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Chemokines are small, chemotactic proteins that play a crucial role in leukocyte migration 
and are, therefore, essential for proper functioning of the immune system. Chemokines 
exert their chemotactic effect by activation of chemokine receptors, which are G 
protein-coupled receptors (GPCRs), and interaction with glycosaminoglycans (GAGs). 
Furthermore, the exact chemokine function is modulated at the level of posttranslational 
modifications. Among the different types of posttranslational modifications that were 
found to occur in  vitro and in  vivo, i.e., proteolysis, citrullination, glycosylation, and 
nitration, NH2-terminal proteolysis of chemokines has been described most intensively. 
Since the NH2-terminal chemokine domain mediates receptor interaction, NH2-terminal 
modification by limited proteolysis or amino acid side chain modification can drastically 
affect their biological activity. An enzyme that has been shown to provoke NH2-terminal 
proteolysis of various chemokines is dipeptidyl peptidase IV or CD26. This multifunctional 
protein is a serine protease that preferably cleaves dipeptides from the NH2-terminal 
region of peptides and proteins with a proline or alanine residue in the penultimate 
position. Various chemokines possess such a proline or alanine residue, and CD26-
truncated forms of these chemokines have been identified in cell culture supernatant 
as well as in body fluids. The effects of CD26-mediated proteolysis in the context of 
chemokines turned out to be highly complex. Depending on the chemokine ligand, loss 
of these two NH2-terminal amino acids can result in either an increased or a decreased 
biological activity, enhanced receptor specificity, inactivation of the chemokine ligand, 
or generation of receptor antagonists. Since chemokines direct leukocyte migration 
in homeostatic as well as pathophysiologic conditions, CD26-mediated proteolytic 

Abbreviations: ADA, adenosine deaminase; ACKR, atypical chemokine receptor; CCR, CC chemokine receptor; CD26, 
cluster of differentiation 26; CX3CR, CX3C chemokine receptor; CXCR, CXC chemokine receptor; DAG, diacylglycerol; DPP, 
dipeptidyl peptidase; ER, endoplasmic reticulum; ERK, extracellular signal-regulated kinase; FAP-α, fibroblast-activating 
protein-α; GAG, glycosaminoglycan; GIP, glucose-dependent insulinotrophic polypeptide; GLP-1, gastrointestinal hormone 
glucagon-like peptide 1; GPCR, G protein-coupled receptor; GRKs, G protein-coupled receptor kinases; GTPase, guanosine 
triphosphatase; HIP-1α, hypoxia-inducible protein-1α; HIV, human immunodeficiency virus; HNF-1, hepatocyte nuclear 
transcription factor 1; IFN, interferon; IL, interleukin; IGFIIR, insulin-like growth factor II-receptor; IP3, inositol 1,4,5-tris-
phosphate; M6P, mannose 6-phosphate; MAPK, mitogen-activated protein kinase; MCP, monocyte chemotactic protein; MIP, 
macrophage inflammatory protein; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NK, natural killer; 
PAD, peptidylarginine deiminase; PAMP, pathogen-associated molecular patterns; PI3K, phosphatidylinositol 3-kinase; PIP2, 
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tumor necrosis factor; XCR, C chemokine receptor.

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2016.00483&domain=pdf&date_stamp=2016-11-11
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2016.00483
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:paul.proost@kuleuven.be
http://dx.doi.org/10.3389/fimmu.2016.00483
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00483/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00483/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2016.00483/abstract
http://loop.frontiersin.org/people/379429
http://loop.frontiersin.org/people/223103
http://loop.frontiersin.org/people/25428


2

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

iNTRODUCTiON

Mammalia are exposed to a variety of pathological agents on a 
daily basis and disease-causing microorganisms such as bacteria 
and viruses are omnipresent. Furthermore, cells of the own body 
can acquire malignant potencies, which make them dangerous 
with respect to the normal physiology. Since the body is equipped 
with a protective system, confrontation with pathological stimuli 
not necessary results in disease. The immune system holds a 
non-specific, innate component that constitutively monitors 
one’s health (1, 2). The process of phagocytosis plays a central 
role in this innate immune system. Phagocytosis by non-specific 
cells such as macrophages induces the clearance of bacteria (3). 
Meanwhile, virally infected cells are attacked by natural killer 
(NK) cells and viral spread is inhibited by interferons (IFNs) (4). 
The second component of the immune system is adaptive and 
requires prior activation and B- and T cell proliferation (5–9). 
As a consequence, the adaptive immune system generates only 
a slow response upon contact with a particular microorganism 
for the first time. However, adaptive immunity is characterized 
by memory, which enables fast induction of a highly specific 
response when the organism is exposed to the same pathogen 
in the future (5, 6). In general, the adaptive immune system is 
subdivided into humoral and cellular immunity, with B and 
T  lymphocytes being the most important effector cells, respec-
tively. Helper T lymphocytes stimulate B lymphocytes to produce 
antibodies against epitopes that are foreign to the body. The 
capacity to produce antibodies makes the B lymphocytes impor-
tant players in immune defense against extracellular pathogens. 
In addition, cytotoxic and helper T lymphocytes are responsible 
for combatting intracellular microorganisms (7, 8). Furthermore, 
regulatory T lymphocytes are crucial for maintaining tolerance to 
commensal microflora (9).

Leukocytes are crucial for correct functioning of host protec-
tion. Different leukocytes, i.e., neutrophils, eosinophils, basophils, 
lymphocytes, NK cells, monocytes, macrophages, and dendritic 
cells, have subtype-specific shapes and functions. Obviously, the 
presence of the correct cells on the right place at the right time is 
essential to allow the desired interactions between the different 
leukocyte subtypes and between leukocytes and pathogens result-
ing in proper functioning of the immune system (10–12). On the 
one hand, hyperactivation of the immune system can result in 
allergic or autoimmune responses. On the other hand, immune 
incompetence has been associated with a significantly increased 
risk of developing disease. Moreover, inadequate immunity 
significantly reduces the natural antitumor response. In order to 
avoid detrimental consequences that result from inappropriate 

immunological responses, directional migration of leukocytes in 
healthy individuals is a dynamic highly controlled process that is 
regulated by adhesion molecules and chemotactic cytokines or 
chemokines. Chemokines drive migration in a concentration- 
and site-dependent manner (13–18). The function and biological 
availability of chemokines and their receptors is modulated at 
multiple levels including transcription and translation (13). 
Concerning the dynamic process of chemokine regulation, it 
became more and more clear that also posttranslational modifica-
tions play an important role (19).

CHeMOKiNeS

Definition and Classification 
of Chemokines
Chemokines are small, chemotactic molecules with a molecular 
weight of about 7–12 kDa. They direct migration of leukocytes 
during inflammation as well as in homeostatic circumstances 
(13, 14, 16, 17). Rolling of leukocytes is followed by lose adhe-
sion of the cells to the endothelium (10). Selectins play an 
important role in generating primary adhesion interactions. 
Next, interaction of leukocytes with chemokines strengthens 
bonding between integrins on leukocytes and their counter-
receptors on endothelial cells, resulting in anchorage of 
leukocytes to the endothelium. In the end, a chemotactic 
gradient will act as a guide that navigates leukocytes to their 
final destinations (10, 20, 21).

Although, the mutual sequence homology of chemokines 
varies between less than 20% to over 90%, the tertiary struc-
ture of chemokines, in general, is quite similar (15–17). Most 
chemokines contain four cysteine residues that form disulfide 
bridges, which stabilize the tertiary structure of the protein. 
Chemokines contain a characteristic flexible NH2-terminal 
region of about 6–10 amino acids that is important for signal 
transduction. An NH2 terminal loop (N loop), that mouths into 
a 310-helix, is situated behind the flexible NH2-terminal region. 
The NH2-terminal residues and N loop contain determinants 
for binding of the chemokine to G protein-coupled receptors 
(GPCRs) and are followed by a three stranded β-sheet and a 
COOH-terminal helix (15). Classically, one distinguishes CXC, 
CC, C, and CX3C chemokines. The division into four subfamilies 
is based on the difference in localization of the two NH2-terminal 
cysteine residues and, consequently, is based on structural char-
acteristics (13, 16, 18).

Most CXC or α-chemokines are clustered on chromosome 
4q12–21 and contain only one random amino acid (X) between 

processing of these chemotactic proteins may have significant consequences for 
appropriate functioning of the immune system. After introducing the chemokine family 
together with the GPCRs and GAGs, as main interaction partners of chemokines, and 
discussing the different forms of posttranslational modifications, this review will focus on 
the intriguing relationship of chemokines with the serine protease CD26.

Keywords: chemokine, leukocyte migration, GPCR, glycosaminoglycan, posttranslational modification, 
proteolysis, dipeptidyl peptidase iv, CD26
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the two NH2-terminal cysteines (16). The human CXC subfam-
ily consists of 18 genes encoding 18 proteins (CXCL1 to 17 and 
CXCL4L1) that are further subdivided based on the presence 
or absence of a Glu-Leu-Arg (ELR) motif located just before 
the CXC motif. ELR+CXC chemokines, i.e., CXCL1 to CXCL3 
and CXCL5 to CXCL8, interact with CXC chemokine receptor 
(CXCR)1 and/or CXCR2, thereby mediating migration and 
activation of neutrophils. In general, members of this group of 
CXC chemokines also promote angiogenesis. This angiogenic 
activity partially explains why the pro-inflammatory CXCL8, 
or interleukin (IL)-8, has been associated with cancer (22, 
23). Moreover, it has been demonstrated that CXCL8 stimu-
lates migration of colorectal tumor cells in  vitro as well as 
in  vivo (24). Absence of the ELR motif, in contrast, implies 
completely different characteristics. The ELR negative (ELR−) 
CXC chemokines CXCL9 to CXCL11, for example, activate 
the receptor CXCR3 and mediate recruitment of T lympho-
cytes and NK cells (13). In contrast to the ELR+ relatives, the 
CXCR3 ligands have angiostatic properties. The first described 
chemokine ever, namely platelet factor-4 or CXCL4, is an 
ELR−CXC chemokine (25). CXCL4, released by activated blood 
platelets, is a weak CXCR3 ligand and chemoattractant for 
neutrophils, monocytes, and fibroblasts (26, 27). Due to its 
extremely high affinity for heparin, CXCL4 acts as a neutraliz-
ing agent for heparin-like molecules and hinders the thrombin 
inactivating capacity of these agents (28, 29). Moreover, it had 
been shown that CXCL4 inhibits endothelial cell proliferation, 
angiogenesis, and tumor growth (29–31). The highly related 
non-allelic variant of platelet factor-4, CXCL4L1, is an even 
better inhibitor of angiogenesis (32).

The second large subclass of human chemokines contains 
about 30 CC or β-chemokines. Individual members of this 
chemokine subfamily all contain an analogous CC motif and 
most CC chemokines are clustered on chromosome 17, sug-
gesting that the CC family arose as a result of gene duplication 
(13–16). CC or β-chemokines are subdivided into two main 
subgroups. One subfamily is the monocyte chemotactic proteins 
(MCPs) together with the eotaxins (33). These chemokines medi-
ate recruitment of, among others, monocytes, T lymphocytes, 
eosinophils, and basophils and promote histamine release by 
the latter. Consequently, they play an important role in inflam-
mation including allergic inflammation (34). Most other CC 
chemokines are considered as a separate CC chemokine subclass 
with high homology to the macrophage inflammatory proteins 
(MIP)-1α and MIP-1β (14).

In contrast to CXC and CC chemokines, C chemokines 
contain only two cysteines. Indeed, as a result, their overall 
topology is stabilized by only one disulfide bridge. Nowadays, 
XCL1 and XCL2, also known as lymphotactin α and β, respec-
tively, are the only C chemokines that have been identified 
(13–17). CX3CL1 – or fractalkine – is still the only CX3C 
chemokine that has been described. This chemokine not only 
acts as a chemoattractant but also plays a role as an adhesion 
molecule (35). Structurally, CX3CL1 contains an NH2-terminal 
chemokine domain, a long mucin-like domain of circa 110 
amino acids that is enriched for serine and threonine residues, 
a transmembrane domain, and a cytoplasmic tail. CX3CL1 is 

capable of anchoring to extracellular surfaces and is – together 
with the membrane-bound CXCL16 – an exception to the rule 
that chemokines are secreted proteins (15).

In addition to the structure-based classification of chemokines 
as CXC, CC, C, and CX3C family members, one respects a 
functional division between inflammatory and homeostatic 
chemokines (13, 15). Expression of inflammatory chemokines 
requires prior activation by stimuli that can be exogenous as 
well as endogenous. Examples of endogenous mediators that are 
potent inducers of expression of inflammatory chemokines are 
cytokines, for example, IFN-γ, tumor necrosis factor (TNF)-α, 
IL-1, IL-4, IL-5, IL-6, IL-13, and IL-17 (14, 15, 17, 18, 36, 37). 
Well known exogenous stimuli are microbial infection and viral 
and bacterial components such as the toll-like receptor ligands 
double stranded RNA, peptidoglycan, and lipopolysaccharide 
(14, 15, 18, 38, 39). The presence of pathogen-associated molecu-
lar patterns (PAMPs) on the surface of these factors facilitates 
recognition by the body, allowing generation of an appropriate 
immune response (1, 2). In fact, PAMPs on the surfaces of the 
infection-associated molecules interact with pattern recogniz-
ing receptors, enabling induction of chemokine production and 
subsequent leukocyte attraction (40). Examples of inflammatory 
CC chemokines are CCL2 and CCL5 (41).

Homeostatic chemokines control basal cell migration and are 
constitutively expressed. They enable correct hematopoiesis in 
bone marrow and thymus and direct migration of lymphocytes 
and dendritic cells to secondary lymphoid organs (15, 42, 43). 
Furthermore, homeostatic chemokines are responsible for leuko-
cyte migration in healthy peripheral tissues resulting in immune 
surveillance and maintenance of mucosal immunity (42–44). 
Genetic deficiency of CXCL13, for example, results in aberrances 
in the organization of Peyer’s patches in the intestine (44). In 
addition to the fact that homeostatic chemokines are necessary 
for correct functioning of the immune system, they do also play 
a role in various developmental processes (15, 42, 43). Migration 
through specific areas in secondary lymphoid organs during B 
and T lymphocyte development, for example, is navigated by 
homeostatic chemokines (42). Noteworthy, it is recommended 
to interpret the broad, function-based chemokine subdivision 
with some caution. The distinction between homeostatic and 
inflammatory chemokines is not absolute: some chemokines can 
fall into both categories, depending on the context (15, 45). On 
top of their role as leukocyte attractants, a number of chemokines 
(homeostatic and inflammatory) have also been reported to 
have direct chemokine receptor-independent antimicrobial 
activity [reviewed in Ref. (46)]. The direct antimicrobial activ-
ity in general requires higher concentrations compared to the 
concentrations needed to induce leukocyte migration (47, 48).

Chemokine Receptors
Chemokines exert their chemotactic activity via binding and 
activation of GPCRs. Since ligands of GPCRs are often non-
protein molecules and cytokines signal via non-GPCRs, the 
association between chemotactic cytokines and this type of 
receptors was not self-evident. The fact that neutrophils are char-
acterized by the presence of binding sites with a high affinity for 
CXCL8, together with the observation that Pertussis toxin is able 
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FiGURe 1 | The chemokine family and effect of CD26 on chemokine receptor–ligand interactions. Various chemokines can be subjected to proteolytic 
processing by the enzyme dipeptidyl peptidase IV or CD26. The effects of truncation by CD26 are indicated by colors. Red, CD26-mediated proteolysis negatively 
affects the interaction between chemokine and chemokine receptor. Green, CD26-mediated proteolysis has a positive effect on the interaction between chemokine 
and chemokine receptor. Blue, proteolytic processing by CD26 does not influence the interaction between chemokine and chemokine receptor. Brown, the 
implications of truncation by CD26 remain to be determined. *, in contrast to intact CCL4, CCL4(3–69) shows affinity for CCR1 and CCR2. **, also known as 
CXCR7. ***, the notation “ACKR5” is reserved for this receptor. NC, not cleaved by CD26.
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to block the effects of CXCL8, indicated that chemokine recep-
tors are GPCRs (49, 50). Indeed, Pertussis toxin is well known 
for its inactivating effect on the Gi type of G proteins. Nowadays, 
almost 20 chemokine receptors have been cloned within the 
over 600 human GPCRs. These GPCRs are known as CXCR1 
to CXCR6, CXCR8, CC chemokine receptor (CCR)1 to CCR10, 
CX3C chemokine receptor (CX3CR)1, and C chemokine receptor 
(XCR)1. They specifically interact with one or more chemokines 
of the corresponding subclass (19, 51–53) (Figure 1). CXCR2, 
for example, is capable of binding all seven known human 
ELR+CXC chemokines, whereas CXCR4 selectively interacts 
only with one chemokine, namely CXCL12. In addition, some 

chemokines activate multiple receptors. For example, CCL3L1 
and CCL5 show affinity for CCR1, CCR3, and CCR5 (54–56).

Interaction between a GPCR and a chemokine ligand results 
in receptor activation, followed by receptor-mediated signal 
transduction. GPCRs contain seven α-helices that cross the 
membrane. Individual transmembrane domains are mutually 
connected by three intracellular and three extracellular loops. 
The NH2-terminal region is located extracellularly, whereas the 
COOH-terminus faces the cytoplasm (15, 51). The extracellular 
loops and the NH2-terminal residues facilitate activation of a 
chemokine receptor, and the intracellular loops are crucial for 
coupling to G proteins (Figure 2). The second intracellular loop 
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FiGURe 2 | Chemokine-induced signal transduction. Chemokine receptors are G protein-coupled receptors (GPCRs), implying that classical chemokine-
induced signaling is G protein-dependent. Binding of a chemokine ligand induces a change in conformation of the GPCR, thereby facilitating exchange of guanosine 
diphosphate (GDP), which is bound by the α-subunit of the G protein during receptor inactivity, for guanosine triphosphate (GTP). Most chemokine receptors are 
coupled to G proteins that hold an inhibitory type of α subunit (Gαi), implying that the newly formed Gα–GTP complex mediates inhibition of adenylyl cyclase, 
resulting in decreasing cyclic adenosine monophosphate (cAMP) concentrations. The βγ-subunit of the G protein (Gβγ), in turn, activates phospholipase Cβ (PLCβ), 
resulting in initiation of cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). The latter facilitates 
calcium release from the endoplasmic reticulum. Calcium and PIP2 cooperate in the activation of protein kinase C (PKC) and other calcium-sensitive protein kinases. 
In addition, Gβγ interacts with Ras, followed by activation of phosphatidylinositol-3-kinases (PI3K) and PIP3. PIP3 activates Rac, a GTPase, and interacts with protein 
kinase B (PKB), which are important for leukocyte migration and actin polymerization, respectively. In the end, modulation of actin-dependent processes regulates 
various leukocyte functions and initiates chemotaxis. In addition to G protein-dependent signaling, some chemokine receptors couple to arrestin after chemokine-
binding and phosphorylation of the receptor by G protein-coupled receptor kinases (GRK). Arrestin mediates G protein uncoupling of the receptor and plays a role in 
receptor desensitization. In addition, arrestin interaction can promote receptor internalization to endosomes and ligand degradation, initiation of an additional round 
of cell signaling, or receptor recycling to the cell membrane.
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contains a so called DRYLAIV-motif that is necessary to enable 
signal transduction (57, 58).

The G proteins are receptor-associated when the receptor is 
inactive. As long as the receptor is kept in its inactive confor-
mation, the guanosine triphosphatase (GTPase) domain of the 
α-subunit of the G protein is bound to guanosine diphosphate 
(GDP). However, binding of a suitable chemokine ligand gives 
rise to a conformational change in the receptor, thereby leading to 
the exchange of GDP for guanosine trisphosphate (GTP) (58–60). 
The newly formed Gα–GTP complex dissociates from the recep-
tor and from the βγ subunit of the G protein. With regard to α 
subunits, one respects a classification into Gαs, Gαi/Gαo, Gαq/
Gα11, and Gα12/Gα13 subtypes. These different subfamilies either 
stimulate or inactivate adenylylcyclases. Most chemokine recep-
tors are coupled to the Gαi subtype, which implies that binding of 
a chemokine ligand results in inhibition of adenylylcyclase, fol-
lowed by a decrease in concentration of the messenger molecule 

cyclic adenosine monophosphate (cAMP) Figure  2 (60). In 
addition, βγ subunits activate membrane-bound phospholipase 
C (PLC)β, which enables induction of cleavage of phosphati-
dylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) 
and inositol 1,4,5-trisphosphate (IP3). IP3, in turn, induces the 
release of calcium from the endoplasmic reticulum (ER) to the 
cytoplasm. DAG acts synergistically with calcium and activates 
various forms of protein kinase C (PKC) and other calcium-
sensitive protein kinases. The resulting cascade of protein 
phosphorylations ultimately leads to the generation of cellular 
effector responses. In addition to PIP2, the related phosphati-
dylinositol (3–5)-trisphosphate (PIP3), also plays an important 
role in chemokine receptor-induced signal transduction. This 
particular product of the phosphatidylinositol 3-kinase (PI3K) 
cascade activates Rac, a small GTPase that is indispensable for 
leukocyte migration. Furthermore, PIP3 contains an interaction 
site for protein kinase B (PKB). Interaction with this ligand is 
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important for actin polymerization (17). Modulation of actin-
dependent, cellular processes, in the end, gives rise to induction 
of chemotaxis and regulation of a variety of other functions in 
different types of leukocytes (15, 51).

