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Cardiovascular disease (CVD) is the most
common cause of morbidity and mortality
worldwide, putting a major burden on life
quality and social health care systems. Type
2 diabetes mellitus (T2DM) and chronic
kidney disease (CKD) have been identified
as important risk factors for CVD, severely
increasing the risk on e.g. myocardial
infarction, and cardiovascular complications
constitute the main cause of death in patients
presenting with T2DM, CKD or a combination
of both. As these pathologies are expected to
rise alarmingly in the next decades, a better
understanding of molecular and cellular
mechanisms contributing to T2DM, CKD
and CVD is required to improve prevention
and treatment of these diseases. Furthermore,
insight into the interplay between these
pathologies and identification of molecular
players interconnecting these comorbidities is
of tremendous importance for optimal health
management in the future.

This Research Topic will focus on the chemokine
receptor CXCR4 and its ligands CXCL12/

SDF-1o and macrophage migration inhibitory factor (MIF) in the context of CVD and its
link with T2DM and CKD, as well as address dipeptidyl peptidase-4 (DPP4) as an important
protease destabilizing CXCL12. Chemokines and their receptors are important mediators of
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cell mobilization, recruitment and arrest, and also more broadly induce cell activation by
triggering various intracellular signalling tracks. They control homeostatic conditions, but are
also critically involved in inflammatory and pathological processes. Genome-wide association
studies revealed single nucleotide polymorphisms connecting CXCL12 as well as MIF with
CVD, and a role for both chemokines in T2DM and CKD has also been reported. In this review
collection, current knowledge on molecular aspects of the CXCR4 ligand/receptor family and
associated signalling pathways will be discussed. The physiological roles of CXCR4, CXCL12,
MIF and DPP4 will be summarized, and recent findings on their function in pathological
conditions of CVD, T2DM and CKD will be highlighted. This is combined with an extensive
introduction providing insight into the pathologies of CVD, T2DM and CKD, discussing
clinical features and common pathological aspects of these comorbidities on cellular and
molecular level. Also, an overview of available animal models to study these diseases will be
provided. This way, this Research Topic summarizes latest knowledge on this crucial molecular
axis and its relationship with cardiovascular pathologies for both specialists and interested
non-specialists and aims to stimulate further initiatives to unravel the mechanistic involvement
of the CXCR4 ligand/receptor family in these morbidities, potentially paving the way for new
therapeutical initiatives in the future.

Citation: Noels, H., Bernhagen, J., eds. (2016). The CXCR4 Ligand/Receptor Family and the DPP4 Protease
in High-Risk Cardiovascular Patients. Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-858-0
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The Editorial on the Research Topic

The CXCR4 Ligand/Receptor Family and the DPP4 Protease in High-Risk Cardiovascular
Patients

Cardiovascular disease (CVD) is the most common cause of morbidity and mortality worldwide
and was responsible for 17.5 million deaths in 2012. This equals 31% of all deaths globally and is
almost double the amount of cancer-related deaths (1). Although CVD encompasses a broad range
of pathologic conditions, 80% of all CVD-related deaths are due to heart attacks and stroke (1).
An important underlying pathology is atherosclerosis, a chronic inflammatory state of the arterial
wall that is characterized by lipid deposition, dysfunction of the endothelium, and infiltration of
inflammatory cells into the vessel wall, resulting in the development of atherosclerotic lesions (2).

Type 2 diabetes mellitus (T2DM) and chronic kidney disease (CKD) have been identified as
important risk factors for CVD. Fifty percent of patients with CKD stages 4-5 suffer from CVD (3),
and cardiovascular mortality accounts for ~40-50% of all deaths in these patients, compared with
26% in controls with normal kidney function (4, 5). Also in patients with diabetes, CVD accounts
for at least 50% of deaths (6). With currently around 10-13% of people presenting with CKD and
more than 8% of adults suffering from diabetes (6-8), the social and economic burden of diabetes,
CKD, and CVD is extremely high. Thus, a better understanding of the mechanisms contributing to
and mediating the interplay between T2DM, CKD, and CVD is required to improve the prevention
and treatment of these diseases.

In this Research Topic, we focus on the classical CXC chemokine receptor CXCR4 (9), its
cognate ligand CXCL12 (10), and the chemokine-like cytokine macrophage migration inhibitory
factor (MIF), which functions as a non-cognate ligand of CXCR4 (11), in the context of CVD.
An emphasis is made on links with T2DM and CKD. Also, we discuss dipeptidyl peptidase-4
(DPP4) as an important protease known to destabilize CXCL12 and thus to influence signaling
through the CXCL12/CXCR4 axis. Chemokines and their receptors are important mediators of
cell mobilization, recruitment and arrest, and additionally more broadly induce cell activation by
triggering various intracellular signaling tracks. Chemokines control basic homeostatic condi-
tions but are also critically involved in inflammatory processes, e.g., in atherosclerosis (12, 13).
Genome-wide association studies revealed single nucleotide polymorphisms connecting CXCL12
as well as MIF with CVD (2, 14-19), and a role for both of these mediators in T2DM and CKD
has been reported. In this Research Topic, we introduce the reader to the comorbidities T2DM
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and CKD and their connection with CVD, and provide up-to-
date information on the involvement of CXCL12/MIF/CXCR4
and DPP4 in each of these pathologies. One focus is laid upon
providing insight on mechanistic level.

T2DM, CKD, AND CVD: COMORBIDITIES
INTERLINKED ON MECHANISTIC LEVEL

There is clear-cut epidemiologic evidence linking the comorbidi-
ties T2DM and CKD with CVD. Progress has also been made to
explain the comorbid status of these diseases on molecular level;
however, the interaction seems highly complex and insight into
the connecting mechanisms is mostly still in its infancy. Here,
Schuett et al. (Germany) present an overview of the inflamma-
tory processes underlying atherosclerosis and highlight the role
of inflammation in T2DM and chronic inflammatory diseases in
relation to CVD. The current prevalence and incidence of T2DM,
CKD, and CVD are summarized by Gajjala et al. (Germany). They
also provide insight into molecular mechanisms interconnecting
these comorbidities.

Animal models allow us to investigate these interconnecting
mechanisms in more detail and enable us to evaluate potential
therapeutic strategies. Hewitson et al. (Australia) summarize
available animal models for investigating mutual interactions
between cardiac and renal injury and critically discuss how
representative they are for human disease. This also includes
an overview of animal models for hypertension, diabetes, and
obesity, which are linked with kidney and cardiac injury through
systemic alterations.

THE CXCR4 CHEMOKINE RECEPTOR
AND ITS LIGANDS CXCL12 AND MIF:
MOLECULAR ASPECTS AND
INVOLVEMENT IN CVD, T2DM, AND CKD

Pawig et al. (Germany) present the diversity and interconnec-
tions in the CXCR4 receptor/ligand family. Signaling pathways
initiated by binding of CXCL12 vs. MIF to CXCR4 are discussed,
and it is elaborated on how ACKR3 (previously called CXCR7)
affects CXCR4 signaling. Finally, authors summarize the (patho)
biological functions of CXCR4 signaling mediated by CXCL12
or MIF that are likely to be important in devising potential future
therapies targeting this signaling axis.

van der Vorst et al. (Germany) present an overview of the role
of CXCLI2 vs. MIF in CVD, highlighting the differences and
similarities. Vidakovic et al. (Serbia) discuss the controversial
role of the CXCL12/CXCR4 axis in diabetes, whereas Morrison
and Kleemann (The Netherlands) summarize the role of MIF in
obesity, insulin resistance, T2DM, and associated hepatic comor-
bidities as revealed by both human and animal studies. Bruchfeld
(Sweden) discusses MIF in the context of kidney disease, while

complementarily, Valifio-Rivas et al. (Spain) elaborate on the
expression and role of CD74, an additional receptor for MIF and
the MIF homolog MIF-2 (or D-DT) in kidney injury.

DPP4 AS REGULATOR OF CXCL12 AND
ITS INVOLVEMENT IN CVD, T2DM,
AND CKD

DPP4 (also known as CD26) is known to destabilize CXCL12.
Therefore, our Research Topic also addresses molecular
aspects and functions of this protease as well as its role in
CVD, T2DM, and CKD. Waumans et al. (Belgium) provide a
comprehensive insight into DPP4 and its role in the immune
system and inflammatory diseases including atherosclerosis.
This also includes an overview of other family members of the
dipeptidyl peptidase family as well as of prolyl oligopeptidases
and prolyl carboxypeptidases. Circulating DPP4 is increased in
patients with T2DM, and DPP4 inhibition is used for treatment
of T2DM. Thus, Réhrborn et al. (Germany) provide detailed
insight into the expression, enzymatic activity, and function of
DPP4 in the context of diabetes, based on in vitro, animal, and
human studies. Also, mechanistic insight into the role of DPP4
in the T2DM-associated morbidities CVD and liver disease is
provided. The role of DPP4 and its regulation of the CXCL12/
CXCR4 axis in CVD are then discussed in more detail by Zhong
and Rajagopalan (USA). Finally, Panchapakesan and Pollock
(Australia) summarize potential renoprotective effects of DPP4
inhibitors in diabetic kidney disease and also discuss the cardio-
vascular safety profile of DPP4 inhibitors.

Altogether, this Research Topic aims to assist both special-
ists and interested non-specialists and to stimulate further
initiatives to unravel the mechanistic involvement of the
CXCR4 ligand/receptor family in the detrimental interplay
between the comorbidities T2DM, CKD, and CVD, poten-
tially paving the way for new therapeutic initiatives in the
future.
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High-Risk Cardiovascular Patients:
Clinical Features, Comorbidities, and
Interconnecting Mechanisms

Katharina Andrea Schuett!, Michael Lehrke’, Nikolaus Marx and Mathias Burgmaier*

Department of Internal Medicine I, University Hospital RWTH Aachen, Aachen, Germany

Cardiovascular disease is the leading cause of death in the Western world with an
increase over the last few decades. Atherosclerosis with its different manifestations in
the coronary artery tree, the cerebral, as well as peripheral arteries is the basis for car-
diovascular events, such as myocardial infarction, stroke, and cardiovascular death. The
pathophysiological understanding of the mechanisms that promote the development
of vascular disease has changed over the last few decades, leading to the recognition
that inflammation and inflammatory processes in the vessel wall are major contributors
in atherogenesis. In addition, a subclinical inflammatory status, e.g., in patients with
diabetes or the presence of a chronic inflammatory disease, such as rheumatoid arthritis,
have been recognized as strong risk factors for cardiovascular disease. The present
review will summarize the different inflammatory processes in the vessel wall leading to
atherosclerosis and highlight the role of inflammation in diabetes and chronic inflamma-
tory diseases for cardiovascular morbidity and mortality.

Keywords: atherosclerosis, type 2 diabetes mellitus, systemic lupus erythematosus, rheumatoid arthritis,
coagulation, inflammation, cardiovascular disease

INTRODUCTION

Cardiovascular disease is the leading cause of death in the western world with an increase over the
last few decades (1-4).

Atherosclerosis may result in myocardial infarction (MI), stroke, or peripheral artery disease
according to its manifestations in the coronary artery tree, in cerebral arteries as well as peripheral
arteries. The pathophysiological understanding of the mechanisms that promote the development of
vascular disease has changed over the last few decades, leading to the recognition that inflammation
and inflammatory processes in the vessel wall are major contributors in atherogenesis (5).

ATHEROGENESIS

For decades, atherogenesis has been seen as a degenerative process in the vessel wall leading to the
progressive occlusion of the artery up to a certain point where a few activated platelets are sufficient
to occlude the vessel and cause cardiac events, such as acute ML In the 1990s, we learned from
our pathology colleagues that a majority of lesions causing an acute coronary syndrome show a
stenosis <50%, and further pathological analysis revealed that most of these lesions are the so-
called unstable lesions (6). These lesions are characterized by a high inflammatory burden of cells,
such as monocytes and T cells, and a large necrotic lipid core as well as a very thin fibrous cap
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making the atherosclerotic lesion prone to rupture. At the same
time, experimental data have shown that atherogenesis is an
inflammatory process in the vessel wall in different phases and
stages (7). Also not strictly defined endothelial dysfunction, fatty
streak formation and the formation of advanced and potentially
complicated lesions have been described as the main phases in
lesion development (8). Over the last decade, our understanding
of the inflammatory cells involved in these processes has grown.
The characteristic cell type of an atherosclerotic lesion is the lipid-
loaden macrophage which is attracted by certain chemokines to
the vessel wall and then can contribute to the local inflammatory
response by the expression and release of inflammatory media-
tors. The uptake of LDL in these mononuclear cells by scavenger
receptors results in the characteristic foam cell. In addition, the
accumulation of cholesterol within macrophages leads to crystal
formation, and these intracellular microcrystals can activate the
inflammasome of the cells subsequently resulting in the release
of cytokines (9). Interestingly, experimental work from various
groups around the world has shown that different subtypes of
macrophages can be found in atherosclerotic lesions with the
predominance of the M1-subpopulation which release proin-
flammatory cytokines (10). Additional cellular components of
the innate immune response in the vessel wall are mast cells and
to a certain extent polymorphonuclear leukocytes, but the latter
have mainly been found in murine models, and the relevance
for human atherosclerosis remains unclear (11). In addition to
the innate immune response, clinical and experimental data
support the recognition that the adaptive immune system is of
critical importance in atherogenesis. As such, dendritic cells
have been identified as a critical “link” between the innate and
adaptive immune responses by initiating T-cell response. T cells
in the atherosclerotic lesion are mainly CD4 cells which to a large
extent release proinflammatory Thl cytokines. These cytokines,
such as interferon (IFN)-y and tumor necrosis factor (TNF)-a,
do not only induce the expression of certain chemokines thus
favoring the recruitment of additional leukocytes but also lead
to the activation of other vascular cells [reviewed in Ref. (12)].

