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regulated during the inflammatory condition, play pivotal roles in 
immune responses, and in defining the cellular organization of the 
immune system thus controlling the leukocyte recruitment during 
inflammation/infection. (ii) Homeostatic – these are constitutively 
expressed in lymphoid and other organs and play major roles in 
the organization of the immune system. They are indeed ‘‘maestro” 
of the movement and localization of lymphocyte and dendritic cell 
subsets in the body [8,9]. Afterwards, it has been identified that the 
homeostatic chemokines are clustered separately outside apart from 
the two major clusters that are identified as CXC and CC families. 
Further studies on the activation/signaling of chemokine-receptor 
complexes have widely established that, many of the chemokines 
display highly restrained ligand-receptor specificities [10]. All these 
findings have led to a paradigm shift in our concept of chemokine 
function during physiological and pathological conditions.

According to our current knowledge, humans express ~50 
chemokines and many of them share the fundamental property of 
oligomerization. They are divided into four subclasses depending on 
the position of N-terminal cysteine residues (CC, CXC, CX3C, and 
C), where “X” can be any amino acid. The first chemokine structure 
was solved 25 years back for CXCL8/IL8 [11]. Since then, structures 

The classical panorama of an innate immune regulation during 
inflammation, infection, and sterile tissue injury is the rapid 
recruitment of circulating leukocytes throughout the organism in 
an effort to eliminate the infectious pathogens (such as bacteria, 
virus), tissue damage and other physiological insults. The salient 
features that are involved in the leukocyte trafficking (Figure 1) 
are: (a) Release of chemokines – small proteins of size 8-10 kD and 
are known as chemotactic cytokines, by the tissue macrophages; 
(b) transcytosis and decoration of chemokines on the luminal 
surface of endothelium forming the chemokine gradients; (c) 
the initial attachment and rolling of leukocytes on the inflamed 
endothelium; during this stage, several adhesion events are arbitrated 
by the different ligands and receptor pairs. For instance, L-selectin 
constitutively expressed by leukocytes and P, E-selectins expressed by 
activated endothelial cells facilitate the initial attachment and rolling 
of leukocytes on the endothelial surface under shear flow of blood. 
(d) Activation of the seven transmembrane-spanning G protein–
coupled receptors (GPCRs) on the leukocytes by the chemokines 
bound to proteoglycans/glycosaminoglycans (GAGs) on the luminal 
surface of the endothelium, resulting in integrin activation and 
firm adhesion of rolling cells. (e) Migration of the leukocytes along 
the chemokine gradients, shape change, extravasations across the 
endothelium, and their entry into the underlying target tissue. (f)
Finally, leukocytes perform the immune surveillance activities such 
as microbial killing and tissue repair through various mechanisms 
that include phagocytosis, degranulation, and extracellular traps etc 
[1-6]. From various stages of the recruitment process, it is obvious 
that chemokines emerge as “master regulators” in mediating the 
leukocyte trafficking in resolving infection/inflammation.

The chronology of the chemokine literature presents an 
interesting historical perspective [7-10]. During the early years 
of their discovery, chemokines and their innate immunity roles 
attracted a little attention from the immunologists due to their 
maverick characteristics such as, (a) high promiscuity relationship 
with their receptor partners and, (b) presence of chemokine genes in 
two discrete chromosomal sites, thus forming two large gene clusters. 
In the later years, researchers discovered that, the chemokines are 
classified majorly into two classes. (i) Inflammatory - these are up- 
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Figure 1: Schematic showing the chemokine mediated leukocyte migration 
(Top panel) and the cartoon representation of the structural framework of 
monomeric chemokine interactions with glycosaminoglycans (GAGs) and 
G-protein coupled receptors (GPCRs) (Bottom Panel).
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were determined for several of the members from each subclass. To 
an extent of surprise and frustration of the structural biologists, it 
had been observed that, irrespective of the subclass, the “canonical 
tertiary structure” of the chemokine essentially remained the same. 
The high structural homology and stability of the monomeric 
chemokine structures can be partially attributed to the presence of 
one to three disulfide bonds that are mostly fixed in sequence and 
structure. A typical monomeric chemokine structure consists of a 
long disordered N-terminal domain followed by a 310-helix, anti 
parallel three stranded β-sheet and a C-terminal α-helix [11,12]. The 
monomeric scaffold of a chemokine is sufficient enough to interact 
with its cellular partner’s glycosaminoglycans and G-protein coupled 
receptors in order to regulate the leukocyte trafficking as described 
above. The disordered N-terminal region of the chemokine engages 
its residues in interacting with the extracellular loops (including 
the N-domain) of the GPCR; whereas, the glycosaminoglycans can 
interactions are primarily electrostatic in nature and are mediated 
by the positively charged amino acids (such as His/Lys/Arg) of the 
C-terminal helix of the chemokine with the sulfate groups of the 
GAGs (Figure 1) [12-15]. However, the mechanism and molecular 
level details of chemokine mediated leukocyte migration are more 
complex due to its ability to undergo reversible oligomerization, and 
yet to be unraveled in great detail.