In addition to classical G protein-dependent signaling, 
some chemokine receptors can couple to arrestin proteins 
Figure 2 (61–63). These adaptor proteins may bind the recep-
tor following agonist binding and receptor phosphorylation 
by G  protein-coupled receptor kinases (GRKs). By means 
of sterically hindering the phosphorylated receptor and its 
interaction with G  proteins, arrestin proteins uncouple the 
receptor from G  proteins and promote receptor desensitiza-
tion (64). Moreover, arrestin recruitment facilitates targeting 
of the receptor to clathrin-coated pits that are present at the 
cell surface (65, 66). As  a result, the receptor is internalized 
to endosomes and the ligand can be subjected to degradation. 
However, binding of arrestin does not necessarily promote 
receptor downregulation. Instead, in some cases, this interac-
tion initiates an additional round of signaling. Concerning 
the CXCL12/CXCR4 axis, for example, β arrestin-2 has been 
reported to enhance the activation of p38 mitogen-activated 
protein kinase (MAPK) and extracellular signal-regulated 
kinase (ERK) that is mediated by CXCR4 (67). In this way, 
β arrestin-2 plays an important role in CXCR4-mediated 
chemotaxis. In case a specific chemokine receptor interacts 
with multiple chemokine agonists, the impact of arrestin 
binding depends on the particular chemokine that binds to 
the receptor. For example, internalization of CCR7 following 
CCL19 binding is arrestin-dependent. However, this does not 
apply to the CCR7 ligand CCL21 (68). In addition to playing a 
role in chemokine receptor internalization and desensitization, 
ligand degradation, and initiation of an additional round of 
cell signaling, β-arrestin coupling can also mediate receptor 
recycling, resulting in constitutive trafficking of the receptor 
from intracellular vesicles to the cellular surface (69–72).

Furthermore, some of the identified chemokine receptors do 
not have the capacity to initiate classical signal transduction. 
These atypical chemokine receptors (ACKRs) have been associ-
ated with processes of internalization, degradation, neutraliza-
tion, and transport of chemokines (13, 69). ACKR1 to 4 and 
CCRL2 do not contain a complete DRYLAIV-motif and seem 
to play a role in regulation of chemokine availability (13, 73). 
ACKR1 binds both CC chemokines and CXC chemokines and 
promotes active transport of inflammatory chemokines from 
basolateral toward apical surfaces through endothelial cells 
(74, 75). As a consequence of the interaction with ACKR1, a 
chemokine ligand is internalized, resulting in stacking of the 
particular molecule on the apical side. Consequently, chemokine 
transcytosis that is realized by ACKR1 will result in increased 
leukocyte migration (75). ACKR1 is not only expressed by a 
variety of endothelial cells but can also be found on the surface 
of erythrocytes and epithelial cells (76–78). On erythrocytes, 
ACKR1 functions as a “sink” receptor (77, 79). This phenomenon 
facilitates maintenance of low chemokine concentrations in the 
blood in physiological circumstances, suggesting that the atypical 
chemokine receptor is important to keep particular chemokines 
in the circulation (19, 76).

Since the NH2-terminal chemokine domain is responsible 
for binding to GPCRs and activation of these receptors, this 
extremely flexible region is of high importance for a chemokine’s 
biological activity. The amino acids in front of the first cysteine 
residue are important for the receptor selectivity of the chemokine 
(79, 80). This NH2-terminal tail of chemokines interacts with 
a pocket in the transmembrane part of the receptors. Thus, it 
is not surprising that minor modification on the chemokine’s 
NH2-terminus may have a profound impact on the activity of 
these proteins (vide infra). In addition, a rigid loop that is located 
behind the second cysteine residue of the chemokine binds to the 
NH2-terminus of the receptors (81, 82). Accumulating evidence 
suggests an interplay between both interaction sites, which 
allows fine tuning of the selection and activation of signaling 
pathways (80).

For some chemokine receptors, three dimensional (3D) 
structures are already available. For example, crystal structures 
of CXCR4 in complex with several receptor antagonists have 
been mapped (83). Furthermore, the receptor was successfully 
crystalized in complex with a viral chemokine-like molecule 
(84). Recently, also improved insights into the 3D structure of 
CXCR1 were obtained using NMR-spectroscopy (85). Since 
exact structures of most chemokine receptors are still unknown, 
one frequently depends on hypothetical models that are based 
on bovine rhodopsin. This seven transmembrane protein is the 
prototype class A GPCR, and its 3D structure is completely 
determined. Class A GPCRs are important drug targets and, 
consequently, improving insights into the receptor structure 
facilitates the search for interaction partners with therapeutic 
applications. Given the central role of chemokines in leukocyte 
migration, modulation of receptor-ligand interactions in the con-
text of chemokines can be of potential value. Indeed, chemokines 
are associated with various pathological conditions such as acute 
and chronic inflammation (including autoimmune diseases) and 
cancer (41, 82, 86, 87).

Expression of chemokine receptors is strongly regulated 
and is not necessarily restricted to leukocytes (53). Certain 
conditions can give rise to ectopic expression on endothelial 
cells, epithelial cells, neurons, and microglial cells in the brain 
(88–92). Furthermore, expression of chemokine receptors is 
highly dynamic, as clearly illustrated by the expression patterns 
on T lymphocytes and dendritic cells. For T lymphocytes, a direct 
relation exists between the receptor expression pattern and the 
fact whether it is a naive or memory cell, whether the cell is 
activated or in an inactive state, and whether the cell has, e.g., 
a Th1 or a Th2 identity (93). For dendritic cells, the chemokine 
receptor expression pattern depends on the maturity of the cell 
(94). Strict regulation of receptor expression ensures correct 
positioning of lymphocytes and dendritic cells in peripheral or 
secondary lymphoid tissues.

Glycosaminoglycans
In addition to binding to GPCRs, chemokines interact with 
glycosaminoglycans (GAGs) with low affinity (13, 19). These 
long, linear, and heterogeneous sulfated polysaccharide chains 
are strongly negatively charged, making them attractive interac-
tion partners for chemokines, which are generally highly basic. 
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GAGs are present on the cellular surface and in the extracel-
lular matrix. They are usually found as part of a so-called 
proteoglycan structure in which multiple GAGs are bound to 
a protein core. Proteoglycans are associated with the cellular 
membrane and function as a macromolecular cell coating that 
is known as “glycocalyx.” The exact composition of GAGs is 
highly variable and depends on the location and cell type, 
by means of which some degree of selectivity for particular 
chemokines is ensured (95, 96). The differentiation status and 
the pathophysiological state seem to be important factors 
underlying this phenomenon (95, 97). Binding of chemokines 
to GAGs on the vascular endothelial surface, for example, 
provokes retention of chemokines, thereby enabling formation 
of a chemokine gradient, which is important for coordinated 
leukocyte migration. GAGs are also present at the surface of 
leukocytes (20). Here, loss of GAGs dramatically decreases the 
affinity of the cell for chemokines. Indeed, one presumes that 
the interaction between chemokines and GAGs influences the 
interaction between the chemokine ligands and their receptors 
(98). Chemokine binding to GAGs on the surface of leukocytes 
also has been reported to explain cooperativity between specific 
chemokines (99). By competition for binding to the same GAG 
on a leukocyte, one chemokine without a specific GPCR on 
that particular leukocyte (e.g., CXCL13) may detach the second 
chemokine (e.g., CCL19) from that GAG and allow this second 
chemokine to activate its specific GPCR (CCR7 in case of 
CCL19) with higher efficiency. In addition to these interactions 
with chemokines, GAGs can bind to a variety of other proteins. 
Thus, the finding that these heterogeneous macromolecules 
seem to be associated with many cell biological processes was 
not surprising (13, 95, 100).

The GAG chain structure is composed of a range of 1 up 
to 25,000 repeating hexose/hexuronic acid plus hexosamine 
units. These disaccharide building blocks are subjected to 
an extensive and variable degree of N- or O-sulfation and/
or C5 epimerization. Due to the exact composition, glycoside 
bond and degree of sulfation and acetylation, a strong variety 
between different disaccharide units is observed. In general, 
one discriminates heparan sulfate, heparin, chondroitin sul-
fate, keratan sulfate, dermatan sulfate, and hyaluronic acid. 
Excluding heparin and hyaluronic acid, GAGs are generally 
anchored to the cell membrane by means of proteoglycan 
structures (13, 95). Among the six different subclasses of GAGs, 
most of the existing knowledge and research concerns heparan 
sulfates and heparins. Heparan sulfates are expressed by almost 
all types of cells, making that heparan sulfate proteoglycans 
count for about 95% of all proteoglycans (101). The diversity 
between individual GAGs probably results from the fact that 
synthesis of GAG polymers is not based on a representative 
template (100). Instead, the production of GAGs depends on 
a range of complex enzymatic reactions (100).

The major GAG-binding domain of chemokines is often 
located in the COOH-terminal region and is physically separated 
from the receptor activation domain that is situated rather NH2-
terminally. The observation that these two important interac-
tion domains are localized apart from each other, gave rise to 
the hypothesis that chemokines can interact with both GAGs 

and GPCRs at the same time (100, 102). However, the GAG-
binding domain is not always restricted to the COOH-terminal 
region and overlaps partly with the receptor activation domain. 
Given the acidity that characterizes both chemokine receptors 
and GAGs, this is not surprising. Arginine, lysine, and – to a 
lesser extent – also histidine in the COOH-terminal α-helix of 
chemokines, turned out to be crucial hotspots for GAG binding 
(103–106). Most of the heparan sulfate-binding chemokines like 
CCL3, CCL4, and CCL5 have a “BBXB” GAG-binding consen-
sus motif in their 40s loop, where “B” symbolizes an arginine 
or a lysine residue (100, 103). Both are basic amino acids that 
facilitate binding of the chemokine to negatively charged GAGs. 
At the moment, the available knowledge on chemokine-binding 
sites on GAGs themselves is still limited (20, 100). For CXCL8, 
for example, it is only known that a minimum GAG length of 
18 monosaccharides is crucial. Ideally, a GAG chain contains 
two N-sulfated regions that both consist of six monosaccharides, 
which are separated from a region of maximum seven non-
sulfated disaccharide subunits (107).

Interaction with GAGs promotes oligomerization of 
chemokines. Indeed, in addition to monomers that are responsi-
ble for receptor activation, chemokines also occur as higher order 
aggregates (15). The capacity of GAGs to facilitate oligomeriza-
tion of chemokines was demonstrated in vitro for the first time 
for the chemokines CCL2, CCL3, CCL5, and CXCL8 (20). For 
example, the CC chemokine CCL2 can be subjected to dimeriza-
tion, and a dimer variant of the CXC chemokine CXCL8 has also 
been described (108, 109). Generation of CXCL dimers is based 
on formation of H-bridges between residues in the first strand 
of the β-sheets of two individual CXCL subunits (15). Indeed, 
combination of two CXCL subunits implies that, structurally, 
the resulting dimer is composed of a six stranded β-sheet. This 
β-sheet is stabilized by interactions between the COOH-terminal 
α-helices and the β-sheet of the two individual CXCL subunits. 
The topology of CCL dimers, in contrast, is remarkably less 
globular (15). These long and flexible structures arise when 
residues located in the NH2-terminal region of two CCL subunits 
interact, by means of which a two-stranded antiparallel β-sheet 
interface is formed (15, 108, 110). The positive effect of GAG 
binding on oligomerization is in line with the presumption that 
the negatively charged macromolecules facilitate highly specific 
and local increases in chemokine concentrations.

Binding of chemokines to GAGs and the resulting oli-
gomerization are important for leukocyte migration. This strictly 
regulated process is of crucial importance in pathophysiological 
circumstances as well as from a physiological point of view, and 
depends on the type of chemotactic molecule, both in vitro and 
in vivo (10). In vitro, it turned out that the process of chemo-
taxis not necessarily needs binding of chemokines to GAGs. 
Mutations in the GAG-binding domain of CCL2, CCL4, and 
CCL5, for example, do not affect the capacity of these chemokines 
to mediate generation of a chemotactic gradient in  vitro (111, 
112). In vivo chemotaxis mediated by these chemokines requires 
binding of chemokines to GAGs (111). Binding of chemokines 
to GAGs prevents diffusion of the ligand and probably has a 
protective function against proteolysis (113). Indeed, interfer-
ence with GAG binding by using short chemokine-derived 
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peptides, mutated chemokines without affinity for GPCRs, and 
enhanced-binding properties to GAGs, or chemokine-binding 
aptamers, which block chemokine–GAG interactions resulted 
in reduced leukocyte migration in vivo (114–116). In addition, 
in vivo heparin binding was shown to protect CCL11 (in)directly 
against proteolysis mediated by plasmin, cathepsin G, and elastin 
and positively affects the chemotactic activity of the chemokine 
(117). Evidence in favor of the hypothesis that GAG binding 
can serve as a protective factor regarding to proteolysis was also 
provided by the observation that binding to heparan sulfate or 
heparin oligosaccharides avoids CD26-mediated proteolysis of 
CXCL12 (118).

Posttranslational Modification
In a number of immunological processes, the importance of 
posttranslational protein modifications has been evidenced, 
e.g., glycosylation patterns play a major role in the generation 
of blood groups, proteolytic cleavage in the activation of IL-1β 
and IL-18, and citrullination in the generation of autoantigens 
during rheumatoid arthritis (119–122). For chemokines, the 
biological availability is not only coordinated at the level of 
gene expression but also depends on interactions with GAGs 
and atypical receptors. Moreover, the exact chemokine function 
is regulated in detail by the presence or absence of synergistic 
or antagonistic effects of other chemokines, alternative splic-
ing, and posttranslational modifications (13). Posttranslational 
modification of chemokines can result in an increase or a 
decrease of their biological activity and may affect their recep-
tor specificity. The importance of this phenomenon has been 
underestimated for a long time. However, since chemokine 
isoforms have been identified in vivo, the impact of posttrans-
lational modifications in the context of chemokine regulation 
receives higher recognition (19, 123, 124).

Proteolysis
Undoubtedly, the best known type of posttranslational modi-
fication on chemokines is proteolysis by specific enzymes (13, 
19). Both the NH2-terminal and the COOH-terminal end of a 
chemokine can be subjected to proteolysis and internal cleavage 
by endopeptidases has also been described (124).

NH2-Terminal Proteolysis
Important enzymes regarding truncation of the NH2-terminal 
region of a chemokine are matrix metalloproteases (MMPs), 
CD26, cathepsins, elastase, and proteinase-3 (125). CD13, plas-
min, and thrombin, which are present in plasma, can also medi-
ate proteolytic chemokine modification. MMPs are produced by 
stromal cells and leukocytes and hold several CC as well as CXC 
chemokines as substrates. NH2-terminal proteolysis of CXCL8 by 
MMP-9 for example, but also by thrombin or plasmin, generates 
CXCL8(6–77), CXCL8(7–77), and CXCL8(9–77) (126–128). In 
case of CXCL8, the truncated chemokine forms act as more 
potent stimulators of MMP-9 secretion and are more powerful 
mediators of neutrophil chemotaxis than the intact chemokine. 
Moreover, binding of NH2-terminally truncated CXCL8 to 
the receptor initiates enhanced mobilization of intracellular 
calcium compared to the uncleaved chemokine. Ultimately, the 

proteolytic cleavage leads to a 10- to 30-fold increase in capacity 
to activate neutrophils in vitro. A recent study demonstrated a 
role for MMP-2 and MMP-9 at the blood–brain barrier, where 
these proteases promote chemokine-induced migration of 
leukocytes (129). For CXCL8, over 10 naturally occurring NH2-
terminal forms have been described, most of these characterized 
by NH2-terminal truncation resulting in an increased biological 
activity (126, 130). In addition to ELR+CXC chemokines, such 
as CXCL8, several ELR−CXC chemokines are also MMP sub-
strates. MMP-8-, MMP-9-, or MMP-12-mediated proteolysis 
of CXCL11, for example, generates a chemokine form with 
decreased chemotactic activity and an increased ability to bind 
heparin (131). For CXCL12, several NH2-terminal forms have 
been found in human plasma, which are all characterized by 
decreased activity or even an antagonistic effect with respect to 
the uncleaved chemokine (132). Concerning CC chemokines, 
MCPs are well known substrates for MMPs and, here, proteolysis 
results in inactivity (133). MMPs do not only cleave chemokines 
but also promote degradation of the extracellular matrix (134, 
135). For some of these enzymes, increases in expression level 
are observed during conditions of inflammation and cancer 
(136–139). The role of cathepsins in posttranslational modifi-
cation of chemokines has been studied to a lesser extent. In a 
recent study, it was shown that the cysteine cathepsins K, L, and 
S, by means of NH2-terminal proteolysis, provoke activation 
and inactivation of several ELR+- and ELR−CXC chemokines, 
respectively (140). In this study, GAGs turned out to partly 
reduce the enzymatic process. The role of the serine protease 
CD26 in NH2-terminal chemokine modification will be dis-
cussed in detail in a separate paragraph.

COOH-Terminal Proteolysis
More recently, the COOH-terminal domain of certain chemokines 
has been proven to be sensitive to proteolysis by specific enzymes. 
As mentioned, the domain is often important for interactions 
with GAGs (vide supra). For most chemokines, loss of a small 
number of amino acids in the COOH-terminal region does not 
have a biological effect, but more drastic modifications may 
negatively affect interactions between chemokines and GAGs. 
Again, members of the MMP family play an important role. For 
example, MMP-8 facilitates degradation of CXCL9 and CXCL10, 
and the same applies to MMP-9 (141). Worth mentioning is the 
effect of MMPs on CXCL11. Although NH2-terminal cleavage 
results in generation of a molecule with antagonistic properties 
and enhanced binding to heparin (vide supra), COOH-terminal 
proteolysis leads to a loss of antagonistic properties and heparin 
binding (131). These findings underscore the importance of the 
COOH-terminal region with respect to GAG binding and sug-
gest that GAGs can modify the chemokine gradient in different 
directions. For CXCL12 – which is associated with lymphocyte 
migration and hematopoiesis – both termini can be subjected to 
proteolysis. Carboxypeptidase N-induced COOH-terminal pro-
teolysis of this chemokine significantly reduces the biological 
activity (142). The membrane-associated chemokines CXCL16 
and CX3CL1 can be subjected to proteolytic shedding as well. 
Furthermore, the intact membrane-associated form usually 
functions as an adhesion molecule and scavenger receptor, and 
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can be converted into a soluble form by “a disintegrin and metal-
loprotease” (ADAM)-10 and ADAM-17 (143–145). The soluble 
forms act as chemoattractants for different types of immune 
cells, such as activated T cells (146). Increased concentrations 
of the soluble form usually reflect inflammation (124, 147, 148).

Citrullination, Nitration, and Glycosylation
The posttranslational modification, which affects the chemokine 
mass the least, is peptidylarginine deiminase (PAD)-catalyzed 
deimination of arginine to the uncharged amino acid citrulline 
(124). Since citrullination reduces the number of positive charges 
on proteins, it can change their 3D structure, and this modifica-
tion has been reported to affect the interaction of proteins with 
lipids and GAGs (149–152). Furthermore, the sensitivity of a 
chemokine for proteolytic processing by serine proteases, which 
recognize positively charged residues can be affected (151). 
Protein citrullination and the presence of anti-citrullinated 
peptide antibodies have been linked to a number of specific 
pathological states including multiple sclerosis, rheumatoid 
arthritis, and psoriasis (121, 153–155). For chemokines, limited 
information is available on the importance of citrullination in a 
disease context. Increased concentrations of citrullinated CXCL5 
have been found in serum and synovial fluid of patients with 
rheumatoid arthritis and correlated with disease activity (156). 
Compared to the unmodified molecule, citrullinated CXCL5 
caused an enhanced monocyte but reduced neutrophil attrac-
tion in mice. In addition to citrullination of CXCL5, natural 
occurring citrullinated forms of CXCL8 and CXCL10 have been 
identified (151, 152). For CXCL8, citrullination was linked to 
protection of the chemokine against thrombin- and plasmin-
mediated proteolytic processing, reduced affinity for GAGs, 
and reduced in  vivo activity upon intraperitoneal injection in 
mice (151). Surprisingly, citrullination resulted in an increased 
capacity for CXCL8 to provoke mobilization of neutrophils 
into the blood circulation after intravenous injection in rabbits 
(157). Compared to the authentic chemokines, citrullinated 
forms of CXCL10 and CXCL11 were characterized by a dimin-
ished CXCR3 signaling capacity, impaired T cell chemotaxis, 
and reduced ability to bind to heparin (152). However, these 
citrullinated chemokines retained CXCR3 binding properties. 
Thus, although several natural citrullinated chemokines have 
been identified, their role in an in  vivo context, either for the 
regulation of leukocyte homeostasis or during inflammation 
remains unknown. A particular problem with this modification 
is the difficulty to detect specific citrullinated proteins with 
high sensitivity. Classical immunoassays do not discriminate 
between the unmodified and citrullinated forms, and the minor 
mass difference (one mass unit) renders identification by mass 
spectrometry extremely difficult, in particular in patient-derived 
body fluids such as serum or synovial fluids.

In vitro nitration by peroxynitrite has been described for the 
chemokines CCL2, CCL5, and CXCL12 (158). Peroxynitrite is a 
highly reactive ion that is generated in  vivo by the reaction of 
the free radicals superoxide and nitric oxide during sustained 
inflammation (159, 160). The unstable ion potently modifies 
several residues either directly (for methionine, tryptophan, and 
cysteine) or indirectly (for histidine, phenylalanine, and tyrosine) 

(161). The implications of nitration for chemokine function are 
divers. For CCL5, nitration was shown to significantly impair the 
potency of the chemokine to chemoattract eosinophils in vitro 
(162). Concerning CCL2, conflicting results have been reported. 
On the one hand, data were published, which claim that the 
ability of CCL2 to chemoattract antigen-specific CD8+ cells is 
reduced upon nitration, whereas the capacity of the chemokine 
to recruit CD14+ monocytes stays unaltered (163). On the other 
hand, nitration of CCL2 was linked to a reduction in monocyte 
chemotaxis (164). Recently, it was demonstrated for the first time 
that CXCL12 can be naturally nitrated on Tyr7 in an inflamed 
environment (165). Compared to unmodified CXCL12, the capac-
ity of this novel and naturally occurring nitrated CXCL12 form 
to provoke intracellular calcium release was impaired. Nitration 
reduced the ability of CXCL12 to chemoattract monocytes and 
lymphocytes in  vitro and, more importantly, nitrated CXCL12 
was not longer able to recruit lymphocytes to the joints in vivo.