In addition, recent work has shown that so-called regula-
tory T cells are an important atheroprotective cell population
in the vascular wall through their capacity to control effector
T cells (13).

The recognition that inflammation plays an important role in
atherogenesis has been paralleled by the clinical observation that
elevated levels of high-sensitive C-reactive protein (hsCRP) is a
useful biomarker to predict cardiovascular events in patients (14).
Elevated levels of hsCRP are associated with an increased risk for
MI and major cardiovascular events in a primary prevention pop-
ulation. In addition, a clinical trial with stratification of patients
according to their CRP levels has shown that the implementation
of alipid lowering therapy by statins is of greatest benefit in those
subjects that exhibited elevated levels of the inflammatory marker
hsCRP (15).

COAGULATION AND INFLAMMATION

Over the last two decades, experimental data have shown an
interaction of inflammation with procoagulatory mechanisms

in the vessel wall: inflammatory cells, such as macrophages and
T lymphocytes, produce cytokines leading to the expression of
tissue factor (TF) by endothelial cells, macrophages, and smooth
muscle cells (SMCs), thus enhancing prothrombotic properties
of the plaque (16). However, the interaction of inflammation and
coagulation is not limited to the vessel wall. In obesity, which
is frequently associated with cardiovascular disease and diabe-
tes, adipose tissue is a major source for elevated inflammatory
cytokines (17, 18). Macrophages and T lymphocytes produce
IFN-y, interleukin (IL)-6, monocyte chemotactic protein (MCP)-
1, TNF-a, and PAI-1 (19), which are all able to impact on the
coagulation system (Figure 1). Not only inflammatory cytokines
but also the complement system interacts with coagulation. The
complement system is an important immune surveillance system
with over 30 components involved. It can be activated by three
different pathways, the classical, the lectin, and the alternative
pathway (20). Activation of any of these consequently results
in activation of complement C3, the central component of the
complement system. Subsequently, complement C5 is activated
leading to the formation of the terminal complement complex
(C5b, C6,C7,C8, and C9). The biological functions of the comple-
ment system are broad including, among others, innate immune
responses and coagulation (21). In coagulation, complement
affects both platelet function and fibrin clot structure and lysis.

Primary Hemostasis

Following plaque rupture, thrombosis is initiated when throm-
botic components of the plaque are exposed to circulating blood.
Platelets are the first to respond and following their adhesion,
platelets are activated leading to additional recruitment and
aggregation with stabilization of the clot (22). In addition,
inflammation can alter platelet function (Figure 1). Early changes
include endothelial dysfunction with decreased nitric oxide (NO)
production. NO is a key player in negative regulation of platelet
activity, and decreased levels result in hyper-reactivity of platelets
(23).

Inaddition to their primary role in hemostasis, platelets actively
participate in inflammatory and immune processes. They carry
a multiplicity of chemokines and cytokines, which are mostly
found within the various platelet granules. Platelet activation and
consequent degranulation result in the release of chemokines,
including CXC-chemokine ligand 1 (CXCL1), platelet factor 4
(also known as CXCL4), CXCL5 and CXCL7, CC-chemokine
ligand 3 [CCL3; also known as macrophage inflammatory protein
1 alpha (MIP-1a)], CCL5 [also known as regulated on activation,
normal T Cell expressed and secreted (RANTES)], and CCL7, ILs
(IL-1B, IL-7, and IL-8), prostaglandins, and the transmembrane
protein CD154 (24, 25). CD154 interacts with CD40 on endothe-
lial cells leading to an upregulation of cell adhesion molecules
on endothelial cells, including intercellular adhesion molecule 1
(ICAM1) and vascular cell adhesion molecule 1 (VCAM1), and
therelease of CC-chemokineligand-2 (CCL2), thereby facilitating
leukocyte recruitment to the inflammatory site (26). In addition,
activated platelets also release soluble CD154 likewise leading
to an upregulation of vascular cell adhesion molecules and the
release of IL-6. Through the expression of these chemokines,
cytokines, CD154, and cell adhesion molecules, activated platelets
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promote neutrophil tethering and activation. Furthermore, they
also activate monocytes and dendritic cells, particularly through
the CD154-CD40 interaction (24). For an extended overview
about this topic, see the review article of Semple et al. (24).
Complement and platelets interact on different levels. Platelets
contain several complement receptors as well as complement
regulatory molecules, and several components of the comple-
ment cascade have been recognized on the platelet surface.
Complement activation can be initiated by several platelet ago-
nists, such as adenosindiphosphate (ADP), epinephrine, arachi-
donic acid, thrombin, and exposure to shear stress (27). However,
a study using complement C3 knock-out mice revealed C5 con-
vertase activity of thrombin suggesting a platelet-independent
mechanism of complement activation (28). The other way round,
several complement components are known to activate platelets
including the mannose-binding lectin (MBL)/MBL-associated
serine protease (MASP) complex, binding of Clq to its recep-
tor as well as the complement C3 cleavage products (iC3b, C3d,
and C3dg) to their receptors CR2 and CR3 (only for iC3b) (27,
29-31). In vitro studies further suggest that activated platelets
bind the anaphylatoxins C3a and C5a resulting in platelet aggre-
gation (32, 33). In addition to classical complement receptors,
P-selectin binds C3b resulting in the generation of C3a and the
terminal complement complex C5b-9, thereby enhancing platelet
response (34, 35). Furthermore, the anaphylatoxins C3a and C5a
are generated which are known to have cytokine-like properties
with enhanced leukocyte recruitment and support of the general
inflammatory response (27). Under normal circumstances,
complement activation is tightly regulated due to expression of

complement regulatory molecules. On the platelet surface, fac-
tor H inactivates C3b and destabilizes the C3 convertase (36).
Similarly, membrane cofactor (MCP or CD46) inactivates C3b,
and decay-accelerating factor (DAF or CD55) interferes with
C3 convertase. Furthermore, CD59 is known to destabilize the
terminal complement complex (35).

Secondary Hemostasis

Fibrin clot structure plays a crucial role in determining predispo-
sition to atherothrombotic events. Clots with compact structure
and impaired fibrinolysis are associated with premature and more
severe cardiovascular disease.

Inflammatory cytokines produced by macrophages and T
lymphocytes, including IFN-v, IL-6, MCP-1, and TNF-q, are able
to influence both clot structure and lysis (Figure 1). By leading to
increased production of acute phase products, such as fibrinogen
and PAI-1, they alter clot structure and prolong fibrinolysis,
thereby enhancing the prothrombotic milieu (19, 37). TF, the key
initiator of the coagulation cascade, is produced by various cell
types with monocytes being a major source. TF expression is very
low under basal conditions (38) but increases upon stimulation
with cytokines (i.e., TNF-a and IL-1p) resulting in activation of
the coagulation system (39-41).

Complement interacts with the fluid phase of coagulation at
different levels. Mannose-associated serine protease 1 (MASP-1)
exhibits a thrombin-like profile by activating fibrinogen and
FXIIL. It thereby leads to the formation of a crosslinked fibrin
clot although the catalytic efficiency compared with thrombin
is greatly reduced (42). Furthermore, MASP-1 is able to induce
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prothrombin and thrombin activatable fibrinolysis inhibitor
(TAFI), altogether leading to the formation of thinner fibrin
fibers and longer lysis time (43). Similarly, MASP-2 cleaves
prothrombin to thrombin (42, 44). The C1 inhibitor not only
inhibits C1r/s, MASP-1, and MASP-2 but also inhibits FXIIa and
FXIa (45). Shats-Tseytlina demonstrated already in 1994 that the
activation of the complement cascade leads to the formation
of a prothrombotic clot with thinner fibers. Using proteom-
ics analysis, complements C1, C3, C4, C5a, and factor B were
demonstrated in plasma clots (46). Of these, C3 binds with high
affinity to fibrinogen leading to a prothrombotic clot structure
and prolongation of clotlysis in vitro (47, 48). In addition to com-
plement C3, C5a is known to induce TF and PAI-1 expressions
(49, 50). Activation of the complement system and generation
of the terminal C5b-9 complex further induce endothelial cells
to produce TF and vWF thereby generating a prothrombotic
phenotype (51).

Microparticles

Microparticles (MPs) are cell membrane-derived particles that
can promote both coagulation and inflammation (Figure 1).
Following activation or apoptosis, they are released from various
cell types, including platelets, endothelial cells, red blood cells,
and leukocytes. Depending on their origin they vary in size
(0.2-1 pm) and their membrane composition of phospholipids
and proteins. MPs can be detected in the circulation of healthy
control individuals and are elevated in inflammatory situations,
such as sepsis (52) and diabetes mellitus (53). MPs are directly
able to modulate nitric oxide production from endothelial cells,
induce cytokine release and prostacycline production as well as
adherence of monocytes to the endothelium (54). The two major
procoagulants found on the surface of MPs are phosphatidylser-
ine and TF (55) thereby contributing to a prothrombotic state
in various diseases. Furthermore, MPs can harbor and transport
microRNA thereby impacting protein expression of target cells
(56, 57).

Neutrophil Extracellular Traps

Activation of neutrophils causes the release of web-like structures
of DNA, so-called neutrophil extracellular traps (NETs). Studies
demonstrated NETs to display procoagulatory properties, includ-
ing the induction of platelet adhesion, aggregation, and fibrin
deposition on their surface. Histones, cationic proteins that are
associated with DNA, can be actively secreted by activated inflam-
matory cells, such as neutrophils, contributing to the formation of
NETs. In this context, they have been shown to promote platelet
aggregation and thrombin formation through platelet-dependent
mechanisms, including platelet toll-like receptor (TLR) 2 and
TLR4 (58). Bosmann and colleagues demonstrated complement
C5a to be able to trigger the appearance of histones by binding
to its receptors C5aR and C5L2 (59), thereby contributing to
an increased inflammatory and prothrombotic milieu. A more
recent study in acute STEMI demonstrated that the interaction
of thrombin-activated platelets with polymorphonuclear neutro-
phils at the site of plaque rupture results in local NET formation
and delivery of active TF (60).

ATHEROSCLEROSIS IN PATIENTS WITH
CHRONIC INFLAMMATORY DISEASES

As highlighted above, atherosclerosis is characterized by an
inflammatory process in the vessel wall (61). Thus, inflammatory
biomarkers and cytokines, such as hsCRP, have been related with
progressive cardiovascular disease as well as an increased risk for
cardiovascular events (14, 62-65). On the other hand, patients
with a chronic high state of inflammation, such as autoimmune
diseases, including rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE), are at a high risk for cardiovascular morbid-
ity and mortality, and the increased cardiovascular risk of these
patients is related to the extent of inflammation (66) (Figure 2).
However, the underlying pattern, pathophysiology, and pheno-
type of this increased cardiovascular risk in patients with chronic
inflammation vary between diseases and are discussed below for
RA and SLE.

Rheumatoid Arthritis

Patients with RA exhibit an increased cardiovascular risk with
higher rates of sudden cardiac death and unrecognized MI
compared with age- and sex-matched patients without RA (67).
Furthermore, atherosclerosis starts early and is more diffuse over
multiple vascular beds in this high-risk group (68). It could be
demonstrated that patients with RA and diabetes share similar
frequency and severity regarding preclinical atherosclerosis
(69). An autopsy study of 41 patients with RA and 82 age- and
sex-matched controls revealed a higher incidence of vulnerable
plaques in the left anterior descending coronary artery and
more plaque inflammation in patients with RA (70). Recently,
a study by Karpouzas et al. analyzed plaque morphology using
CT angiography and found a higher atherosclerotic burden in
patients with RA. Interestingly, disease activity was associated
with the presence of non-calcified and mixed, but not calcified
plaques in this study, suggesting that disease activity is associ-
ated with plaque vulnerability (71). In light of these data, it is
tempting to speculate that a more vulnerable plaque phenotype
is responsible for the increased cardiovascular risk in patients
with RA. Furthermore, these findings are in line with an
increased prevalence of traditional cardiovascular risk factors,
such as diabetes mellitus, hypertension, smoking, and obesity,
in patients with RA [for review, see Ref. (72)]. However, several
studies demonstrated that the cardiovascular risk in patients
with RA following adjustment for classical cardiovascular risk
factors remained high, suggesting that the increased risk in these
patients cannot be fully explained by classical cardiovascular
risk factors (67, 73). Vice versa, traditional cardiovascular risk
assessment models are of limited value in patients with RA and
should thus be used with caution in this high-risk group (74).
Taken together, these data emphasize the link between systemic
inflammation on the one hand and atherothrombosis on the
other hand. However, patients with RA are not solely character-
ized by increased atherothrombosis but also by high rates of
valvular heart disease, myocarditis, and non-ischemic cardiac
failure, which all contribute to the increased cardiovascular risk
in this high-risk group of patients (75).

