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Abstract 

 

The chemokine system plays a fundamental role in a diverse range of physiological processes, 

such as homeostasis and immune responses. Dysregulation in the chemokine system has been 

linked to inflammatory diseases and cancer, which renders chemokine receptors to be 

considered as therapeutic targets. In the past two decades, around 45 drugs targeting chemokine 

receptors have been developed, yet only 3 are clinically approved. The challenging factors 

include the limited understanding of aberrant chemokine signalling in malignant diseases, high 

redundancy of the chemokine system, differences between cell types and non-specific binding 

of the chemokine receptor antagonists due to the broad ligand binding pockets. In recent years, 

emerging studies attempt to characterise the chemokine ligand-receptor interactions and the 

downstream signalling protein-protein interactions, aiming to fine tuning to the promiscuous 

interplay of the chemokine system for the development of precision medicine. This review will 

outline the updates on the mechanistic insights in the chemokine system and propose some 

potential strategies in the future development of targeted therapy. 

 

Introduction 

 

Chemokine signalling was initially identified to be a key coordinator in leukocyte trafficking 

in immune responses and inflammation [1,2]. In the past two decades, emerging evidence 

shows that dysregulation of the chemokine system is implicated in pathogenesis of cancer [3]. 

Different ligand-receptor pairs have been demonstrated to be involved in distinct pro- and anti-

tumour functions in cancer, such as angiogenesis, proliferation, differentiation, immune 

evasion and metastasis [4]. The overexpression profile of chemokine receptors is different in a 

variety of cancers, such as breast cancer, pancreatic cancer and lung cancer [5,6]. In light of 

this, chemokine receptors have become potential targets for cancer targeted therapy.   

 

In the past two decades, numerous attempts have been developing drugs targeting chemokine 

receptors, and yet only 3 out of 45 are clinical approved [7]: Maraviroc, a CCR5 allosteric 

antagonist for anti-HIV [8]; Plerixafor, a CXCR4 antagonist for non-Hodgkin’s lymphoma and 

multiple myeloma [9]; Mogamulizumab, an anti-CXCR4 monoclonal antibody for T cell 

leukaemia and cutaneous T cell lymphoma [10]. Why is it so challenging to employ chemokine 

receptors as therapeutic targets? First, the chemokine system is so complex [11,12,13]. A 

thorough understanding of redundancy of chemokine receptor-ligand binding remains obscure. 

Secondly, chemokine signalling plays a key role in pathogenesis while it is also important in 

physiological processes [2,3,12,13]. Moreover, the broad, open features of chemokine 

receptors add difficulties to designing chemokine receptor antagonists without any non-

specific binding [14]. 

 



In recent years, considerable efforts have been made to improve the understanding of the 

complexity of the chemokine system. Thanks to the latest techniques, fluorescence (FRET) and 

bioluminescence (BRET) resonance energy transfer have been broadly used for characterising 

the chemokine ligand-receptor interactions and protein-protein interactions in live cells [15,16]. 

Recent research trend aims to modulate the intricate signalling pathway in the chemokine 

system which has been a step forward in the development of precision medicine. This review 

will summarise recent discoveries regarding biased signalling in the chemokine system and 

illustrate how the proposed mechanisms potentially transform into the strategies in the 

discovery and development of targeted therapy. 

  

Background on the chemokine signalling system 

 

The chemokine receptors belong to the class A of G protein-coupled receptor (GPCR) 

superfamily. GPCRs are characterised as a seven-transmembrane domain with a flexible 

extracellular N-terminus connected to the intracellular C-terminus through three extra-cellular 

(ECL) and three intra-cellular (ICL) loops [17,18]. To date, 19 canonical chemokine receptors, 

including CC, CXC, CX3C and XC subfamilies, and four atypical chemokine receptors 

(ACKRs) have been characterised in humans [17,20]. The structure of chemokine receptors is 

highly conserved in the presence of a DRYLAIV motif within the second ICL, except for the 

ACKRs [19,20].  

 

In the inactivated state, chemokine receptors are coupled to a heterotrimeric GTP-binding 

protein (G protein) comprising of ,  and  subunits [21,22]. Upon chemokine ligand binding, 

the activation signal promotes the exchange of GDP for a GTP at the G subunit, leading to 

the dissociation of the GTP-bound G subunit from G  dimers. G and G subunits separate 

from the receptor to transduce downstream signalling accordingly [22]. G proteins can be 

subdivided into four isoforms: Gs, Gi, Gq/11 and G12/13, which possess differential 

functionality. The activated chemokine receptor is able to induce the activation of one or 

multiple G and G proteins at the same time [23]. Generally, the differential G protein 

signalling involves intracellular calcium mobilisation, stimulation or inhibition of cAMP 

production and activation of second messengers, such as Ras, Rho and Rac. These second 

messengers in turn stimulate multiple kinase cascades regulating cellular functions, 

contributing to chemotaxis, gene transcription, cell survival and proliferation (detailed in 

Figure 1) [23]. 

 



 
Figure 1. G protein-dependent signalling 

Schematic diagram of the distinct signalling pathways upon chemokine receptor activation 

through G proteins (Abbreviations: ATP- Adenosine triphosphate; cAMP- Cyclic adenosine 

monophosphate; DAG- Diacylglycerol; GDP- Guanosine diphosphate; GEF- Guanine 

nucleotide exchange factor; GTP- Guanosine triphosphate; IP3- Inositol trisphosphate; 

MAPKs- Mitogen-activated protein kinases; PI3Ks- Phosphoinositide 3-kinases; PIP2- 

Phosphatidylinositol (4,5)-bisphosphate; PIP3- Phosphatidylinositol (3,4,5)-trisphosphate; 

PKA- Protein kinase A; PKC- Protein kinase C) 

 

In addition to G protein-dependent signalling, some chemokine receptors initiate signalling 

independent of G proteins. The critical mediator in this pathway is a family of -arrestin 

proteins, which serves as binding scaffolds at the cytosolic face of the receptor for the 

recruitment of the endocytic machinery [24], as well as kinases to elicit intracellular signalling 

[25,26] (detailed in Figure 2). 