Last, some chemokines can be subjected to N- or O-glycosylation.  
The in vivo importance of this phenomenon is still to be eluci-
dated. For example, the functional stability of CCL2 improves 
after O-glycosylation, but the in vitro chemotactic activity of the 
glycosylated molecule is not significantly altered (166, 167). In 
line with this observation, the in vitro chemotactic activities of 
CCL5 and CCL11 are also not influenced by glycosylation (168, 
169). The limited availability of purified natural glycoforms of 
human chemokines and the difficulty to produce recombinant 
chemokines that contain specific sugar chains identical to the 
natural human sugars hampers profound investigation through 
in vivo studies.

DiPePTiDYL PePTiDASe iv/CD26

Molecular Characteristics, Structure, and 
Signal Transduction
Dipeptidyl peptidase (DPP) IV was described for the first time by 
Hopsu-Havu and Glenner in 1966 as an active enzyme in livers 
of rats (170, 171). The serine protease is also named “adenosine 
complexing protein 2” or “cluster of differentiation 26” (CD26) 
and, nowadays, is considered to be the most important member 
of the DPP family (172). The family, strictly speaking, consists 
of four prolyl-specific peptidases, i.e., DPPIV/CD26, fibroblast-
activating protein-α (FAP-α), DPP8, and DPP9, but, based on 
substrate specificity and structural homology, prolyl endopepti-
dase (PREP) or prolyl oligopeptidase (POP), DPPII, and prolyl 
carboxypeptidase (PRCP) are sometimes considered as family 
members as well. The DPP enzymes have been associated with 
a broad spectrum of physiological and pathophysiological pro-
cesses of the immune system. In this review, we will specifically 
focus on CD26 in a chemokine context. The complex immuno-
logical roles of the activity and/or structural homologs of CD26 
were recently reviewed by Wagner et al. (173).

The human CD26 gene contains 26 exons and is located on 
chromosome 2q.24.3. The gene spans a region of circa 70  kb 
(174). Flanking to the 5′ end, a sequence of 300 base pairs is 
located that consists for not less than 72% of cytosine and guanine 
residues, implying that the sequence holds potential-binding sites 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


10

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

for growth factors such as the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) and hepatocyte nuclear 
transcription factor 1 (HNF-1). Absence of a TATA box and a 
high CG content, which characterize the CD26 gene, are typical 
features of a promotor region of a house keeping gene (175). The 
coding glycoprotein, as a monomer, has a size of 110 kDa and is 
multifunctional. CD26 exists both as a soluble molecule as well as 
in a membrane-bound form and functions as a serine protease, as 
a receptor, as an adhesion molecule for collagen and fibronectin, 
as a costimulatory signal for T lymphocytes, and is involved in 
apoptosis (176). Conditions of hypoxia promote CD26 expression 
and hypoxia-inducible protein-1α (HIP-1α) is a strong inducing 
factor for CD26 gene expression and protein production. Several 
cytokines including IFNs and IL-1β, retinoic acid, and HNF-1 can 
also stimulate activation of CD26 on fibroblasts, epithelial cells, 
endothelial cells, and leukocytes (177–180).

Membrane-bound CD26 contains a transmembrane domain 
that is located 28 residues from the NH2-terminus and is a 
leukocyte surface marker (176, 181, 182). The protein shows 
catalytic proteolytic activity only as a dimer and can be found 
on the surface of T and B cells, NK cells, some types of 
macrophages, and hematopoietic stem and progenitor cells. In 
addition, fibroblasts, endothelial, acinar, and epithelial cells of 
different tissues like kidney and liver do also express CD26. 
Both termini of the protein contribute to the formation of a 
so called β-propeller domain (amino acids 55–497) (Figure 3). 
The β-propeller structure holds seven sheets and contains only 
hydrophobic bonds and salt bridges, implying that the region 
is extremely flexible. Furthermore, the protein contains an 
α/β hydroxylase domain (amino acid 39–51 and amino acid 
506–766) that is covalently bound to the β-propeller domain. 
All together, these properties imply that the catalytic pocket 
is situated in a locked hole. The other side of the β-propeller 
domain faces the extracellular environment. It cannot be 
excluded that the flexibility of the β-propeller domain plays a 
role in facilitating the passage of substrates toward the catalytic 
pocket of CD26. However, only entrance of substrates through a 
side opening of the enzyme is supported by experimental data at 
the moment (183–185). In addition to functional homodimeric 
CD26, active heterodimers with FAPα have also been described 
(183).

CD26 contains multiple regions that can be subjected to 
N-glycosylation. Research, however, suggests that glycosylation 
of these sequences does not have implications for dimerization 
of the protein, binding to adenosine deaminase (ADA), or the 
catalytic activity (186). Residues in the catalytic pocket are 
highly conserved, and the presence of only point mutations is 
already sufficient to inhibit enzymatic functioning of CD26. 
The sequence at the height of the catalytic serine is G-W-S-Y-G 
implying that the protein meets the typical serine protease 
consensus motif, namely G-x-S-x-G (176, 182). Concerning its 
function as a serine protease, CD26 is highly specific: the pro-
tease cleaves NH2-terminal dipeptide sequences of proteins, only 
if a (hydroxy)proline or an alanine is present in the penultimate 
NH2-terminal position. The signal transduction cascade that is 
initiated by CD26 is not completely determined at the moment, 
but is, anyhow, associated with mobilization of intracellular 

calcium and partly involves the same substrates as those involved 
in T cell receptor-induced signal transduction, like stimulation of 
MAPK and PLCγ activity (182).

In addition to the membrane-bound protein, a soluble form 
of CD26 can be found in serum and in various body fluids, for 
example in seminal fluid (182). Soluble CD26 or sCD26 is – prob-
ably by means of proteolysis – derived from the membrane-bound 
form and has a stimulating effect on the proliferation of activated 
lymphocytes in peripheral blood. It has been demonstrated that 
MMP1, MMP2, MMP9, and MMP14 are able to facilitate release 
of soluble CD26 from adipocytes and vascular smooth muscle 
cells (187). The structures of sCD26 and membrane-bound CD26 
are highly similar, the only difference being the absence of the 
cytoplasmic domains and the transmembrane domain for sCD26 
(182). Like membrane-bound CD26, sCD26 is characterized by 
strong glycosylation. The degree of glycosylation increases with 
increasing age and some types of hypersialylation can inhibit 
CD26 activity (188). In addition to CD26, other circulating 
molecules with a similar activity exist. DPPII, for example, also 
cleaves the two NH2-terminal amino acids from substrates with 
a proline or an alanine residue in the penultimate NH2-terminal 
position (189, 190). Moreover, the activity of membrane-bound 
CD26 and sCD26 are possibly regulated by circulating attractin 
(189). Changes in sCD26 concentration and, in general, in CD26 
activity, have been associated with a variety of pathophysiological 
conditions. Decreases in activity have been related to immune 
suppressive conditions and several tumor types. Reduced sCD26 
concentrations, on the one hand, have been found in patients 
with systemic lupus erythromatosus, among others (191). 
Inflammatory and infectious conditions, liver diseases, and 
other types of tumors, on the other hand, are associated with 
increased CD26 activity and enhanced sCD26 levels. Increased 
CD26 expression as found in patients with T cell lymphoma or 
B cell leukemia, for example, is positively correlated to disease 
aggressiveness (192, 193).

Functions
CD26 as Receptor, Costimulator, and Adhesion 
Molecule and Its Relation with Apoptosis
As a receptor, CD26 can interact with either receptor- or non-
receptor molecules. Undoubtedly, the most reported binding 
partner of membrane-bound CD26 is ADA, an enzyme that 
catalyzes the irreversible conversion of adenosine and 2′-deoxy-
adenosine into, respectively, inosine and 2′-deoxyinosine and 
which plays a role in the development and functioning of lym-
phoid tissues (176, 194). Adenosine and 2-deoxyadenosine, in 
fact, have negative effects on the activation of both T and B cells. 
The direct association between ADA and CD26 ensures local 
degradation of adenosine and induces T cell proliferation. The 
ADA–CD26 complex is of importance in regulation of adhesion 
of T lymphocytes to epithelial cells. The interaction between the 
two enzymes, furthermore, functions as a costimulatory signal 
for T cell activation (195). Here, the signal transduction through 
CD26 is directly related to its expression level on T lymphocytes 
(196). Last, in the immunological synapse, interaction between 
the ADA–CD26 complex on T cells and ADA receptors on 
dendritic cells mediates increased release of pro-inflammatory 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FiGURe 3 | Schematic structure of homodimeric CD26. Each CD26 monomer consists of an intracellular NH2-terminal tail, a transmembrane region, a flexible 
part, a glycosylation-rich region, a cysteine-rich region, and a catalytic domain. Ser630, Asp708, and His740 are involved in the catalytic process and are generally 
referred to as “the catalytic triad.” Structurally, the two termini of a CD26 monomer contribute to the formation of a β-propeller structure. An α/β-hydroxylase domain 
is covalently bound to the β-propeller structure. These structural features imply that CD26’s catalytic pocket is situated in a locked hole.

11

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

cytokines such as IFN-γ, TNF-α, and IL-6 (197). Another enzyme 
that can be bound by CD26 is the zymogen plasminogen (198). 
Interaction with CD26 realizes its conversion to active plasmin. 
Plasmin promotes degradation of the extracellular matrix and, 
in this way, is involved in cell migration, tumor invasion, and 
metastasis.

The glycosylation domain of CD26 contains mannose 6-phos-
phate (M6P) residues that can interact with the M6P/insulin-like 
growth factor II-receptor (IGFIIR) (199). The complex formation 
results in internalization of CD26 and enables recycling of CD26 
in hepatocytes and intestinal epithelial cells. Furthermore, this 
interaction with IGFIIR is required with respect to the function of 
CD26 as a costimulatory signal in T cell proliferation. The second 
receptor that can be subjected to interaction with CD26 is CXCR4 
(200). This chemokine receptor selectively binds CXCL12 and 
binding of the latter to the CXCR4–CD26 complex provokes 
internalization of both receptors. In this way, the CXCR4–CD26 
complex probably regulates the local activity of CXCL12, and 
CD26 seems to exert a direct influence on the antiviral activity 
of CXCL12, its hematopoietic effects, and its functionality as a 
chemoattractant (200–202).

A high content of Gly-Pro sequences makes collagen a 
potential CD26 interaction partner. In 1988, it became clear 

that CD26, as expected, facilitates the spreading of hepatocytes 
in  vitro and enhances binding of the cells to natural collagen 
in vitro (203). The domain that is responsible for these inter-
actions is situated in the cysteine-rich region of the enzyme. 
By means of interacting with the extracellular matrix proteins 
collagen and fibronectin, CD26 is involved in processes of cell 
adhesion and migration (204). Disruption of the adhesion-
promoting functions of CD26 has been associated with 
various pathophysiological conditions. For example, cultured 
hepatoma cells show decreased membrane expression of CD26 
protein, increased sCD26 levels, and loss of adhesion (205). 
Furthermore, the protein functions as a collagen receptor in the 
activation of CD4+ lymphocytes (206).

The influence of the multifunctional CD26 protein on 
apoptosis probably depends on the context and the particular 
cell type involved (176). In several liver cell lines, for example, 
CD26 is physically associated with a tyrosine kinase and pos-
sesses apoptosis-promoting properties (207). On the other hand, 
parental Jurkat T cells that are CD26 negative or that are trans-
fected with mutant CD26, show increased expression of the cell 
death-associated Fas receptor CD95 and, compared to the CD26 
positive parenteral Jurkat T cells, are more prone to be subjected 
to apoptosis (208).
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Enzymatic Activity of CD26
The serine protease CD26 typically shows a strong selectivity 
for short chain peptides whose penultimate position in the 
NH2-terminal amino acid sequence is occupied by a (hydroxy)
proline or an alanine residue (176, 209). Substrate binding and 
catalysis are realized by the catalytic pocket, with the rate of the 
proteolytic process being inversely related to the chain length of 
the substrate. The substrate selectivity of the enzyme is reflected 
by the kcat/KM ratio. Here, kcat and KM, respectively, represent the 
catalytic- and the Michaëlis–Menten constant, and the mutual 
ratio reflects the selectivity constant. The latter can be used 
as a measure for the half-life of a substrate at a fixed enzyme 
concentration. Notation of positions of residues relatively to the 
scissile bond is in accordance with the classification system of 
Schechter and Berger that dates from 1968 (210). Amino acids in 
the direction of the NH2-terminus are represented by P1, P2, etc. 
and residues in the direction of the COOH-terminus are referred 
to as P  P1′ ′, 2 , etc. CD26 shows a strong selectivity for substrates 
with a (hydroxy)proline or an alanine in the P1 position and is 
stereo specific: the scissile bond and the bond between P1 and 
P2 have to be in trans configuration (211).

CD26 and Chemokines
The relationship between CD26 and the immune system 
extends beyond expression of the membrane-bound enzyme on 
immune-related cells such as B and T lymphocytes. Indeed, many 
chemokines hold a proline or an alanine residue in the penulti-
mate position of their NH2-terminal sequence. Presence of this 
motif, which is strongly preferred by CD26, suggests that the 
chemotactic proteins are sensitive to proteolysis by the enzyme. 
Based on in vitro as well as in vivo research, several chemokines 
have been identified as CD26 substrates (Table 1) (13, 19, 123, 
124, 212–214). As mentioned before, the NH2-terminal domain 
determines the capacity of chemokines to activate GPCRs. 
Therefore, it is not surprising that limited proteolysis within this 
region can affect the interaction between chemokines and their 
receptors (Figure 1). The effect of enzymatic cleavage turned out 
to be highly complex and, depending on the chemokine and the 
type of truncation, can result in either an increase or a decrease in 
the biological activity, can alter the chemokine’s receptor prefer-
ence, or generate receptor antagonists. The fact that chemokines 
are involved in a broad range of crucial cellular processes in 
pathological as well as physiological conditions underlines the 
potential implications of CD26-mediated proteolysis in the 
context of chemokines.

CC Chemokines
Based on in vitro and in vivo experiments, several CC chemokines 
were identified as CD26 substrates. Although the three human 
MCPs have an NH2-terminal penultimate Pro, the presence 
of a pyroglutamic acid – which results from cyclization of an 
NH2-terminal glutaminyl precursor molecule – in all three mol-
ecules (CCL2, CCL7, and CCL8) protects these natural human 
chemokines from cleavage by CD26 (236). However, when MCPs 
are produced in bacteria as recombinant proteins, they have an 
NH2-terminal glutamine instead of a pyroglutamic acid and 

become artificial CD26 substrates. Upon storage at neutral or 
slightly basic pH conditions, the glutamine in the recombinant 
chemokines will spontaneously convert into a pyroglutamic 
acid. Interestingly, for human and murine CCL2, the enzyme 
responsible for NH2-terminal cyclization into pyroglutamic acid 
was demonstrated to be the isoenzyme of glutaminyl cyclase 
(237). Moreover, inhibition of this enzyme by using small orally 
available molecules reduced the monocyte filtration induced by 
murine CCL2 in an in vivo atherosclerosis model. These observa-
tions support the idea that interfering with chemokine cleavage 
is of potential clinical value.

Most of the CD26-truncated human CC chemokine forms 
were successfully isolated from natural resources [(Table 1) (I)]. 
An individual CC chemokine usually activates multiple receptors 
and NH2-terminal proteolysis, in most cases, implies a change 
in receptor preference. Truncated CC chemokines might show 
increased affinity for a specific receptor or, in contrast, a reduced 
affinity or missing activity, resulting in receptor inhibition. 
Indeed, in this way, proteolysis induced by CD26 often interferes 
with the chemotactic properties of these chemokines.

CCL3L1 and CCL3
A clear pro-inflammatory effect of CD26-mediated proteolysis 
was demonstrated for the first time for the chemokine CCL3L1. 
Indeed, the truncated form CCL3L1(3–70) shows increased affin-
ity for CCR1 (54). Consequently, the pro-inflammatory proper-
ties of the chemokine, together with the chemotactic activity for 
monocytes, are enhanced. In addition to being an outstanding 
CCR1 agonist, the affinity of the truncated chemokine for CCR5 
remains very strong and, as a consequence, the modified CCL3L1 
form owns potent anti-HIV-1 activity. Noteworthy, it was recently 
shown that CD26-mediated proteolytic processing of the murine 
CCL3, which is more related to human CCL3L1 than to human 
CCL3 due to a proline residue in the penultimate NH2-terminal 
position, results in loss of myelosuppressive activity in vitro (202). 
Moreover, the truncated form acts as an inhibitor with respect 
to the myelosuppressive activity of the corresponding full length 
chemokine. These data were confirmed in mice. However, as it 
was demonstrated that the myelosuppressive activity of CCL3 
was not mediated through CCR1 or CCR5, the two known recep-
tors for CCL3, it remains to be elucidated via which receptor 
CCL3 manifests this myelosuppression (202, 238).

CCL4
The β chemokine CCL4, together with CCL3, is released by 
T  lymphocytes and monocytes (216). The intact chemokine 
shows a selective CCR5 affinity and holds, by means of receptor 
occupation and receptor downregulation, anti-HIV-1 activity. 
CCR5 is expressed by macrophages and lymphocytes, implying 
that CCL4 directs migration of these CCR5 positive cells toward 
lymph nodes or other tissues. CCL4(3–69) is secreted by activated 
T lymphocytes, shows preserved effects on CCR5 and, moreover, 
acquires affinity for CCR1 and CCR2 (215, 216, 239). The change 
in receptor specificity that characterizes CCL4(3–69) suggests that 
the truncated CCL4 form plays a role in chemotaxis and migration 
of CCR1 and CCR2 positive cells, such as monocytes, immature 
dendritic cells, and lymphocytes. It has been demonstrated that 
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TABLe 1 | Overview of the chemokines that have been identified as CD26 substrates.

Chemokine Amino acids in the 
truncated form

Type of 
research

Original source of cleaved chemokine Biological effect Reference

(i) CC chemokines
CCL3L1 3–70a In vivo, indirect Mononuclear cells of peripheral blood Increased on CCR1 and CCR5; 

decreased on CCR3
(19, 54, 55, 
189)

CCL4 3–69a In vivo, indirect Activated peripheral lymphocytes Increased on CCR1 and CCR2, 
unchanged on CCR5

(19, 189, 215, 
216)

CCL5 3–68a In vitro, indirect Cytokine-stimulated fibroblasts, sarcoma cells,  
and leukocytes

Decreased on CCR1 and CCR3, 
increased on CCR5

(19, 56, 189, 
217–220)

CCL11 3–74a In vitro; in vivo 
in rats

Dermal fibroblasts Decreased activity on CCR3, inhibitor 
of intact CCL11

(19, 169, 189, 
221–223)

CCL22 3–69a In vitro Transformed CD8+ T lymphocytes Decreased on CCR4, monocyte 
chemotaxis unaffected

(19, 189, 224, 
225)5–69

(ii) CXC chemokines
CXCL2 3–73 In vitro – Unknown (19)
CXCL6 3–77a In vitro Cytokine-stimulated MG-63 osteosarcoma cells Preserved effect on neutrophils (19, 189, 226)
CXCL9 3–103 In vitro – Inactivity, decreased effect on T cells (19, 189, 227)
CXCL10 3–77a In vivo, indirect Cytokine-stimulated fibroblasts and MG-63 

osteosarcoma cells
Inactivity, decreased effect on T cells, 
and CXCR3 inhibition

(19, 180, 189, 
226–228)In vivo in mice

CXCL11 3–73a In vivo IFN-γ-stimulated keratinocytes Inactivity, decreased effect on T cells, 
and CXCR3 inhibition

(19, 189, 227, 
229–231)

CXCL12α 3–68 In vivo, indirect Blood plasma (human, mouse, and rhesus  
monkey) in physiological conditions

Inactivity, decreased effect on 
lymphocytes, CXCR4 inhibition

(19, 133, 189, 
232–235)

CXCL12β 3–72a In vivo, indirect Can be found in blood plasma from human, mouse, 
and rhesus monkey in physiological conditions

Unknown (19, 133, 189, 
234)

Several CC and CXC chemokines were identified as potential CD26 substrates. For many of these chemokines, the NH2-terminal truncated form was successfully isolated from 
natural resources (a) and the effect of CD26-mediated proteolysis on receptor selectivity and biological activity was examined. “Indirect” refers to a lack of in vivo or in vitro studies 
with inhibitors. Studies that are mentioned following the heading “type of research” are human studies unless indicated differently.
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CCL4(3–69), in contrast to intact CCL4, no longer enhances pro-
liferation of single cytokine-sensitive hematopoietic progenitor 
cells in vitro (202). Moreover, the truncated CCL4 form inhibits 
the enhancing activity of the intact chemokine.

CCL5
In the context of CD26-mediated proteolytic processing of CC 
chemokines, CCL5 was the first chemokine that was examined 
in detail. The chemokine promotes recruitment of, among others, 
monocytes, eosinophils, basophils, and NK cells via activation 
of three different receptors. The NH2-terminally truncated form 
CCL5(3–68) was successfully isolated from natural sources 
including conditioned media of fibroblasts, sarcoma cells, and 
leukocytes and shows a deviating receptor selectivity compared to 
the intact chemokine (56, 217). CCL5(3–68) is a more powerful 
activator of CCR5, but has lost affinity for CCR1 and CCR3 (56, 
218). The modified chemokine is still chemotactic for lympho-
cytes, but no longer owns the capacity to chemoattract monocytes 
and eosinophils, and, moreover, acts as an inhibitor with respect 
to chemotaxis induced by CCL5(1–68), CCL3, CCL4, and CCL7. 
In addition to a function as a chemokine receptor, CCR5 acts as 
an important co-receptor for the human immunodeficiency virus 
(HIV). Consequently, CCL5 competes with the virus for binding 
to the receptor. Since the affinity of CD26-truncated CCL5 for 
the CCR5 receptor is remarkably higher, CCL5(3–68) has been 
found to be an extremely potent HIV-1 inhibitor (219, 220).

CCL11
As suggested by its original name – being eotaxin – CCL11 is an 
important chemoattractant for eosinophilic granulocytes. These 

cells facilitate defense against multicellular parasites and are 
involved in the mechanisms that underlie allergic asthma. The 
truncated isoform CCL11(3–74) has lost affinity for CCR3 and, 
consequently, no longer holds chemotactic activity for eosinophils 
(222). In an in vivo study, it was demonstrated that CD26-deficient 
rats and wild-type animals that were treated with a CD26 inhibi-
tor, characteristically show enhanced mobilization of eosinophils 
compared to wild-type animals (221). These findings imply a 
potential role for CD26 as regulator of eosinophil recruitment.