Frontiers in Immunology | www.frontiersin.org

November 2015 | Volume 6 | Article 591


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

Schuett et al.

Patients with a High Cardiovascular Risk

Cardio-
¢ vascular
—— \ events
/ L{
\"/
N
\

Chronic
inflammation

vulnerability

FIGURE 2 | Atherosclerosis and chronic inflammatory disease. Patients with chronic inflammatory disease, such as rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE), exhibit an increased risk for traditional cardiovascular risk factors, plaque vulnerability, and cardiovascular events. The increase in
cardiovascular events in this high-risk group cannot be explained entirely by the increase in cardiovascular risk factors.

Cardiovascular
risk factors

]

\
4
S

The recognition of progressive vascular disease by the use of
circulating biomarkers is a challenge in patients with a chronic
high state of inflammation as conventional, inflammatory bio-
markers may lack specificity in this high-risk group. Recently,
we have been able to associate C-peptide, which is mainly
regulated by insulin secretion and kidney function (76), to the
presence of coronary artery calcification in patients with RA
(77). Interestingly, the inflammatory biomarker YKL-40, which
is thought to play a role in both atherogenesis and RA (62, 78-80),
was a predictor for the presence of coronary artery calcification
in patients with RA in this study, supporting the link between
inflammation and atherosclerosis in patients with RA (Figure 2).

In addition, others found striking similarities between the
pathogenesis of both RA and atherosclerosis, including endothe-
lial activation, inflammatory cell infiltration and activation,
neovascularization, and collagen degradation via matrix metal-
loproteinases [for review, see Ref. (72)].

Systemic Lupus Erythematosus

Patients with SLE exhibit an increased risk for mortality (81,
82), which is in part attributed to disease activity and in part to
increased cardiovascular deaths. This used to result in a bimodal
mortality pattern and was described almost four decades ago
(83). Presently, the mortality associated with disease activity
has declined with advances in disease treatment, which results
in increased life expectancy and a constant mortality rate over
time (84). With these improvements in treating patients with SLE,
cardiovascular and infectious complications are now the main
direct cause of death among both early and late fatalities (84).

Recently, a large retrospective cohort study in Taiwan compared
the incidence of acute MI between patients with SLE compared
to age- and sex-matched controls. The investigators found an
adjusted hazard ratio of 5.11 for acute MI associated with SLE,
which was even larger in the female population (hazard ratio
6.28) (85). Interestingly, patients with SLE were not only associ-
ated with a higher risk of acute MI but also with an increased
mortality post-MI (85).

Similar to whatis described above for patients with RA, patients
with SLE exhibit an increased prevalence of traditional cardiovas-
cular risk factors, including smoking, dyslipidemia, hypertension,
and diabetes (86). However, adjustment for Framingham risk
factors could not fully account for the increased cardiovascular
risk in patients with SLE (87). These findings are in line with a
recent meta-analysis including 17,187 patients, which found that
both traditional and disease specific risk factors contribute to the
risk in patients with SLE. Disease-specific risk factors included
the presence of autoantibodies, neurological disorders, and to a
lesser extent organ damage and SLE activity (88). Furthermore,
antiphospholipid antibodies were related to mitral valve nodules
and significant mitral regurgitation (89), suggesting that certain
SLE-specific risk factors may also be associated with cardiovas-
cular disease but not related to atherothrombosis.

Taken together, there appears to be a link between patients
with a chronic high state of inflammation and progressive car-
diovascular disease. Whereas RA and SLE demonstrate distinct
immunological profiles and unique cytokine patterns [for review,
see Ref. (90, 91, 75)], both share an increased cardiovascular
mortality. Further studies are needed to evaluate the molecular
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mechanisms involved in the increased cardiovascular risk in
patients with chronic inflammation and the interplay between
chronic inflammation, cardiovascular risk factors, and progres-
sive cardiovascular disease.

INFLAMMATION IN PATIENTS WITH
DIABETES MELLITUS

The cardiovascular vulnerability of diabetic and prediabetic
patients is predictable by a variety of inflammatory markers.
These are indicative of an activated innate immune system featur-
ing elevated circulating levels of IL-1, TNF-a, IL-6, and hsCRP
(92). Among these, hsCRP has gained the most attention as a
predictor of diabetes, cardiovascular disease, and mortality (14,
93). In addition, low-grade inflammation is linked to activation
of the coagulation system featuring increased levels of fibrinogen
and PAI-1 as predisposing factor for thrombus formation (94).

A variety of mechanisms have been proposed for the initiation
of subclinical inflammation in metabolic disease. Among these,
obesity leads to hypertrophic adipocytes, which are unable to
cope with an overwhelming supply of fatty acids (95). The con-
sequential release of free fatty acids into the circulation causes
steatosis of various organs including liver and muscle (95).
Limited lipid storage capacity of their organelles results in meta-
bolic disturbance and oxidative stress, which has been termed
lipid toxicity. The consequential cellular damage and apoptosis
requires debris-clearing recruitment of macrophages. These
eliminate cell fragments as a prerequisite for tissue regeneration.
Low-grade inflammation accompanying this cellular turnover is
beneficial and part of a healing process. Persistence of pathogenic
stimuli with ongoing cellular damage, however, leads to chronic
inflammation and disturbed tissue integrity (96). Initiation of
fibrosis may lead to an irreversible scaring process as found for
steatohepatitis with transition to liver cirrhosis.

Saturated fatty acids further serve as ligands for pattern rec-
ognition receptors including TLR2 and 4 (97, 98). These provide
a primitive line of defense of the innate immune system able to
recognize a variety of microbial fragments and cell debris. TLRs
signal downstream to various inflammatory pathways, includ-
ing NF-kB and MAP-kinase, with secretion of inflammatory
cytokines, including TNF-a, IL-1, and IL-6. In addition, activation
of NF-kB causes direct inhibition of the insulin receptor cascade
as an alternative mechanism of inflammation-mediated insulin
resistance (99). Genetic or pharmaceutical inhibition of NF-«xB
improves glucose metabolism in mice and men. Indeed treatment
with salsalate — a prodrug of salicylic acid, which inhibits NF-xB
at high doses - lowers fasting glucose in non-diabetic, obese
individuals (99, 100). Salsalate, however, also slightly increases
plasma LDL-cholesterol levels and was ineffective in improving
flow-mediated dilatation in patients with diabetes, questioning
its clinical utility (100). Another anti-inflammatory strategy in
metabolic disease, which has advanced to the clinics, is blockade of
the IL-1 receptor system. This improved glucose metabolism and
insulin sensitivity in small clinical studies and was associated with
a reduction of inflammatory serum parameters (101). Blockade
of the IL-1 system is currently evaluated in a large cardiovascular

endpoint study (CANTOS) in which the IL-1-directed antibody
canakinumab is tested versus placebo in a randomized trial in
17,200 stable, post-MI patients with persistent high CRP levels
(102). A dedicated sub-study further investigates the effect of IL-1
system blockade on glucose metabolism and insulin resistance
with trial termination being expected in 2017. The efficacy of
inflammation targeting therapies in metabolic disease is further
investigated in the Cardiovascular Inflammation Reduction Trial
(CIRT) using low-dose methotrexate (target dose 15-20 mg/week)
treatment. This study randomizes 7000 prior MI patients with
either type 2 diabetes or the metabolic syndrome with an average
follow-up period of 3-5 years expecting termination in 2018 (103).

More recently, metabolic inflammation has further been
attributed to a disturbed intestinal barrier function (104).
Increased circulating concentrations of endotoxin are detected
in patients with obesity and diabetes with direct associations
to cardiovascular disease (105). A disturbed intestinal barrier
enables the passive diffusion of bacterial fragments and lipopoly-
saccarides across the intestinal mucosa. Interestingly, this seems
to be modulated by dietary factors with high nutritional fat intake
promoting endotoxin absorption (106). Circulating endotoxin
serves as a ligand for TLR2 and 4 with activation of the innate
immune system. Chronic low-dose endotoxin application was
consequently found to cause obesity and insulin resistance in
rodent models while knockout of TLR4 prevented diet-induced
obesity, glucose intolerance, and atherosclerosis (107-109).
Furthermore, mice lacking the functional LPS receptor CD14
were resistant to diet-induced obesity and related disorders (110)
while antibiotic eradication of the gut flora led to reduced meta-
bolic inflammation, insulin resistance, and fat mass development
(111). In consequence, germ-free mice were protected from high-
fat diet-induced inflammation (112). Modulation of the intestinal
microbiome as a source for endotoxin generation might therefore
provide a new treatment strategy for diabetes and cardiovascular
disease prevention.

These observations demonstrate a close interaction between
the immune system and metabolism which is particularly present
in patients with diabetes. Activation of the immune system does
thereby not depend on an external stressor but is the conse-
quence of overnutrition as an endogenous stressor. Concepts of
anti-inflammatory therapies might prove effective in improving
diabetes and cardiovascular outcome.

CONCLUSION

Over the last 30 years, inflammation has increasingly been recog-
nized as an important pathophysiological link between vascular
disease, atherothrombosis, metabolic disorders, and chronic
autoimmune diseases. A plethora of mediators, such as cytokines,
chemokines, and adipokines, released from various cells in dif-
ferent organs contribute to both local and remote stimulations
of inflammatory cells, thus creating a network of interactions
at different levels in the organism. Future therapeutic strategies
need to be developed to examine how and by which tools this
interaction can be targeted to modulate cardiovascular disease in
high-risk patients.
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Chronic kidney disease (CKD), diabetes mellitus (DM), and cardiovascular diseases (CVD)
are complex disorders of partly unknown genesis and mostly known progression factors.
CVD and DM are the risk factors of CKD and are strongly intertwined since DM can lead
to both CKD and/or CVD, and CVD can lead to kidney disease. In recent years, our
knowledge of CKD, DM, and CVD has been expanded and several important experimen-
tal, clinical, and epidemiological associations have been reported. The tight cellular and
molecular interactions between the renal, diabetic, and cardiovascular systems in acute
or chronic disease settings are becoming increasingly evident. However, the (patho-)
physiological basis of the interactions of CKD, DM, and CVD with involvement of multiple
endogenous and environmental factors is highly complex and our knowledge is still at its
infancy. Not only single pathways and mediators of progression of these diseases have
to be considered in these processes but also the mutual interactions of these factors are
essential. The recent advances in proteomics and integrative analysis technologies have
allowed rapid progress in analyzing complex disorders and clearly show the opportunity
for new efficient and specific therapies. More than a dozen pathways have been identified
so far, including hyperactivity of the renin—angiotensin (RAS)-aldosterone system, osmotic
sodium retention, endothelial dysfunction, dyslipidemia, RAS/RAF/extracellular-signal-
regulated kinase pathway, modification of the purinergic system, phosphatidylinositol 3-
kinase (Pl 3-kinase)-dependent signaling pathways, and inflammation, all leading to histo-
morphological alterations of the kidney and vessels of diabetic and non-diabetic patients.
Since a better understanding of the common cellular and molecular mechanisms of these
diseases may be a key to successful identification of new therapeutic targets, we review
in this paper the current literature about cellular and molecular mechanisms of CKD.

Keywords: cardiovascular diseases, diabetes mellitus, inflammation, fibrosis, chronic kidney diseases

Introduction

A healthy person could be defined as “a man with highly/tightly regulated and coordinated complex
biological networks” The crosstalk between the organs and the systems via molecular, cellular,
paracrine, endocrine, and neuronal factors are essential in regulating these networks (1). However,
this tight-knit relationship is deregulated at some point when your body goes through a disease or
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disorder, which in turn influences the function of other organs
and the challenge is to find the right target for that specific
pathway (2). One example is the crosstalk between the pancreas,
heart, and kidney organs, leading to vascular and renal diseases
as well as diabetic mellitus (DM), which are strongly entwined
with each other. Although, many mediators and pathways have
been reported in the literature in regard to these diseases, their
genesis is still a puzzle (3, 4). In this paper, we reviewed the current
incidence, pathways, and the mediators involved in these intricate
diseases and made an attempt to compel the common risk factors
from the current literature.

Current Status on Incidence and
Prevalence of CKD, DM, and CVD

Since two decades, the shift in the mortality and morbidity is
being increased from infectious diseases to non-communicable
disease worldwide (5). This rise in the number of patients mostly
reflects to vascular and renal disease as well as DM, which are the
major public health problem both in developed and developing
countries, imposing burden on economy (6).

Chronic Kidney Disease

It is defined as a change in the kidney function or structure for
more than 3 months that affects the health of an individual irre-
spective of the cause (7). Based on the glomerular filtration rate
(GFR) and albuminuria content it is set into five stages. Accord-
ing to KDIGO guidelines people with GFR >90 ml/min/1.73 m*
are categorized into first stage where the kidney functions nor-
mally, 60-89 ml/min/1.73 m* falls in the second stage with mildly
decreased function. The third stage is sub divided into two;
people with 45-59 ml/min/1.73 m? and 30-44 ml/min/1.73 m?,
where the GFR is mildly to severely decreased. In stage 4, the
GFR decreases to 15-29 ml/min/1.73 m? and in the fifth stage
(<15 ml/min/1.73 m?), kidney fails to function. The early stages
are asymptomatic and the end-stage is treated by dialysis or
transplantation (8). Diabetes, hypertension, cardiovascular dis-
eases (CVD), and cigarette smoking are the common risk fac-
tors of chronic kidney disease (CKD) (9, 10). CKD arises due
to many pathological insults that affects the renal function and
destroys some of the nephrons. As a result, the other nephrons
compensate the function of injured nephrons by hyper filtration.
Over a period of time, it develops glomerular hypertension, pro-
teinuria, and eventually loss of renal function (11). An increase
in the glomerular capillary pressure leads to the destruction of
glomerular capillary wall leading to the dysfunction of podocytes
that covers the capillaries and allow the permeability of macro-
molecules (12). These series of insults result in the release of
inflammatory mediators and stimulate the proliferation of cells
involved in fibrosis. Protenuria impairs the reparative mecha-
nisms resulting in the scar formation due to the accumulation
of extracellular matrix (ECM) molecules finally leading to renal
failure.