 



 
Figure 2. G protein-independent signalling through -arrestin recruitment 

Schematic diagram of the downstream signalling pathway and receptor endocytic sorting upon 

chemokine receptor activation through -arrestin recruitment (Abbreviations: AP2- Adaptor 

protein 2; ERK- Extracellular-signal-regulated kinase; GRK- G protein -coupled receptor 

kinase) 

 

Chemokine receptor conformational selection model in receptor activation 

 

Current studies have established a chemokine receptor conformational selection model 

[17,20,27] as a structural basis in chemokine receptor activation to replace the conventional 

two-step model [18]. In the initial step of receptor recognition, the N-loop of chemokine binds 

the N-terminus of the chemokine receptor, known as chemokine recognition site 1 (CRS1) 

[17,20,27]. Within the ligand-receptor interactions, it involves dynamic conformational 

changes in the chemokine ligand with multiple binding sites that facilitates the activation of 

the receptor [27]. To elucidate the diversity of chemokine signalling from different ligand-

receptor pairs, the post-translationally modified residues at the N-terminus of the chemokine 

receptor are the crucial components for contacting their cognate ligands to initiate biased 

signalling. For example, sulfation at three tyrosine residues for CXCL12/CXCR4 pair [28] and 

polysialylation for CCL21/CCR7 pair [29]. In the second step of receptor activation, the N-

terminus of chemokine interacts with the receptor transmembrane domains named as CRS2 

[17,20,27]. Numerous literatures show that the cysteine motif in chemokine is the critical 



component in receptor activation [30,31,32]. A recent study yields an insight into some other 

motifs of the N-terminal residues in chemokine that potentially modulates crosstalk between 

CRS1 and CRS2 of the chemokine receptor. In particular, GP motif of the ELR residues in 

CXCL8 is an important regulator in mediating multiple receptor signalling pathways [27]. In 

summary, a specific N-loop and specific motif in the N-terminus of chemokine are the key 

determinants for canonical chemokine receptor selectivity and activity. 

 

Though there is an exceptional case for ACKR3. In ACKR3, a specific N-loop of chemokine 

is dispensable for receptor activity and alterations in N-terminal residues cause minimal effects 

in receptor potency [33]. Whether this exceptional observation applies to other ACKRs remains 

to be investigated. 

 

Biased signalling in the chemokine system 

 

Biased signalling in the chemokine system have increasingly reported by numerous studies in 

recent years [31,32,33]. Undoubtedly, biased signalling adds extra complexity to the signalling 

system. What causes biased signalling and what does it mean to the entire signalling system? 

As illustrated above, different chemokine ligands stabilise in the binding pocket of chemokine 

receptor in differential conformations. The differential conformational stabilisation by bound 

chemokines induces the activation of particular signalling pathways preferentially than others 

(summarised in Figure 3) [27]. Notably, some signalling pathways have been shown to be anti-

tumourigenic [37,38,39]. In other words, targeting the selectivity towards the anti-

tumourigenic pathways can potentially be a novel approach to develop targeted cancer therapy. 

The following sections will outline the current understanding of the mechanisms underlying 

biased signalling in some examples of chemokine ligand-receptor pairs and propose how this 

can be applied to design therapeutic candidates. 

 

 



Figure 3. Biased signalling in the chemokine system 

Schematic diagram illustrating possible receptor selectivity towards G protein-dependent 

signalling or -arrestin dependent signalling, resulting in various cellular responses 

 

CCL19 and CCL21/CCR7 

 

Ectopic expression of CCR7 is implicated in tumour growth and metastasis. As reviewed by 

A. Salem et al. [40], there is a correlation of high expression of CCR7 and lymph node 

metastasis in various cancers such as breast, pancreatic and lung cancers. CCL19 and CCL21 

are well-known cognate ligands of CCR7. A number of studies have demonstrated the 

functional diversity of both ligands [41,42,43]. CCL19 induces chemotaxis via G protein-

independent signalling through -arrestins, whereas CCL21 impairs chemotaxis and yet induce 

ERK activation via G protein-dependent signalling [42,43].  

 

In terms of the structural basis, the distinct 37 amino acids long, positively charged C-terminal 

tail of CCL21 differentiates its functional role from CCL19. CCL21 possesses strong binding 

affinity to glycosaminoglycans (GAGs) due to the positively charged tail [42]. The GAG-

bound CCL21 obscures its interaction with CCR7, which in turn potentially impairs 

chemotaxis. Evidence has shown that GAG interactions with chemokines link to regulation of 

chemotaxis [44,45]. Owing to the absence of the long C-terminal tail in CCL19, CCL19 binds 

GAGs weakly without affecting chemotactic signalling through -arrestins [42]. Taking into 

account latest structural information on ligand-receptor interactions as mentioned above, the 

long C-terminal tail of CCL21 particularly interacts with polysialic acid at the N-terminus of 

CCR7, and subsequently induces ERK signalling via G protein [42]. 

 

To further elucidate the bias towards signalling through -arrestins for CCL19, a recent finding 

reveal that the phosphorylation sites at the C-terminus of CCR7 induced by GRKs correlates 

to the intracellular functions of -arrestins [36,42,46]. Emerging evidence supports that the 

phosphorylation patterns by different GRKs encode distinct functions of chemokine, known as 

phosphorylation barcode [36,47]. CCL19 activates GRK3 and GRK6 whereas CCL21 activates 

GRK6 only [36,42]. The additional phosphorylation sites by GRK3 in CCL19/CCR7 pair 

potentially contribute to -arrestin dependent signalling [42]. 

 

A development of partial agonists based on CCL21/CCR7 interactions can be proposed. The 

tactic is to retain the inhibitory effect of chemotaxis from CCL21 while block other tumour-

promoting effects sufficiently. In the future structure activity relationship (SAR) study, 

receptor docking based on the binding interaction between the long C-terminal tail of CCL21 

and polysialic acid of CCR7 can be performed to differentiate the structure of CCL21 from 

CCL19. After the development of a CCL21-specific backbone, addition of a link to GAG-

mimicking molecules can be considered to impair some CCL21-specific tumour-promoting 

effects.  