CCL22
CCL22 is secreted by macrophages and dendritic cells. The 
chemokine interacts with CCR4 and facilitates chemotaxis of 
activated T lymphocytes, monocytes, NK cells, and dendritic 
cells. The capacity to activate CCR4 decreases following prote-
olysis by CD26 and, consequently, also the capacity of CCL22 
to direct lymphocyte chemotaxis is lost (240). CCL22(3–69) 
has preserved monocyte chemotactic properties and, moreover, 
shows increased anti-HIV-1 activity compared to the intact 
chemokine form (224, 225, 240). CCR4, at the moment, is the 
only receptor for CCL22 that has been identified, but is currently 
not described to be a co-receptor for HIV-1. For this reason, the 
increased antiviral capacity of CCL22 is highly remarkable and 
suggests existence of an additional CCL22 receptor (225). In vitro, 
CD26 has been shown to facilitate the unexpected proteolytic 
conversion of CCL22(3–69) into CCL22(5–69) (240). This is 
remarkable given that the protease, which generally shows strong 
selectivity for dipeptides with a (hydroxy)proline or an alanine 
in the penultimate NH2-terminal position, in this case, cleaves 
behind a Tyr-Gly dipeptide.
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CXC Chemokines
ELR+CXC Chemokines
ELR+CXC chemokines activate CXCR1 and/or CXCR2 and 
facilitate chemotaxis of neutrophils. In general, they are angio-
genic. NH2-terminal proteolysis has direct consequences for the 
receptor affinity and biological activity of almost all ELR+CXC 
chemokines including CXCL8 (vide supra). Most ELR+CXC 
chemokines, with the exception of CXCL2 and CXCL6, are no 
CD26 substrates because they do not possess a penultimate NH2-
terminal proline or alanine. Knowledge concerning the role of 
CD26 in posttranslational modification of CXCL2 and CXCL6 
is limited. CD26 cleaves CXCL2 and also CXCL6 in vitro (241). 
Natural human CXCL6(3–77), isolated from stimulated osteosar-
coma cells, does not show a significantly altered in vitro chemo-
tactic activity compared to the intact form on neutrophils (219, 
226). Noteworthy, the mouse chemokine CXCL1 – in contrast to 
human CXCL1 – contains a proline residue in the penultimate 
position, implying that the chemokine is also a potential substrate 
for CD26 (242).

ELR−CXC Chemokines
The three interferon-induced ELR−CXC chemokines, i.e., 
CXCL9, CXCL10, and CXCL11, interact with CXCR3 and induce 
chemotaxis of activated T lymphocytes and NK cells (243). Most 
ELR−CXC chemokines, with exception of CXCL12 and CXCL16, 
are angiostatic. NH2-terminal truncated forms of the CXCR3 
agonists CXCL9, CXCL10, and CXCL11 show preserved antian-
giogenic properties but their capacity to trigger CXCR3-mediated 
signal transduction is limited (227). As a consequence, the capac-
ity of the truncated chemokine forms to provoke lymphocyte 
chemotaxis is significantly reduced. Recently, it was shown that 
CXCL9, following proteolytic processing by CD26, no longer acts 
as a myelosuppressive protein in vitro and in vivo (202). Instead, 
the truncated form counteracts the myelosuppressive effects of 
the corresponding intact chemokine.

Among the CXCR3 agonists, CD26-mediated proteolysis of 
CXCL11, in particular, turned out to be highly efficient with 
half-lives of the chemokines in the range of minutes in the 
presence of physiological concentrations of sCD26. The resulting 
CXCL11(3–73), as well as the CXCL10 form CXCL10(3–77), 
were isolated from natural sources (180, 229). Moreover, proteo-
lytic processing of CXCL10 by CD26 was demonstrated in mice 
(228). Higher concentrations of intact CXCL10 were found in 
mice that were treated with the CD26 inhibitor sitagliptin com-
pared to animals that did not receive the inhibitor. In contrast 
to sitagliptin-treated mice, untreated animals showed reduced 
infiltration of leukocytes into tumor tissue and a significantly 
decreased natural antitumor immunity. This is in line with former 
data that indicate that the truncated form CXCL10(3–77) is 
biologically inactive (227). Recently, based on two prospective 
clinical trials, it was confirmed that, in human, CD26 cleaves 
CXCL10 in  vivo (244). This study for the first time provided 
direct in vivo evidence in favor of inhibition of CD26 in human 
to preserve intact CXCL10 by means of protecting the chemokine 
against proteolytic processing by CD26, which generates biologi-
cally inactive CXCL10(3–77). Noteworthy, biologically inactive 

CXCL10(3–77) was previously found in plasma from patients 
that suffer from a chronic viral hepatitis C infection (245).

CXCL12α acts as a strong chemoattractant for lymphocytes 
and CD34+ hematopoietic progenitor cells (246). Through inter-
action with CXCR4, together with CCR5 the most important 
co-receptor for HIV-1, this chemokine exerts potent antiviral 
activity. NH2-terminal proteolysis of this CD26 substrate nega-
tively affects its capacity to bind CXCR4, which is reflected in 
a significantly reduced chemotactic- and antiviral activity of 
CXCL12α(3–68) compared to the intact chemokine (232). For 
this reason, the relationship between CD26 and HIV-1 seems 
to be dual: while CCL5(3–68) is characterized by increased 
anti-HIV-1 activity (vide supra) through enhanced interaction 
with CCR5, CXCL12α(3–68) is a less potent inhibitor of the 
virus compared to intact CXCL12α due to reduced affinity for 
CXCR4. Directly in line with the former results that suggest 
that CXCL12α(3–68) is biologically inactive, it was shown that 
CXCL12-mediated homing of hematopoietic progenitor cells 
in vivo is enhanced in Cd26−/− mice and wild-type animals that 
received the CD26 inhibitor diprotin A, compared to untreated 
wild-type animals (247). The CD26 inhibitor protects CXCL12 
from inactivation, resulting in enhanced cell migration, which 
is reflected in increased efficiency of cell homing after bone 
marrow transplantation. Noteworthy, an earlier study revealed 
that CD26 not only negatively affects the capacity of CXCL12 
to mediate progenitor cell survival but also acts as a more 
general negative regulator of colony-stimulating factor activity 
and stress hematopoiesis through cleavage of growth factors 
and cytokines including granulocyte-macrophage colony-
stimulating factor, granulocyte colony-stimulating factor, 
erythropoietin, and IL-3 (248, 249). In line with the obser-
vations from animal studies, it was found that inhibition of 
CD26 enhances clinical cord blood transplantation in humans 
with hematological malignancies (250, 251). Furthermore, the 
CD26–CXCR4 axis seems to play an important role in oncol-
ogy. Cancer cells derived from patients with Sézary syndrome, 
for example, typically show absence of membrane-bound CD26 
and increased expression of CXCR4 and CXCL12 (252). As 
a consequence, the chemokine is no longer inactivated, and 
the neoplastic cells show outstanding migratory properties. 
The latter process can be strongly reduced by administration 
of sCD26.

inhibition of CD26
Relevance and Implications
It becomes more and more evident that the multifunctional serine 
protease CD26 is associated with a variety of pathophysiological 
and physiological processes. In addition to chemokines, a broad 
range of regulatory peptides, mainly those involved in glucose 
metabolism, have been identified as substrates for this peptidase 
(189). For this reason, a range of different inhibitors are already 
used in vitro and in vivo and some inhibitors have been approved 
for treatment of diabetes patients. The principle of inhibition is 
always based on interaction of these molecules with the catalytic 
region of CD26, but further characteristics of specific inhibitors 
are highly diverse. For example, the inhibitor–enzyme interaction 
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can be reversible or irreversible, an inhibitor can be a product 
analog as well as a substrate analog, inhibition can be competitive 
or non-competitive, etc.

In Europe and the United States, the reversible and competi-
tive inhibitors sitagliptin, saxagliptin, vildagliptin, alogliptin, 
and linagliptin are already available on the market for thera-
peutic use (209, 253, 254). With regard to older studies that 
are based on the use of CD26 inhibitors, it is recommended 
to interpret the evidence of the results with some caution. A 
number of the CD26 inhibitors that have been used in these 
studies turned out to inhibit DPP8 and DPP9 as well, suggesting 
that the observed effects may not be attributed to inhibition of 
CD26 only (255).

CD26 Inhibitors
For some regulators of glucose homeostasis and insulin secre-
tion, it has been confirmed that these molecules are sensitive 
to NH2-terminal proteolysis by CD26. Glucose-dependent 
insulinotrophic polypeptide (GIP) and gastrointestinal hormone 
glucagon-like peptide 1 (GLP-1), among others, are proteolyti-
cally processed by CD26 in vitro as well as in vivo (256). GLP-1 
is postprandially secreted by L cells in the small intestine and 
colon and stimulates both in vitro and in vivo insulin secretion. 
Cleavage of the NH2-terminal region generates biologically 
inactive des(His-Ala)-GLP-1. In addition, CD26-mediated 
truncation of GIP results in inactivity as well. Ultimately, genera-
tion of the two antagonists leads to the development of insulin 
resistance. Accordingly, the therapeutic benefit for diabetic 
patients that are treated with CD26 inhibitors, is not surprising 
(257). The role of CD26 in regulation of neuropeptide activity 
falls beyond the scope of this review; however, it is worth men-
tioning that also CD26-mediated processing of neuropeptide 
Y, for example, affects its receptor preference (258, 259). Thus, 
it became clear that CD26-provoked NH2-terminal truncation 
affects the function of multiple peptide families with physiologi-
cal consequences on glucose metabolism, immunological, and 
neurological responses.

In 2006, the first in class CD26 inhibitor sitagliptin became 
available on the market for use as an oral anti-hyperglycemicum. 
The drug is a selective and competitive inhibitor that binds CD26 
non-covalently and in a reversible manner (260). Inhibition of the 
serine protease, mediated by sitagliptin, rests on the principle of 
structure–activity relationships.

Here, interaction with sitagliptin negatively affects the 
relationship between the structure and the biological activity of 
CD26. More specifically, a hydrogen bond is formed between the 
drug and amino acid Tyr547 of CD26. As a result, the residue is 
no longer able to facilitate stabilization of the active pocket of 
the enzyme.

Use of CD26 inhibitors, such as sitagliptin, is considered as 
a recent and revolutionary approach in the treatment of type 
2 diabetes. The underlying mechanism rests on prevention of 
proteolytic cleavage of GIP and GLP-1, by means of which 
insulin secretion and β cell proliferation are facilitated on 
the one hand and, on the other hand, glucagon secretion and 
apoptosis are inhibited (261). As a drug, a very favorable safety 
profile characterizes sitagliptin. The inhibitor, in general, is well 

tolerated and the adverse effects that have been described are 
only mild or moderate and of low incidence (262). Sitagliptin is 
excreted unchanged for over 80% by means of renal excretion 
and is subjected to metabolism to a limited extent only. The latter 
process is realized by the cytochrome P450 enzymes CYP3A4 
and CYP2C6 and the metabolites that are formed are completely 
inactive (263, 264).

In addition to sitagliptin, the CD26 inhibitors saxagliptin, 
vildagliptin, alogliptin, and linagliptin are approved for thera-
peutic purposes in Europe and the United States (254). However, 
sitagliptin and alogliptin are considered to be the only inhibitors 
that selectively inhibit CD26 and no other related peptidases. 
Excluding linagliptin, which is almost completely bound to pro-
teins when in circulation, inhibitors generally show only limited 
and reversible protein binding (265, 266). As a consequence, 
linagliptin is primarily hepatically cleared. This is in direct 
contrast with other inhibitors that are primarily renally excreted. 
Among the five approved inhibitors, vildagliptin is the only one 
that needs to be dosed twice a day instead of once daily. Moreover, 
vildagliptin is associated with an increase in hepatic enzymes 
and, consequently, is not recommended in patients with mild to 
moderate hepatic insufficiency.

The wide range of potential CD26 substrates, together 
with the fact that CD26 has been associated with a variety of 
pathological processes, support the idea that the serine protease 
is an interesting drug target and suggest a broader scope of 
application for use of CD26 inhibitors [reviewed in detail in Ref. 
(267)]. Concerning chemokines, it was recently demonstrated 
that sitagliptin-treated mice, following intravenous stimulation 
with CpG, show increased concentrations of intact CXCL10 
and increased antitumor activity compared to animals that did 
not receive the CD26 inhibitor (228). Moreover, it had been 
shown that sitagliptin in vivo blocks CD26-mediated truncation 
of CXCL10 in human (244).

CONCLUDiNG ReMARKS

Since the identification of chemokine isoforms both in vitro and 
in vivo, the role of posttranslational modifications of chemokines 
in the regulation of the biological activity of these chemotactic 
proteins can no longer be neglected. Over the years, it became 
clear that many chemokines can be subjected to proteolytic 
processing by the serine protease DPP IV or CD26. The enzyme 
cleaves the two most NH2-terminal residues from substrates 
with a proline or alanine in the penultimate position. The NH2-
terminal domain of chemokines is crucial for their interaction 
with chemokine receptors and, consequently, CD26-mediated 
proteolysis can have significant implications for the receptor 
specificity and the chemotactic activity of chemokines. Indeed, 
chemokines are crucial for correct leukocyte migration in patho-
physiological as well as homeostatic conditions and, therefore, 
they are essential for proper functioning of the immune system. 
Consistently, proteolytic processing by CD26 potentially has 
major effects on the organism’s well-being. Results from in vivo 
studies in mice with CD26 inhibitors provide evidence for this 
hypothesis. More research concerning the role of CD26-mediated 
chemokine processing in  vivo in human will be necessary; 
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however, the existing data support the idea that the enzyme 
plays a significant role in chemokine modification and that 
CD26-inhibitors are of potential therapeutic value in treatment 
of a variety of pathological conditions. In-depth epidemiological 
analysis of the progression of inflammatory diseases in diabetes 
patients who have been treated with CD26 inhibitors during the 
last decade will be an important step to unravel the role of CD26 
in chemokine-mediated inflammatory processes.

AUTHOR CONTRiBUTiONS

MM wrote the initial version of the manuscript with assistance of 
AM and PP. The manuscript was further modified by JVD, AM, 
and PP and approved by all the authors.

ACKNOwLeDGMeNTS

The authors thank Rik Janssens for assistance in drafting the 
figures.

FUNDiNG

The authors were supported by the Interuniversity Attraction 
Poles Programme of the Belgian Science Policy Office (I.A.P. 
project 7/40), the Fund for Scientific Research of Flanders (FWO-
Vlaanderen), the Concerted Research Actions of the Regional 
Government of Flanders (GOA/12/017), and the Hercules 
foundation of the Flemish government (AKUL/11/31). AM is a 
postdoctoral research fellow of the FWO-Vlaanderen.

ReFeReNCeS

1. Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate immune pattern rec-
ognition: a cell biological perspective. Annu Rev Immunol (2015) 33:257–90. 
doi:10.1146/annurev-immunol-032414-112240 

2. Medzhitov R, Janeway C Jr. Innate immune recognition: mechanisms and path-
ways. Immunol Rev (2000) 173:89–97. doi:10.1034/j.1600-065X.2000.917309.x 

3. Italiani P, Boraschi D. New insights into tissue macrophages: from their 
origin to the development of memory. Immune Netw (2015) 15:167–76. 
doi:10.4110/in.2015.15.4.167 

4. Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al. 
Innate or adaptive immunity? The example of natural killer cells. Science 
(2011) 331:44–9. doi:10.1126/science.1198687 

5. Kurosaki T, Kometani K, Ise W. Memory B cells. Nat Rev Immunol (2015) 
15:149–59. doi:10.1038/nri3802 

6. Jaigirdar SA, MacLeod MK. Development and function of protective and 
pathologic memory CD4 T cells. Front Immunol (2015) 6:456. doi:10.3389/
fimmu.2015.00456 

7. Romagnani S. Type 1 T helper and type 2 T helper cells: functions, regula-
tion and role in protection and disease. Int J Clin Lab Res (1991) 21:152–8. 
doi:10.1007/BF02591635 

8. Arsenio J, Metz PJ, Chang JT. Asymmetric cell division in T lymphocyte 
fate diversification. Trends Immunol (2015) 36:670–83. doi:10.1016/j.
it.2015.09.004 

9. Campbell DJ. Control of regulatory T cell migration, function, and homeo-
stasis. J Immunol (2015) 195:2507–13. doi:10.4049/jimmunol.1500801 

10. Springer TA. Traffic signals for lymphocyte recirculation and leukocyte 
emigration: the multistep paradigm. Cell (1994) 76:301–14. doi:10.1016/ 
0092-8674(94)90337-9 

11. Butcher EC, Picker LJ. Lymphocyte homing and homeostasis. Science (1996) 
272:60–6. doi:10.1126/science.272.5258.60 

12. Adams DH, Shaw S. Leucocyte-endothelial interactions and regula-
tion of leucocyte migration. Lancet (1994) 343:831–6. doi:10.1016/
S0140-6736(94)92029-X 

13. Mortier A, Van Damme J, Proost P. Overview of the mechanisms regu-
lating chemokine activity and availability. Immunol Lett (2012) 145:2–9. 
doi:10.1016/j.imlet.2012.04.015 

14. Luster AD. Chemokines – chemotactic factors that mediate inflammation. 
N Engl J Med (1998) 338:436–45. doi:10.1056/NEJM199802123380706 

15. Allen SJ, Crown SE, Handel TM. Chemokine: receptor structure, interac-
tions, and antagonism. Annu Rev Immunol (2007) 25:787–820. doi:10.1146/
annurev.immunol.24.021605.090529 

16. Zlotnik A, Yoshie O. The chemokine superfamily revisited. Immunity (2012) 
36:705–16. doi:10.1016/j.immuni.2012.05.008 

17. Rot A, Von Adrian UH. Chemokines in innate and adaptive host defense: 
basic chemokinese grammar for immune cells. Annu Rev Immunol (2004) 
22:891–928. doi:10.1146/annurev.immunol.22.012703.104543 

18. Rollins BJ. Chemokines. Blood (1997) 90:909–28. 

19. Mortier A, Van Damme J, Proost P. Regulation of chemokine activity 
by posttranslational modifcation. Pharmacol Ther (2008) 120:197–217. 
doi:10.1016/j.pharmthera.2008.08.006 

20. Hoogewerf AJ, Kuschert GS, Proudfoot AE, Borlat F, Clark-Lewis I, Power 
CA, et  al. Glycosaminoglycans mediate cell surface oligomerization of 
chemokines. Biochemistry (1997) 36:13570–8. doi:10.1021/bi971125s 

21. Colditz IG, Schneider MA, Pruentster M, Rot A. Chemokines at large: in-vivo 
mechanisms of their transport, presentation and clearance. Thromb Haemost 
(2007) 97:688–93. doi:10.1160/TH07–02–0105

22. Baggiolini M. CXCL8 – the first chemokine. Front Immunol (2015) 6:285. 
doi:10.3389/fimmu.2015.00285 

23. Van Damme J, Van Beeumen J, Conings R, Decock B, Billiau A. Purification of 
granulocyte chemotactic peptide/interleukin-8 reveals N-terminal sequence 
heterogeneity similar to that of beta-thromboglobulin. Eur J Biochem (1989) 
181:337–44. 