Incidence and Prevalence
The incidence of CKD is not clearly known since a large number
of patients die due to cardiovascular disease before they progress

to end-stage renal disease. In Europe and North America, the
prevalence was found to be ~10% and in the US, the preva-
lence was found to be 13.1% (13). Zhang et al. (14) reviewed 26
population-based studies conducted on the prevalence of CKD
and reported that in the elderly, the prevalence was between 23.4
and 35.8%. A meta-analysis by Nitsch et al. studied the association
of GFR, albuminuria with mortality, and renal failure by sex, and
observed that the increased risk of CKD is equal between both
sexes (15).

Diabetes Mellitus

Diabetes mellitus is a group of metabolic disorders resulting from
hyperglycemia caused by genetic, molecular, or biochemical fac-
tors and activation of renin-angiotensin system (RAS), which
eventually leads to the damage of end-organs like kidney (16). Dia-
betic nephropathy (DN), caused by DM, is one of the progressive
kidney diseases characterized by damaged vessels (angiopathy)
due to type 1 or type 2 diabetes, hypertension, or dyslipidemia
affecting kidney filtering system that might progress to end-stage
chronic kidney disease (CKD) (17). DN is also associated with
CVD increasing mortality of DM patients (18). The hallmarks of
DN are the abnormalities in the glomerulus that alter the structure
of podocytes, the decrease in nephrin expression, and the thick-
ening of basement, tubular, and glomerular membranes by the
extracellular deposition causing tubulointerstitial and glomerular
fibrosis (18).

Incidence and Prevalence

According to 2014 statistics, 387 million people are suffering from
DM and the prevalence is around 8.3% worldwide, North America
being on top (11.4%). 4.9 million deaths were reported in the year
2014 and 46.3% people are undiagnosed (19). DM accounts for 4%
of global deaths below the age of 70 years (20). About 25-40% of
diabetic patients suffer from DN and/or some degree of CKD (17,
21).

Cardiovascular Disease

Cardiovascular diseases is a group of disorders that is associ-
ated with the circulatory system including coronary heart dis-
ease (CHD), cerebrovascular disease, peripheral arterial disease,
rheumatic heart disease, congenital heart disease, cardiomy-
opathies, cardiac arrhythmias, and deep vein thrombosis and
pulmonary embolism (22). The major risk factors associated with
CVD are hypertension, hypercholesterolemia, dyslipidemia, dia-
betes, smoking, physical inactivity, and obesity (23). Although,
few studies have shown that the decrease in the kidney function
and higher albuminuria are independent risk factors and not
related to diabetes and hypertension (24, 25).

Incidence and Prevalence

It is estimated that more than 17 million deaths were reported
in the year 2012 globally, which accounts for 31% of all deaths
and might increase to 23.3 million by the year 2030. Among these
deaths, 7.4 million deaths were due to CHD and the rest were
due to stroke, mostly observed in low-income and middle-income
countries (22).
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Key Cellular and Molecular Events

RAAS System
One of the key players that have been implicated in the patho-
genesis of cardiorenal disease is renin-angiotensin-aldosterone
system (RAAS). In response to the decrease in the renal perfusion
pressure, renin (protease) is produced by the juxtaglomerular cells
of the kidney. It acts on an inactive peptide called angiotensinogen
produced by the liver, converting it to angiotensin-I, which is
a rate limiting and initial step of RAAS (26). Apart from jux-
taglomerular cells, the highest expression of renin (Prorenin) is
observed in the connecting tubules and collecting ducts in dia-
betes patients (27). Angiotensin-I is catalyzed into octapeptides
by angiotensin converting enzyme (ACE-dipeptidyl carboxypep-
tidase), produced in the lungs and lymphocytes (28), to form
angiotensin II, which is an active peptide (29). Angiotensin II is
also produced by chymase and cathepsin G, which are indepen-
dent of ACE activity (30). Furthermore, angiotensin II is cleaved
to different peptides by the endopeptidases like ACE2. Recently,
many new components have been identified in the RAAS sys-
tem like angioprotectin, Ang III, IV, V, Ang-(1-7), Angiotensin-
A, Alamandine, and their co-factors like vasodilation inducing
factor (VIF) (31-34), They are mainly formed by the action of
several endopeptidase that act via Mas receptors or Mas-related
G-protein-coupled receptor membrane D (MrgD) receptors and
they have shown to have vasodilatory effects (33, 35). The effects
of Angiotensin II is mediated by the G-protein coupled receptors,
i.e., angiotensin type 1 (AT1), angiotensin type 2 (AT2) receptors
(30), or the MAS receptor (28). The former being expressed in
several tissues like cardiovascular system, kidney, and the sympa-
thetic nervous system (35), and the latter is expressed during fetal
life and in adults restricted to the adrenals, ovary, brain, heart, and
uterus (36). Angiotensin receptors share overall 30% homology
and as a result they have different functions and are adapted to
different signal transduction pathways (37). Ang II-AT1 axis has
a role in vasoconstriction, cell proliferation, and oxidative stress
in the kidney and is counteracted by AT2 receptor, which pos-
sesses vasodilatory, antiproliferative, and apoptotic properties (38,
39). Activation of AT1 receptors by angiotensin II in the kidney
constricts the efferent arteriole, which results in a decrease of the
blood flow that affects the glomerular filtration by raising the
glomerular capillary pressure. This in turn results in glomerular
injury and an increase in the production of nephrotoxic reactive
oxygen species (ROS), profibrotic cytokines, and growth factors.
The production of these components stimulates mitogenesis of
fibroblast cells that deposit the ECM (renal fibrosis) and inhibits
the turnover, leading to CKD (40, 41). Angioprotectin antago-
nized the contractile actions of Ang II, mediated by the Mas recep-
tor, and Ang A has the same affinity to the AT1 receptor as Ang
I1, but has higher affinity toward AT2 receptor thus may modulate
the harmful effects of AngII (31, 32). Alamandine acts through the
Mrg receptor and shows its vasodilatory effects (33). Furthermore,
the recently identified factor vasodilation inducing factor (VIF), a
chromogranin peptide, reduces the direct vasoconstrictive effects
of Ang II, independent of NO in human plasma (34).

In adrenal cortex, Ang II stimulates the release of aldosterone
from zona glomerulosa via AT1, which sequentially regulates the

blood pressure, fluid, and electrolyte balance through mineralo-
corticoid receptors of the distal tubule and collecting duct (42).
Aldosterone binds to the mineralocorticoid receptor that regulates
the sodium-potassium pumps (43) and since it has cell prolifera-
tive and profibrotic properties, it directly increases the expression
and production of the profibrotic cytokine “transforming growth
factor B” (TGF-B). In kidney disease models, aldosterone synthe-
sis is increased and implicated in the proliferation of fibroblast
cells, renal fibrosis, and induction of hypertension due to the
sodium overload (44). All these effects synergistically provoke
renal damage.

The notion of RAAS acting systemically has been changed by
the discovery of local RAAS with paracrine or autocrine action
during pathogenesis (32, 45), e.g., during hyperglycemia and pro-
teinuria, each component of RAAS was observed in the proximal
tubular cells that synthesize Ang II from angiotensinogen into
interstitial and luminal side, leading to the activation of sodium
pumps besides aldosterone (46, 47). In B cells of pancreas, the
deleterious axis of RAAS, i.e., Ang II-ACE-AT1R-aldosterone
increases the oxidative stress, promotes apoptosis, decreases the
uptake of glucose (by suppressing the GLUT2 through AT1R),
and increases the production of ROS through NADPH oxidase
(NOX), thereby decreasing the production of insulin leading to
hyperglycemia (4). Figure 1 gives the overview of the mediators
in RAAS leading to CKD, DM, and CVD.

Wnt/B-catenin signaling pathway plays an essential role in
the organogenesis and tissue homeostasis, which upon activation
translocate B-catenin into nucleus, that binds to the T-cell factor
(TCF) or lymphoid enhancing factor (LEF) along with other co-
factors like CREB-binding protein (CBP), which eventually tran-
scribes the target genes. In healthy subjects, this pathway is silent
in kidneys, but in CKD, it is reactivated (48). By bioinformatics
approach, Zhou et al. (49) demonstrated that all RAS genes have
putative TCF/LEF binding sites at their promoter regions. This
is a likely link between the activation of RAS by Wnt/B-catenin
during CKD.

Inflammation

Chronic inflammation is observed in patients with CKD and it
contributes to the CVD morbidity and mortality by accelerating
the vascular inflammation (50). Release of cytokines at the site of
injury recruits the activated immune cells, which further enhances
the inflammatory state by producing additional mediators (51).
CXCL12 is a chemokine that binds to the CXCR4/7 and has a
role in homing of stem and progenitor cells in the bone marrow
to the site of injury or into the circulation. CXCL12/CXCR4 axis
shows atheroprotective properties by mobilizing the endothelial
progenitor cells to the site of injury (52). Local production of
Ang II has been implicated in the pathophysiology of inflam-
mation (53). Ang II stimulates the production of proinflamma-
tory molecules like NF-xB by Toll-like receptor 4 in addition
to Ang III and Ang IV via AT1 and AT2 receptors (54, 55).
Ang II also upregulates the “vascular cellular adhesion molecule-
17 (VCAM), “intracellular adhesion molecule-1” (ICAM), and
NF-xB, and thereby mediates the production of chemokines like
monocyte chemoattractant protein-1 (MCP-1), which recruit the
immune cells (56). In mesangial cells, the expression of ETS-1
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FIGURE 1 | Overview of RAAS system under pathological conditions
(CKD, DM, and CVD). The green boxes represent the peptide
components of RAAS system, blue represents the enzymes involved,
orange represents the receptors, brown represents the downstream
molecules/effectors, violet boxes represent the presentation before the
disease, and red represents diseased state. Ang, angiotensin; ACE,
angiotensin converting enzyme; AT1R, angiotensin type 1 receptor; AT2R,
angiotensin type 2 receptor; AT4R, angiotensin type 4 receptor; Mrg D,
Mas-related G-protein coupled receptor membrane D; VIF, vasodilation

inducing factor; PLC, phospho lipase C; DAG, diacyl glycerol; IP3, inositol
triphosphate; PKC, protein kinase C; MR, mineralocorticoid receptor; PI3K,
phosphoinositide 3-kinase; MAPK, mitogen-activated protein kinase; NOX,
NADPH oxidase; ROS, reactive oxygen species; MMPs, matrix
metalloproteinases; PAI-1, plasminogen activator inhibitor-1; CTGF,
connective tissue growth factor; TNF-a., tumor necrosis factor alpha; JNK,
c-Jun N-terminal kinases; IKK-B, inhibitor of nuclear factor-kappa-B
kinase; NOS, nitric oxide synthase; CVD, cardiovascular disease; CKD,
chronic kidney disease.

(E26 transformation-specific sequence), a key regulator of vas-
cular inflammation, is upregulated in the presence of Ang II
via ROS production by NADPH oxidase and it participates in
inflammation by recruiting T-cells and monocytes/macrophages
into the vessel walls (57). In CKD patients, the cytokines; IL-
6, IL-1B, and TNF-o. are elevated causing the cardiovascular
outcomes (58-60). The TAM (Tyro 3, Axl, Mer) ligand-receptor
pathway is involved in the regulation of inflammatory processes.
This pathway is deregulated in CKD patients and plays a role
in atherosclerosis and thrombosis (50). TAM ligands (Gas-6 and
Protein S) and receptors are expressed by the innate immune cells
that limit the production of proinflammatory cytokines, which
are stimulated through toll-like receptors (TLR) by the activa-
tion of suppressor of cytokine signaling (SOCS) (61, 62). TAM
ligand-receptor signaling is linked to the elevation of cytokines
in CKD patients, endotoxemia-mediated TLR activation, chronic
monocyte activation, and the involvement of macrophages in

atherosclerosis in CKD (50). ROS formation and activation of TLR
increases the expression of Gas-6 and shedding of TAM (sTAM)
receptors from monocytes binding to Gas-6, which results in the
deregulation of TAM receptor signaling, the cytokine, and TLR
cascades getting activated in CKD patients and finally chronic
inflammation (50). Due to over nutrition and low physical activity,
the cells are overloaded with glucose and free fatty acids (FFA),
the B cells are unable to produce more insulin, and this causes
insulin resistance leading to impaired glucose tolerance (63). The
cell avoids citric acid cycle when the caloric intake is more than the
required energetics. Acetyl-CoA formed by oxidation of glucose
or FFA, combines with oxaloacetate to form citrate, which enters
the citric acid cycle, generating an excess amount of NADH that
impairs the electron transport in mitochondria resulting in the
formation of ROS. The cell avoids it by inhibiting the entry of fatty
acids into mitochondria as a result FFA build up in the cytosol
(64). Furthermore, the increase in intracellular FFA leads to a

Frontiers in Immunology | www.frontiersin.org

21

July 2015 | Volume 6 | Article 340


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

Gajjala et al.