 

CXCL12 and CXCL12-CXCL4/CXCR4 

 

High expression of CXCR4 is shown in brain, breast, pancreatic, ovarian, prostate and colon 

cancers, leading to metastasis [6]. CXCL12/CXCR4 is a well-studied chemokine ligand-

receptor pair, which plays an important role in homeostasis and pathogenesis in malignant 

diseases including cancer [49,50,51]. Recent discoveries indicate that CXCL12 exists as 

monomers and homodimers in a balanced monomer-dimer equilibrium in normal conditions 

[52]. Disturbed monomer-dimer equilibrium was seen in cancer [53]. Dimeric CXCL12 differs 



from the cellular responses to monomeric CXCL12. Monomeric CXCL12 preferentially 

induces signalling through -arrestins, whereas dimeric CXCL12 possesses selectivity towards 

G protein-dependent signalling via Gi [54]. In accord with the expected cellular responses 

from the two distinct signalling pathways, monomeric CXCL12 promotes chemotaxis and yet 

inhibits intracellular calcium mobilisation. As opposed to dimeric CXCL12, reduced 

chemotaxis and enhanced intracellular calcium mobilisation are observed. Both forms of 

CXCL12 induces ERK1/2 activation but it differs in duration [28,53]. Since monomeric 

CXCL12 activates post-endocytic signals through -arrestins, more sustained ERK1/2 

activation is resulted [53]. 

 

What makes monomeric and dimeric CXCL12 function differently? In the aspect of structural 

differences, the interface of dimeric CXCL12 favours binding to sulfotyrosines at the N-

terminus of CXCR4 [28,53]. Similar to the interactions between CCL21 and CCR7, the 

enhanced binding affinity at CRS1 favours G protein-dependent signalling [53]. In the pathway 

through Gi, inhibition of cAMP production in turn activates phospholipases responsible for 

intracellular calcium release. It has been confirmed that no chemotactic activity is seen in Gi-

dependent signalling [53]. In regard to monomeric CXCL12, GRK6 is involved in -arrestin 

dependent signalling [54]. As mentioned above, the phosphorylation pattern induced by GRKs 

correlates to the functions of -arrestins, resulting in differential cellular responses. In the case 

of monomeric CXCL12, intracellular calcium mobilisation is diminished while prolonged 

ERK1/2 activation is induced [54]. 

 

Apart from the formation of CXCL12 homodimers, a study shows that it is possible to form 

CXCL12-CXCL4 heterodimer. CXCL4 has been shown to be a ligand of CXCR3B promoting 

anti-tumourigenesis and apoptosis. Pairing to CXCL12, CXCL12-induced chemotaxis is 

reduced and inhibition of CXCL12-induced RNA expression for actin rearrangement is seen 

[55]. However, attention needs to be paid in the case of prostate cancer. A recent finding shows 

that CXCL4/CXCR12 pathway is critical in differentiation of prostate cancer progenitor cells 

leading to tumourigenesis [56]. Therefore, future studies on chemokine signalling requires 

cancer type specific analysis. 

 

By exploiting the anti-tumourigenic properties of dimeric CXCL12 and CXCL12-CXCL4 

heterodimers, strategies such as designing peptides mimicking CXCL12-CXCL4 binding 

interface and partial agonist based on the dimeric CXCL12 interface can be considered. It is 

aimed to suppress CXCL12-induced chemotaxis while not affecting the homeostatic functions 

of CXCL12/CXCR4 signalling. 

 

CXCL12/CXCR4-ACKR3 

 

High expression of ACKR3 is found in glioblastoma brain tumours in particular [6]. As briefly 

mentioned, ACKR3 is structurally different from canonical chemokine receptors [19]. 

According to literature, ACKR3 has been reported to be co-expressed with CXCR4 to modulate 

CXCR4 signalling in cancer cells [57,58,59]. It has been confirmed that ACKR3 signalling is 

biased towards -arrestin dependent signalling [33,57,59,60]. Notably, alterations on the N-

loop and N-terminus of CXCL12 do not affect ACKR3 activity and even CXCR4 antagonists 

act as agonist towards ACKR3, subsequently transducing signalling through -arrestins 

recruitment. The observations imply that ACKR3 possess a binding pocket with high plasticity 

to diverse stimulations from various chemokines towards -arrestin dependent signalling [33]. 

 



With respect to the underlying mechanisms on signalling modulation, considerable efforts have 

been made to characterise the interaction between CXCR4 and ACKR3 [57,58,59]. It was 

revealed that the site where ACKR3 interacts with the C-terminal tail of CXCR4 in the 

CXCR4-ACKR3 heterodimers is important for constitutive -arrestins recruitment [59]. 

Through site-specific phosphorylation by GRK2, signalling through -arrestins is induced and 

elicits various cellular responses, including sustained ERK1/2 activation, p38 MAPK 

activation and cell migration. In the meantime, attenuated Gi-dependent signalling is 

observed [61]. 

 

As described previously, Gi-dependent signalling functions partially tumour-inhibitory 

effects. The attenuation of Gi-dependent signalling by ACKR3 is somewhat not ideal for 

cancer treatment. Recent studies have discovered an allosteric modulator ITAC [59] and a 

competitive ACKR3 antagonist ACT-1004-1239 that potentially block CXCL12-induced -

arrestin recruitment [62]. Reduced cell migration is seen in the treatment of ITAC as a result 

of resumption of Gi-dependent signalling [59].  

 

GAG interactions with chemokines – a potential target to regulate chemotaxis  

Latest studies provide new insights into the role of GAGs in the regulation of chemotaxis 

[44,45]. As the example of CCL21/CCR7 described above, some chemokines possess strong 

binding affinity to GAGs that occludes the chemokine binding to their cognate receptors, as a 

result, G protein-dependent signalling contributing to chemotaxis is affected [42]. Other than 

CCL21, ELR-CXC chemokines, such as CXCL1 [63], CXCL5 [64], CXCL7 [65] and CXCL8 

[66], also bind GAGs strongly. 

 

Intriguingly, the pattern how the chemokine dimers bind GAG can affect chemokine receptor 

activation. Provided that the chemokine dimer is sandwiched between two GAG molecules, no 

receptor activation occurs as a result of the occlusion of the residues of chemokine responsible 

for receptor binding [67,68]. On the other hand, in the case that the chemokine dimer is bound 

to a single GAG alone, receptor activation still occurs and chemotaxis is induced due to the 

availability of the second binding site of the chemokine dimer for receptor interactions [69]. 

 

The findings related to GAG binding have opened a new avenue in the design of partial agonists 

particularly for ELR-CXC chemokines. By linking GAGs to the chemokine-mimicking 

backbone, partial agonists can be developed that blocks chemotaxis while maintaining other 

essential functions of the chemokines [67-69]. 

 

Dynamic interactions of cholesterol and chemokine receptors – a potential target to 

modulate chemokine receptor functions 

 

A new prospect on the modulatory roles of cholesterol on chemokine receptor function has 

been a trend in recent research [70,71]. The structural roles of phospholipid bilayer in plasma 

membrane have been thoroughly studied [72]. As chemokine receptors are embedded within 

the phospholipid bilayer in cell surface expression [17], questions have been raised whether 

membrane lipids interfere with the conformational integrity of chemokine receptors affecting 

receptor functionality.  