24. Mikuła-Pietrasik J, Sosińska P, Maksin K, Kucińska M, Piotrowska H, Murias 
M, et  al. Colorectal cancer-promoting activity of the senescent peritoneal 
mesothelium. Oncotarget (2015) 6:29178–95. doi:10.18632/oncotarget.4932 

25. Conley CL, Hartmann RC, Lalley JS. The relationship of heparin activ-
ity to platelet concentration. Proc Soc Exp Biol Med (1948) 69:284–7. 
doi:10.3181/00379727-69-16693 

26. Senior RM, Griffin GL, Huang JS, Walz DA, Deuel TF. Chemotactic activity 
of platelet alpha granule proteins for fibroblasts. J Cell Biol (1983) 96:382–5. 
doi:10.1083/jcb.96.2.382 

27. Deuel TF, Senior RM, Chang D, Griffin GL, Heinrikson RL, Kaiser ET. 
Platelet factor 4 is chemotactic for neutrophils and monocytes. Proc Natl 
Acad Sci U S A (1981) 78:4584–7. doi:10.1073/pnas.78.7.4584 

28. Marcum JA, McKenney JB, Rosenberg RD. Acceleration of thrombin-anti-
thrombin complex formation in rat hindquarters via heparinlike molecules 
bound to the endothelium. J Clin Invest (1984) 74:341–50. doi:10.1172/
JCI111429 

29. Maione TE, Gray GS, Petro J, Hunt AJ, Donner AL, Bauer SI, et al. Inhibition 
of angiogenesis by recombinant human platelet factor-4 and related peptides. 
Science (1990) 247:77–9. doi:10.1126/science.1688470 

30. Gupta SK, Hassel T, Singh JP. A potent inhibitor of endothelial cell prolifer-
ation is generated by proteolytic cleavage of the chemokine platelet factor 4. 
Proc Natl Acad Sci U S A (1995) 92:7799–803. doi:10.1073/pnas.92.17.7799 

31. Sharpe RJ, Byers HR, Scott CF, Bauer SI, Maione TE. Growth inhibition of 
murine melanoma and human colon carcinoma by recombinant human 
platelet factor 4. J Natl Cancer Inst (1990) 82:848–53. doi:10.1093/jnci/ 
82.10.848 

32. Struyf S, Burdick MD, Proost P, Van Damme J, Strieter RM. Platelets release 
CXCL4L1, a nonallelic variant of the chemokine platelet factor-4/CXCL4 
and potent inhibitor of angiogenesis. Circ Res (2004) 95:855–7. doi:10.1161/ 
01.RES.0000146674.38319.07 

33. Van Coillie E, Van Damme J, Opdenakker G. The MCP/eotaxin subfamily of 
CC chemokines. Cytokine Growth Factor Rev (1999) 10:61–86. doi:10.1016/
S1359-6101(99)00005-2 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1146/annurev-immunol-032414-112240
http://dx.doi.org/10.1034/j.1600-065X.2000.917309.x
http://dx.doi.org/10.4110/in.2015.15.4.167
http://dx.doi.org/10.1126/science.1198687
http://dx.doi.org/10.1038/nri3802
http://dx.doi.org/10.3389/fimmu.2015.00456
http://dx.doi.org/10.3389/fimmu.2015.00456
http://dx.doi.org/10.1007/BF02591635
http://dx.doi.org/10.1016/j.it.2015.09.004
http://dx.doi.org/10.1016/j.it.2015.09.004
http://dx.doi.org/10.4049/jimmunol.1500801
http://dx.doi.org/10.1016/0092-8674(94)90337-9
http://dx.doi.org/10.1016/0092-8674(94)90337-9
http://dx.doi.org/10.1126/science.272.5258.60
http://dx.doi.org/10.1016/S0140-6736(94)92029-X
http://dx.doi.org/10.1016/S0140-6736(94)92029-X
http://dx.doi.org/10.1016/j.imlet.2012.04.015
http://dx.doi.org/10.1056/NEJM199802123380706
http://dx.doi.org/10.1146/annurev.immunol.24.021605.090529
http://dx.doi.org/10.1146/annurev.immunol.24.021605.090529
http://dx.doi.org/10.1016/j.immuni.2012.05.008
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104543
http://dx.doi.org/10.1016/j.pharmthera.2008.08.006
http://dx.doi.org/10.1021/bi971125s
http://dx.doi.org/10.1160/TH07-02-0105
http://dx.doi.org/10.3389/fimmu.2015.00285
http://dx.doi.org/10.18632/oncotarget.4932
http://dx.doi.org/10.3181/00379727-69-16693
http://dx.doi.org/10.1083/jcb.96.2.382
http://dx.doi.org/10.1073/pnas.78.7.4584
http://dx.doi.org/10.1172/JCI111429
http://dx.doi.org/10.1172/JCI111429
http://dx.doi.org/10.1126/science.1688470
http://dx.doi.org/10.1073/pnas.92.17.7799
http://dx.doi.org/10.1093/jnci/82.10.848
http://dx.doi.org/10.1093/jnci/82.10.848
http://dx.doi.org/10.1161/01.RES.0000146674.38319.07
http://dx.doi.org/10.1161/01.RES.0000146674.38319.07
http://dx.doi.org/10.1016/S1359-6101(99)00005-2
http://dx.doi.org/10.1016/S1359-6101(99)00005-2


17

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

34. Luster AD, Rothenberg ME. Role of the monocyte chemoattractant protein 
and eotaxin subfamily of chemokines in allergic inflammation. J Leukoc Biol 
(1997) 62:620–33. 

35. Jones BA, Beamer M, Ahmed S. Fractalkine/CX3CL1: a potential new 
target for inflammatory diseases. Mol Interv (2010) 10:263–70. doi:10.1124/
mi.10.5.3 

36. Smiley ST, King JA, Hancock WW. Fibrinogen stimulates macrophage 
chemokine secretion through toll-like receptor 4. J Immunol (2001) 
167:2887–94. doi:10.4049/jimmunol.167.5.2887 

37. Devaney JM, Green CM, Taggart CC, Carrol TP, O’Neill SJ, McElvaney NG. 
Neutrophil elastase up-regulates interleukin-8 via toll-like receptor 4. FEBS 
Lett (2003) 544:129–32. doi:10.1016/S0014-5793(03)00482-4 

38. Proost P, Vynckier AK, Mahieu F, Put W, Grillet B, Struyf S, et al. Microbial 
toll-like receptor ligands differentially regulate CXCL10/IP-10 expression 
in fibroblasts and mononuclear leukocytes in synergy with IFN-gamma 
and provide a mechanism for enhanced synovial chemokine levels in septic 
arthritis. Eur J Immunol (2003) 33:3146–53. doi:10.1002/eji.200324136 

39. Loos T, Dekeyzer L, Struyf S, Schutyser E, Gijsbers K, Gouwy M, et al. TLR 
ligands and cytokines induce CXCR3 ligands in endothelial cells: enhanced 
CXCL9 in autoimmune arthritis. Lab Invest (2006) 86:902–16. doi:10.1038/
labinvest.3700453 

40. Janeway CA Jr, Medzhitov R. Innate immune recognition. Annu Rev 
Immunol (2002) 20:197–216. doi:10.1146/annurev.immunol.20.083001.084359 

41. Soria G, Ben-Baruch A. The inflammatory chemokines CCL2 and 
CCL5 in breast cancer. Cancer Lett (2008) 267:271–85. doi:10.1016/j.
canlet.2008.03.018 

42. Moser B, Willimann K. Chemokines: role in inflammation and immune 
surveillance. Ann Rheum Dis (2004) 63:ii84–9. doi:10.1136/ard.2004.028316 

43. Moser B. Chemokines: role in immune cell traffic. Eur Cytokine Netw (2003) 
14:204–10. 

44. Voigt I, Camacho SA, De Boer BA, Lipp M, Förster R, Berek C. CXCR5-
deficient mice develop functional germinal centers in the splenic T cell 
zone. Eur J Immunol (2000) 30:560–7. doi:10.1002/1521-4141(200002)30: 
2<560::AID-IMMU560>3.0.CO;2-T 

45. Mantovani A. The chemokine system: redundancy for robust outputs. 
Immunol Today (1999) 20:254–7. doi:10.1016/S0167-5699(99)01469-3 

46. Wolf M, Moser B. Antimicrobial activities of chemokines: not just a side- 
effect? Front Immunol (2012) 3:213. doi:10.3389/fimmu.2012.00213 

47. Cole AM, Ganz T, Liese AM, Burdick MD, Liu L, Strieter RM. Cutting edge: 
IFN-inducible ELR- CXC chemokines display defensin-like antimicrobial 
activity. J Immunol (2001) 167:623–7. doi:10.4049/jimmunol.167.2.623 

48. Linge HM, Collin M, Nordenfelt P, Mörgelin M, Malmsten M, Egesten A. The 
human CXC chemokine granulocyte chemotactic protein 2 (GCP-2)/CXCL6 
possesses membrane-disrupting properties and is antibacterial. Antimicrob 
Agents Chemother (2008) 52:2599–607. doi:10.1128/AAC.00028-08 

49. Murphy PM. Chemokine receptors: structure, function and role in 
microbial pathogenesis. Cytokine Growth Factor Rev (1996) 7:47–64. 
doi:10.1016/1359-6101(96)00009-3 

50. Bozic CR, Gerard NP, Von UexKull-Guldenband C, Kolakowski LF Jr, 
Cronklyn MJ, Breslow R, et  al. The murine inteleukin-8 type B receptor 
homologue and its ligands. Expression and biological characterization. J Biol 
Chem (1994) 269:29355–8. 

51. Horuk R. Chemokine receptors. Cytokine Growth Factor Rev (2001) 
12:28726–31. doi:10.1016/S1359-6101(01)00014-4 

52. Maravillas-Montero JL, Burkhardt AM, Hevezi PA, Carnevale CD, Smit MJ, 
Zlotnik A. Cutting edge: GPR35/CXCR8 is the receptor of the mucosal 
chemokine CXCL17. J Immunol (2015) 194:29–33. doi:10.4049/jimmunol. 
1401704 

53. Murphy PM, Baggiolini M, Charo IF, Hébert CA, Horuk R, Matsushima K, 
et al. International union of pharmacology. XXII. Nomenclature for chemo-
kine receptors. Pharmacol Rev (2000) 52:145–76. 

54. Proost P, Menten P, Struyf S, Schutyser E, De Meester I, Van Damme  J. 
Cleavage by CD26/dipeptidyl peptidase IV converts the chemokine LD78b 
into a most efficient monocyte attractant and CCR1 agonist. Blood (2000) 
96:1674–80. 

55. Struyf S, Menten P, Lenaerts JP, Put W, D’Haese A, De Clercq E, et  al. 
Diverging binding capacities of natural LD78beta isoforms of macrophage 
inflammatory protein-1alpha to the CC chemokine receptors 1, 3 and 5 
affect their anti-HIV-1 activity and chemotactic potencies for neutrophils 

and eosinophils. Eur J Immunol (2001) 31:2170–8. doi:10.1002/1521-4141 
(200107)31:7<2170::AID-IMMU2170>3.0.CO;2-D 

56. Struyf S, De Meester I, Scharpé S, Lenaerts JP, Menten P, Wang JM, et  al. 
Natural truncation of RANTES abolishes signaling through the CC 
chemokine receptors CCR1 and CCR3, impairs its chemotactic potency 
and generates a CC chemokine inhibitor. Eur J Immunol (1998) 28:1262–71. 
doi:10.1002/(SICI)1521-4141(199804)28:04<1262::AID-IMMU1262> 
3.0.CO;2-G 

57. Rajagopalan L, Rajarathnam K. Ligand selectivity and affinity of chemokine 
receptor CXCR1. Role of the N-terminal domain. J Biol Chem (2004) 
279:30000–8. doi:10.1074/jbc.M313883200 

58. Oldham WM, Hamm HE. Heterotrimeric G protein activation by G-protein-
coupled receptors. Nat Rev Mol Cell Biol (2008) 9:60–71. doi:10.1038/
nrm2299 

59. Stadtmann A, Zarbock A. CXCR2: from bench to bedside. Front Immunol 
(2012) 3:263. doi:10.3389/fimmu.2012.00263 

60. Murdoch C, Finn A. Chemokine receptors and their role in inflammation 
and infectious diseases. Blood (2000) 95:3032–43. 

61. Luttrell LM, Lefkowitz RJ. The role of β-arrestins in the termination and 
transduction of G-protein-coupled receptor signals. J Cell Sci (2002) 
115:455–65. 

62. Patel J, Channon KM, McNeill E. The downstream regulation of chemokine 
receptor signalling: implications for atherosclerosis. Mediators Inflamm 
(2013) 2013:459520. doi:10.1155/2013/459520 

63. Steen A, Larsen O, Thiele S, Rosenkilde MM. Biased and G protein-inde-
pendent signaling of chemokine receptors. Front Immunol (2014) 5:277. 
doi:10.3389/fimmu.2014.00277 

64. Vroon A, Heijnen CJ, Kavelaars A. GRKs and arrestins: regulators of 
migration and inflammation. J Leukoc Biol (2006) 80:1214–21. doi:10.1189/
jlb.0606373 

65. Kelly E, Bailey CP, Henderson G. Agonist-selective mechanisms of 
GPCR desensitization. Br J Pharmacol (2008) 153:S379–88. doi:10.1038/
sj.bjp.0707604 

66. Wolfe BL, Trejo J. Clathrin-dependent mechanisms of G protein-coupled 
receptor endocytosis. Traffic (2007) 8:462–70. doi:10.1111/j.1600-0854.2007. 
00551.x 

67. Sun Y, Cheng Z, Ma L, Pei G. Beta-arrestin2 is critically involved in 
CXCR4-mediated chemotaxis, and this is mediated by its enhancement of 
p38 MAPK activation. J Biol Chem (2002) 277:49212–9. doi:10.1074/jbc. 
M207294200 

68. Byers MA, Calloway PA, Shannon L, Cunningham HD, Smith S, Li F, et al. 
Arrestin 3 mediates endocytosis of CCR7 following ligation of CCL19 but 
not CCL21. J Immunol (2008) 181:4723–32. doi:10.4049/jimmunol.181. 
7.4723 

69. Nibbs RJ, Graham GJ. Immune regulation by atypical chemokine receptors. 
Nat Rev Immunol (2013) 13:815–29. doi:10.1038/nri3544 

70. Borroni EM, Cancellieri C, Vacchini A, Benureau Y, Lagane B, Bachelerie 
F, et  al. β-arrestin-dependent activation of the cofilin pathway is required 
for the scavenging activity of the atypical chemokine receptor D6. Sci Signal 
(2013) 6:.1–.11. doi:10.1126/scisignal.2003627 

71. Bonecchi R, Borroni EM, Anselmo A, Doni A, Savino B, Mirolo M, et al. 
Regulation of D6 chemokine scavenging activity by ligand- and Rab11-
dependent surface up-regulation. Blood (2008) 112:493–503. doi:10.1182/
blood-2007-08-108316 

72. Weber M, Blair E, Simpson CV, O’Hara M, Blackburn PE, Rot A, et al. The 
chemokine receptor D6 constitutively traffics to and from the cell surface 
to internalize and degrade chemokines. Mol Biol Cell (2004) 15:2492–508. 
doi:10.1091/mbc.E03-09-0634 

73. Bachelerie F, Ben-Baruch A, Burkhardt AM, Combadiere C, Farber JM, 
Graham GJ, et  al. International union of basic and clinical pharmacology 
(corrected). LXXXIX. Update on the extended family of chemokine recep-
tors and introducing a new nomenclature for atypical chemokine receptors. 
Pharmacol Rev (2013) 66:1–79. doi:10.1124/pr.113.007724 

74. Horuk R. The Duffy antigen receptor for chemokines DARC/ACKR1. Front 
Immunol (2015) 6:279. doi:10.3389/fimmu.2015.00279 

75. Pruenster M, Mudde L, Bombosi P, Dimitrova S, Zsak M, Middleton J, 
et  al. The Duffy antigen receptor for chemokines transports chemokines 
and supports their promigratory activity. Nat Immunol (2009) 10:101–8. 
doi:10.1038/ni.1675 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1124/mi.10.5.3
http://dx.doi.org/10.1124/mi.10.5.3
http://dx.doi.org/10.4049/jimmunol.167.5.2887
http://dx.doi.org/10.1016/S0014-5793(03)00482-4
http://dx.doi.org/10.1002/eji.200324136
http://dx.doi.org/10.1038/labinvest.3700453
http://dx.doi.org/10.1038/labinvest.3700453
http://dx.doi.org/10.1146/annurev.immunol.20.083001.084359
http://dx.doi.org/10.1016/j.canlet.2008.03.018
http://dx.doi.org/10.1016/j.canlet.2008.03.018
http://dx.doi.org/10.1136/ard.2004.028316
http://dx.doi.org/10.1002/1521-4141(200002)30:2﻿<﻿560::AID-IMMU560﻿>﻿3.0.CO;2-T
http://dx.doi.org/10.1002/1521-4141(200002)30:2﻿<﻿560::AID-IMMU560﻿>﻿3.0.CO;2-T
http://dx.doi.org/10.1016/S0167-5699(99)01469-3
http://dx.doi.org/10.3389/fimmu.2012.00213
http://dx.doi.org/10.4049/jimmunol.167.2.623
http://dx.doi.org/10.1128/AAC.00028-08
http://dx.doi.org/10.1016/1359-6101(96)00009-3
http://dx.doi.org/10.1016/S1359-6101(01)00014-4
http://dx.doi.org/10.4049/jimmunol.1401704
http://dx.doi.org/10.4049/jimmunol.1401704
http://dx.doi.org/10.1002/1521-4141(200107)31:7﻿<﻿2170::AID-IMMU2170﻿>﻿3.0.CO;2-D
http://dx.doi.org/10.1002/1521-4141(200107)31:7﻿<﻿2170::AID-IMMU2170﻿>﻿3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-4141(199804)28:04﻿<﻿1262::AID-IMMU1262﻿>﻿3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1521-4141(199804)28:04﻿<﻿1262::AID-IMMU1262﻿>﻿3.0.CO;2-G
http://dx.doi.org/10.1074/jbc.M313883200
http://dx.doi.org/10.1038/nrm2299
http://dx.doi.org/10.1038/nrm2299
http://dx.doi.org/10.3389/fimmu.2012.00263
http://dx.doi.org/10.1155/2013/459520
http://dx.doi.org/10.3389/fimmu.2014.00277
http://dx.doi.org/10.1189/jlb.0606373
http://dx.doi.org/10.1189/jlb.0606373
http://dx.doi.org/10.1038/sj.bjp.0707604
http://dx.doi.org/10.1038/sj.bjp.0707604
http://dx.doi.org/10.1111/j.1600-0854.2007.00551.x
http://dx.doi.org/10.1111/j.1600-0854.2007.00551.x
http://dx.doi.org/10.1074/jbc.M207294200
http://dx.doi.org/10.1074/jbc.M207294200
http://dx.doi.org/10.4049/jimmunol.181.7.4723
http://dx.doi.org/10.4049/jimmunol.181.7.4723
http://dx.doi.org/10.1038/nri3544
http://dx.doi.org/10.1126/scisignal.2003627
http://dx.doi.org/10.1182/blood-2007-08-108316
http://dx.doi.org/10.1182/blood-2007-08-108316
http://dx.doi.org/10.1091/mbc.E03-09-0634
http://dx.doi.org/10.1124/pr.113.007724
http://dx.doi.org/10.3389/fimmu.2015.00279
http://dx.doi.org/10.1038/ni.1675


18

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

76. De Brevern AG, Wong H, Tournamille C, Collin Y, Le Van Kim C, Etchebest 
C. A structural model of a seven-transmembrane helix receptor: the Duffy 
antigen/receptor for chemokine (DARC). Biochim Biophys Acta (2005) 
1725:288–306. doi:10.1016/j.bbagen.2005.05.016 

77. Neote K, Mak JY, Kolakowski LF Jr, Schall TJ. Functional and biochemical 
analysis of the cloned Duffy antigen: identity with the red blood cell chemo-
kine receptor. Blood (1994) 84:44–52. 

78. Chaudhuri A, Nielsen S, Elkjaer ML, Zbrzezna V, Fang F, Pogo AO. 
Detection of Duffy antigen in the plasma membranes and caveolae of 
vascular endothelial and epithelial cells of nonerythroid organs. Blood 
(1997) 89:701–12. 

79. Horuk R, Chitnis CE, Darbonne WC, Colby TJ, Rybicki A, Hadley TJ, 
et  al. A receptor for the malarial parasite Plasmodium vivax: the erythro-
cyte  chemokine receptor. Science (1993) 261:1182–4. doi:10.1126/science. 
7689250 

80. Kleist AB, Getschman AE, Ziarek JJ, Nevins AM, Gauthier PA, Chevigné 
A, et  al. New paradigms in chemokine receptor signal transduction: 
moving beyond the two-site model. Biochem Pharmacol (2016) 114:53–68. 
doi:10.1016/j.bcp.2016.04.007 

81. Loetscher P, Clark-Lewis I. Agonistic and antagonistic activities of chemok-
ines. J Leukoc Biol (2001) 69:881–4. 

82. Onuffer JJ, Horuk R. Chemokines, chemokine receptors and small-molecule 
antagonists: recent developments. Trends Pharmacol Sci (2002) 23:459–67. 
doi:10.1016/S0165-6147(02)02064-3 

83. Wu B, Chien EY, Mol CD, Fenalti G, Liu W, Katritch V, et al. Structures of the 
CXCR4 chemokine GPCR with small-molecule and cyclic peptide antago-
nists. Science (2010) 330:1066–71. doi:10.1126/science.1194396 

84. Qin L, Kufareva I, Holden LG, Wang C, Zheng Y, Zhao C, et al. Structural 
biology. Crystal structure of the chemokine receptor CXCR4 in complex with 
a viral chemokine. Science (2015) 347:1117–22. doi:10.1126/science.1261064 

85. Park SH, Das BB, Casagrande F, Tian Y, Nothnagel HJ, Chu M, et al. Structure 
of the chemokine receptor CXCR1 in phospholipid bilayers. Nature (2012) 
491:779–83. doi:10.1038/nature11580 

86. Hiratsuka I, Itoh M, Yamada H, Yamamoto K, Tomatsu E, Makino M, et al. 
Simultaneous measurement of serum chemokines in autoimmune thyroid 
diseases: possible role of IP-10 in the inflammatory response. Endocr J (2015) 
62:1059–66. doi:10.1507/endocrj.EJ15-0448 

87. Karin N, Wildbaum G. The role of chemokines in shaping the balance 
between CD4(+) T cell subsets and its therapeutic implications in autoim-
mune and cancer diseases. Front Immunol (2015) 6:609. doi:10.3389/fimmu. 
2015.00609 

88. Hadley TJ, Lu ZH, Wasniowska K, Martin AW, Peiper SC, Hesselgesser J, 
et al. Postcapillary venule endothelial cells in kidney express a multispecific 
chemokine receptor that is structurally and functionally identical to the 
erythroid isoform, which is the Duffy blood group antigen. J Clin Invest 
(1994) 94:985–91. doi:10.1172/JCI117465 

89. Horuk R, Martin AW, Wang Z, Schweitzer L, Gerassimides A, Guo H, et al. 
Expression of chemokine receptors by subsets of neurons in the central 
nervous system. J Immunol (1997) 158:2882–90. 

90. He J, Chen Y, Farzan M, Choe H, Ohagen A, Gartner S, et al. CCR3 and CCR5 
are co-receptors for HIV-1 infection of microglia. Nature (1997) 385:645–9. 
doi:10.1038/385645a0 

91. Gupta SK, Lysko PG, Pillarisetti K, Ohlstein E, Stadel JM. Chemokine 
receptors in human endothelial cells: functional expression of CXCR4 and 
its transcriptional regulation by inflammatory cytokines. J Biol Chem (1998) 
273:4282–7. doi:10.1074/jbc.273.7.4282 

92. Salcedo R, Wasserman K, Young HA, Grimm MC, Howard OM, Anver MR, 
et al. Vascular endothelial growth factor and basic fibroblast growth factor 
induce expression of CXCR4 on human endothelial cells: in  vivo neovas-
cularization induced by stromal-derived factor-1alpha. Am J Pathol (1999) 
154:1125–35. doi:10.1016/S0002-9440(10)65365-5 

93. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of mem-
ory T lymphocytes with distinct homing potentials and effector functions. 
Nature (1999) 401:708–12. doi:10.1038/44385 

94. Sozzani S, Allavena P, Vecchi A, Mantovani A. The role of chemokines in the 
regulation of dendritic cell trafficking. J Leukoc Biol (1999) 66:1–9. 

95. Handel TM, Johnson Z, Crown SE, Lau EK, Proudfoot AE. Regulation of 
protein function by glycosaminoglycans – as exemplified by chemokines. 

