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Inflammation is the body’s response to injury or infection. As early as 2000 years ago, the Roman
encyclopaedist Aulus Cornelius Celsus recognised four cardinal signs of this response—redness,
heat, swelling and pain; a fifth sign is loss of function. The underlying cause of these common
symptoms remained a mystery until the 19th century, when Rudolf Virchow “claim(ed) for the
leukocyte a place in the field of pathology” [1]. It is now widely recognised that all inflammatory
responses involve migration of leukocytes (white blood cells) to the affected tissues, where they
accumulate and carry out a plethora of functions including elimination of pathogens, regulation of
immunity and tissue repair.

While leukocyte recruitment is a beneficial response to pathogen invasion, we are all too familiar
with the detrimental roles it can play in numerous diseases. As an example, in allergic asthma,
the recruited leukocytes include eosinophils, which can then undergo degranulation, releasing toxic
proteins that induce airway constriction and difficulty breathing [2]. In this case, the inflammatory
response causes more damage than the initial stimulus (the allergen), so it would be beneficial to
suppress the leukocyte recruitment. The same is true in many other inflammatory diseases, such as
atherosclerosis, rheumatoid arthritis, multiple sclerosis, dermatitis, etc. However, it is essential that
such a therapeutic strategy should not suppress inflammation so much as to make the patient
susceptible to infections. To successfully achieve the right balance between the “yin and yang” of
inflammation, we need to understand the biochemical mechanisms underlying leukocyte recruitment.

Enter chemokines and chemokine receptors. Over a period of about 20 years beginning in the late
1980s, researchers discovered a family of related proteins that are secreted by various cell types as an
early response to tissue damage and attract leukocytes towards the affected tissues. These proteins
were named chemokines (chemotactic cytokines) due to their ability to induce chemotaxis, which is
migration of cells towards a chemical stimulus. They elicit this function by activating chemokine
receptors, a family of G protein-coupled receptors expressed on the surfaces of leukocytes. Importantly,
different types of leukocytes express different chemokine receptors, so much of the selectivity of
leukocyte responses, i.e., which types of leukocytes are recruited in a given situation, arises from
the complementarity between the specific chemokines expressed in the affected tissues and the
specific receptors expressed on the different leukocytes. The chemokine–receptor network was clearly
an attractive target to suppress unwanted inflammation while still enabling appropriate responses
to pathogens.

Following the discovery of chemokines and their receptors, there has been an enormous body
of research exploring their roles in normal physiology and inflammatory diseases as well as the
mechanistic basis of their activity. Indeed, a PubMed search for “chemokine” now gives almost
150,000 hits. Pick an inflammatory disease of interest and there is a good chance you will be able to
find analyses of affected tissues showing the types of leukocytes recruited and elevated concentrations
of the chemokines responsible. In many cases, knockout mice or pharmacological inhibition studies
have shown that eliminating the relevant chemokine–receptor interactions significantly reduces
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inflammatory symptoms. These results have emboldened drug companies to develop small molecules
or biologics that target chemokine receptors (or occasionally chemokines) and to test them in clinical
trials against a wide range of inflammatory diseases [3].

However, despite much hope and the investment of billions of dollars, the results have been
disappointing and most trials have failed. The reasons are complex and varied but commonly the
tested drugs do not show the same efficacy or target selectivity in humans as they did in animal models.
Perhaps this should not be surprising as the chemokine–receptor networks differ between species,
and drugs that exhibit high specificity in one species could easily have off-target effects in another.
Moreover, even in a single species, inhibition of one receptor may not be sufficient to block a response
if alternative, compensatory receptors are still active.

Clearly, much of the difficulty in successfully targeting chemokines and their receptors arises from
the complexity of their biology. Not only are these protein families extensive and promiscuous but
there are numerous mechanisms known by which their activities are modulated. Despite a substantial
body of basic research, our understanding of these mechanisms remains incomplete and more work
is needed. Fortunately, chemokines and their receptors have caught the attention of many basic
researchers who continue to explore their structures, biochemical functions, modes of interaction,
pharmacology and mechanisms of regulation. This Special Issue highlights a variety of approaches
being taken to elucidate these aspects of chemokine–receptor function.

As an introduction to this Special Issue, my colleagues and I have reviewed the variety of
mechanisms by which chemokines and their receptors can be regulated [4], summarized schematically
in Figure 1 of this review. We give an overview of the two protein families, and their network of selective
interactions and we discuss what is known about the structural basis of these interactions. We highlight
the variation of chemokine and receptor primary sequences through polymorphisms, mutations,
splice variants and proteolytic modifications and we describe a variety of other post-translational
modifications that can enhance or reduce their functions, either directly or by altering their stability
or localization. In addition, we explore the complexity of downstream cellular signals stimulated
by chemokines acting upon their receptors and give a brief overview of natural and synthetic
inhibition approaches.

