine receptor 
CX3CR1 is involved in the neural tropism and malig-
nant behavior of pancreatic ductal adenocarcinoma. 
Cancer Res 68(21):9060–9069

	29.	Stout MC et al (2018) Inhibition of CX3CR1 reduces 
cell motility and viability in pancreatic adenocarci-
noma epithelial cells. Biochem Biophys Res Commun 
495(3):2264–2269

	30.	Tang J et al (2016) CX3CL1 increases invasiveness and 
metastasis by promoting epithelial-to-mesenchymal 
transition through the TACE/TGF-alpha/EGFR path-
way in hypoxic androgen-independent prostate cancer 
cells. Oncol Rep 35(2):1153–1162

	31.	Tardaguila M et al (2013) CX3CL1 promotes breast 
cancer via transactivation of the EGF pathway. Cancer 
Res 73(14):4461–4473

	32.	Xin H et  al (2005) Antitumor immune response by 
CX3CL1 fractalkine gene transfer depends on both 
NK and T cells. Eur J Immunol 35(5):1371–1380

	33.	Nukiwa M et  al (2006) Dendritic cells modified to 
express fractalkine/CX3CL1 in the treatment of pre-
existing tumors. Eur J Immunol 36(4):1019–1027

	34.	Zeng Y et al (2005) Fractalkine gene therapy for neu-
roblastoma is more effective in combination with tar-
geted IL-2. Cancer Lett 228(1–2):187–193

	35.	Siddiqui I et  al (2016) Enhanced recruitment of 
genetically modified CX3CR1-positive human T 
cells into Fractalkine/CX3CL1 expressing tumors: 
importance of the chemokine gradient. J Immunother 
Cancer 4:21

	36.	Yan Y et al (2018) CX3CR1 identifies PD-1 therapy-
responsive CD8+ T cells that withstand chemo-
therapy during cancer chemoimmunotherapy. JCI 
Insight 3:8

	37.	Hyakudomi M et  al (2008) Increased expression of 
fractalkine is correlated with a better prognosis and 
an increased number of both CD8+ T cells and natu-
ral killer cells in gastric adenocarcinoma. Ann Surg 
Oncol 15(6):1775–1782

	38.	Ohta M et al (2005) The high expression of Fractalkine 
results in a better prognosis for colorectal cancer 
patients. Int J Oncol 26(1):41–47

	39.	Park MH, Lee JS, Yoon JH (2012) High expression of 
CX3CL1 by tumor cells correlates with a good prog-
nosis and increased tumor-infiltrating CD8+ T cells, 
natural killer cells, and dendritic cells in breast carci-
noma. J Surg Oncol 106(4):386–392

	40.	Tsang JY et  al (2013) CX3CL1 expression is asso-
ciated with poor outcome in breast cancer patients. 
Breast Cancer Res Treat 140(3):495–504

	41.	Schmall A et al (2015) Macrophage and cancer cell 
cross-talk via CCR2 and CX3CR1 is a fundamental 
mechanism driving lung cancer. Am J Respir Crit 
Care Med 191(4):437–447

1  CX3CL1 Signaling in the Tumor Microenvironment



12

	42.	Liu J et al (2019) Increased CX3CL1 mRNA expres-
sion level is a positive prognostic factor in patients with 
lung adenocarcinoma. Oncol Lett 17(6):4877–4890

	43.	Okuma A et  al (2017) p16(Ink4a) and p21(Cip1/
Waf1) promote tumour growth by enhancing myeloid-
derived suppressor cells chemotaxis. Nat Commun 
8(1):2050

	44.	Obermajer N et al (2011) PGE(2)-induced CXCL12 
production and CXCR4 expression controls the accu-
mulation of human MDSCs in ovarian cancer envi-
ronment. Cancer Res 71(24):7463–7470

	45.	Kalinski P (2012) Regulation of immune responses by 
prostaglandin E2. J Immunol 188(1):21–28

	46.	Xu X et  al (2012) High expression of CX3CL1/
CX3CR1 axis predicts a poor prognosis of pancre-
atic ductal adenocarcinoma. J Gastrointest Surg 
16(8):1493–1498