 

Recent studies have been attempting to alter cellular cholesterol levels to investigate any 

changes in chemokine receptor cell surface expression and functioning. Interestingly, it was 

demonstrated that moderately reducing cellular cholesterol level increases the cell surface 

expression of CCR7 oligomers [73]. Enhanced expression of CCR7 oligomers promotes cell 



migration via Src in G protein-dependent signalling. However, further reducing cholesterol 

level alters the conformational integrity of CCR7, negatively impacting Src-dependent 

signalling in chemotaxis [73]. 

 

Based on the current findings, cellular cholesterol is potentially a target to modulate chemokine 

receptor expression and functioning. Reposition of cholesterol-regulating medicines, for 

example, statins, can be applied in cancer targeted therapy. Yet, there are still uncertainties 

unanswered related to the link between cholesterol and chemokine receptors. For example, are 

there any differences in the roles of cholesterol on different chemokine receptors and other 

classes of cell surface receptors? Is the effect cell type-specific? What is the optimal level of 

cholesterol depletion to achieve the anti-tumourigenic effects? 

 

Potential applications and approaches to translate experimental findings to clinical 

settings 

 

As research on chemokines as new targets for cancer therapy has become promising, emerging 

clinical trials have been attempting to include chemokine receptor inhibitors to optimise the 

efficacy of conventional chemotherapy. 

 

A well-known anti-HIV drug, Maraviroc, also known as a CCR5 antagonist, has recently tested 

in the clinical course of colorectal cancer (CRC). A study revealed that influx of T cells 

mediated by CCL5/CCR5 contributes to CRC liver metastases [74]. Inhibition of CCR5 leads 

to macrophage repolarisation, in turn mitigating tumour-promoting inflammation and 

preventing from liver metastases of CRC [74]. The clinical study showed the potential for 

combination therapy to apply Maraviroc to improve efficacy of chemotherapy in advanced 

CRC. 

 

Another clinical study focused on the well-studied CXCR4 and investigated its clinical roles 

in pancreatic cancer. The study demonstrated that co-targeting of CXCR4 and hedgehog 

pathways improves the outcome of pancreatic cancer resistant to gemcitabine [75]. The 

findings provide an insight into a combination use of CXCR4 antagonist and hedgehog 

inhibitor as an adjuvant to gemcitabine, in order to maximise chemotherapy efficacy in 

pancreatic cancer. 

 

Apart from targeting to chemokine receptors directly, targeting specific chemokine 

ligand/receptor conformations and downstream protein-protein interactions in biased 

signalling are alternative approaches for targeted cancer therapy. These approaches can 

potentially resolve the immunosuppressive effects of chemokine receptor antagonists due to 

generalised inhibition of chemokine signalling involved in host immune responses. 

 

In terms of drug design to optimise targeted therapy, the utilisation of macrocyclic scaffold has 

increasingly been applied in drug development particularly for small molecular inhibitors. The 

features of orally bioavailability and membrane permeability explains that macrocycles are 

ideal candidate which enhances oral bioavailability in the pharmacokinetic aspect. Additionally, 

macrocyclic therapeutics increase selectivity to target-specific conformations [76]. Another 

significant advantage is adding modulating functions whilst retaining binding affinity to target 

[76]. For example, a macrocycle-based drug class, antascomicins, suppresses mTOR signalling 

despite retaining its binding to FKBP12 [77]. As mentioned above about specific ligand-

receptor conformations and biased signalling, design of drugs targeting chemokine signalling 

can benefit from the unique features of macrocycles. 



 

Another approach in drug design is the use of antibody drug conjugate which is specific for a 

tumour-associated antigen. A new clinically approved drug, Mogamulizumab, is an anti-CCR4 

monoclonal antibody [10]. This implies that antibody drug conjugate can be widely used, 

particularly in delivery of cytotoxic drugs to cancer tissues with minimal effects to host cells 

leading to immunosuppression. 

 

Perspective 

• Chemokine signalling plays an important role in chemotaxis, cell survival and 

proliferation contributing to cancer metastasis and immune diseases. 

• The complexity of the chemokine system can be exploited to precisely fine tune cellular 

responses via the dynamic ligand-receptor interactions and they interplay of 

downstream signalling proteins. 

• There is much more work on mechanistical studies to define cancer type-specific 

chemokine signalling paradigm for the development of cancer targeted therapy. 

 

Author contribution  

 

WYL substantially contributed to the conception and design of the article and interpreting the 

relevant literature and drafted, AM substantially contributed to the conception and design of 

the article and revised it critically for important intellectual content 

 

Declaration of competing interest  

 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper 

 

Funding 

 

No specific funding was received to support the work. 

  

1 Hughes, C. E., & Nibbs, R. (2018). A guide to chemokines and their receptors. The 

FEBS journal, 285(16), 2944–2971. https://doi.org/10.1111/febs.14466 

2 Olson TS, Ley K. (2002) Chemokines and chemokine receptors in leukocyte 

trafficking. Am. J. Physiol. Integr. Comp. Physiol. 283, R7–R28. 

https://doi.org/10.1152/ajpregu.00738.2001 

3 Balkwill F. (2004) Cancer and the chemokine network. Nat. Rev. Cancer. 4, 540–

550. https://doi.org/10.1038/nrc1388 

4 Wu V, Yeerna H, Nohata N, Chiou J, Harismendy O, Raimondi F, et al. (2019) 

Illuminating the Onco-GPCRome: Novel G protein-coupled receptor-driven 

oncocrine networks and targets for cancer immunotherapy. J. Biol. Chem. 294, 

11062–11086. https://doi.org/10.1074/jbc.REV119.005601 

5 Arang N, Gutkind JS. (2020) G Protein-Coupled receptors and heterotrimeric G 

proteins as cancer drivers. FEBS Lett. 594, 4201–4232. 

https://doi.org/10.1002/1873-3468.14017 

6 Poeta VM, Massara M, Capucetti A, Bonecchi R. (2019) Chemokines and 

chemokine receptors: New targets for cancer immunotherapy. Front. Immunol. 10, 

1–10. https://doi.org/10.3389/fimmu.2019.00379 

https://doi.org/10.1152/ajpregu.00738.2001
https://doi.org/10.1074/jbc.REV119.005601
https://doi.org/10.1002/1873-3468.14017


7 Zhao S, Wu B, Stevens RC. (2019) Advancing Chemokine GPCR Structure Based 

Drug Discovery. Structure. 27, 405–408. https://doi.org/10.1016/j.str.2019.02.004 

8 Dorr, P., Westby, M., Dobbs, S., Griffin, P., Irvine, B., Macartney, M., Mori, J., 

Rickett, G., Smith-Burchnell, C., Napier, C., Webster, R., Armour, D., Price, D., 

Stammen, B., Wood, A., & Perros, M. (2005). Maraviroc (UK-427,857), a potent, 

orally bioavailable, and selective small-molecule inhibitor of chemokine receptor 

CCR5 with broad-spectrum anti-human immunodeficiency virus type 1 activity. 