Our review also touches on the oligomerization of both chemokines and chemokine receptors and
the interactions of chemokine oligomers with glycosaminoglycans (GAGs), which affects biological
activity by enabling the formation of chemokine gradients that promote leukocyte chemotaxis.
These latter two topics are discussed in more detail in two other review articles in this issue. Miller and
Mayo provide an in-depth analysis of the tertiary and quaternary structures of chemokines, and their
functional consequences, with a particular focus on the phenomenon of heterodimerization [5].
Considering that most chemokines homodimerize and the dimerization interfaces are largely conserved
within each of the two major subfamilies of chemokines (CC and CXC), it makes sense that different
chemokines from the same subfamily can form heterodimers with each other. This greatly increases
the number of dimeric species that could be present within the biological milieu, binding to GAGs and
swapping chemokine protomers with each other. As discussed by Thompson et al. [6], the situation is
further complicated by the variety of different GAG structures, the influence of GAGs on chemokine
oligomers and the effects of the tissue microenvironment.

The interplay between chemokine heterodimerzation and GAG binding is evident in the two
articles by Brown et al. in this Special Issue [7,8]. First, they show that the chemokine CXCL7,
which exists in equilibrium between monomeric and dimeric forms, is able to bind to GAGs even
in its monomeric state [7], although structural modeling suggests that dissociation from GAGs is a
prerequisite for receptor binding. Second, they demonstrate that CXCL7 heterodimerizes with several
other CXC chemokines and they use a trapped heterodimer to show that the GAG interactions of the
heterodimer are distinct from those of the CXCL7 monomer [8].

In addition to their heterogeneity of three-dimensional structure and GAG-binding, chemokines
can also vary substantially in their covalent molecular structures due to heterogeneous
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post-translational modifications. One common modification is limited proteolysis, which commonly
alters the functionally important N-terminal regions of chemokines. Illustrating this effect,
Metzemaekers et al. show that three chemokine ligands of the receptor CXCR3 are all inactivated
by N-terminal cleavage but that GAGs protect the chemokines from this cleavage while also competing
with the receptor for chemokine binding [9]. Another post-translational modification of chemokines
is the nitration of various amino acid side chain groups by reactive nitrogen species. In their review
article, Thompson et al. [6] discuss this modification and its consequences for recognition of both
chemokine receptors and GAGs. An additional modification, investigated by Nguyen et al. [10],
is the cyclization of an N-terminal glutamine residue to yield pyroglutamate. Considering the
importance of the chemokine N-terminus for function, this modification has the potential to
influence receptor interactions. However, the authors show that pyroglutamate formation (and other
N-terminal modifications) do not substantially affect the potency of 5P12-RANTES, a variant of
RANTES/CCL5 that inhibits HIV entry via the chemokine receptor CCR5. They also define the kinetics
of N-terminal cyclization, which may influence the functions of other chemokines such as the monocyte
chemoattractant proteins (MCPs).

Just as chemokines may be post-translationally modified, so too can their receptors. One important
modification is the sulfation of tyrosine residues in the N-terminal regions of the receptors, thought
to be the initial site of chemokine interaction. A number of previous studies have demonstrated
that tyrosine sulfation enhances chemokine binding affinity and, in some cases, can alter chemokine
binding selectivity [11]. In this Special Issue, Moussouras et al. provide a new example of the latter
effect [12]. They demonstrate the application of computational solvent mapping to identification
of sulfotyrosine-binding hot spots on the surfaces of several CXC chemokines and experimentally
validate their prediction that sulfotyrosine would bind specifically to some chemokines but not others.

Studies of tyrosine sulfation of chemokine receptors (and other proteins) have been challenging
due to the difficulties generating sufficient quantities of homogeneously sulfated receptors or receptor
fragments. In spite of recent progress in these methods [13], sulfated proteins and peptides will always
suffer from marginal and variable stability. Therefore, it may be advantageous to use sulfotyrosine
analogues with enhanced stability. To this end, Phillips et al. present a comparison of CCR7-derived
peptides containing sulfotyrosine and the more stable analogue phosphotyrosine [14]. Importantly,
they show that the phosphorylated peptides retain the same binding site specificity as the sulfated
peptides, thus supporting their future utility as sulfopeptide surrogates.

It is well established that cells expressing chemokine receptors exhibit a variety of signaling
responses to the cognate chemokine ligands of those receptors. In this Special Issue, Adamski et al.
report a remarkable variation on this paradigm, showing that cells expressing the chemokine CXCL16
can also respond to the corresponding receptor CXCR6 [15]. This “reverse signaling” effect is
only possible because the chemokine domain of CXCL16 is linked, via a long mucin stalk, to a
transmembrane helix and a short cytoplasmic domain. The authors demonstrate that the reverse
signaling is reliant on the cytoplasmic domain of CXCL16. Moreover, their finding that CXCL16
expression was increased in fast-migrating glioblastoma cells suggests that the observed reverse
signaling may have important consequences for tumor cell migration (metastasis).