Annu Rev Biochem (2005) 74:385–410. doi:10.1146/annurev.biochem.72. 
121801.161747 

96. Rot A. Endothelial cell binding of NAP-1/IL-8: role in neutrophil emigra-
tion. Immunol Today (1992) 13:291–4. doi:10.1016/0167-5699(92)90039-A 

97. Turnbull J, Powell A, Guimond S. Heparan sulfate: decoding a dynamic 
multifunctional cell regulator. Trends Cell Biol (2001) 11:75–82. doi:10.1016/
S0962-8924(00)01897-3 

98. Kuschert GS, Coulin F, Power CA, Proudfoot AE, Hubbard RE, Hoogewerf 
AJ, et  al. Glycosaminoglycans interact selectively with chemokines and 
modulate receptor binding and cellular responses. Biochemistry (1999) 
38:12959–68. doi:10.1021/bi990711d 

99. Verkaar F, van Offenbeek J, van der Lee MM, van Lith LH, Watts AO, 
Rops  AL, et  al. Chemokine cooperativity is caused by competitive gly-
cosaminoglycan binding. J Immunol (2014) 192:3908–14. doi:10.4049/ 
jimmunol.1302159 

100. Johnson Z, Proudfoot AE, Handel TM. Interaction of chemokines and 
glycosaminoglycans: a new twist in the regulation of chemokine function 
with opportunities for therapeutic intervention. Cytokine Growth Factor Rev 
(2005) 16:625–36. doi:10.1016/j.cytogfr.2005.04.006 

101. Esko JD, Selleck SB. Order out of chaos: assembly of ligand binding sites in 
heparan sulfate. Annu Rev Biochem (2002) 71:435–71. doi:10.1146/annurev.
biochem.71.110601.135458 

102. Kuschert GS, Hoogewerf AJ, Proudfoot AE, Chung CW, Cooke RM, 
Hubbard RE, et  al. Identification of a glycosaminoglycan binding surface 
on human interleukin-8. Biochemistry (1998) 37:11193–201. doi:10.1021/ 
bi972867o 

103. Proudfoot AE, Fritchley S, Borlat F, Shaw JP, Vilbois F, Zwahlen C, et  al. 
The BBXB motif of RANTES is the principal site for heparin binding and 
controls receptor selectivity. J Biol Chem (2001) 276:10620–6. doi:10.1074/
jbc.M010867200 

104. Goger B, Halden Y, Rek A, Mösl R, Pye D, Gallagher J, et al. Different affinities 
of glycosaminoglycan oligosaccharides for monomeric and dimeric interleu-
kin-8: a model for chemokine regulation at inflammatory sites. Biochemistry 
(2002) 41:1640–6. doi:10.1021/bi011944j 

105. Martin L, Blanpain C, Garnier P, Wittamer V, Parmentier M, Vita C. Structural 
and functional analysis of the RANTES–glycosaminoglycans interactions. 
Biochemistry (2001) 40:6303–18. doi:10.1021/bi002670n 

106. Graham GJ, Wilkinson PC, Nibbs RJ, Lowe S, Kolset SO, Parker A, et  al. 
Uncoupling of stem cell inhibition from monocyte chemoattraction in 
MIP-1alpha by mutagenesis of the proteoglycan binding site. EMBO J (1996) 
15:6506–15. 

107. Spillmann D, Witt D, Lindahl U. Defining the interleukin-8-binding 
domain of heparan sulfate. J Biol Chem (1998) 273:15487–93. doi:10.1074/
jbc.273.25.15487 

108. Czaplewski LG, McKeating J, Craven CJ, Higgins LD, Appay V, Brown A, 
et al. Identification of amino acid residues critical for aggregation of human 
CC chemokines macrophage inflammatory protein (MIP)-1α, MIP-1β, and 
RANTES. Characterization of active disaggregated chemokine variants. 
J Biol Chem (1999) 274:16077–84. doi:10.1074/jbc.274.23.16077 

109. Rajarathnam K, Sykes BD, Kay CM, Dewald B, Geiser T, Baggiolini M, et al. 
Neutrophil activation by monomeric interleukin-8. Science (1994) 264:90–2. 
doi:10.1126/science.8140420 

110. Jabeen T, Leonard P, Jamaluddin H, Acharya KR. Structure of mouse IP-10, a 
chemokine. Acta Crystallogr D Biol Crystallogr (2008) 64:611–9. doi:10.1107/
S0907444908007026 

111. Proudfoot AE, Handel TM, Johnson Z, Lau EK, LiWang P, Clark-Lewis I, 
et al. Glycosaminoglycan binding and oligomerization are essential for the 
in  vivo activity of certain chemokines. Proc Natl Acad Sci U S A (2003) 
100:1885–90. doi:10.1073/pnas.0334864100 

112. Ali S, Palmer AC, Banerjee B, Fritchley SJ, Kirby JA. Examination of the 
function of RANTES, MIP-1alpha, and MIP-1beta following interaction 
with heparin-like glycosaminoglycans. J Biol Chem (2000) 275:11721–7. 
doi:10.1074/jbc.275.16.11721 

113. Proudfoot AE. The biological relevance of chemokine-proteoglycan interac-
tions. Biochem Soc Trans (2006) 34:422–6. doi:10.1042/BST0340422 

114. Vanheule V, Janssens R, Boff D, Kitic N, Berghmans N, Ronsse I, et al. The 
positively charged COOH-terminal glycosaminoglycan-binding CXCL9 
(74-103) peptide inhibits CXCL8-induced neutrophil extravasation and 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1016/j.bbagen.2005.05.016
http://dx.doi.org/10.1126/science.7689250
http://dx.doi.org/10.1126/science.7689250
http://dx.doi.org/10.1016/j.bcp.2016.04.007
http://dx.doi.org/10.1016/S0165-6147(02)02064-3
http://dx.doi.org/10.1126/science.1194396
http://dx.doi.org/10.1126/science.1261064
http://dx.doi.org/10.1038/nature11580
http://dx.doi.org/10.1507/endocrj.EJ15-0448
http://dx.doi.org/10.3389/fimmu.2015.00609
http://dx.doi.org/10.3389/fimmu.2015.00609
http://dx.doi.org/10.1172/JCI117465
http://dx.doi.org/10.1038/385645a0
http://dx.doi.org/10.1074/jbc.273.7.4282
http://dx.doi.org/10.1016/S0002-9440(10)65365-5
http://dx.doi.org/10.1038/44385
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161747
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161747
http://dx.doi.org/10.1016/0167-5699(92)90039-A
http://dx.doi.org/10.1016/S0962-8924(00)01897-3
http://dx.doi.org/10.1016/S0962-8924(00)01897-3
http://dx.doi.org/10.1021/bi990711d
http://dx.doi.org/10.4049/jimmunol.1302159
http://dx.doi.org/10.4049/jimmunol.1302159
http://dx.doi.org/10.1016/j.cytogfr.2005.04.006
http://dx.doi.org/10.1146/annurev.biochem.71.110601.135458
http://dx.doi.org/10.1146/annurev.biochem.71.110601.135458
http://dx.doi.org/10.1021/bi972867o
http://dx.doi.org/10.1021/bi972867o
http://dx.doi.org/10.1074/jbc.M010867200
http://dx.doi.org/10.1074/jbc.M010867200
http://dx.doi.org/10.1021/bi011944j
http://dx.doi.org/10.1021/bi002670n
http://dx.doi.org/10.1074/jbc.273.25.15487
http://dx.doi.org/10.1074/jbc.273.25.15487
http://dx.doi.org/10.1074/jbc.274.23.16077
http://dx.doi.org/10.1126/science.8140420
http://dx.doi.org/10.1107/S0907444908007026
http://dx.doi.org/10.1107/S0907444908007026
http://dx.doi.org/10.1073/pnas.0334864100
http://dx.doi.org/10.1074/jbc.275.16.11721
http://dx.doi.org/10.1042/BST0340422


19

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

monosodium urate crystal-induced gout in mice. J Biol Chem (2015) 
290:21292–304. doi:10.1074/jbc.M115.649855 

115. Adage T, Konya V, Weber C, Strutzmann E, Fuchs T, Zankl C, et al. Targeting 
glycosaminoglycans in the lung by an engineered CXCL8 as a novel thera-
peutic approach to lung inflammation. Eur J Pharmacol (2015) 748:83–92. 
doi:10.1016/j.ejphar.2014.12.019 

116. Hoellenriegel J, Zboralski D, Maasch C, Rosin NY, Wierda WG, Keating MJ, 
et al. The Spiegelmer NOX-A12, a novel CXCL12 inhibitor, interferes with 
chronic lymphocytic leukemia cell motility and causes chemosensitization. 
Blood (2014) 123:1032–9. doi:10.1182/blood-2013-03-493924 

117. Ellyard JI, Simson L, Bezos A, Johnston K, Freeman C, Parish CR. Eotaxin 
selectively binds heparin. An interaction that protects eotaxin from pro-
teolysis and potentiates chemotactic activity in  vivo. J Biol Chem (2007) 
282:15238–47. doi:10.1074/jbc.M608046200 

118. Sadir R, Imberty A, Baleux F, Lortat-Jacob H. Heparan sulfate/heparin 
oligosaccharides protect stromal cell-derived factor-1 (SDF-1)/CXCL12 
against proteolysis induced by CD26/dipeptidyl peptidase IV. J Biol Chem 
(2004) 279:43854–60. doi:10.1074/jbc.M405392200 

119. Laine RA, Rush JS. Chemistry of human erythrocyte polylactosamine glycopep-
tides (erythroglycans) as related to ABH blood group antigenic determinants. 
Adv Exp Med Biol (1998) 228:331–47. doi:10.1007/978-1-4613-1663-3_12 

120. Opdenakker G, Proost P, Van Damme J. Microbiomic and posttranslational 
modifications as preludes to autoimmune diseases. Trends Mol Med (2016) 
22(9):746–57. doi:10.1016/j.molmed.2016.07.002 

121. Schellekens GA, de Jong BA, van den Hoogen FH, van de Putte LB, van 
Venrooij WJ. Citrulline is an essential constituent of antigenic determinants 
recognized by rheumatoid arthritis-specific autoantibodies. J Clin Invest 
(1998) 101:273–81. doi:10.1172/JCI1316 

122. Broz P, von Moltke J, Jones JW, Vance RE, Monack DM. Differential 
requirement for Caspase-1 autoproteolysis in pathogen-induced cell death 
and cytokine processing. Cell Host Microbe (2010) 8:471–83. doi:10.1016/j.
chom.2010.11.007 

123. Moelants EA, Mortier A, Van Damme J, Proost P. In vivo regulation of 
chemokine activity by post-translational modification. Immunol Cell Biol 
(2013) 91:402–7. doi:10.1038/icb.2013.16 

124. Mortier A, Gouwy M, Van Damme J, Proost P. Effect of posttranslational 
processing on the in vitro and in vivo activity of chemokines. Exp Cell Res 
(2011) 317:642–54. doi:10.1074/jbc.M110.119388 

125. Wolf M, Albrecht S, Märki C. Proteolytic processing of chemokines: 
 implications in physiological and pathological conditions. Int J Biochem Cell 
Biol (2008) 40:1185–98. doi:10.1016/j.biocel.2007.12.009 

126. Van den Steen PE, Proost P, Wuyts A, Van Damme J, Opdenakker G. 
Neutrophil gelatinase B potentiates interleukin-8 tenfold by aminoterminal 
processing, whereas it degrades CTAP-III, PF-4, and GRO-alpha and leaves 
RANTES and MCP-2 intact. Blood (2000) 96:2673–81. 

127. Hébert CA, Luscinskas FW, Kiely JM, Luis EA, Darbonne WC, Bennett GL, 
et al. Endothelial and leukocyte forms of IL-8. Conversion by thrombin and 
interactions with neutrophils. J Immunol (1990) 145:3033–40. 

128. Nakagawa H, Hatakeyama S, Ikesue A, Miyai H. Generation of 
interleukin-8 by plasmin from AVLPR-interleukin-8, the human fibro-
blast-derived neutrophil chemotactic factor. FEBS Lett (1991) 282:412–4. 
doi:10.1016/0014-5793(91)80526-9 

129. Song J, Wu C, Korpos E, Zhang X, Agrawal SM, Wang Y, et  al. 
Focal  MMP-2  and MMP-9 activity at the blood-brain barrier promotes 
chemokine-induced leukocyte migration. Cell Rep (2015) 10:1040–54. 
doi:10.1016/j.celrep.2015.01.037 

130. Mortier A, Berghmans N, Ronsse I, Grauwen K, Stegen S, Van Damme J, et al. 
Biological activity of CXCL8 forms generated by alternative cleavage of the 
signal peptide or by aminopeptidase-mediated truncation. PLoS One (2011) 
6:e23913. doi:10.1371/journal.pone.0023913 

131. Cox JH, Dean RA, Roberts CR, Overall CM. Matrix metalloproteinase 
processing of CXCL11/I-TAC results in loss of chemoattractant activity 
and altered glycosaminoglycan binding. J Biol Chem (2008) 283:19389–99. 
doi:10.1074/jbc.M800266200 

132. Richter R, Jochheim-Richter A, Ciuculescu F, Kollar K, Seifried E, Forssmann 
U, et  al. Identification and characterization of circulating variants of 
CXCL12 from human plasma: effects on chemotaxis and mobilization of 

hematopoietic stem and progenitor cells. Stem Cells Dev (2014) 23:1959–74. 
doi:10.1089/scd.2013.0524 

133. McQuibban GA, Gong JH, Wong JP, Wallace JL, Clark-Lewis I, Overall CM. 
Matrix metalloproteinase processing of monocyte chemoattractant proteins 
generates CC chemokine receptor antagonists with anti-inflammatory 
properties in vivo. Blood (2002) 100:1160–7. 

134. Overall CM, Kleifeld O. Validating matrix metalloproteinases as drug 
targets and anti-targets for cancer therapy. Nat Rev Cancer (2006) 6:227–39. 
doi:10.1038/nrc1821 

135. Cauwe B, Van den Steen PE, Opdenakker G. The biochemical, biolog-
ical, and pathological kaleidoscope of cell surface substrates processed by 
matrix metalloproteinases. Crit Rev Biochem Mol Biol (2007) 42:113–85. 
doi:10.1080/10409230701340019 

136. Opdenakker G, Dillen C, Fiten P, Martens E, Van Aelst I, Van den Steen PE, 
et al. Remnant epitopes, autoimmunity and glycosylation. Biochim Biophys 
Acta (2006) 1760:610–5. doi:10.1016/j.bbagen.2005.12.014 

137. Egeblad M, Werb Z. New functions for the matrix metalloproteinases in 
cancer progression. Nat Rev Cancer (2002) 2:161–74. doi:10.1038/nrc745 

138. Deryugina EI, Quigley JP. Matrix metalloproteinases and tumor metastasis. 
Cancer Metastasis Rev (2006) 25:9–34. doi:10.1007/s10555-006-7886-9 

139. Tokito A, Jougasaki M. Matrix metalloproteinases in non-neoplastic disor-
ders. Int J Mol Sci (2016) 17:E1178. doi:10.3390/ijms17071178 

140. Repnik U, Starr AE, Overall CM, Turk B. Cysteine cathepsins activate 
ELR chemokines and inactivate non-ELR chemokines. J Biol Chem (2015) 
290:13800–11. doi:10.1074/jbc.M115.638395 

141. Van den Steen PE, Husson SJ, Proost P, Van Damme J, Opdenakker G. 
Carboxyterminal cleavage of the chemokines MIG and IP-10 by gelatinase 
B and neutrophil collagenase. Biochem Biophys Res Commun (2003) 
310:889–96. doi:10.1016/j.bbrc.2003.09.098 

142. Davis DA, Singer KE, De La Luz Sierra M, Narazaki M, Yang F, Fales HM, 
et  al. Identification of carboxypeptidase N as an enzyme responsible for 
C-terminal cleavage of stromal cell-derived factor-1α in the circulation. 
Blood (2005) 105:4561–8. doi:10.1182/blood-2004-12-4618 

143. Hundhausen C, Schulte A, Schulz B, Andrzejewski MG, Schwarz N, von 
Hundelshausen P, et  al. Regulated shedding of transmembrane chemo-
kines by the disintegrin and metalloproteinase 10 facilitates detachment 
of adherent leukocytes. J Immunol (2007) 178:8064–72. doi:10.4049/
jimmunol.178.12.8064 

144. Garton KJ, Gough PJ, Blobel CP, Murphy G, Greaves DR, Dempsey PJ, 
et al. Tumor necrosis factor-alpha-converting enzyme (ADAM17) mediates 
the cleavage and shedding of fractalkine (CX3CL1). J Biol Chem (2001) 
276:37993–8001. doi:10.1074/jbc.M106434200

145. Hundhausen C, Misztela D, Berkhout TA, Broadway N, Saftig P, Reiss K, 
et  al. The disintegrin-like metalloproteinase ADAM10 is involved in con-
stitutive cleavage of CX3CL1 (fractalkine) and regulates CX3CL1-mediated 
cell-cell adhesion. Blood (2003) 102:1186–95. doi:10.1182/blood-2002- 
12-3775 

146. Ludwig A, Weber C. Transmembrane chemokines: versatile ‘special agents’ 
in vascular inflammation. Thromb Heamost (2007) 97:694–703. doi:10.1160/
TH07-01-0035

147. Chapman GA, Moores K, Harrison D, Campbell CA, Stewart BR, 
Strijbos  PJ. Fractalkine cleavage from neuronal membranes represents 
an acute event in the inflammatory response to excitotoxic brain damage. 
J Neurosci (2000) 20:RC87. 

148. le Blanc LM, van Lieshout AW, Adema GJ, van Riel PL, Verbeek MM. 
Radstake TR. CXCL16 is elevated in the cerebrospinal fluid versus serum 
and in inflammatory conditions with suspected and proved central ner-
vous system involvement. Neurosci Lett (2006) 397:145–8. doi:10.1016/j.
neulet.2005.12.029 

149. Pritzker LB, Joshi S, Gowan JJ, Harauz G, Moscarello MA. Deimination of 
myelin basic protein. 1. Effect of deimination of arginyl residues of myelin 
basic protein on its structure and susceptibility to digestion by cathepsin 
D. Biochemistry (2000) 39:5374–81. doi:10.1021/bi9925571 

150. Musse AA, Boggs JM, Harauz G. Deimination of membrane-bound 
myelin basic protein in multiple sclerosis exposes an immunodominant 
epitope. Proc Natl Acad Sci U S A (2006) 103:4422–7. doi:10.1073/pnas. 
0509158103 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1074/jbc.M115.649855
http://dx.doi.org/10.1016/j.ejphar.2014.12.019
http://dx.doi.org/10.1182/blood-2013-03-493924
http://dx.doi.org/10.1074/jbc.M608046200
http://dx.doi.org/10.1074/jbc.M405392200
http://dx.doi.org/10.1007/978-1-4613-1663-3_12
http://dx.doi.org/10.1016/j.molmed.2016.07.002
http://dx.doi.org/10.1172/JCI1316
http://dx.doi.org/10.1016/j.chom.2010.11.007
http://dx.doi.org/10.1016/j.chom.2010.11.007
http://dx.doi.org/10.1038/icb.2013.16
http://dx.doi.org/10.1074/jbc.M110.119388
http://dx.doi.org/10.1016/j.biocel.2007.12.009
http://dx.doi.org/10.1016/0014-5793(91)80526-9
http://dx.doi.org/10.1016/j.celrep.2015.01.037
http://dx.doi.org/10.1371/journal.pone.0023913
http://dx.doi.org/10.1074/jbc.M800266200
http://dx.doi.org/10.1089/scd.2013.0524
http://dx.doi.org/10.1038/nrc1821
http://dx.doi.org/10.1080/10409230701340019
http://dx.doi.org/10.1016/j.bbagen.2005.12.014
http://dx.doi.org/10.1038/nrc745
http://dx.doi.org/10.1007/s10555-006-7886-9
http://dx.doi.org/10.3390/ijms17071178
http://dx.doi.org/10.1074/jbc.M115.638395
http://dx.doi.org/10.1016/j.bbrc.2003.09.098
http://dx.doi.org/10.1182/blood-2004-12-4618
http://dx.doi.org/10.4049/jimmunol.178.12.8064
http://dx.doi.org/10.4049/jimmunol.178.12.8064
http://dx.doi.org/10.1074/jbc.M106434200
http://dx.doi.org/10.1182/blood-2002-12-3775
http://dx.doi.org/10.1182/blood-2002-12-3775
http://dx.doi.org/10.1160/TH07-01-0035
http://dx.doi.org/10.1160/TH07-01-0035
http://dx.doi.org/10.1016/j.neulet.2005.12.029
http://dx.doi.org/10.1016/j.neulet.2005.12.029
http://dx.doi.org/10.1021/bi9925571
http://dx.doi.org/10.1073/pnas.0509158103
http://dx.doi.org/10.1073/pnas.0509158103


20

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

151. Proost P, Loos T, Mortier A, Schutyser E, Gouwy M, Noppen S, et  al. 
Citrullination of CXCL8 by peptidylarginine deiminase alters receptor usage, 
prevents proteolysis, and dampens tissue inflammation. J Exp Med (2008) 
205:2085–97. doi:10.1084/jem.20080305 

152. Loos T, Mortier A, Gouwy M, Ronsse I, Put W, Lenaerts JP, et  al. 
Citrullination of CXCL10 and CXCL11 by peptidylarginine deiminase: a 
naturally occurring posttranslational modification of chemokines and new 
dimension of immunoregulation. Blood (2008) 112:2648–56. doi:10.1182/
blood-2008-04-149039 

153. Chavanas S, Méchin MC, Nachat R, Adoue V, Coudane F, Serre G, et  al. 
Peptidylarginine deiminases and deimination in biology and pathology: 
relevance to skin homeostasis. J Dermatol Sci (2006) 44:63–72. doi:10.1016/j.
jdermsci.2006.07.004 

154. Moscarello MA, Mastronardi FG, Wood DD. The role of citrullinated pro-
teins suggests a novel mechanism in the pathogenesis of multiple sclerosis. 
Neurochem Res (2007) 32:251–6. doi:10.1007/s11064-006-9144-5 

155. Harauz G, Musse AA. A tale of two citrullines – structural and functional 
aspects of myelin basic protein deimination in health and disease. Neurochem 
Res (2007) 32:137–58. doi:10.1007/s11064-006-9108-9 

156. Yoshida K, Korchynskyi O, Tak PP, Isozaki T, Ruth JH, Campbell PL, et al. 
Citrullination of ENA-78/CXCL5 results in conversion from a non-monocyte 
recruiting to a monocyte recruiting chemokine. Arthritis Rheumatol (2014) 
66:2716–27. doi:10.1002/art.38750 

157. Loos T, Opdenakker G, Van Damme J, Proost P. Citrullination of CXCL8 
increases this chemokine’s ability to mobilize neutrophils into the blood 
circulation. Haematologica (2009) 94:1346–53. doi:10.3324/haematol.2009. 
006973 

158. Barker CE, Ali S, O’Boyle G, Kirby JA. Transplantation and inflammation: 
implications for the modification of chemokine function. Immunology (2014) 
143:138–45. doi:10.1111/imm.12332 

159. Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in 
health and disease. Physiol Rev (2007) 87:315–424. doi:10.1152/physrev. 
00029.2006 

160. Szabó C, Ischiropoulos H, Radi R. Peroxynitrite: biochemistry, pathophysiol-
ogy and development of therapeutics. Nat Rev Drug Discov (2007) 6:662–80. 
doi:10.1038/nrd2222 

161. Abello N, Kerstjens HA, Postma DS, Bischoff R. Protein tyrosine nitration: 
selectivity, physicochemical and biological consequences, denitration, and 
proteomics methods for the identification of tyrosine-nitrated proteins. 
J Proteome Res (2009) 8:3222–38. doi:10.1021/pr900039c 

162. Sato E, Simpson KL, Grisham MB, Koyama S, Robbins RA. Effects of reactive 
oxygen and nitrogen metabolites on RANTES- and IL-5-induced eosinophil 
chemotactic activity in  vitro. Am J Pathol (1999) 155:591–8. doi:10.1016/
S0002-9440(10)65154-1 

163. Molon B, Ugel S, Del Pozzo F, Soldani C, Zilio S, Avella D, et al. Chemokine 
nitration prevents intratumoral infiltration of antigen-specific T cells. J Exp 
Med (2011) 208:1949–62. doi:10.1084/jem.20101956 

164. Sato E, Simpson KL, Grisham MB, Koyama S, Robbins RA. Effects of reactive 
oxygen and nitrogen metabolites on MCP-1-induced monocyte chemotactic 
activity in vitro. Am J Physiol (1999) 277:L543–9. 