Antimicrobial agents and chemotherapy. 49(11). 4721–4732. 

https://doi.org/10.1128/AAC.49.11.4721-4732.2005 

9 De Clercq E. (2019). Mozobil® (Plerixafor, AMD3100), 10 years after its approval 

by the US Food and Drug Administration. Antiviral chemistry & chemotherapy, 

27. https://doi.org/10.1177/2040206619829382 

10 Ollila, T. A., Sahin, I., & Olszewski, A. J. (2019). Mogamulizumab: a new tool for 

management of cutaneous T-cell lymphoma. OncoTargets and therapy, 12, 1085–

1094. https://doi.org/10.2147/OTT.S165615 

11 Amarandi RM, Hjortø GM, Rosenkilde MM, Karlshøj S. (2016) Probing Biased 

Signaling in Chemokine Receptors. 1st ed. Elsevier Inc. 

http://dx.doi.org/10.1016/bs.mie.2015.09.001 

12 Schall TJ, Proudfoot AEI. (2011) Overcoming hurdles in developing successful 

drugs targeting chemokine receptors. Nat. Rev. Immunol. 11, 355–363. 

https://doi.org/10.1038/nri2972 

13 Solari R, Pease JE, Begg M. (2015) Chemokine receptors as therapeutic targets: 

Why aren’t there more drugs? Eur. J. Pharmacol. 746, 363–367. 

http://dx.doi.org/10.1016/j.ejphar.2014.06.060 

14 Kenakin T, Christopoulos A. (2013) Signalling bias in new drug discovery: 

detection, quantification and therapeutic impact. Nat. Rev. Drug Discov. 12, 205–

216. http://europepmc.org/abstract/MED/23411724 

15 Johnstone EKM, Pfleger KDG. (2012) Receptor-Heteromer 

investigationtechnology and its application using BRET. Front. Endocrinol. 3, 1–

7. https://doi.org/10.3389/fendo.2012.00101 

16 Stoddart LA, Johnstone EKM, Wheal AJ, Goulding J, Robers MB, Machleidt T, et 

al. (2015) Application of BRET to monitor ligand binding to GPCRs. Nat Methods. 

12, 661–663. https://doi.org/10.1038/nmeth.3398 

17 Kufareva I, Salanga CL, Handel TM. (2015) Chemokine and chemokine receptor 

structure and interactions: implications for therapeutic strategies. Immunol. Cell 

Biol. 93, 372–383. https://doi.org/10.1038/icb.2015.15 

18 Rajagopalan L, Rajarathnam K. (2006) Structural Basis of Chemokine Receptor 

Function—A Model for Binding Affinity and Ligand Selectivity. Biosci. Rep. 26, 

325–339. https://doi.org/10.1007/s10540-006-9025-9 

19 Bachelerie F, Graham GJ, Locati M, Mantovani A, Murphy PM, Nibbs R, et al. 

(2014) New nomenclature for atypical chemokine receptors. Nat. Immunol. 15, 

207–208. https://doi.org/10.1038/ni.2812 

20 Arimont M, Hoffmann C, de Graaf C, Leurs R. (2019) Chemokine Receptor 

Crystal Structures: What Can Be Learned from Them? Mol. Pharmacol. 96, 765 

LP – 777. https://doi.org/10.1124/mol.119.117168 

21 Pierce KL, Premont RT, Lefkowitz RJ. (2002) Seven-transmembrane receptors. 

Nat. Rev. Mol. Cell Biol. 3, 639—650. https://doi.org/10.1038/nrm908 

22 Hilger D, Masureel M, Kobilka BK. (2018) Structure and dynamics of GPCR 

signaling complexes. Nat. Struct. Mol. Biol. 25, 4–12. 

https://doi.org/10.1038/s41594-017-0011-7 

https://doi.org/10.1016/j.str.2019.02.004
https://doi.org/10.1128/AAC.49.11.4721-4732.2005
https://doi.org/10.1177/2040206619829382
https://doi.org/10.2147/OTT.S165615
http://dx.doi.org/10.1016/bs.mie.2015.09.001
https://doi.org/10.1038/nri2972
http://dx.doi.org/10.1016/j.ejphar.2014.06.060
http://europepmc.org/abstract/MED/23411724
https://doi.org/10.3389/fendo.2012.00101
https://doi.org/10.1038/nmeth.3398
https://doi.org/10.1038/icb.2015.15
https://doi.org/10.1007/s10540-006-9025-9
https://doi.org/10.1038/ni.2812
https://doi.org/10.1124/mol.119.117168
https://doi.org/10.1038/nrm908
https://doi.org/10.1038/s41594-017-0011-7


23 O’Hayre M, Degese MS, Gutkind JS. (2014) Novel insights into G protein and G 

protein-coupled receptor signaling in cancer. Curr. Opin. Cell Biol. 27, 126–135. 

https://doi.org/10.1016/j.ceb.2014.01.005 

24 Jean-Charles, P. Y., Freedman, N. J., and Shenoy, S. K. (2016). Cellular roles of 

beta-arrestins as substrates and adaptors of ubiquitination and deubiquitination. 

Prog. Mol. Biol. Transl. Sci. 141, 339–369. 

http://doi.org/10.1016/bs.pmbts.2016.04.003  

25 McGovern KW, DeFea KA. (2014) Molecular mechanisms underlying beta-

arrestin-dependent chemotaxis and actin-cytoskeletal reorganization. Handb. Exp. 