In searching for effective strategies to inhibit chemokines and their receptors, researchers have
explored a wide variety of approaches. One approach is to use proteins naturally produced by
pathogens to suppress chemokine-mediated inflammation during infection. To this end, Nguyen et al.
describe their biophysical studies of two poxvirus proteins, one of which broadly inhibits mammalian
chemokines while the other inhibits chemokine receptors [16]. They find that these two proteins
bind extremely tightly to each other and propose a structural basis for the high affinity interaction.
This study may help to guide the development of protein-based therapeutics but also raises questions
about the balance between these proteins binding to each other versus inhibiting host inflammation
during viral infection.
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Although inhibition of chemokines or their receptors is an attractive strategy against inflammation
and tumor metastasis, a confounding factor is that some chemokine–receptor interactions have
important homeostatic or protective functions. An example is described by Sakumoto et al., who report
that the expression levels of several chemokines and chemokine receptors are elevated in the
endometrium of cows during pregnancy [17]. The increase in some of these proteins appears to
be regulated by interferon τ, which acts as a bovine reproductive hormone, leading the authors to
suggest that the chemokines and receptors may contribute to the maintenance of normal endometrial
function during pregnancy.

The articles in this Special Issue emphasize the remarkable range of mechanisms by which the
chemokine–receptor network is regulated in nature and can potentially be controlled therapeutically.
The diversity of these mechanisms underlines the ongoing evolutionary battle between pathogens and
their hosts and the subtle balance between beneficial and detrimental biological outcomes. While much
remains to be learned, fundamental mechanistic studies, such as those described herein, will continue
to provide invaluable guidance in the development of effective pharmaceutical interventions for many
inflammatory diseases.

Acknowledgments: This work was supported by Australian Research Council Discovery Grant DP130101984
and ANZ Trustees Grant 12-3831.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Lin, J.I. Rudolf Virchow: Creator of Cellular Pathology. Lab. Med. 1983, 1983, 791–794. [CrossRef]
2. Rothenberg, M.E.; Zimmermann, N.; Mishra, A.; Brandt, E.; Birkenberger, L.A.; Hogan, S.P.; Foster, P.S.

Chemokines and chemokine receptors: Their role in allergic airway disease. J. Clin. Immunol. 1999, 19,
250–265. [CrossRef] [PubMed]

3. Proudfoot, A.E. Chemokine receptors: Multifaceted therapeutic targets. Nat. Rev. Immunol. 2002, 2, 106–115.
[CrossRef] [PubMed]

4. Stone, M.J.; Hayward, J.A.; Huang, C.; Huma, Z.E.; Sanchez, J. Mechanisms of Regulation of the
Chemokine-Receptor Network. Int. J. Mol. Sci. 2017, 18, 342. [CrossRef] [PubMed]

5. Miller, M.C.; Mayo, K.H. Chemokines from a Structural Perspective. Int. J. Mol. Sci. 2017, 18, 2088. [CrossRef]
[PubMed]

6. Thompson, S.; Martinez-Burgo, B.; Sepuru, K.M.; Rajarathnam, K.; Kirby, J.A.; Sheerin, N.S.; Ali, S. Regulation
of Chemokine Function: The Roles of GAG-Binding and Post-Translational Nitration. Int. J. Mol. Sci. 2017,
18, 1692. [CrossRef] [PubMed]

7. Brown, A.J.; Sepuru, K.M.; Rajarathnam, K. Structural Basis of Native CXCL7 Monomer Binding to CXCR2
Receptor N-Domain and Glycosaminoglycan Heparin. Int. J. Mol. Sci. 2017, 18, 508. [CrossRef] [PubMed]

8. Brown, A.J.; Joseph, P.R.; Sawant, K.V.; Rajarathnam, K. Chemokine CXCL7 Heterodimers: Structural
Insights, CXCR2 Receptor Function, and Glycosaminoglycan Interactions. Int. J. Mol. Sci. 2017, 18, 748.
[CrossRef] [PubMed]

9. Metzemaekers, M.; Mortier, A.; Janssens, R.; Boff, D.; Vanbrabant, L.; Lamoen, N.; Van Damme, J.;
Teixeira, M.M.; De Meester, I.; Amaral, F.A.; et al. Glycosaminoglycans Regulate CXCR3 Ligands at Distinct
Levels: Protection against Processing by Dipeptidyl Peptidase IV/CD26 and Interference with Receptor
Signaling. Int. J. Mol. Sci. 2017, 18, 1513. [CrossRef] [PubMed]