165. Janssens R, Mortier A, Boff D, Vanheule V, Gouwy G, Franck C, et al. Natural 
nitration of CXCL12 reduces its signaling capacity and chemotactic activity 
in  vitro and abrogates intra-articular lymphocyte recruitment in  vivo. 
Oncotarget (2016). doi:10.18632/oncotarget.11516 

166. Ruggiero P, Flati S, Di Cioccio V, Maurizi G, Macchia G, Facchin A, et al. 
Glycosylation enhances functional stability of the chemotactic cytokine 
CCL2. Eur Cytokine Netw (2003) 14:91–6. 

167. Jiang Y, Tabak LA, Valente AJ, Graves DT. Initial characterization of the 
carbohydrate structure of MCP-1. Biochem Biophys Res Commun (1991) 
178:1400–4. doi:10.1016/0006-291X(91)91049-I 

168. Kameyoshi Y, Dörschner A, Mallet AI, Christophers E, Schröder JM. 
Cytokine RANTES released by thrombin-stimulated platelets is a potent 
attractant for human eosinophils. J Exp Med (1992) 176:587–92. doi:10.1084/
jem.176.2.587 

169. Noso N, Bartels J, Mallet AI, Mochizuki M, Christophers E, Schröder 
JM. Delayed production of biologically active O-glycosylated forms of 
human eotaxin by tumor-necrosis-factor-alpha-stimulated dermal fibro-
blasts. Eur J Biochem (1998) 253:114–22. doi:10.1046/j.1432-1327.1998. 
2530114.x 

170. Koivisto V. Discovery of dipeptidyl-peptidase IV – a 40 year journey 
from bench to patient. Diabetologia (2008) 51:1088–9. doi:10.1007/
s00125-008-0985-0 

171. Hopsu-Havu VK, Glenner GG. A new dipeptide naphthylamidase hydro-
lyzing glycyl-prolyl-β-naphthylamide. Histochemie (1966) 7:197–201. 
doi:10.1007/BF00577838 

172. Waumans Y, Baerts L, Kehoe K, Lambeir AM, De Meester I. The dipeptidyl 
peptidase family, prolyl oligopeptidase, and prolyl carboxypeptidase in the 
immune system and inflammatory disease, including atherosclerosis. Front 
Immunol (2015) 6:387. doi:10.3389/fimmu.2015.00387 

173. Wagner L, Klemann C, Stephan M, von Hörsten S. Unravelling the immu-
nological roles of dipeptidyl peptidase 4 (DPP4) activity and/or structure 
homologue (DASH) proteins. Clin Exp Immunol (2016) 184:265–83. 
doi:10.1111/cei.12757 

174. Abbott CA, Baker E, Sutherland GR, McCaughan GW. Genomic organization, 
exact localization, and tissue expression of the human CD26 (dipeptidyl pep-
tidase IV) gene. Immunogenetics (1994) 40:331–8. doi:10.1007/BF01246674 

175. Böhm SK, Gum JR Jr, Erickson RH, Hicks JW, Kim YS. Human dipeptidyl 
peptidase IV gene promoter: tissue-specific regulation from a TATA-less 
GC-rich sequence characteristic of a housekeeping gene promoter. Biochem 
J (1995) 311:835–43. doi:10.1042/bj3110835 

176. Boonacker E, Van Noorden CJ. The multifunctional or moonlighting protein 
CD26/DPPIV. Eur J Cell Biol (2003) 82:53–73. doi:10.1078/0171-9335- 
00302 

177. Dang DT, Chun SY, Burkitt K, Abe M, Chen S, Havre P, et  al. Hypoxia-
inducible factor-1 target genes as indicators of tumor vessel response to 
vascular endothelial growth factor inhibition. Cancer Res (2008) 68:1872–80. 
doi:10.1158/0008-5472.CAN-07-1589 

178. Bauvois B, Djavaheri-Mergny M, Rouillard D, Dumont J, Wietzerbin J. 
Regulation of CD26/DPPIV gene expression by interferons and retinoic acid 
in tumor B cells. Oncogene (2000) 19:265–72. doi:10.1038/sj.onc.1203292 

179. Gu N, Tsuda M, Matsunaga T, Adachi T, Yasuda K, Ishihara A, et al. Glucose 
regulation of dipeptidyl peptidase IV gene expression is mediated by hepato-
cyte nuclear factor-1alpha in epithelial intestinal cells. Clin Exp Pharmacol 
Physiol (2008) 35:1433–9. doi:10.1111/j.1440-1681.2008.05015.x 

180. Proost P, Struyf S, Loos T, Gouwy M, Schutyser E, Conings R, et  al. 
Coexpression and interaction of CXCL10 and CD26 in mesenchymal cells by 
synergising inflammatory cytokines: CXCL8 and CXCL10 are discriminative 
markers for autoimmune arthropathies. Arthritis Res Ther (2006) 8:1–14. 
doi:10.1186/ar1849 

181. Kim NH, Yu T, Lee DH. The nonglycemic actions of dipeptidyl peptidase-4 
inhibitors. Biomed Res Int (2014) 2014:368703. doi:10.1155/2014/368703 

182. Gorrell MD, Gysbers V, McCaughan GW. CD26: a multifunctional integral 
membrane and secreted protein of activated lymphocytes. Scand J Immunol 
(2001) 54:249–64. doi:10.1046/j.1365-3083.2001.00984.x 

183. Engel M, Hoffmann T, Wagner L, Wermann M, Heiser U, Kiefersauer R, 
et  al. The crystal structure of dipeptidyl peptidase IV (CD26) reveals its 
functional regulation and enzymatic mechanism. Proc Natl Acad Sci U S A 
(2003) 100:5063–8. doi:10.1073/pnas.0230620100 

184. Rasmussen HB, Branner S, Wiberg FC, Wagtmann N. Crystal structure of 
human dipeptidyl peptidase IV/CD26 in complex with a substrate analog. 
Nat Struct Biol (2003) 10:19–25. doi:10.1038/nsb882 

185. Aertgeerts K, Ye S, Tennant MG, Kraus ML, Rogers J, Sang BC, et al. Crystal 
structure of human dipeptidyl peptidase IV in complex with a decapeptide 
reveals details on substrate specificity and tetrahedral intermediate forma-
tion. Protein Sci (2004) 13:412–21. doi:10.1110/ps.03460604 

186. Aertgeerts K, Ye S, Shi L, Prasad SG, Witmer D, Chi E, et  al. N-linked 
glycosylation of dipeptidyl peptidase IV (CD26): effects on enzyme activity, 
homodimer formation, and adenosine deaminase binding. Protein Sci (2004) 
13:145–54. doi:10.1110/ps.03352504 

187. Röhrborn E, Eckel J, Sell H. Shedding of dipeptidyl peptidase IV is mediated 
by metalloproteases and upregulated by hypoxia in human adipocytes and 
vascular smooth muscle cells. FEBS Lett (2014) 588:3870–7. doi:10.1016/j.
febslet.2014.08.029 

188. Smith RE, Talhouk JW, Brown EE, Edgar SE. The significance of hyper-
sialylation of dipeptidyl peptidase IV (CD26) in the inhibition of its activity 
by Tat and other cationic peptides. CD26: a subverted adhesion molecule 
for HIV peptide binding. AIDS Res Hum Retroviruses (1998) 14:851–68. 
doi:10.1089/aid.1998.14.851 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1084/jem.20080305
http://dx.doi.org/10.1182/blood-2008-04-149039
http://dx.doi.org/10.1182/blood-2008-04-149039
http://dx.doi.org/10.1016/j.jdermsci.2006.07.004
http://dx.doi.org/10.1016/j.jdermsci.2006.07.004
http://dx.doi.org/10.1007/s11064-006-9144-5
http://dx.doi.org/10.1007/s11064-006-9108-9
http://dx.doi.org/10.1002/art.38750
http://dx.doi.org/10.3324/haematol.2009.006973
http://dx.doi.org/10.3324/haematol.2009.006973
http://dx.doi.org/10.1111/imm.12332
http://dx.doi.org/10.1152/physrev.00029.2006
http://dx.doi.org/10.1152/physrev.00029.2006
http://dx.doi.org/10.1038/nrd2222
http://dx.doi.org/10.1021/pr900039c
http://dx.doi.org/10.1016/S0002-9440(10)65154-1
http://dx.doi.org/10.1016/S0002-9440(10)65154-1
http://dx.doi.org/10.1084/jem.20101956
http://dx.doi.org/10.18632/oncotarget.11516
http://dx.doi.org/10.1016/0006-291X(91)91049-I
http://dx.doi.org/10.1084/jem.176.2.587
http://dx.doi.org/10.1084/jem.176.2.587
http://dx.doi.org/10.1046/j.1432-1327.1998.2530114.x
http://dx.doi.org/10.1046/j.1432-1327.1998.2530114.x
http://dx.doi.org/10.1007/s00125-008-0985-0
http://dx.doi.org/10.1007/s00125-008-0985-0
http://dx.doi.org/10.1007/BF00577838
http://dx.doi.org/10.3389/fimmu.2015.00387
http://dx.doi.org/10.1111/cei.12757
http://dx.doi.org/10.1007/BF01246674
http://dx.doi.org/10.1042/bj3110835
http://dx.doi.org/10.1078/0171-9335-00302
http://dx.doi.org/10.1078/0171-9335-00302
http://dx.doi.org/10.1158/0008-5472.CAN-07-1589
http://dx.doi.org/10.1038/sj.onc.1203292
http://dx.doi.org/10.1111/j.1440-1681.2008.05015.x
http://dx.doi.org/10.1186/ar1849
http://dx.doi.org/10.1155/2014/368703
http://dx.doi.org/10.1046/j.1365-3083.2001.00984.x
http://dx.doi.org/10.1073/pnas.0230620100
http://dx.doi.org/10.1038/nsb882
http://dx.doi.org/10.1110/ps.03460604
http://dx.doi.org/10.1110/ps.03352504
http://dx.doi.org/10.1016/j.febslet.2014.08.029
http://dx.doi.org/10.1016/j.febslet.2014.08.029
http://dx.doi.org/10.1089/aid.1998.14.851


21

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

189. Cordero OJ, Salgado FJ, Nogueira M. On the origin of serum CD26 and 
its altered concentration in cancer patients. Cancer Immunol Immunother 
(2009) 58:1723–47. doi:10.1007/s00262-009-0728-1 

190. Maes MB, Scharpé S, De Meester I. Dipeptidyl peptidase II (DPPII), a review. 
Clin Chim Acta (2007) 380:31–49. doi:10.1016/j.cca.2007.01.024 

191. Kobayashi H, Hosono O, Mimori T, Kawasaki H, Dang NH, Tanaka H, et al. 
Reduction of serum soluble CD26/dipeptidyl peptidase IV enzyme activity 
and its correlation with disease activity in systemic lupus erythematosus. 
J Rheumatol (2002) 29:1858–66. 

192. Ruiz P, Mailhot S, Delgado P, Amador A, Viciana AL, Ferrer L, et  al. 
CD26 expression and dipeptidyl peptidase IV activity in an aggressive 
hepatosplenic T-cell lymphoma. Cytometry (1998) 34:30–5. doi:10.1002/
(SICI)1097-0320(19980215)34:1<30::AID-CYTO5>3.0.CO;2-I 

193. Bauvois B, De Meester I, Dumont J, Rouillard D, Zhao HX, Bosmans E. 
Constitutive expression of CD26/dipeptidylpeptidase IV on peripheral 
blood B lymphocytes of patients with B chronic lymphocytic leukaemia. 
Br J Cancer (1999) 79:1042–8. doi:10.1038/sj.bjc.6690167 

194. Fan H, Tansi FL, Weihofen WA, Böttcher C, Hu J, Martinez J, et al. Molecular 
mechanism and structural basis of interactions of dipeptidyl peptidase IV 
with adenosine deaminase and human immunodeficiency virus type-1 
transcription transactivator. Eur J Cell Biol (2012) 91:265–73. doi:10.1016/j.
ejcb.2011.06.001 

195. Ginés S, Mariño M, Mallol J, Canela EI, Morimoto C, Callebaut C, et  al. 
Regulation of epithelial and lymphocyte cell adhesion by adenosine 
deaminase–CD26 interaction. Biochem J (2002) 361:203–9. doi:10.1042/ 
bj3610203 

196. Boonacker EP, Wierenga EA, Smits HH, Van Noorden CJ. CD26/DPPIV 
signal transduction function, but not proteolytic activity, is directly 
related to its expression level on human Th1 and Th2 cell lines as detected 
with living cell cytochemistry. J Histochem Cytochem (2002) 50:1169–77. 
doi:10.1177/002215540205000903 

197. Pacheco R, Martinez-Navio JM, Lejeune M, Climent N, Oliva H, Gatell 
JM, et  al. CD26, adenosine deaminase, and adenosine receptors mediate 
costimulatory signals in the immunological synapse. Proc Natl Acad Sci U S 
A (2005) 102:9583–8. doi:10.1073/pnas.0501050102 

198. Gonzalez-Gronow M, Kaczowka S, Gawdi G, Pizzo SV. Dipeptidyl peptidase 
IV (DPP IV/CD26) is a cell-surface plasminogen receptor. Front Biosci (2008) 
13:1610–8. doi:10.2741/2785 

199. Ikushima H, Munakata Y, Ishii T, Iwata S, Terashima M, Tanaka H, et  al. 
Internalization of CD26 by mannose 6-phosphate/insulin-like growth factor 
II receptor contributes to T cell activation. Proc Natl Acad Sci U S A (2000) 
97:8439–44. doi:10.1073/pnas.97.15.8439 

200. Herrera C, Morimoto C, Blanco J, Mallol J, Arenzana F, Lluis C, et  al. 
Comodulation of CXCR4 and CD26 in human lymphocytes. J Biol Chem 
(2001) 276:19532–9. doi:10.1074/jbc.M004586200 

201. Ohtsuki T, Hosono O, Kobayashi H, Munakata Y, Souta A, Shioda T, 
et  al. Negative regulation of the anti-human immunodeficiency virus 
and chemotactic activity of human stromal cell-derived factor 1alpha by 
CD26/dipeptidyl peptidase IV. FEBS Lett (1998) 431:236–40. doi:10.1016/
S0014-5793(98)00763-7 

202. Broxmeyer HE, Capitano M, Campbell TB, Hangoc G, Cooper S. Modulation 
of hematopoietic chemokine effects in  vitro and in  vivo by DPP-4/CD26. 
Stem Cells Dev (2016) 25:575–85. doi:10.1089/scd.2016.0026 

203. Hanski C, Huhle T, Gossrau R, Reutter W. Direct evidence for the binding 
of rat liver DPP IV to collagen in  vitro. Exp Cell Res (1988) 178:64–72. 
doi:10.1016/0014-4827(88)90378-3 

204. Löster K, Zeilinger K, Schuppan D, Reutter W. The cysteine-rich 
region of dipeptidyl peptidase IV (CD 26) is the collagen-binding 
site.  Biochem Biophys Res Commun (1995) 217:341–8. doi:10.1006/bbrc. 
1995.2782 

205. Reutter W, Hartel S, Hanski C, Huhle T, Zimmer T, Gossrau R. Biochemical 
properties of dipeptidyl peptidase IV in liver and hepatoma plasma mem-
branes. Adv Enzyme Regul (1989) 28:253–69. doi:10.1016/0065-2571(89) 
90075-7 

206. Dang NH, Torimoto Y, Schlossman SF, Morimoto C. Human CD4 helper 
T cell activation: functional involvement of two distinct collagen receptors, 
1F7 and VLA integrin family. J Exp Med (1990) 172:649–52. doi:10.1084/
jem.172.2.649 

207. Gaetaniello L, Fiore M, de Filippo S, Pozzi N, Tamasi S, Pignata C. 
Occupancy of dipeptidyl peptidase IV activates an associated tyrosine 
kinase and triggers an apoptotic signal in human hepatocarcinoma cells. 
Hepatology (1998) 27:934–42. doi:10.1002/hep.510270407 

208. Morimoto C, Lord CI, Zhang C, Duke-Cohan JS, Letvin NL, Schlossman SF. 
Role of CD26/dipeptidyl peptidase IV in human immunodeficiency virus 
type 1 infection and apoptosis. Proc Natl Acad Sci U S A (1994) 91:9960–4. 
doi:10.1073/pnas.91.21.9960 

209. Lambeir AM, Durinx C, Scharpé S, De Meester I. Dipeptidyl-peptidase IV 
from bench to bedside: an update on structural properties, functions, and 
clinical aspects of the enzyme DPP IV. Crit Rev Clin Lab Sci (2003) 40:209–94. 
doi:10.1080/713609354 

210. Schechter I, Berger A. On the active site of proteases. 3. Mapping the active 
site of papain; specific peptide inhibitors of papain. Biochem Biophys Res 
Commun (1968) 32:898–902. doi:10.1016/0006-291X(68)90326-4 

211. Fischer G, Heins J, Barth A. The conformation around the peptide bond 
between the P 1- and P 2-positions is important for catalytic activity of 
some proline-specific proteases. Biochim Biophys Acta (1983) 742:452–62. 
doi:10.1016/0167-4838(83)90261-3 

212. Van Damme J, Struyf S, Wuyts A, Van Coillie E, Menten P, Schols D, et al. 
The role of CD26/DPP IV in chemokine processing. Chem Immunol (1999) 
72:42–56. doi:10.1159/000058725 

213. Struyf S, Proost P, Van Damme J. Regulation of the immune response by 
the interaction of chemokines and proteases. Adv Immunol (2003) 81:1–44. 
doi:10.1016/S0065-2776(03)81001-5 

214. De Meester I, Lambeir AM, Proost P, Scharpé S. Dipeptidyl peptidase IV 
substrates. An update on in vitro peptide hydrolysis by human DPPIV. Adv 
Exp Med Biol (2003) 524:3–17. doi:10.1007/0-306-47920-6_1 

215. Guan E, Wang J, Norcross MA. Amino-terminal processing of MIP-1beta/
CCL4 by CD26/dipeptidyl-peptidase IV. J Cell Biochem (2004) 92:53–64. 
doi:10.1002/jcb.20041 

216. Guan E, Wang J, Norcross MA. Identification of human macrophage inflam-
matory proteins 1alpha and 1beta as a native secreted heterodimer. J Biol 
Chem (2001) 276:12404–9. doi:10.1074/jbc.M006327200 

217. Noso N, Sticherling M, Bartels J, Mallet AI, Christophers E, Schröder JM. 
Identification of an N-terminally truncated form of the chemokine RANTES 
and granulocyte-macrophage colony-stimulating factor as major eosinophil 
attractants released by cytokine-stimulated dermal fibroblasts. J Immunol 
(1996) 156:1946–53. 