	47.	Liu JF, Tsao YT, Hou CH (2017) Fractalkine/
CX3CL1 induced intercellular adhesion molecule-1-
dependent tumor metastasis through the CX3CR1/
PI3K/Akt/NF-kappaB pathway in human osteosar-
coma. Oncotarget 8(33):54136–54148

	48.	Ren H et  al (2013) The CX3CL1/CX3CR1 repro-
grams glucose metabolism through HIF-1 path-
way in pancreatic adenocarcinoma. J Cell Biochem 
114(11):2603–2611

	49.	Su YC et al (2018) Differential impact of CX3CL1 on 
lung cancer prognosis in smokers and non-smokers. 
Mol Carcinog 57(5):629–639

	50.	Staniland AA et  al (2010) Reduced inflammatory 
and neuropathic pain and decreased spinal microglial 
response in fractalkine receptor (CX3CR1) knockout 
mice. J Neurochem 114(4):1143–1157

	51.	Shah R et  al (2011) Fractalkine is a novel human 
adipochemokine associated with type 2 diabetes. 
Diabetes 60(5):1512–1518

	52.	Souza GR et al (2013) Fractalkine mediates inflam-
matory pain through activation of satellite glial cells. 
Proc Natl Acad Sci U S A 110(27):11193–11198

	53.	Xueyao Y et al (2014) Circulating fractalkine levels 
predict the development of the metabolic syndrome. 
Int J Endocrinol 2014:715148

	54.	Cefalu WT (2011) Fractalkine: a cellular link between 
adipose tissue inflammation and vascular pathologies. 
Diabetes 60(5):1380–1382

	55.	Desalegn G, Pabst O (2019) Inflammation trig-
gers immediate rather than progressive changes in 
monocyte differentiation in the small intestine. Nat 
Commun 10(1):3229

	56.	Dorgham K et  al (2009) An engineered CX3CR1 
antagonist endowed with anti-inflammatory activity. 
J Leukoc Biol 86(4):903–911

	57.	Erreni M et  al (2016) The fractalkine-receptor axis 
improves human colorectal cancer prognosis by 
limiting tumor metastatic dissemination. J Immunol 
196(2):902–914

	58.	Renehan AG et  al (2008) Body-mass index and 
incidence of cancer: a systematic review and meta-
analysis of prospective observational studies. Lancet 
371(9612):569–578

	59.	Conroy MJ et  al (2016) Parallel profiles of inflam-
matory and effector memory T cells in visceral 
fat and liver of obesity-associated cancer patients. 
Inflammation 39(5):1729–1736

	60.	Lysaght J et  al (2011) T lymphocyte activation in 
visceral adipose tissue of patients with oesophageal 
adenocarcinoma. Br J Surg 98(7):964–974

	61.	Conroy MJ et al (2016) CCR1 antagonism attenuates 
T cell trafficking to omentum and liver in obesity-
associated cancer. Immunol Cell Biol 94(6):531–537

	62.	Kavanagh ME et al (2019) Altered T cell migratory 
capacity in the progression from barrett oesophagus to 
oesophageal adenocarcinoma. Cancer Microenviron 
12(1):57–66

	63.	Shen F et al (2016) Novel small-molecule CX3CR1 
antagonist impairs metastatic seeding and colo-
nization of breast cancer cells. Mol Cancer Res 
14(6):518–527

M. J. Conroy and J. Lysaght


	1: CX3CL1 Signaling in the Tumor Microenvironment
	1.1	 The CX3CL1:CX3CR1 Axis
	1.2	 Pro- and Anti-Tumor Immune Roles of CX3CL1
	1.3	 CX3CL1 Exerts Direct Biological Effects on Tumor Progression
	1.4	 CX3CL1 in the Metastatic Niche
	1.5	 CX3CL1 in Inflammation-Driven and Obesity-Associated Cancer
	1.6	 Challenges of Therapeutically Targeting the CX3CL1:CX3CR1 Pathway
	References