CKD, DM, CVD

decrease in the transportation of GLUT4 to the plasma membrane
and therefore the buildup of glucose concentration in the blood
(65). Constant exposure to glucose leads to dysfunctioning of
B cells and endothelial cells (66). In hyperglycemic conditions,
the endothelial cell metabolism is modified and implicated in
endothelial dysfunction, e.g., presence of high glucose is acti-
vating the NADPH oxidase resulting in the increased produc-
tion of ROS and an increase in oxidative stress by reducing the
entry of glucose-6-phosphate into the pentose phosphate path-
way thereby reducing the NADPH formation (67, 68). Excess of
glucose activates the arginase uncoupling the endothelial nitric
oxide synthase (eNOS) resulting in the increase of superoxide
anion production. Increased levels of glucose also diverts to
polyol pathway where it is converted to sorbitol by utilizing the
NADPH, increasing the ROS production, and activating NF-xB
signaling pathway (69-71). Due to changes in the endothelial
metabolism, advanced glycation products (AGEs) are formed,
which crosslink the extracellular molecules, causing increased
vessel stiffness, resulting in vascular complications (72). The AGE
products bind to their receptors (RAGE) that are expressed on
the monocytes, endothelial cells, and smooth muscle cells. They
are involved in the increased expression of scavenger receptor
class A in macrophages, which results in the uptake of the oxi-
dized LDL leading to the formation of foam cells, a character-
istic feature of atherosclerosis (69). Cholesteryl fatty esters are
the main component of foam cells that induce cytotoxicity and
are involved in lesion development in atherosclerosis (73). The
late stages of macrophages release the lipid content and tissue
factors leading to the formation of pro-thrombotic core, resulting
in rupture of plaque, leading to blood clot and contributing to
myocardial infarction and stroke (73). AGE-RAGE interaction
with vascular smooth muscle cells (VSMCs) is involved in cell
proliferation calcification process and also activates the NF-xB
signaling pathway where it controls the expression of cytokines
(71). RAGE also acts as an adhesive receptor in the endothelial
cells, attracting the immune cells at the site of injury (74). Nitric
oxide (NO) is formed from the arginine by eNOS in endothelium
and is involved in vasodilation. Asymmetrical dimethyl arginine
(ADMA), an endogenous analog of arginine, which is elevated in
atherosclerotic patients competes to bind at the active site of eNOS
thereby decreasing the NO (75). ROS produced due to eNOS
uncoupling and NADPH oxidase activity triggers the expression
of adhesion molecules, transmigration of immune cells, VSMCs
proliferation and migration, endothelial apoptosis, and oxidation
of lipids (69). Oxidized LDL results in the mitochondrial DNA
damage and dysfunction in the endothelial cells, leading to high
production of ROS (76). Xu et al. (77) analyzed cohorts of elderly
adults and reported that a proinflammatory diet is associated with
the systemic inflammation and reduced kidney function.

Fibrosis

At the site of cell injury or tissue damage, the cells are replaced
by the same cell type or with fibrous tissue after the clearance
of the inflammatory response. The kidneys have an intrinsic
capacity to repair cell death by the de-differentiation and prolifer-
ation of tubular epithelial cells. Failure of these processes results
in fibrosis during infarction/ischemia or toxic insult (78, 79).

Renal fibrosis is a prominent feature of every stage of CKD
where an excessive accumulation and deposition of ECM are
observed. At the beginning of inflammatory response in inter-
stitium, infiltrates of macrophage population can be observed,
which links inversely with the kidney function (80), that could
be either deleterious (M1 macrophages) or advantageous (M2
macrophages). This is followed by transdifferentiation of intersti-
tial cell population to myofibroblasts. These myofibroblasts have
characteristics of both smooth muscle cells and fibroblast cells,
which produce ECM proteins, like collagen or fibronectin, that
eventually results in scar formation (81, 82). Myofibroblasts are
the primary effector cells involved in both tissue remodeling and
fibrosis (83). They are mainly derived from the de-differentiation
of resident pericytes and fibroblast cells in the presence of fibro-
genic factors that promote cell to cell interaction. These fibro-
genic factors are secreted by endothelial cells, epithelial cells,
and myeloid leukocytes especially the monocyte-derived cells and
they are also dependent on the environmental stimuli like hyper-
glycemia and hypoxia (84, 85). The M1 and M2 macrophages are
derived from monocytes based on the local stimuli. For exam-
ple, interferon gamma (IFN 7y), TLR, tumor necrosis factor, and
granulocyte-macrophage colony-stimulating factor stimulate M1
macrophages. M1 macrophages are involved in tissue injury that
secretes proinflammatory cytokines such as IL-12, IL-23,IL-1, IL-
6, type-1 interferon, and also produce reactive oxygen intermedi-
ates and nitric oxide. M2 macrophages, on the other hand, play a
role in tissue repair and are stimulated by IL-4, IL-10, IL-13, corti-
costeroids, vitamin D, macrophage colony-stimulating factor, and
TGF B (82, 86). Tubular epithelium is involved in the production
of ROS and inflammatory mediators that evade the interstitium
via basolateral secretion or paracrine pathways (82). They secrete
mediators like monocyte chemoattractant protein-1 (MCP-1), IL-
8, fractalkine, TGF P, endothelin by triggering megalin receptor-
mediated protein endocytosis during protein overload. They also
activate specific pathways with other co-receptors, cubilin and
amnionless, leading to interstitial inflammation, fibrosis, and loss
of nephron (87).

TGF-81

The cytokine TGF-B1 is a prominent and powerful factor mediat-
ing myofibroblast activation, which integrates the effects of other
fibrogenic factors (88). TGF-B1 is synthesized by all types of
cells in the kidney and released in association with the latency-
associated peptide (LAP) binding to latent TGF-B-binding pro-
tein (LTBP). Upon stress stimuli like hypoxia (89), RAAS (90),
oxidative stress (91), and TGF-B1 are activated, binding to the
Type-II TGF-f receptor. Type II TGF- receptor is a kinase
that recruits Type-I TGF-3 and phosphorylates the downstream
molecules like Smad2/3, which in turn forms a complex with
Smad4 and then translocate to the nucleus to transcribe the
target genes along with other factors (88, 92). TGF-B1 shows
profibrotic effects on kidney through different mechanisms where
it induces the production of ECM through Smad3 by binding
to the promoter region of collagen or Smad-independent path-
ways. This leads to an inhibition of its degradation by induc-
ing tissue inhibitor of metalloproteinase (TIMPs) and inhibiting
matrix metalloproteinases (MMPs). TGF-B1 is also involved in
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transdifferentiation of different types of kidney cells to myofi-
broblast cells (88, 93, 94). It has a role in podocytopenia where
the podocytes undergo apoptosis and detach from the glomeru-
lar basement membrane resulting in the loss of integrity of
microvasculature (95). In hyperglycemic conditions, the AGEs
and Ang II induce transdifferentiation of epithelial to mesenchy-
mal transition (EMT) mediated through Smad3 phosphoryla-
tion (96, 97). TGF-B1 stimulates the differentiation of epithe-
lial, endothelial, and macrophage cells to mesenchymal transi-
tion synthesizing ECM (81, 98). Stimulation of myofibroblast
with TGF-B1 increases the expression of cannabinoid receptor 1
that increases collagen expression (99). The latent form of TGF-
B1 is protective against inflammation and fibrosis by phospho-
rylating Smad7 (inhibitory Smad) (100). TGF-B1 shows effects
via Smad-independent pathways like p38, JNK, extracellular-
signal-regulated kinase (ERK), mitogen-activated protein kinase
(MAPK), integrin-like kinase (ILK) PI3K/Akt (101-103). TGF-
B activates PI3K that phosphorylates Akt and is involved in
fibroblast proliferation and ECM deposition (92). Inhibition of
PI3K activity results in a decrease in TGF-B-Smad2 phospho-
rylation and has an effect on EMT and cell migration (104). In
mesangial cells, TGF-P1 activates phosphatidylinositol 3-kinase
PI3K/Akt signaling, resulting in the mesangial cell hypertrophy
and fibrosis in diabetes (105, 106). High glucose levels, protein
glycation end-products, Ang II, endothelin-1, and growth factors
like PDGF and EGE, induce cell proliferation through PI3K/Akt
signal transduction (92).

Upregulation of renin and angiotensinogen was observed in
glomeruli and involved in the renal scarring or repair by the
action of Ang II (107). Transfection of glomeruli with renin and
angiotensinogen stimulates the proliferation of fibroblast cells,

increases the production of ECM (by inducing the mRNA of
proteins like type I procollagen and fibronectin in cultured mesan-
gial cells) and also transcribes collagen type 1 (IV) and 3 (IV)
but not type I in cultured proximal tubular cells by Ang IT which
in turn depends on TGE-f3 expression (107). Renin alone is able
to stimulate the expression of TGF-f} in mesangial cells and this
could contribute to renal fibrosis despite of Ang IT blockade (108).
Expression of “connective tissue growth factor” (CTGF), a fibrotic
mediator is increased in the kidney induced by TGF-f and Ang
IT (109). Ang II induces the “plasminogen activator inhibitor-
17 (PAI-1) and “tissue inhibitor of matrix metalloproteinases-1”
(TIMP-1) via AT1R, which inhibits metalloproteinase affecting
the matrix turnover, resulting in accumulation of ECM. PAI-1 is
also stimulated by Ang IV via AT4R in proximal tubules thereby
playing a role in renal fibrosis (110). In DN, Ang IV is formed by
the degradation of Ang Il when in high concentrations by different
enzymes and this induces PAI-I (111). Most of the fibroblast cells
in the interstitium originate from tubular epithelial cells through
a process called EMT. This process is mediated by TGF-f and
the fibroblast cells are involved in interstitial fibrosis and tubular
atrophy (112). Figure 2 shows the cells and the mediators involved
in the fibrosis.

All these factors line up, and as a result the kidney loses its
function and faces oxidative stress, subsequently leading to the
accumulation of toxic substrates. Some of these substrates are
involved in the post-translational modification of proteins like
carbamylation and oxidation of LDL and HDL, which aggravate
the progression of atherosclerosis thus leading to CVD (113, 114).
RAAS blockade has been shown to be effective for the treatment of
CKD, CVD, DM, hypertension with proteinuria. With an increase
in the plasma aldosterone concentrations, the left ventricular
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mass has shown to be larger in early CKD stages in hypertensive
patients (115).

Uremic Toxins

Uremic toxins are in general the waste products that accumulate
in the body fluid due to dysfunction of the kidney. They are
divided into small water soluble compounds, middle molecules,
and protein-bound uremic compounds (116). Among protein-
bound uremic toxins, para-cresol sulfate (PCS) and indoxyl sulfate
(IS) are linked to the cardiovascular comorbidities (117). p-cresol,
a metabolite of p-cresol sulfate showed reduced contraction rates
of cardiomyocytes, resulting in the irregular beating mediated by
protein kinase C (PKC) by increasing the intracellular calcium
levels (118). Furthermore, p-cresol is involved in the increased
endothelial micro-particle shedding mediated by Rho-kinase in
hemodialysis patients, leading to endothelial dysfunction, which
is also observed in acute coronary syndromes, acute ischemic
stroke, and venous thromboembolism (119-122).

Indoxyl sulfate also contributes to atherosclerosis and periph-
eral artery diseases. Indoxy sulfate stimulates NADPH oxidase in
endothelial cells, increasing the ROS formation and decreasing
the levels of glutathione, thus elevating oxidative stress (123). The
uptake of IS through organic anion transporter 3 (OAT 3), further
stimulates the expression of “prorenin receptors” (PRR) in the
aorta of a CKD mouse model, thereby activating aryl hydrocarbon
receptors (AhR) and NF-x B in VSMCs. Activation of PRR by IS
promotes cell proliferation and expression of tissue factors like
platelet-derived growth factor and receptor (PDGF/R) in VSMCs.
It also activates MAPK pathways, thus linking the uremia-induced
cardiovascular events (124, 125). Moreover, IS stimulates the pro-
duction of IL-1, IL-6, and TNF-o in THP-1 cells. Lekawanvijit
et al. (126) demonstrated that IS plays a critical role in cardiac
remodeling by acting as profibrotic, prohypertrophic, proinflam-
matory factor, mediated by the activation of MAPK (p38, p42/44)
and NF-x B pathway. IS also upregulates the expression of ICAM
and MCP-1 through ROS production, activating NF-k B pathway
in endothelial cells. PCS and IS stabilize the active form of epider-
mal growth factor (EGFR) and help in dimerization and phospho-
rylation, leading to an increase in the MMP2/9 expression either
directly or by its downstream molecules. Therefore, they are both
involved in renal tissue remodeling (127). Under oxidative stress,
the protein-bound uremic solutes have an impact on the cardiac
tissue architecture as well as on the kidney tissue. For example,
uridine adenosine tetraphosphate (UpsA), which is synthesized
by the endothelial cells acts via purinergic receptors P2Y that acti-
vates MEK, ERK1/2 by phosphorylation, and regulates the expres-
sion of vascular calcification (VC) mediators like Cbfa, Msx2,
Osx, OCN, osteopontin (OPN) leading to the transdifferentiation
of vascular smooth vessel cells to osteochondrogenic cells (128,
129). In VSMCs, Up4 A stimulates the production of ROS by Nox1
dependent way and increases the expression of MCP-1 through
phosphorylation of MAPK via P2Y (2) receptor (130). The uremic
toxin phenyl acetic acid is associated with arterial vascular proper-
ties in patients with CKD that are undergoing hemodialysis (131).
It also inhibits the inducible nitric oxide synthase (iNOS) and
impairs the macrophage function, thus increasing the incidence
of infection in uremia (132, 133).