Pharmacol. 219, 341–359. https://doi.org/10.1007/978-3-642-41199-1_17 

26 Bagnato A, Rosanò L. (2019) New Routes in GPCR/β-Arrestin-Driven Signaling 

in Cancer Progression and Metastasis. Front. Pharmacol. 10, 114. 

https://doi.org/10.3389/fphar.2019.00114 

27 Joseph PRB, Sawant K V., Isley A, Pedroza M, Garofalo RP, Richardson RM, et 

al. (2013) Dynamic conformational switching in the chemokine ligand is essential 

for G-protein-coupled receptor activation. Biochem. J. 456, 241–251. 

https://doi.org/10.1042/BJ20130148 

28 Veldkamp CT, Seibert C, Peterson FC, De La Cruz NB, Haugner JC, Basnet H, et 

al. (2008) Structural basis of CXCR4 sulfotyrosine recognition by the chemokine 

SDF-1/CXCL12. Sci. Signal. 1, 1–11. http://doi.org/10.1126/scisignal.1160755 

29 Kiermaier E, Moussion C, Veldkamp CT, Gerardy-Schahn R, de Vries I, Williams 

LG, et al. (2016) Polysialylation controls dendritic cell trafficking by regulating 

chemokine recognition. Science. 351, 186–190. 

http:/doi.org/10.1126/science.aad0512 

30 Rajarathnam K, Sykes BD, Dewald B, Baggiolini M, Clark-Lewis I. (1999) 

Disulfide bridges in interleukin-8 probed using non-natural disulfide 

analogues:  dissociation of roles in structure from function. Biochemistry. 38, 

7653–7658. https://doi.org/10.1021/bi990033v 

31 Han J, Gu MJ, Yoo I, Choi Y, Jang H, Kim M, et al. (2017) Analysis of cysteine-

X-cysteine motif chemokine ligands 9, 10, and 11, their receptor CXCR3, and their 

possible role on the recruitment of immune cells at the maternal–conceptus 

interface in pigs. Biol. Reprod. 97, 69–80. https://doi.org/10.1093/biolre/iox074 

32 Watson ML. (2002) Chemokines--linking receptors to response. Immunology. 105, 

121–124.  

33 Szpakowska M, Nevins AM, Meyrath M, Rhainds D, D’huys T, Guité-Vinet F, et 

al. (2018) Different contributions of chemokine N-terminal features attest to a 

different ligand binding mode and a bias towards activation of ACKR3/CXCR7 

compared with CXCR4 and CXCR3. Br. J. Pharmacol. 175, 1419–1438. 

https://doi.org/10.1111/bph.14132 

34 Hauser MA, Legler DF. (2016) Common and biased signaling pathways of the 

chemokine receptor CCR7 elicited by its ligands CCL19 and CCL21 in leukocytes. 

J. Leukoc. Biol. 99, 869–882. https://doi.org/10.1189/jlb.2MR0815-380R 

35 Nguyen HT, Reyes-Alcaraz A, Yong HJ, Nguyen LP, Park HK, Inoue A, et al. 

(2020) CXCR7: a β-arrestin-biased receptor that potentiates cell migration and 

recruits β-arrestin2 exclusively through Gβγ subunits and GRK2. Cell Biosci. 10, 

1–19. https://doi.org/10.1186/s13578-020-00497-x 

36 Zidar DA, Violin JD, Whalen EJ, Lefkowitz RJ. (2009) Selective engagement of G 

protein coupled receptor kinases (GRKs) encodes distinct functions of biased 

ligands. Proc. Natl. Acad. Sci. U. S. A. 106, 9649–9654. 

https://doi.org/10.1073/pnas.0904361106 

https://doi.org/10.1016/j.ceb.2014.01.005
https://doi.org/10.1007/978-3-642-41199-1_17
https://doi.org/10.3389/fphar.2019.00114
http://doi.org/10.1126/scisignal.1160755
https://doi.org/10.1093/biolre/iox074
https://doi.org/10.1189/jlb.2MR0815-380R
https://doi.org/10.1186/s13578-020-00497-x
https://doi.org/10.1073/pnas.0904361106


37 Kistner L, Doll D, Holtorf A, Nitsche U, Janssen K-P. (2017) Interferon-inducible 

CXC-chemokines are crucial immune modulators and survival predictors in 

colorectal cancer. Oncotarget. 8, 89998–90012. 

https://doi.org/10.18632/oncotarget.21286 

38 Gu-Trantien C, Migliori E, Buisseret L, de Wind A, Brohée S, Garaud S, et al. 

(2017) CXCL13-producing TFH cells link immune suppression and adaptive 

memory in human breast cancer. JCI Insight. 2. 

https://doi.org/10.1172/jci.insight.91487 

39 González-Martín A, Gómez L, Lustgarten J, Mira E, Mañes S. (2011) Maximal T 

Cell–Mediated Antitumor Responses Rely upon CCR5 Expression in Both CD4+ 

and CD8+. T Cells. Cancer Res. 71, 5455 LP – 5466. https://doi.org/10.1158/0008-

5472.CAN-11-1687 

40 Salem, A., Alotaibi, M., Mroueh, R., Basheer, H. A., & Afarinkia, K. (2021). 

CCR7 as a therapeutic target in Cancer. Biochimica et biophysica acta. Reviews on 

cancer, 1875(1), 188499. https://doi.org/10.1016/j.bbcan.2020.188499 

41 Raju R, Gadakh S, Gopal P, George B, Advani J, Soman S, et al. (2015) 

Differential ligand-signaling network of CCL19/CCL21-CCR7 system. Database 

(Oxford). 2015. https://doi.org/10.1093/database/bav106 

42 Hjortø GM, Larsen O, Steen A, Daugvilaite V, Berg C, Fares S, et al. (2016) 

Differential CCR7 targeting in dendritic cells by three naturally occurring CC-

chemokines. Front. Immunol. 7, 1–15. https://doi.org/10.3389/fimmu.2016.00568 

43 Hauser MA, Legler DF. (2016) Common and biased signaling pathways of the 

chemokine receptor CCR7 elicited by its ligands CCL19 and CCL21 in leukocytes. 

J. Leukoc. Biol. 99, 869–882. https://doi.org/10.1189/jlb.2MR0815-380R 

44 Thompson S, Martínez-Burgo B, Sepuru KM, Rajarathnam K, Kirby JA, Sheerin 

NS, et al. (2017) Regulation of chemokine function: The roles of GAG-binding 

and post-translational nitration. Int. J. Mol. Sci. 18, 1–17. 

https://doi.org/10.3390/ijms18081692 

45 Proudfoot AEI, Johnson Z, Bonvin P, Handel TM. (2017) Glycosaminoglycan 

interactions with chemokines add complexity to a complex system. 