218. Oravecz T, Pall M, Roderiquez G, Gorrell MD, Ditto M, Nguyen NY, 
et al. Regulation of the receptor specificity and function of the chemokine 
RANTES (regulated on activation, normal T cell expressed and secreted) 
by dipeptidyl peptidase IV (CD26)-mediated cleavage. J Exp Med (1997) 
186:1865–72. doi:10.1084/jem.186.11.1865 

219. Proost P, De Meester I, Schols D, Struyf S, Lambeir AM, Wuyts A, et  al. 
Amino-terminal truncation of chemokines by CD26/dipeptidyl-peptidase 
IV. Conversion of RANTES into a potent inhibitor of monocyte chemo-
taxis and HIV-1-infection. J Biol Chem (1998) 273:7222–7. doi:10.1074/
jbc.273.13.7222 

220. Schols D, Proost P, Struyf S, Wuyts A, De Meester I, Scharpé S, et al. CD26-
processed RANTES(3-68), but not intact RANTES, has potent anti-HIV-1 
activity. Antiviral Res (1998) 39:175–87. doi:10.1016/S0166-3542(98)00039-4 

221. Forssmann U, Stoetzer C, Stephan M, Kruschinski C, Skripuletz T, Schade J, 
et  al. Inhibition of CD26/dipeptidyl peptidase IV enhances CCL11/
eotaxin-mediated recruitment of eosinophils in  vivo. J Immunol (2008) 
181:1120–7. doi:10.4049/jimmunol.181.2.1120 

222. Struyf S, Proost P, Schols D, De Clercq E, Opdenakker G, Lenaerts JP, et al. 
CD26/dipeptidyl-peptidase IV down-regulates the eosinophil chemotactic 
potency, but not the anti-HIV activity of human eotaxin by affecting its 
interaction with CC chemokine receptor 3. J Immunol (1999) 162:4903–9. 

223. Mochizuki M, Bartels J, Mallet AI, Christophers E, Schröder JM. IL-4 
induces eotaxin: a possible mechanism of selective eosinophil recruitment in 
helminth infection and atopy. J Immunol (1998) 160:60–8. 

224. Pal R, Garzino-Demo A, Markham PD, Burns J, Brown M, Gallo RC, et al. 
Inhibition of HIV-1 infection by the beta-chemokine MDC. Science (1997) 
278:695–8. doi:10.1126/science.278.5338.695 

225. Struyf S, Proost P, Sozzani S, Mantovani A, Wuyts A, De Clercq E, 
et  al. Enhanced anti-HIV-1 activity and altered chemotactic potency of 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1007/s00262-009-0728-1
http://dx.doi.org/10.1016/j.cca.2007.01.024
http://dx.doi.org/10.1002/(SICI)1097-0320(19980215)34:1﻿<﻿30::AID-CYTO5﻿>﻿3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1097-0320(19980215)34:1﻿<﻿30::AID-CYTO5﻿>﻿3.0.CO;2-I
http://dx.doi.org/10.1038/sj.bjc.6690167
http://dx.doi.org/10.1016/j.ejcb.2011.06.001
http://dx.doi.org/10.1016/j.ejcb.2011.06.001
http://dx.doi.org/10.1042/bj3610203
http://dx.doi.org/10.1042/bj3610203
http://dx.doi.org/10.1177/002215540205000903
http://dx.doi.org/10.1073/pnas.0501050102
http://dx.doi.org/10.2741/2785
http://dx.doi.org/10.1073/pnas.97.15.8439
http://dx.doi.org/10.1074/jbc.M004586200
http://dx.doi.org/10.1016/S0014-5793(98)00763-7
http://dx.doi.org/10.1016/S0014-5793(98)00763-7
http://dx.doi.org/10.1089/scd.2016.0026
http://dx.doi.org/10.1016/0014-4827(88)90378-3
http://dx.doi.org/10.1006/bbrc.1995.2782
http://dx.doi.org/10.1006/bbrc.1995.2782
http://dx.doi.org/10.1016/0065-2571(89)90075-7
http://dx.doi.org/10.1016/0065-2571(89)90075-7
http://dx.doi.org/10.1084/jem.172.2.649
http://dx.doi.org/10.1084/jem.172.2.649
http://dx.doi.org/10.1002/hep.510270407
http://dx.doi.org/10.1073/pnas.91.21.9960
http://dx.doi.org/10.1080/713609354
http://dx.doi.org/10.1016/0006-291X(68)90326-4
http://dx.doi.org/10.1016/0167-4838(83)90261-3
http://dx.doi.org/10.1159/000058725
http://dx.doi.org/10.1016/S0065-2776(03)81001-5
http://dx.doi.org/10.1007/0-306-47920-6_1
http://dx.doi.org/10.1002/jcb.20041
http://dx.doi.org/10.1074/jbc.M006327200
http://dx.doi.org/10.1084/jem.186.11.1865
http://dx.doi.org/10.1074/jbc.273.13.7222
http://dx.doi.org/10.1074/jbc.273.13.7222
http://dx.doi.org/10.1016/S0166-3542(98)00039-4
http://dx.doi.org/10.4049/jimmunol.181.2.1120
http://dx.doi.org/10.1126/science.278.5338.695


22

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

NH2-terminally processed macrophage-derived chemokine (MDC) imply 
an additional MDC receptor. J Immunol (1998) 161:2672–5. 

226. Proost P, De Wolf-Peeters C, Conings R, Opdenakker G, Billiau A, Van 
Damme J. Identification of a novel granulocyte chemotactic protein (GCP-2) 
from human tumor cells. In vitro and in vivo comparison with natural forms 
of GRO, IP-10, and IL-8., IP-10, and IL-8. J Immunol (1993) 150:1000–10. 

227. Proost P, Schutyser E, Menten P, Struyf S, Wuyts A, Opdenakker G, et  al. 
Amino-terminal truncation of CXCR3 agonists impairs receptor signaling 
and lymphocyte chemotaxis, while preserving antiangiogenic properties. 
Blood (2001) 98:3554–61. doi:10.1182/blood.V98.13.3554 

228. Barreira da Silva R, Laird ME, Yatim N, Fiette L, Ingersoll MA, Albert ML. 
Dipeptidylpeptidase 4 inhibition enhances lymphocyte trafficking, improv-
ing both naturally occurring tumor immunity and immunotherapy. Nat 
Immunol (2015) 16:850–8. doi:10.1038/ni.3201 

229. Ludwig A, Schiemann F, Mentlein R, Lindner B, Brandt E. Dipeptidyl pep-
tidase IV (CD26) on T cells cleaves the CXC chemokine CXCL11 (I-TAC) 
and abolishes the stimulating but not the desensitizing potential of the 
chemokine. J Leukoc Biol (2002) 72:183–91. 

230. Proost P, Mortier A, Loos T, Vandercappellen J, Gouwy M, Ronsse I, et al. 
Proteolytic processing of CXCL11 by CD13/aminopeptidase N impairs 
CXCR3 and CXCR7 binding and signaling and reduces lymphocyte 
and endothelial cell migration. Blood (2007) 110:37–44. doi:10.1182/
blood-2006-10-049072 

231. Hensbergen PJ, van der Raaij-Helmer EM, Dijkman R, van der Schors RC, 
Werner-Felmayer G, Boorsma DM, et al. Processing of natural and recombi-
nant CXCR3-targeting chemokines and implications for biological activity. 
Eur J Biochem (2001) 268:4992–9. doi:10.1046/j.0014-2956.2001.02433.x 

232. Proost P, Struyf S, Schols D, Durinx C, Wuyts A, Lenaerts JP, et al. Processing 
by CD26/dipeptidyl-peptidase IV reduces the chemotactic and anti-HIV-1 
activity of stromal-cell-derived factor-1alpha. FEBS Lett (1998) 432:73–6. 
doi:10.1016/S0014-5793(98)00830-8 

233. Shioda T, Kato H, Ohnishi Y, Tashiro K, Ikegawa M, Nakayama EE, et al. 
Anti-HIV-1 and chemotactic activities of human stromal cell-derived factor 
1alpha (SDF-1alpha) and SDF-1beta are abolished by CD26/dipeptidyl 
peptidase IV-mediated cleavage. Proc Natl Acad Sci U S A (1998) 95:6331–6. 
doi:10.1073/pnas.95.11.6331 

234. Wang W, Choi BK, Li W, Lao Z, Lee AY, Souza SC, et  al. Quantification 
of intact and truncated stromal cell-derived factor-1α in circulation by 
immunoaffinity enrichment and tandem mass spectrometry. J Am Soc Mass 
Spectrom (2014) 25:614–25. doi:10.1007/s13361-013-0822-7 

235. Busso N, Wagtmann N, Herling C, Chobaz-Péclat V, Bischof-Delaloye A, 
So A, et  al. Circulating CD26 is negatively associated with inflammation 
in human and experimental arthritis. Am J Pathol (2005) 166:433–42. 
doi:10.1016/S0002-9440(10)62266-3 

236. Van Coillie E, Proost P, Van Aelst I, Struyf S, Polfliet M, De Meester I, et al. 
Functional comparison of two human monocyte chemotactic protein-2 
isoforms, role of the amino-terminal pyroglutamic acid and processing 
by CD26/dipeptidyl peptidase IV. Biochemistry (1998) 37:12672–80. 
doi:10.1021/bi980497d 

237. Cynis H, Hoffmann T, Friedrich D, Kehlen A, Gans K, Kleinschmidt M, et al. 
The isoenzyme of glutaminyl cyclase is an important regulator of monocyte 
infiltration under inflammatory conditions. EMBO Mol Med (2011) 3:545–58. 
doi:10.1002/emmm.201100158 

238. Broxmeyer HE, Cooper S, Hangoc G, Gao JL, Murphy PM. Dominant myelo-
poietic effector functions mediated by chemokine receptor CCR1. J Exp Med 
(1999) 189:1987–92. doi:10.1084/jem.189.12.1987 

239. Guan E, Wang J, Roderiquez G, Norcross MA. Natural truncation of the 
chemokine MIP-1 beta/CCL4 affects receptor specificity but not anti-HIV-1 
activity. J Biol Chem (2002) 277:32348–52. doi:10.1074/jbc.M203077200 

240. Proost P, Struyf S, Schols D, Opdenakker G, Sozzani S, Allavena P, et  al. 
Truncation of macrophage-derived chemokine by CD26/dipeptidyl-pepti-
dase IV beyond its predicted cleavage site affects chemotactic activity and 
CC chemokine receptor 4 interaction. J Biol Chem (1999) 274:3988–93. 
doi:10.1074/jbc.274.7.3988 

241. Ajami K, Pitman MR, Wilson CH, Park J, Menz RI, Starr AE, et al. Stromal 
cell-derived factors 1alpha and 1beta, inflammatory protein-10 and inter-
feron-inducible T cell chemo-attractant are novel substrates of dipeptidyl 
peptidase 8. FEBS Lett (2008) 582:819–25. doi:10.1016/j.febslet.2008.02.005 

242. King AG, Johanson K, Frey CL, DeMarsh PL, White JR, McDevitt P, et al. 
Identification of unique truncated KC/GRO beta chemokines with potent 
hematopoietic and anti-infective activities. J Immunol (2000) 164:3774–82. 
doi:10.4049/jimmunol.164.7.3774 

243. Loetscher M, Loetscher P, Brass N, Meese E, Moser B. Lymphocyte-
specific chemokine receptor CXCR3: regulation, chemokine binding 
and gene localization. Eur J Immunol (1998) 28:3696–705. doi:10.1002/
(SICI)1521-4141(199811)28:11<3696::AID-IMMU3696>3.3.CO;2-N 

244. Decalf J, Tarbell KV, Casrouge A, Price JD, Linder G, Mottez E, et  al. 
Inhibition of DPP4 activity in humans establishes its in  vivo role in 
CXCL10 post-translational modification: prospective placebo-controlled 
clinical studies. EMBO Mol Med (2016) 8:679–83. doi:10.15252/emmm. 
201506145 

245. Casrouge A, Decalf J, Ahloulay M, Lababidi C, Mansour H, Vallet-Pichard A, 
et al. Evidence for an antagonist form of the chemokine CXCL10 in patients 
chronically infected with HCV. J Clin Invest (2011) 121:308–17. doi:10.1172/
JCI40594 

246. Broxmeyer HE. Regulation of hematopoiesis by chemokine family members. 
Int J Hematol (2001) 74:9–17. doi:10.1007/BF02982544 

247. Christopherson KW II, Hangoc G, Mantel CR, Broxmeyer HE. Modulation 
of hematopoietic stem cell homing and engraftment by CD26. Science (2004) 
305:1000–3. doi:10.1126/science.1097071 

248. Broxmeyer HE, Hoggatt J, O’Leary HA, Mantel C, Chitteti BR, Cooper S, 
et  al. Dipeptidylpeptidase 4 negatively regulates colony-stimulating factor 
activity and stress hematopoiesis. Nat Med (2012) 18:1786–96. doi:10.1038/
nm.2991 

249. O’Leary H, Ou X, Broxmeyer HE. The role of dipeptidyl peptidase 4 in 
hematopoiesis and transplantation. Curr Opin Hematol (2013) 20:314–9. 
doi:10.1097/MOH.0b013e32836125ac 

250. Farag SS, Srivastava S, Messina-Graham S, Schwartz J, Robertson MJ, 
Abonour R, et al. In vivo DPP-4 inhibition to enhance engraftment of sin-
gle-unit cord blood transplants in adults with hematological malignancies. 
Stem Cells Dev (2013) 22:1007–15. doi:10.1089/scd.2012.0636 

251. Vélez de Mendizábal N, Strother RM, Farag SS, Broxmeyer HE, Messina-
Graham S, Chitnis SD, et al. Modelling the sitagliptin effect on dipeptidyl 
peptidase-4 activity in adults with haematological malignancies after umbil-
ical cord blood haematopoietic cell transplantation. Clin Pharmacokinet 
(2014) 53:247–59. doi:10.1007/s40262-013-0109-y 

252. Narducci MG, Scala E, Bresin A, Caprini E, Picchio MC, Remotti D, et al. Skin 
homing of Sézary cells involves SDF-1-CXCR4 signaling and down-regula-
tion of CD26/dipeptidylpeptidase IV. Blood (2006) 107:1108–15. doi:10.1182/
blood-2005-04-1492 

253. Baetta R, Corsini A. Pharmacology of dipeptidyl peptidase-4 inhibitors: sim-
ilarities and differences. Drugs (2011) 71:1441–67. doi:10.2165/11591400- 
000000000-00000 

254. Sharma MD. Potential for combination of dipeptidyl peptidase-4 inhib-
itors and sodium-glucose co-transporter-2 inhibitors for the treatment 
of type 2 diabetes. Diabetes Obes Metab (2015) 17:616–21. doi:10.1111/ 
dom.12451 

255. Lankas GR, Leiting B, Roy RS, Eiermann GJ, Beconi MG, Biftu T, et  al. 
Dipeptidyl peptidase IV inhibition for the treatment of type 2 diabetes poten-
tial importance of selectivity over dipeptidyl peptidases 8 and 9. Diabetes 
(2005) 54:2988–94. doi:10.2337/diabetes.54.10.2988 

256. Mentlein R, Gallwitz B, Schmidt WE. Dipeptidyl-peptidase IV hydrolyses 
gastric inhibitory polypeptide, glucagon-like peptide-1(7-36)amide, peptide 
histidine methionine and is responsible for their degradation in human 
serum. Eur J Biochem (1993) 214:829–35. doi:10.1111/j.1432-1033.1993.
tb17986.x 

257. Holst JJ, Deacon CF. Inhibition of the activity of dipeptidyl-peptidase IV as 
a treatment for type 2 diabetes. Diabetes (1998) 47:1663–70. doi:10.2337/
diabetes.47.11.1663 

258. Wagner L, Kaestner F, Wolf R, Stiller H, Heiser U, Manhart S, et al. Identifying 
neuropeptide Y (NPY) as the main stress-related substrate of dipeptidyl 
peptidase 4 (DPP4) in blood circulation. Neuropeptides (2016) 57:21–34. 
doi:10.1016/j.npep.2016.02.007 

259. Wagner L, Wolf R, Zeitschel U, Rossner S, Petersén Å, Leavitt BR, et  al. 
Proteolytic degradation of neuropeptide Y (NPY) from head to toe: iden-
tification of novel NPY-cleaving peptidases and potential drug interactions 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1182/blood.V98.13.3554
http://dx.doi.org/10.1038/ni.3201
http://dx.doi.org/10.1182/blood-2006-10-049072
http://dx.doi.org/10.1182/blood-2006-10-049072
http://dx.doi.org/10.1046/j.0014-2956.2001.02433.x
http://dx.doi.org/10.1016/S0014-5793(98)00830-8
http://dx.doi.org/10.1073/pnas.95.11.6331
http://dx.doi.org/10.1007/s13361-013-0822-7
http://dx.doi.org/10.1016/S0002-9440(10)62266-3
http://dx.doi.org/10.1021/bi980497d
http://dx.doi.org/10.1002/emmm.201100158
http://dx.doi.org/10.1084/jem.189.12.1987
http://dx.doi.org/10.1074/jbc.M203077200
http://dx.doi.org/10.1074/jbc.274.7.3988
http://dx.doi.org/10.1016/j.febslet.2008.02.005
http://dx.doi.org/10.4049/jimmunol.164.7.3774
http://dx.doi.org/10.1002/(SICI)1521-4141(199811)28:11﻿<﻿3696::AID-IMMU3696﻿>﻿3.3.CO;2-N
http://dx.doi.org/10.1002/(SICI)1521-4141(199811)28:11﻿<﻿3696::AID-IMMU3696﻿>﻿3.3.CO;2-N
http://dx.doi.org/10.15252/emmm.201506145
http://dx.doi.org/10.15252/emmm.201506145
http://dx.doi.org/10.1172/JCI40594
http://dx.doi.org/10.1172/JCI40594
http://dx.doi.org/10.1007/BF02982544
http://dx.doi.org/10.1126/science.1097071
http://dx.doi.org/10.1038/nm.2991
http://dx.doi.org/10.1038/nm.2991
http://dx.doi.org/10.1097/MOH.0b013e32836125ac
http://dx.doi.org/10.1089/scd.2012.0636
http://dx.doi.org/10.1007/s40262-013-0109-y
http://dx.doi.org/10.1182/blood-2005-04-1492
http://dx.doi.org/10.1182/blood-2005-04-1492
http://dx.doi.org/10.2165/11591400-000000000-00000
http://dx.doi.org/10.2165/11591400-000000000-00000
http://dx.doi.org/10.1111/dom.12451
http://dx.doi.org/10.1111/dom.12451
http://dx.doi.org/10.2337/diabetes.54.10.2988
http://dx.doi.org/10.1111/j.1432-1033.1993.tb17986.x
http://dx.doi.org/10.1111/j.1432-1033.1993.tb17986.x
http://dx.doi.org/10.2337/diabetes.47.11.1663
http://dx.doi.org/10.2337/diabetes.47.11.1663
http://dx.doi.org/10.1016/j.npep.2016.02.007


23

Metzemaekers et al. CD26–Chemokine Interactions

Frontiers in Immunology | www.frontiersin.org November 2016 | Volume 7 | Article 483

in CNS and periphery. J Neurochem (2015) 135:1019–37. doi:10.1111/ 
jnc.13378 

260. Havale SH, Pal M. Medicinal chemistry approaches to the inhibition of 
dipeptidyl peptidase-4 for the treatment of type 2 diabetes. Bioorg Med Chem 
(2009) 17:1783–802. doi:10.1016/j.bmc.2009.01.061 

261. Drucker DJ. The biology of incretin hormones. Cell Metab (2006) 3:153–65. 
doi:10.1016/j.cmet.2006.01.004 

262. Williams-Herman D, Engel SS, Round E, Johnson J, Golm GT, Guo H, et al. 
Safety and tolerability of sitagliptin in clinical studies: a pooled analysis of 
data from 10,246 patients with type 2 diabetes. BMC Endocr Disord (2010) 
10:7. doi:10.1186/1472-6823-10-7 

263. Scheen AJ. Pharmacokinetics of dipeptidylpeptidase-4 inhibitors. Diabetes 
Obes Metab (2010) 12:648–58. doi:10.1111/j.1463-1326.2010.01212.x 

264. Lyseng-Williamson KA. Sitagliptin. Drugs (2007) 67:587–97. doi:10.2165/ 
00003495-200767040-00007 

265. Deacon CF. Dipeptidyl peptidase-4 inhibitors in the treatment of type 
2 diabetes: a comparative review. Diabetes Obes Metab (2011) 13:7–18. 
doi:10.1111/j.1463-1326.2010.01306.x 

266. Golightly LK, Drayna CC, Mc Dermott MT. Comparative clinical pharma-
cokinetics of dipeptidyl peptidase-4 inhibitors. Clin Pharmacokinet (2012) 
51:501–14. doi:10.2165/11632930-000000000-00000 

267. Klemann C, Wagner L, Stephan M, von Hörsten S. Cut to the chase: a review 
of CD26/dipeptidyl peptidase-4’s (DPP4) entanglement in the immune 
system. Clin Exp Immunol (2016) 185:1–21. doi:10.1111/cei.12781 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2016 Metzemaekers, Van Damme, Mortier and Proost. This is 
an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1111/jnc.13378
http://dx.doi.org/10.1111/jnc.13378
http://dx.doi.org/10.1016/j.bmc.2009.01.061
http://dx.doi.org/10.1016/j.cmet.2006.01.004
http://dx.doi.org/10.1186/1472-6823-10-7
http://dx.doi.org/10.1111/j.1463-1326.2010.01212.x
http://dx.doi.org/10.2165/00003495-200767040-00007
http://dx.doi.org/10.2165/00003495-200767040-00007
http://dx.doi.org/10.1111/j.1463-1326.2010.01306.x
http://dx.doi.org/10.2165/11632930-000000000-00000
http://dx.doi.org/10.1111/cei.12781
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Regulation of Chemokine Activity – A Focus on the Role of Dipeptidyl Peptidase IV/CD26
	Introduction
	Chemokines
	Definition and Classification of Chemokines
	Chemokine Receptors
	Glycosaminoglycans
	Posttranslational Modification
	Proteolysis
	NH2-Terminal Proteolysis
	COOH-Terminal Proteolysis

	Citrullination, Nitration, and Glycosylation


	Dipeptidyl Peptidase IV/CD26
	Molecular Characteristics, Structure, and Signal Transduction
	Functions
	CD26 as Receptor, Costimulator, and Adhesion Molecule and Its Relation with Apoptosis
	Enzymatic Activity of CD26

	CD26 and Chemokines
	CC Chemokines
	CCL3L1 and CCL3
	CCL4
	CCL5
	CCL11
	CCL22

	CXC Chemokines
	ELR+CXC Chemokines
	ELR−CXC Chemokines


	Inhibition of CD26
	Relevance and Implications
	CD26 Inhibitors


	Concluding Remarks
	Author Contributions
	Acknowledgments
	Funding
	References