Vascular Calcification: A Link Between CKD, DM,
and CVD

The mechanism of VC is multifactorial and is poorly understood.
The unusual deposition of calcium is observed in media and
intima of the vessel, which changes the elasticity and the hemody-
namics of the vessel wall that result in stroke and ischemic heart
disease (134). This ectopic calcification is noticed in atheroscle-
rosis, diabetes, hypertension, dyslipidemia, and CKD (134). The
main presentations of calcification are atherosclerotic lesions,
medial calcification, aortic stenosis, and calciphylaxis, which are
the most dramatic and often fatal entity. Atherosclerosis, CKD,
hyperphosphatemia, and vitamin K-targeting oral anticoagulants
have emerged as key contributors to VC.

Vascular calcification is an active and highly regulated process,
closely resembling osteogenesis. The factors contributing to the
VC are the high levels of calcium and phosphorous due to abnor-
mal bone metabolism, transition of VSMCs to chondrocyte or
osteoblast-like cells, imbalance in the levels of inhibitors of cal-
cification, low levels of klotho expression, high levels of parathy-
roid hormone (PTH), and fibroblast growth factor-23 (FGF-23)
expression, Vitamin D, and ECM remodeling (135, 136). VC is
characterized by transdifferentiation of VSMCs to osteoblast-like
cells where they express a number of bone matrix proteins (137).
High plasma calcium phosphate product (Ca x P) contributes
to this active process and hyperphosphatemia is considered a
key driver of VC in CKD. VC is observed due to imbalance
between inhibitory and inducing mediators. The most relevant are
OPN, osteoprotegerin (OPG), fibroblast growth factor-23 (FGF-
23), bone morphogenetic proteins (BMP), matrix-GLA protein
(MGP), CD73, aldosterone, fetuin, pyrophosphate, magnesium,
and uremic toxins like Up4A. Increased expression of OPN is an
indicator of VC and transformation of VSMC to osteoblast-like
cells (138). Unphosphorylated OPN enhances whereas phospho-
rylated OPN decreases VC (138). The amount of OPN can be
pharmacologically modified by Mg?* (139, 140). OPG is a decoy
receptor for receptor activator of nuclear factor-kappaB ligand
(RANKL) that inhibits RANKL-induced VC and bone loss (141).
OPG ™/~ mice display osteoporosis and VC. The phosphaturic
hormone FGF-23 activates the FGFR1 receptor in the presence
of Klotho (142). Klotho has FGF-23-independent phosphaturic
actions. However, it is still unclear whether FGF-23 or Klotho
exert direct effects on VSMC phenotype (143). Klotho-deficient
mice display accelerated aging, hyperphosphatemia, osteoporosis,
and VC. A human klotho mutation was associated with VC in a
teenager (144). Both, systemic inflammation and CKD decrease
Klotho expression. In CKD, FGF-23 levels increase more than a
100-fold in response to hyperphosphatemia, and elevated FGF-23
levels are predictive of cardiovascular events (145).

Bone morphogenetic proteins are crucial mediators of vascular
remodeling and neovascularization (146). BMPs regulate calci-
fication in mesenchymal progenitor cells for cartilage and bone
(147) and modify expression of osteoblast markers like alkaline
phosphatase in VSMC. The expression of BMPs is increased at
VC sites. In addition, BMP and osteoblast homeoprotein Msx2
signaling pathway promotes the differentiation of myofibroblasts
into the osteogenic pathway and enhances VC. BMP?7 is a calcifica-
tion inhibitor whereas BMP-2 promotes VC (148). Protein C and
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S deficit and therapy with vitamin K-targeting anticoagulants are
risk factors for calciphylaxis (calcific uremic arteriolopathy) (149).
Vitamin K-dependent factors, including proteins C and S, require
glutamic acid carboxylation to yield gamma carboxyglutamic
residues (Gla) for activation. MGP is a vitamin K2-dependent
calcification inhibitor. MGP ™'~ mice die a few weeks after birth
from aortic rupture due to massive calcification. Vitamin K defi-
ciency has been linked to VC in in vitro and in vivo mouse studies
(150). Warfarin, an anticoagulant decreases the active form of
MGP and increases VC in CKD rats while vitamin K increased
active MGP and prevented VC in warfarin-treated rats (151).

Aldosterone contributes to VC by activating PIT1-dependent
osteo-inductive signaling (152). a:2-HS-glycoprotein/fetuin levels
are decreased in CKD and associate with VC. Uremic toxins,
such as IS, induce expression of osteoblast-specific proteins in
human VSMC and associate with aortic calcification in CKD,
whereas in hypertensive rats, it promotes aortic calcification (153).
Leukocyte activation evoked by CKD directly contributes to VC
and pyrophosphate acts as an inhibitor of VC (154). A low extra-
cellular pyrophosphate level induces VC in murine model of
progeria (155).

Recently, protective effects of VC by magnesium through mul-
tiple mechanisms by decreasing the intimal media thickness and
aortic pulse wave velocity were described (139). In CKD rats,
treatment with a magnesium-based phosphate binder significantly
reduced aortic calcification compared to sevelamer-treated rats
(156). However, randomized controlled studies should address the
impact of magnesium administration in CKD patients.

Metabolic Derangements in CKD Modulating VC

In CKD, hyperphosphatemia, iatrogenic hypercalcemia, abnor-
mal levels of PTH and FGF/23, diabetes, and inflammation may
contribute to VC.

Hyperphosphatemia

High serum phosphate is associated to progression of VC and
increased cardiovascular risks in patients with CKD and in dial-
ysis. In the general population, serum phosphorus in the high
normal range is associated with increased mortality (157). Expo-
sure of VSMCs to high phosphorus concentrations results in loss
of smooth muscle proteins and differentiation into osteogenic
cells (158). Osteogenic transdifferentiation may end up in cell
apoptosis with production of apoptotic bodies acting as nucleation
sites for mineral deposition (159). Hyperphosphatemia-induced
nanocrystals upregulate the expression of BMP-2 and OPN VSMC
(160). Phosphorus binders are used to reduce phosphorus lev-
els as a key factor in the management of CKD-MBD (mineral
and bone disorder). The use of calcium-containing phosphate
binders that induce positive calcium balance is associated with
increased arterial calcification in the majority of studies (161). The
amount of calcium binders required to control phosphate results
in positive calcium balance (162) and most studies reveal that
the progression of VC is slower with non-calcium-based binders
as compared with calcium-containing binders. Excessive load of
calcium may favor the development of VC directly or through
an inhibition in PTH secretion with the consequent reduction of
bone turnover.

Hypercalcemia

In CKD patients, hypercalcemia is usually a consequence of excess
calcium administration or vitamin D overdosing and is associated
to VC. High-calcium medium increases VSMC calcification (159)
and potentiates the effect of phosphate. Calcium induces the
release of matrix vesicles by VSMC that become calcified in the
absence of MGP (163).

Hypermagnesemia

In dialysis patients, high serum magnesium concentration was
associated with less VC. Low serum magnesium was associated
with increased mortality of hemodialysis and non-dialysis CKD
patients in observational studies (164). Magnesium-containing
phosphate binder-induced positive calcium balance is associated
with increased arterial calcification in the majority of studies
(165). Many interventional studies showed that magnesium-based
compounds are more effective in reducing the phosphate level that
improve the survival and progression of VC (166).

Vitamin D
Vitamin D may have dose-dependent opposing effects on VC.
Vitamin D3 increases calcium transport into the cells and upreg-
ulates calcification-enhancing genes, osteocalcin, osterix, and
Runx2 (167). Protective effects of Vitamin D3 on VC may be
expected by its re-differentiating and anti-inflammatory proper-
ties (inhibition of TGFbeta and IL-6) (168), as well as by increasing
the expression of VC inhibitors (MGP and Osteopontin).
Experimental studies in vitro and in vivo have shown that high
doses of calcitriol may induce VC (169, 170). Knockout mouse
models of FGF-23 and Klotho, which exhibit increased arterial
calcification, have elevated calcitriol levels (171). In mice, defi-
ciency in both FGF23 and renal 1-alpha-hydroxylase appear to
blunt arterial calcification (171). The effect of calcitriol on VC is
mainly due to the increase in phosphate absorption that in renal
failure results in hyperphosphatemia.

FGF-23-klotho

The hormone fibroblast growth factor-23 (FGF-23) induces phos-
phaturia and inhibits calcitriol synthesis and PTH production.
Serum levels of FGF-23 increase early in the development of CKD.
Several clinical studies demonstrated associations between higher
levels of FGF23 and VC (172). However, neutralization of FGF-
23 in uremic rats results in increased VC (173). A more recent
human study including a large population showed that FGF-23 is
not associated with VC (174). Some authors have not been able to
identify klotho, co-receptor for FGF-23 in human arteries (174).
Whether FGF23 has a direct effect on VC is still under debate.

Parathyroid hormone

Hyperparathyroidism is a major risk factor for medial calcification
in renal disease (175). In uremic animals, PTH infusion produced
osteogenic transdifferentiation of VSMCs with increased calcium
deposition regardless of phosphate intake. The severity of medial
calcium deposition in the aorta correlates with the levels of serum
PTH in uremic rats with ovariectomy and with the loss of cortical
bone. High and low PTH is associated with high turnover and
adynamic bone disease, respectively. They both lead to decreased
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bone formation, a situations in which the bone is not efficient in
incorporating excess calcium and phosphorus (176). This may in
turn increase the risk for soft-tissue calcifications.

Diabetes mellitus

In diabetic patients, VC is commonly seen in coronary and vas-
cular arteries of lower limbs (177, 178). Monckeberg already
described medial artery calcification in an autopsy series that
was identified in older age, renal failure, and diabetes as the
factors associated with calcifications (179). In patient with dia-
betes, increased serum creatinine concentration, older age, and
poor glucose control are associated with VC and mortality. High
cholesterol levels, smoking, and body mass index were not asso-
ciated with increased VCs. In the Ldlr /'~ diabetic mice, a high
fat diet produces aortic calcification with concomitant upregula-
tion of osteogenic gene expression (180). Incubation of bovine
VSMCs with high glucose led to osteogenic transdifferentiation
and calcification (181). In diabetic arteriosclerosis, Msx1 and
Msx2 promote vascular mineralization (182). Furthermore, ele-
vation of glucose levels increased the BMP-2/Msx2-Wnt path-
way, which promoted osteogenic differentiation (181). Thus, it is
likely that high glucose may have direct effects on the osteogenic
differentiation of VSMCs and per se VC formation.

Dyslipidemia

From clinical studies, lipids do not appear to play a major role
on VC formation. In vitro, HDL inhibits the osteogenic differen-
tiation; among the fatty acids, stearate, promoted mineralization,
whereas inhibition of acetyl-CoA carboxylase reduced mineral-
ization (183). As mentioned above, in diabetes, cells are loaded
with FFAs. One of the abundantly found long-chain saturated fatty

acid is palmitic acid, induces the expression of BMP-2, Msx2,
and OPN in human aortic smooth cells through the expression
of long chain acyl-coA synthetase 3 and NF-xB that resulted in
osteoblastic differentiation (184). Oxidized lipids are involved in
VC. Oxidized LDL promotes the calcification process in human
coronary artery smooth muscle cells by upregulating the expres-
sion of mineral matrix proteins like osterix (Osx) and Runx2
mediated through nuclear factor of activated T cells (185, 186).

Inflammation-oxidative stress

Inflammatory cytokines and oxidative stress promote VSMC
expression of osteogenic transcription factors. In a murine
model of uremia, phenotypic changes in VSMCs occur prior
to calcium deposition, accompanied by elastin degradation,
possibly due to upregulation of proteases, including matrix
metalloproteinases (187).

Oxidative stress and oxidized lipids induce osteochondrogenic
differentiation of vascular cells in vitro. Oxidative stress induces
Cbfal/Runx2 expression through modulation of PI3-kinase/Akt
signaling (188). In vitro studies show that TNF-o. induces calcifi-
cation in VSMC. TNF-a promotes phosphate-induced calcifica-
tion by reducing efflux of a calcification inhibitor, pyrophosphate,
and its transport protein, ankylosis protein homolog (189). The
important role of oxidant stress on VC is demonstrated in exper-
iments showing that antioxidants block vascular cell calcification
in vitro.