10. Nguyen, A.F.; Schill, M.S.; Jian, M.; LiWang, P.J. The Effect of N-Terminal Cyclization on the Function of the
HIV Entry Inhibitor 5P12-RANTES. Int. J. Mol. Sci. 2017, 18, 1575. [CrossRef] [PubMed]

11. Ludeman, J.P.; Stone, M.J. The structural role of receptor tyrosine sulfation in chemokine recognition.
Br. J. Pharmacol. 2014, 171, 1167–1179. [CrossRef] [PubMed]

12. Moussouras, N.A.; Getschman, A.E.; Lackner, E.R.; Veldkamp, C.T.; Dwinell, M.B.; Volkman, B.F. Differences
in Sulfotyrosine Binding amongst CXCR1 and CXCR2 Chemokine Ligands. Int. J. Mol. Sci. 2017, 18, 1894.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/labmed/14.12.791
http://dx.doi.org/10.1023/A:1020531322556
http://www.ncbi.nlm.nih.gov/pubmed/10535601
http://dx.doi.org/10.1038/nri722
http://www.ncbi.nlm.nih.gov/pubmed/11910892
http://dx.doi.org/10.3390/ijms18020342
http://www.ncbi.nlm.nih.gov/pubmed/28178200
http://dx.doi.org/10.3390/ijms18102088
http://www.ncbi.nlm.nih.gov/pubmed/28974038
http://dx.doi.org/10.3390/ijms18081692
http://www.ncbi.nlm.nih.gov/pubmed/28771176
http://dx.doi.org/10.3390/ijms18030508
http://www.ncbi.nlm.nih.gov/pubmed/28245630
http://dx.doi.org/10.3390/ijms18040748
http://www.ncbi.nlm.nih.gov/pubmed/28368308
http://dx.doi.org/10.3390/ijms18071513
http://www.ncbi.nlm.nih.gov/pubmed/28703769
http://dx.doi.org/10.3390/ijms18071575
http://www.ncbi.nlm.nih.gov/pubmed/28726743
http://dx.doi.org/10.1111/bph.12455
http://www.ncbi.nlm.nih.gov/pubmed/24116930
http://dx.doi.org/10.3390/ijms18091894
http://www.ncbi.nlm.nih.gov/pubmed/28869519


Int. J. Mol. Sci. 2017, 18, 2415 5 of 5

13. Stone, M.J.; Payne, R.J. Homogeneous sulfopeptides and sulfoproteins: Synthetic approaches and
applications to characterize the effects of trosine sulfation on biochemical function. Acc. Chem. Res. 2015, 48,
2251–2261. [CrossRef] [PubMed]

14. Phillips, A.J.; Taleski, D.; Koplinski, C.A.; Getschman, A.E.; Moussouras, N.A.; Richard, A.M.; Peterson, F.C.;
Dwinell, M.B.; Volkman, B.F.; Payne, R.J.; et al. CCR7 Sulfotyrosine Enhances CCL21 Binding. Int. J. Mol. Sci.
2017, 18, 1857. [CrossRef] [PubMed]

15. Adamski, V.; Mentlein, R.; Lucius, R.; Synowitz, M.; Held-Feindt, J.; Hattermann, K. The Chemokine Receptor
CXCR6 Evokes Reverse Signaling via the Transmembrane Chemokine CXCL16. Int. J. Mol. Sci. 2017, 18,
1468. [CrossRef] [PubMed]

16. Nguyen, A.F.; Kuo, N.W.; Showalter, L.J.; Ramos, R.; Dupureur, C.M.; Colvin, M.E.; LiWang, P.J. Biophysical
and Computational Studies of the vCCI:vMIP-II Complex. Int. J. Mol. Sci. 2017, 18, 1778. [CrossRef]
[PubMed]

17. Sakumoto, R.; Hayashi, K.G.; Fujii, S.; Kanahara, H.; Hosoe, M.; Furusawa, T.; Kizaki, K. Possible Roles
of CC- and CXC-Chemokines in Regulating Bovine Endometrial Function during Early Pregnancy. Int. J.
Mol. Sci. 2017, 18, 742. [CrossRef] [PubMed]

© 2017 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.accounts.5b00255
http://www.ncbi.nlm.nih.gov/pubmed/26196117
http://dx.doi.org/10.3390/ijms18091857
http://www.ncbi.nlm.nih.gov/pubmed/28841151
http://dx.doi.org/10.3390/ijms18071468
http://www.ncbi.nlm.nih.gov/pubmed/28698473
http://dx.doi.org/10.3390/ijms18081778
http://www.ncbi.nlm.nih.gov/pubmed/28813018
http://dx.doi.org/10.3390/ijms18040742
http://www.ncbi.nlm.nih.gov/pubmed/28362325
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