Pharmaceuticals. 10, 1–25. https://doi.org/10.3390/ph10030070 

46 Zidar DA, Violin JD, Whalen EJ, Lefkowitz RJ. (2009) Selective engagement of G 

protein coupled receptor kinases (GRKs) encodes distinct functions of biased 

ligands. Proc. Natl. Acad. Sci. U. S. A. 106, 9649–9654.  

47 Nobles KN, Xiao K, Ahn S, Shukla AK, Lam CM, Rajagopal S, et al. (2011) 

Distinct phosphorylation sites on the β 2-adrenergic receptor establish a barcode 

that encodes differential functions of β-arrestin. Sci. Signal. 4. 

https://doi.org/10.1126/scisignal.2001707  

48 Yang Z, Yang F, Zhang D, Liu Z, Lin A, Liu C, et al. (2017) Phosphorylation of G 

Protein-Coupled Receptors: From the Barcode Hypothesis to the Flute Model. Mol. 

Pharmacol. 92, 201 LP – 210. https://doi.org/10.1124/mol.116.107839 

49 Laganà M, Schlecht-Louf G, Bachelerie F. (2021) The G Protein-Coupled 

Receptor Kinases (GRKs) in Chemokine Receptor-Mediated Immune Cell 

Migration: From Molecular Cues to Physiopathology. Cells. 10. 75. 

https://doi.org/10.3390/cells10010075 

50 García-Cuesta EM, Santiago CA, Vallejo-Díaz J, Juarranz Y, Rodríguez-Frade JM, 

Mellado M. (2019) The Role of the CXCL12/CXCR4/ACKR3 Axis in 

Autoimmune Diseases. Front. Endocrinol. 10, 585. 

https://doi.org/10.3389/fendo.2019.00585 

https://doi.org/10.18632/oncotarget.21286
https://doi.org/10.1172/jci.insight.91487
https://doi.org/10.1158/0008-5472.CAN-11-1687
https://doi.org/10.1158/0008-5472.CAN-11-1687
https://doi.org/10.1093/database/bav106
https://doi.org/10.3389/fimmu.2016.00568
https://doi.org/10.1189/jlb.2MR0815-380R
https://doi.org/10.3390/ph10030070
https://doi.org/10.1124/mol.116.107839
https://doi.org/10.3390/cells10010075
https://doi.org/10.3389/fendo.2019.00585


51 Mortezaee K. (2020) CXCL12/CXCR4 axis in the microenvironment of solid 

tumors: A critical mediator of metastasis. Life Sci. 249, 117534. 

https://doi.org/10.1016/j.lfs.2020.117534 

52 Janssens R, Struyf S, Proost P. (2018) Pathological roles of the homeostatic 

chemokine CXCL12. Cytokine Growth Factor Rev. 44, 51–68. 

https://doi.org/10.1016/j.cytogfr.2018.10.004 

53 Veldkamp CT, Peterson FC, Pelzek AJ, Volkman BF. (2005) The monomer-dimer 

equilibrium of stromal cell-derived factor-1 (CXCL 12) is altered by pH, 

phosphate, sulfate, and heparin. Protein Sci. 14, 1071–1081. 

https://doi.org/10.1110/ps.041219505 

54 Drurya LJ, Ziarek JJ, Gravel S, Veldkamp CT, Takekoshi T, Hwang ST, et al. 

(2011) Monomeric and dimeric CXCL12 inhibit metastasis through distinct 

CXCR4 interactions and signaling pathways. Proc. Natl. Acad. Sci. U. S. A. 108, 

17655–17660. https://doi.org/10.1073/pnas.1101133108 

55 Busillo JM, Armando S, Sengupta R, Meucci O, Bouvier M, Benovic JL. (2010) 

Site-specific phosphorylation of CXCR4 is dynamically regulated by multiple 

kinases and results in differential modulation of CXCR4 signaling. J. Biol. Chem. 

285, 7805–7817. https://doi.org/10.1074/jbc.M109.091173 

56 Dubrovska, A., Elliott, J., Salamone, R. J., Telegeev, G. D., Stakhovsky, A. E., 

Schepotin, I. B., Yan, F., Wang, Y., Bouchez, L. C., Kularatne, S. A., Watson, J., 

Trussell, C., Reddy, V. A., Cho, C. Y., & Schultz, P. G. (2012). CXCR4 

expression in prostate cancer progenitor cells. PloS one, 7(2), e31226. 

https://doi.org/10.1371/journal.pone.0031226 

57 Nguyen KTP, Druhan LJ, Avalos BR, Zhai L, Rauova L, Nesmelova I V., et al. 

(2020) CXCL12-CXCL4 heterodimerization prevents CXCL12-driven breast 

cancer cell migration. Cell. Signal. 66, 109488. 

https://doi.org/10.1016/j.cellsig.2019.109488 

58 Fumagalli A, Zarca A, Neves M, Caspar B, Hill SJ, Mayor F, et al. (2019) 

CXCR4/ACKR3 Phosphorylation and Recruitment of Interacting Proteins: Key 

Mechanisms Regulating Their Functional Status. Mol. Pharmacol. 96, 794 – 808. 

https://doi.org/10.1124/mol.118.115360 

59 Hanes MS, Salanga CL, Chowdry AB, Comerford I, McColl SR, Kufareva I, et al. 

(2015) Dual targeting of the chemokine receptors CXCR4 and ACKR3 with novel 

engineered chemokines. J. Biol. Chem. 290, 22385–22397. 

https://doi.org/10.1074/jbc.M115.675108 

60 Décaillot FM, Kazmi MA, Lin Y, Ray-Saha S, Sakmar TP, Sachdev P. (2011) 

CXCR7/CXCR4 heterodimer constitutively recruits β-arrestin to enhance cell 

migration. J. Biol. Chem. 286, 32188–32197. 

https://doi.org/10.1074/jbc.M111.277038 

61 Nguyen HT, Reyes-Alcaraz A, Yong HJ, Nguyen LP, Park HK, Inoue A, et al. 

(2020) CXCR7: a β-arrestin-biased receptor that potentiates cell migration and 

recruits β-arrestin2 exclusively through Gβγ subunits and GRK2. Cell Biosci. 10, 

1–19. https://doi.org/10.1186/s13578-020-00497-x 

62 Richard-Bildstein S, Aissaoui H, Pothier J, Schäfer G, Gnerre C, Lindenberg E, et 

al. (2020) Discovery of the Potent, Selective, Orally Available CXCR7 Antagonist 

ACT-1004-1239. J. Med. Chem. 63, 15864–15882. 