Clinical Link of the Diseases

Epidemiological studies have so far confirmed and reported
that there is an association between CKD and CVD (190). Go
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et al. (191) conducted a study on the relationship between GFR
and cardiovascular events in a large group who had not undergone
dialysis or transplantation and demonstrated an inverse relation-
ship. The key mechanisms accounting for cardiovascular events
apart from the traditional risk factors could be disturbances in
mineral metabolism, anemia, ADMA (asymmetric omega NG,
NG-dimethylarginine), inflammation, and oxidative stress, which
are observed even in CKD. Whether CKD causes CVD or acts as
a marker is still controversial (192). Due to disturbances in the
metabolism in diabetes, the most effected cells are endothelial and
B cells. Since the micro and macro vessels are lined with endothe-
lial cells, the whole vascular system is damaged leading to CKD
and CVD. Therefore, disturbance in one of these diseases will
affect the other. Figure 3 shows how these diseases are interlinked
with each other in a clinical perspective.

Conclusion

The heart, kidney, and the vascular system are strongly related
and help in maintaining hemostasis and cardiorenal equilibrium.

References

1. Virzi GM, Clementi A, Brocca A, de Cal M, Vescovo G, Granata A, et al. The
hemodynamic and nonhemodynamic crosstalk in cardiorenal syndrome type
1. Cardiorenal Med (2014) 4(2):103-12. d0i:10.1159/000362650
2. Viswanathan G, Gilbert S. The cardiorenal syndrome: making the connection.
Int ] Nephrol (2010) 2011:283137. d0i:10.4061/2011/283137
3. Schiffrin EL, Lipman ML, Mann JE Chronic kidney disease: effects on
the cardiovascular system. Circulation (2007) 116(1):85-97. doi:10.1161/
CIRCULATIONAHA.106.678342
4. Favre GA, Esnault VL, Van Obberghen E. Modulation of glucose metabolism
by the renin-angiotensin-aldosterone system. Am ] Physiol Endocrinol Metab
(2015) 308(6):E435-49. doi:10.1152/ajpendo.00391.2014
5. Beaglehole R, Yach D. Globalisation and the prevention and control of non-
communicable disease: the neglected chronic diseases of adults. Lancet (2003)
362(9387):903-8. doi:10.1016/S0140-6736(03)14335-8
6. Atkins RC. The epidemiology of chronic kidney disease. Kidney Int Suppl
(2005) 94:S14-8. doi:10.1111/j.1523-1755.2005.09403 .x
. Stevens PE, Levin A. Evaluation and management of chronic kidney dis-
ease: synopsis of the kidney disease: improving global outcomes 2012 clini-
cal practice guideline. Ann Intern Med (2013) 158(11):825-30. doi:10.7326/
0003-4819-158-11-201306040-00007
8. KDIGO consortium. Chapter 1: Definition and classification of CKD. Kidney
Int Suppl (2013) 3(1):19-62. doi:10.1038/kisup.2012.64
9. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH, Heerspink HJ,
Mann JE et al. Chronic kidney disease and cardiovascular risk: epidemiology,
mechanisms, and prevention. Lancet (2013) 382(9889):339-52. doi:10.1016/
S0140-6736(13)60595-4
Garcia-Esquinas E, Loeffler LE, Weaver VM, Fadrowski JJ, Navas-Acien A.
Kidney function and tobacco smoke exposure in US adolescents. Pediatrics
(2013) 131(5):e1415-23. doi:10.1542/peds.2012-3201
Metcalfe W. How does early chronic kidney disease progress? A background
paper prepared for the UK consensus conference on early chronic kidney
disease. Nephrol Dial Transplant (2007) 22(Suppl 9):ix26-30. d0i:10.1093/ndt/
gfm446
Zoja C, Abbate M, Remuzzi G. Progression of renal injury toward intersti-
tial inflammation and glomerular sclerosis is dependent on abnormal pro-
tein filtration. Nephrol Dial Transplant (2015) 30(5):706-12. doi:10.1093/ndt/
gfu261
. Coresh ], Selvin E, Stevens LA, Manzi ], Kusek JW, Eggers P, et al. Prevalence
of chronic kidney disease in the United States. JAMA (2007) 298(17):2038-47.
doi:10.1001/jama.298.17.2038

10.

11.

12.

Unfavorable outcomes are most common in CKD and for that rea-
son it may deserve a specific approach to evaluate its progression.
Due to the advancements in the basic research, many mechanistic
pathways have been elucidated in the context of these diseases
recently but none of the pathway could interpret the genesis of
CKD. Therefore, a key factor in intervention for CKD patients
is having an insight on the mechanisms of risk factors associ-
ated with it. Our knowledge about the underlying mechanism is
increasing, but obviously still at its infancy. However, knowing
the key components involved in the pathology of the diseases,
their pathophysiological significance and their trend during acute
phases, is essential as the basis for new prevention and treatment
strategies to combat these diseases in the future.

Acknowledgments

This study was supported by a grant from European Union’s
seventh frame work FP7 to Marie Curie Initial Training Network
“IMODE-CKD” (FP7-PEOPLE-2013-ITN-608332).

. Zhang QL, Rothenbacher D. Prevalence of chronic kidney disease in
population-based studies: systematic review. BMC Public Health (2008) 8:117.
doi:10.1186/1471-2458-8-117

Nitsch D, Grams M, Sang Y, Black C, Cirillo M, Djurdjev O, et al. Associations
of estimated glomerular filtration rate and albuminuria with mortality and
renal failure by sex: a meta-analysis. BM] (2013) 346:f324. doi:10.1136/bmj.
324

. Zain M, Awan FR. Renin angiotensin aldosterone system (RAAS): its biology
and drug targets for treating diabetic nephropathy. Pak J Pharm Sci (2014)
27(5):1379-91.

Lizicarova D, Krahulec B, Hirnerova E, Gaspar L, Celecova Z. Risk fac-
tors in diabetic nephropathy progression at present. Bratisl Lek Listy (2014)
115(8):517-21. doi:10.4149/BLL_2014_101

Duran-Salgado MB, Rubio-Guerra AF. Diabetic nephropathy and inflamma-
tion. World ] Diabetes (2014) 5(3):393-8. doi:10.4239/wjd.v5.i3.393
International Diabetes Federation. IDF Diabetes Atlas. 6th ed. Brussels: Inter-
national Diabetes Federation (2013). Available from: http://www.idf.org/
diabetesatlas

Global Status Report on Noncommunicable Diseases (2014). Available from:
www.who.int/mediacentre/factsheets/fs355/en/

Koro CE, Lee BH, Bowlin SJ. Antidiabetic medication use and prevalence of
chronic kidney disease among patients with type 2 diabetes mellitus in the
United States. Clin Ther (2009) 31(11):2608-17. doi:10.1016/j.clinthera.2009.
10.020

Fact Sheets on Cardiovascular Disease WHO (2015. Available from: www.who.
int/mediacentre/factsheets/fs317/en/

Wong ND. Epidemiological studies of CHD and the evolution of preven-
tive cardiology. Nat Rev Cardiol (2014) 11(5):276-89. doi:10.1038/nrcardio.
2014.26

Fox CS, Matsushita K, Woodward M, Bilo HJ, Chalmers ], Heerspink
HJ, et al. Associations of kidney disease measures with mortality and
end-stage renal disease in individuals with and without diabetes: a meta-
analysis. Lancet (2012) 380(9854):1662-73. doi:10.1016/S0140-6736(12)
61350-6

Mahmoodi BK, Matsushita K, Woodward M, Blankestijn PJ, Cirillo M,
Ohkubo T, et al. Associations of kidney disease measures with mortal-
ity and end-stage renal disease in individuals with and without hyper-
tension: a meta-analysis. Lancet (2012) 380(9854):1649-61. doi:10.1016/
S0140-6736(12)61272-0

Braun-Menendez E, Page IH. Suggested revision of nomenclature -
angiotensin. Science (1958) 127(3292):242. doi:10.1126/science.127.3292.
242-a

15.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Frontiers in Immunology | www.frontiersin.org

27

July 2015 | Volume 6 | Article 340


http://dx.doi.org/10.1159/000362650
http://dx.doi.org/10.4061/2011/283137
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.678342
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.678342
http://dx.doi.org/10.1152/ajpendo.00391.2014
http://dx.doi.org/10.1016/S0140-6736(03)14335-8
http://dx.doi.org/10.1111/j.1523-1755.2005.09403.x
http://dx.doi.org/10.7326/0003-4819-158-11-201306040-00007
http://dx.doi.org/10.7326/0003-4819-158-11-201306040-00007
http://dx.doi.org/10.1038/kisup.2012.64
http://dx.doi.org/10.1016/S0140-6736(13)60595-4
http://dx.doi.org/10.1016/S0140-6736(13)60595-4
http://dx.doi.org/10.1542/peds.2012-3201
http://dx.doi.org/10.1093/ndt/gfm446
http://dx.doi.org/10.1093/ndt/gfm446
http://dx.doi.org/10.1093/ndt/gfu261
http://dx.doi.org/10.1093/ndt/gfu261
http://dx.doi.org/10.1001/jama.298.17.2038
http://dx.doi.org/10.1186/1471-2458-8-117
http://dx.doi.org/10.1136/bmj.f324
http://dx.doi.org/10.1136/bmj.f324
http://dx.doi.org/10.4149/BLL_2014_101
http://dx.doi.org/10.4239/wjd.v5.i3.393
http://www.idf.org/diabetesatlas
http://www.idf.org/diabetesatlas
www.who.int/mediacentre/factsheets/fs355/en/
http://dx.doi.org/10.1016/j.clinthera.2009.10.020
http://dx.doi.org/10.1016/j.clinthera.2009.10.020
www.who.int/mediacentre/factsheets/fs317/en/
www.who.int/mediacentre/factsheets/fs317/en/
http://dx.doi.org/10.1038/nrcardio.2014.26
http://dx.doi.org/10.1038/nrcardio.2014.26
http://dx.doi.org/10.1016/S0140-6736(12)61350-6
http://dx.doi.org/10.1016/S0140-6736(12)61350-6
http://dx.doi.org/10.1016/S0140-6736(12)61272-0
http://dx.doi.org/10.1016/S0140-6736(12)61272-0
http://dx.doi.org/10.1126/science.127.3292.242-a
http://dx.doi.org/10.1126/science.127.3292.242-a
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Gajjala et al.

CKD, DM, CVD

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Kang JJ, Toma I, Sipos A, Meer EJ, Vargas SL, Peti-Peterdi J. The collect-
ing duct is the major source of prorenin in diabetes. Hypertension (2008)
51(6):1597-604. doi:10.1161/HYPERTENSIONAHA.107.107268

Jankowski V, Vanholder R, van der Giet M, Henning L, Télle M, Schonfelder
G, et al. Detection of angiotensin II in supernatants of stimulated mononuclear
leukocytes by matrix-assisted laser desorption ionization time-of-flight/time-
of-flight mass analysis. Hypertension (2005) 46(3):591-7. doi:10.1161/01.HYP.
0000177436.09733.d4

Skeggs LT Jr, Kahn JR, Lentz K, Shumway NP. The preparation, purification,
and amino acid sequence of a polypeptide renin substrate. ] Exp Med (1957)
106(3):439-53. doi:10.1084/jem.106.3.439

Lavoie JL, Sigmund CD. Minireview: overview of the renin-angiotensin
system - an endocrine and paracrine system. Endocrinology (2003)
144(6):2179-83. doi:10.1210/en.2003-0150

Jankowski V, Tolle M, Santos RA, Giinthner T, Krause E, Beyermann M, et al.
Angioprotectin: an angiotensin II-like peptide causing vasodilatory effects.
FASEB J (2011) 25(9):2987-95. doi:10.1096/fj.11- 185470

Jankowski V, Vanholder R, van der Giet M, Tolle M, Karadogan S, Gobom
], et al. Mass-spectrometric identification of a novel angiotensin peptide in
human plasma. Arterioscler Thromb Vasc Biol (2007) 27(2):297-302. doi:10.
1161/01.ATV.0000253889.09765.5f

Lautner RQ, Villela DC, Fraga-Silva RA, Silva N, Verano-Braga T, Costa-Fraga
E et al. Discovery and characterization of alamandine: a novel component of
the renin-angiotensin system. Circ Res (2013) 112(8):1104-11. doi:10.1161/
CIRCRESAHA.113.301077

Salem S, Jankowski V, Asare Y, Liehn E, Welker P, Raya-Bermudez A, et al.
Identification of the vasoconstriction-inhibiting factor (VIF), a potent endoge-
nous cofactor of angiotensin II acting on the angiotensin II type 2 receptor.
Circulation (2015) 131(16):1426-34. doi:10.1161/CIRCULATIONAHA.114.
013168

Carey RM, Siragy HM. Newly recognized components of the renin-
angiotensin system: potential roles in cardiovascular and renal regulation.
Endocr Rev (2003) 24(3):261-71. doi:10.1210/er.2003-0001

Calo LA, Schiavo S, Davis PA, Pagnin E, Mormino P, D’Angelo A, et al.
Angiotensin II signaling via type 2 receptors in a human model of vascular
hyporeactivity: implications for hypertension. ] Hypertens (2010) 28(1):111-8.
doi:10.1097/HJH.0b013e328332b738

Duncan JA, Scholey JW, Miller JA. Angiotensin II type 1 receptor
gene polymorphisms in humans: physiology and pathophysiology of the
genotypes. Curr Opin Nephrol Hypertens (2001) 10(1):111-6. doi:10.1097/
00041552-200101000-00017