The structural diversity of the chemokine molecules originates 
from its oligomerization behavior. Chemokines can reversibly exist 
as monomers, dimers, tetramers and/or higher order oligomers. For 
example, the dimeric structural architecture attained by the CXC and 
CC chemo kinesis completely different. CXC chemokines dimerize 
by involving the residues in the first β-strand, thereby forming a 
six stranded β-sheet structure topped by two α-helices. The CC 
chemokines dimerize through the nucleated residues around the 
N-terminus, and forms a β-sheet in the dimer. In contrast to those 
two forms of dimers, the XC chemokines form a non-canonical dimer 
that has no similarity to that of any of anorthodox chemokine tertiary 
structure [16,17]. Along with the dimeric states, tetrameric structures 
also have been reported for few of the chemokines. Indeed, three 
different forms of tetrameric structure had been reported for CXCL10 
[18]. Furthermore, chemokines also have an extraordinary ability to 
undergo hetero-oligomerization to assemble into hetero dimers/
tetramers within or outside their subclass members.  

The propensity of chemokine oligomerization has been reported 
to vary significantly by orders of magnitude (nM to mM), and 
depends on the environmental and cellular milieu. Moreover, 
the glycosaminoglycans are known to induce oligomerization in 
chemokines [16]. Indeed, such sort of GAG induced oligomerization 
can efficiently modulate the chemotactic gradients on the 
inflamed endothelium. This dynamic oligomerization process of 
chemokines on the endothelium manifests to differential binding 
to the glycosaminoglycans and binding/activation of the receptors 
respectively and can also influence the kinetics of binding and 
their longevity on endothelium for sustained leukocyte homing. 
In addition, as the leukocyte activation triggers diverse signal 
transduction cascades; which cascade is triggered may not only be 
depends on the chemokine and the receptor engaged but also on the 
oligomerization state of the chemokines, receptors and/or nature of 
chemotactic/haptotactic gradients. Such type of selective activation of 

distinct pathways indicates that the receptors couple not only to their 
G proteins but also to the chemokine oligomeric state for targeted 
leukocyte migration.

Although, the leukocyte trafficking is tightly regulated in 
cooperation with various cellular partners, sometimes under various 
pathological conditions and organ transplantations (allograft/
xenografts), these infiltrating leukocytes become invasive as they 
are not only the effector cells combating invading pathogens but are 
also involved in tissue degradation. As such, an excessive or reduced 
influx or activation of infiltrating leukocytes into the infected/
damaged tissue may have profound effects on its quality of the tissue 
healing response [19]. Such an altered influx of leukocyte migration is 
also very common during some of the viral infections as these viruses 
adopt various mechanisms of “molecular mimicry” to hijack the 
human immune system. Some viruses can even produce their own 
chemokine and receptor homolog’s and, proteins that bind human 
chemokines (chemokine binding proteins) to counter attack [20]. 

A complete abrogation of a chemokine activity or blockade of 
a chemokine receptor is most likely to be accompanied by severe 
side effects on immune functioning. Alternatively, attenuating a 
particular chemokine–receptor axis during disease might suffice the 
purpose, while leaving normal physiological functions intact. Owing 
to the diversity in the regulation of the chemokine system, several 
strategies have been developed to regulate/block, restore and control/
manipulate the leukocyte migration. They include small-molecule 
receptor antagonists, GAG analogs, peptide inhibitors, modified 
chemokine ligands and the disruption of chemokine pairs [21-25]. 

Considering the fact that “healing as a matter of opportunity 
rather than a matter of time”, given the dependence of chemokine 
activity on GAG binding and the importance of homo and hetero 
oligomer formation of chemokines and their receptors, many new 
entry points and additional novel strategies have to be considered for 
potential therapeutic approaches. Modification of GAG binding and 
chemokine oligomerization properties of chemokines might be one 
of the valid methodologies. Small molecule, low molecular weight 
GAG mimetic and engineered “super chemokines” should be other 
plausible solution. Further, the recently discovered heterothallic 
interactions of chemokines can be considered by designing peptides, 
antibodies or small molecules. Pursuing all these potential therapeutic 
avenues along with a comprehensive knowledge of the structural and 
energetic basis of chemokine interactions with receptors and GAGs 
will aid human community to combat against several inflammatory/
infectious disorders.
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