https://doi.org/10.1021/acs.jmedchem.0c01588 

63 Sawant K V., Poluri KM, Dutta AK, Sepuru KM, Troshkina A, Garofalo RP, et al. 

(2016) Chemokine CXCL1 mediated neutrophil recruitment: Role of 

https://doi.org/10.1016/j.lfs.2020.117534
https://doi.org/10.1016/j.cytogfr.2018.10.004
https://doi.org/10.1073/pnas.1101133108
https://doi.org/10.1074/jbc.M109.091173
https://doi.org/10.1016/j.cellsig.2019.109488
https://doi.org/10.1074/jbc.M115.675108
https://doi.org/10.1186/s13578-020-00497-x
https://doi.org/10.1021/acs.jmedchem.0c01588


glycosaminoglycan interactions. Sci. Rep. 6, 4–11. 

https://doi.org/10.1038/srep33123 

64 Sepuru KM, Nagarajan B, Desai UR, Rajarathnam K. (2016) Molecular Basis of 

Chemokine CXCL5-Glycosaminoglycan Interactions. J. Biol. Chem. 291, 20539–

20550. https://doi.org/10.1074/jbc.M116.745265 

65 Begg GS, Pepper DS, Chesterman CN, Morgan FJ. (1978) Complete covalent 

structure of human beta-thromboglobulin. Biochemistry. 17, 1739–1744. 

https://doi.org/10.1021/bi00602a024 

66 Webb LM, Ehrengruber MU, Clark-Lewis I, Baggiolini M, Rot A. (1993) Binding 

to heparan sulfate or heparin enhances neutrophil responses to interleukin  8. Proc. 

Natl. Acad. Sci. U. S. A. 90, 7158–7162. https://doi.org/10.1073/pnas.90.15.7158 

67 Joseph PRB, Mosier PD, Desai UR, Rajarathnam K. (2015) Solution NMR 

characterization of chemokine CXCL8/IL-8 monomer and dimer binding to 

glycosaminoglycans: structural plasticity mediates differential binding interactions. 

Biochem. J. 472, 121–133. https://doi.org/10.1042/BJ20150059 

68 Graham GJ, Handel TM, Proudfoot AEI. (2019) Leukocyte Adhesion: 

Reconceptualizing Chemokine Presentation by Glycosaminoglycans. Trends 

Immunol. 40, 472–481. https://doi.org/10.1016/j.it.2019.03.009 

69 Gangavarapu P, Rajagopalan L, Kolli D, Guerrero-Plata A, Garofalo RP, 

Rajarathnam K. (2012) The monomer-dimer equilibrium and glycosaminoglycan 

interactions of chemokine CXCL8  regulate tissue-specific neutrophil recruitment. 

J. Leukoc. Biol. 91, 259–265. https://doi.org/10.1189/jlb.0511239 

70 Legler DF, Matti C, Laufer JM, Jakobs BD, Purvanov V, Uetz-von Allmen E, et al. 

(2017) Modulation of Chemokine Receptor Function by Cholesterol: New 

Prospects for Pharmacological Intervention. Mol. Pharmacol. 91, 331–338. 

https://doi.org/10.1124/mol.116.107151 

71 Gahbauer S, Pluhackova K, Böckmann RA. (2018) Closely related, yet unique: 

Distinct homo- and heterodimerization patterns of G protein coupled chemokine 

receptors and their fine-tuning by cholesterol. PLoS Comput. Biol. 14, 1–30. 

https://doi.org/10.1371/journal.pcbi.1006062 

72 Graham GJ, Handel TM, Proudfoot AEI. (2019) Leukocyte Adhesion: 

Reconceptualizing Chemokine Presentation by Glycosaminoglycans. Trends 

Immunol. 40, 472–481. https://doi.org/10.1021/ar500260t 

73 Hauser MA, Schaeuble K, Kindinger I, Impellizzieri D, Krueger WA, Hauck CR, 

et al. (2016) Inflammation-Induced CCR7 Oligomers Form Scaffolds to Integrate 

Distinct Signaling  Pathways for Efficient Cell Migration. Immunity. 44, 59–72. 

https://doi.org/10.1016/j.immuni.2015.12.010 

74 Halama, N., et al. (2016). Tumoral Immune Cell Exploitation in Colorectal Cancer 

Metastases Can Be Targeted Effectively by Anti-CCR5 Therapy in Cancer 

Patients. Cancer cell, 29(4), 587–601. https://doi.org/10.1016/j.ccell.2016.03.005 

75 Khan, M. A., Srivastava, S. K., Zubair, H., Patel, G. K., Arora, S., Khushman, M., 

Carter, J. E., Gorman, G. S., Singh, S., & Singh, A. P. (2020). Co-targeting of 

CXCR4 and hedgehog pathways disrupts tumor-stromal crosstalk and improves 

chemotherapeutic efficacy in pancreatic cancer. The Journal of biological 

chemistry, 295(25), 8413–8424. https://doi.org/10.1074/jbc.RA119.011748 

76 Driggers, E. M., Hale, S. P., Lee, J., & Terrett, N. K. (2008). The exploration of 

macrocycles for drug discovery--an underexploited structural class. Nature 

reviews. Drug discovery, 7(7), 608–624. https://doi.org/10.1038/nrd2590 

77 Fehr, T., Sanglier, J. J., Schuler, W., Gschwind, L., Ponelle, M., Schilling, W., & 

Wioland, C. (1996). Antascomicins A, B, C, D and E. Novel FKBP12 binding 

https://doi.org/10.1074/jbc.M116.745265
https://doi.org/10.1073/pnas.90.15.7158
https://doi.org/10.1042/BJ20150059
https://doi.org/10.1016/j.it.2019.03.009
https://doi.org/10.1189/jlb.0511239
https://doi.org/10.1124/mol.116.107151
https://doi.org/10.1371/journal.pcbi.1006062
https://doi.org/10.1021/ar500260t
https://doi.org/10.1016/j.immuni.2015.12.010
https://doi.org/10.1016/j.ccell.2016.03.005
https://doi.org/10.1074/jbc.RA119.011748
https://doi.org/10.1038/nrd2590


compounds from a Micromonospora strain. The Journal of antibiotics, 49(3), 230–

233. https://doi.org/10.7164/antibiotics.49.230 

 

 

 

 

https://doi.org/10.7164/antibiotics.49.230