Pernomian L, Baraldi Araujo Restini C. Counter-regulatory effects played
by the ACE - Ang II - ATI and ACE2 - Ang-(1-7) - Mas axes on the
reactive oxygen species-mediated control of vascular function: perspectives
to pharmacological approaches in controlling vascular complications. Vasa
(2014) 43(6):404-14. doi:10.1024/0301-1526/2000387

Arima S, Ito S. Angiotensin II type 2 receptors in the kidney: evidence for
endothelial-cell-mediated renal vasodilatation. Nephrol Dial Transplant (2000)
15(4):448-51. doi:10.1093/ndt/15.4.448

Dzau V], Re R. Tissue angiotensin system in cardiovascular medicine. A
paradigm shift? Circulation (1994) 89(1):493-8. doi:10.1161/01.CIR.89.1.493
Wolf G. Angiotensin II as a mediator of tubulointerstitial injury. Nephrol Dial
Transplant (2000) 15(Suppl 6):61-3. doi:10.1093/ndt/15.suppl_6.61

Quinn SJ, Williams GH. Regulation of aldosterone secretion. Annu Rev Physiol
(1988) 50:409-26. doi:10.1146/annurev.ph.50.030188.002205

Schweda F Salt feedback on the renin-angiotensin-aldosterone system.
Pflugers Arch (2015) 467(3):565-76. doi:10.1007/s00424-014- 1668-y

Wenzel U. Aldosterone and progression of renal disease. Curr Opin Nephrol
Hypertens (2008) 17(1):44-50. doi:10.1097/MNH.0b013e328229028

Ruster C, Wolf G. Renin-angiotensin-aldosterone system and progression of
renal disease. ] Am Soc Nephrol (2006) 17(11):2985-91. doi:10.1681/ASN.
2006040356

Beutler KT, Masilamani S, Turban S, Nielsen J, Brooks HL, Ageloff S, et al.
Long-term regulation of ENaC expression in kidney by angiotensin II. Hyper-
tension (2003) 41(5):1143-50. doi:10.1161/01.HYP.0000066129.12106.E2
Zhuo JL, Imig JD, Hammond TG, Orengo S, Benes E, Navar LG. Ang IT accu-
mulation in rat renal endosomes during Ang II-induced hypertension: role
of AT(1) receptor. Hypertension (2002) 39(1):116-21. doi:10.1161/hy0102.
100780

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

He W, Kang YS, Dai C, Liu Y. Blockade of Wnt/beta-catenin signaling by
paricalcitol ameliorates proteinuria and kidney injury. J Am Soc Nephrol (2011)
22(1):90-103. doi:10.1681/ASN.2009121236

Zhou L, Li Y, Hao S, Zhou D, Tan R]J, Nie J, et al. Multiple genes of the renin-
angiotensin system are novel targets of Wnt/beta-catenin signaling. ] Am Soc
Nephrol (2015) 26(1):107-20. doi:10.1681/ASN.2014010085

LeeIJ, Hilliard BA, Ulas M, Yu D, Vangala C, Rao S, et al. Monocyte and plasma
expression of TAM ligand and receptor in renal failure: links to unregulated
immunity and chronic inflammation. Clin Immunol (2015) 158(2):231-41.
doi:10.1016/j.clim.2015.01.012

Barnes PJ, Karin M. Nuclear factor-kappaB: a pivotal transcription factor in
chronic inflammatory diseases. N Engl ] Med (1997) 336(15):1066-71. doi:10.
1056/NEJM199704103361506

Doéring Y, Pawig L, Weber C, Noels H. The CXCL12/CXCR4 chemokine
ligand/receptor axis in cardiovascular disease. Front Physiol (2014) 5:212.
doi:10.3389/fphys.2014.00212

Wennmann DO, Hsu HH, Pavenstadt H. The renin-angiotensin-aldosterone
system in podocytes. Semin Nephrol (2012) 32(4):377-84. doi:10.1016/j.
semnephrol.2012.06.009

Wolf G, Wenzel U, Burns KD, Harris RC, Stahl RA, Thaiss F. Angiotensin II
activates nuclear transcription factor-kappaB through AT1 and AT2 receptors.
Kidney Int (2002) 61(6):1986-95. doi:10.1046/j.1523-1755.2002.00365.x
Bondeva T, Roger T, Wolf G. Differential regulation of toll-like receptor 4
gene expression in renal cells by angiotensin II: dependency on AP1 and
PU.I transcriptional sites. Am ] Nephrol (2007) 27(3):308-14. doi:10.1159/
000102551

Androulakis ES, Tousoulis D, Papageorgiou N, Tsioufis C, Kallikazaros
I, Stefanadis C. Essential hypertension: is there a role for inflammatory
mechanisms? Cardiol Rev (2009) 17(5):216-21. doi:10.1097/CRD.0b013e318
1b18e03

Pearse DD, Tian RX, Nigro J, Iorgulescu JB, Puzis L, Jaimes EA. Angiotensin
ILincreases the expression of the transcription factor ETS-1 in mesangial cells.
Am ] Physiol Renal Physiol (2008) 294(5):F1094-100. doi:10.1152/ajprenal.
00458.2007

Knight EL, Rimm EB, Pai JK, Rexrode KM, Cannuscio CC, Manson JE, et al.
Kidney dysfunction, inflammation, and coronary events: a prospective study.
J Am Soc Nephrol (2004) 15(7):1897-903. doi:10.1097/01.ASN.0000128966.
55133.69

Descamps-Latscha B, Herbelin A, Nguyen AT, Roux-Lombard P, Zingraff J,
Moynot A, et al. Balance between IL-1 beta, TNF-alpha, and their specific
inhibitors in chronic renal failure and maintenance dialysis. Relationships
with activation markers of T cells, B cells, and monocytes. J Immunol (1995)
154(2):882-92.

Pecoits-Filho R, Lindholm B, Axelsson J, Stenvinkel P. Update on interleukin-
6 and its role in chronic renal failure. Nephrol Dial Transplant (2003)
18(6):1042-5. doi:10.1093/ndt/gfg111

Lemke G. Biology of the TAM receptors. Cold Spring Harb Perspect Biol (2013)
5(11):a009076. doi:10.1101/cshperspect.a009076

Lemke G, Rothlin CV. Immunobiology of the TAM receptors. Nat Rev
Immunol (2008) 8(5):327-36. doi:10.1038/nri2303

Kahn SE. The relative contributions of insulin resistance and beta-cell dysfunc-
tion to the pathophysiology of Type 2 diabetes. Diabetologia (2003) 46(1):3-19.
doi:10.4239/wjd.v6.14.598

Ceriello A, Motz E. Is oxidative stress the pathogenic mechanism under-
lying insulin resistance, diabetes, and cardiovascular disease? The common
soil hypothesis revisited. Arterioscler Thromb Vasc Biol (2004) 24(5):816-23.
doi:10.1161/01.ATV.0000122852.22604.78

Rudich A, Tirosh A, Potashnik R, Hemi R, Kanety H, Bashan N. Prolonged
oxidative stress impairs insulin-induced GLUT4 translocation in 3T3-L1
adipocytes. Diabetes (1998) 47(10):1562-9. doi:10.2337/diabetes.47.10.1562
Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are oxidative stress-
activated signaling pathways mediators of insulin resistance and beta-cell
dysfunction? Diabetes (2003) 52(1):1-8. doi:10.2337/diabetes.52.1.1

Zhang Z, Apse K, Pang J, Stanton RC. High glucose inhibits glucose-6-
phosphate dehydrogenase via cAMP in aortic endothelial cells. J Biol Chem
(2000) 275(51):40042-7. doi:10.1074/jbc.M007505200

Drummond GR, Sobey CG. Endothelial NADPH oxidases: which NOX to
target in vascular disease? Trends Endocrinol Metab (2014) 25(9):452-63.
doi:10.1016/j.tem.2014.06.012

Frontiers in Immunology | www.frontiersin.org

28

July 2015 | Volume 6 | Article 340


http://dx.doi.org/10.1161/HYPERTENSIONAHA.107.107268
http://dx.doi.org/10.1161/01.HYP.0000177436.09733.d4
http://dx.doi.org/10.1161/01.HYP.0000177436.09733.d4
http://dx.doi.org/10.1084/jem.106.3.439
http://dx.doi.org/10.1210/en.2003-0150
http://dx.doi.org/10.1096/fj.11-185470
http://dx.doi.org/10.1161/01.ATV.0000253889.09765.5f
http://dx.doi.org/10.1161/01.ATV.0000253889.09765.5f
http://dx.doi.org/10.1161/CIRCRESAHA.113.301077
http://dx.doi.org/10.1161/CIRCRESAHA.113.301077
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.013168
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.013168
http://dx.doi.org/10.1210/er.2003-0001
http://dx.doi.org/10.1097/HJH.0b013e328332b738
http://dx.doi.org/10.1097/00041552-200101000-00017
http://dx.doi.org/10.1097/00041552-200101000-00017
http://dx.doi.org/10.1024/0301-1526/a000387
http://dx.doi.org/10.1093/ndt/15.4.448
http://dx.doi.org/10.1161/01.CIR.89.1.493
http://dx.doi.org/10.1093/ndt/15.suppl_6.61
http://dx.doi.org/10.1146/annurev.ph.50.030188.002205
http://dx.doi.org/10.1007/s00424-014-1668-y
http://dx.doi.org/10.1097/MNH.0b013e3282f29028
http://dx.doi.org/10.1681/ASN.2006040356
http://dx.doi.org/10.1681/ASN.2006040356
http://dx.doi.org/10.1161/01.HYP.0000066129.12106.E2
http://dx.doi.org/10.1161/hy0102.100780
http://dx.doi.org/10.1161/hy0102.100780
http://dx.doi.org/10.1681/ASN.2009121236
http://dx.doi.org/10.1681/ASN.2014010085
http://dx.doi.org/10.1016/j.clim.2015.01.012
http://dx.doi.org/10.1056/NEJM199704103361506
http://dx.doi.org/10.1056/NEJM199704103361506
http://dx.doi.org/10.3389/fphys.2014.00212
http://dx.doi.org/10.1016/j.semnephrol.2012.06.009
http://dx.doi.org/10.1016/j.semnephrol.2012.06.009
http://dx.doi.org/10.1046/j.1523-1755.2002.00365.x
http://dx.doi.org/10.1159/000102551
http://dx.doi.org/10.1159/000102551
http://dx.doi.org/10.1097/CRD.0b013e3181b18e03
http://dx.doi.org/10.1097/CRD.0b013e3181b18e03
http://dx.doi.org/10.1152/ajprenal.00458.2007
http://dx.doi.org/10.1152/ajprenal.00458.2007
http://dx.doi.org/10.1097/01.ASN.0000128966.55133.69
http://dx.doi.org/10.1097/01.ASN.0000128966.55133.69
http://dx.doi.org/10.1093/ndt/gfg111
http://dx.doi.org/10.1101/cshperspect.a009076
http://dx.doi.org/10.1038/nri2303
http://dx.doi.org/10.4239/wjd.v6.i4.598
http://dx.doi.org/10.1161/01.ATV.0000122852.22604.78
http://dx.doi.org/10.2337/diabetes.47.10.1562
http://dx.doi.org/10.2337/diabetes.52.1.1
http://dx.doi.org/10.1074/jbc.M007505200
http://dx.doi.org/10.1016/j.tem.2014.06.012
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Gajjala et al.

CKD, DM, CVD

69.

70.

Eelen G, de Zeeuw P, Simons M, Carmeliet P. Endothelial cell metabolism in
normal and diseased vasculature. Circ Res (2015) 116(7):1231-44. d0i:10.1161/
CIRCRESAHA.116.302855

. Lorenzi M. The polyol pathway as a mechanism for diabetic retinopathy:

attractive, elusive, and resilient. Exp Diabetes Res (2007) 2007:61038. doi:10.
1155/2007/61038

92.

93.

Lan A, Du J. Potential role of Akt signaling in chronic kidney disease. Nephrol
Dial Transplant (2015) 30(3):385-94. doi:10.1093/ndt/gful96

Vindevoghel L, Lechleider R], Kon A, de Caestecker MP, Uitto ], Roberts
AB, et al. SMAD3/4-dependent transcriptional activation of the human type
VII collagen gene (COL7A1) promoter by transforming growth factor beta.
Proc Natl Acad Sci U S A (1998) 95(25):14769-74. doi:10.1073/pnas.95.25.

71. Chuah YK, Basir R, Talib H, Tie TH, Nordin N. Receptor for advanced 14769
glycation end products and its involvement in inflammatory diseases. Int | 94. Wu CF, Chiang WG, Lai CE, Chang FC, Chen YT, Chou YH, et al. Transform-
Inflam (2013) 2013:403460. doi:10.1155/2013/403460 ing growth factor beta-1 stimulates profibrotic epithelial signaling to activate
72. Goldin A, Beckman JA, Schmidt AM, Creager MA. Advanced glycation end pericyte-myofibroblast transition in obstructive kidney fibrosis. Am J Pathol
products: sparking the development of diabetic vascular injury. Circulation (2013) 182(1):118-31. doi:10.1016/j.ajpath.2012.09.009
(2006) 114(6):597-605. d0i:10.1161/CIRCULATIONAHA.106.621854 95. Lopez-Hernandez FJ, Lopez-Novoa JM. Role of TGF-beta in chronic kidney
73. Moore K], Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic disease: an integration of tubular, glomerular and vascular effects. Cell Tissue
balance. Nat Rev Immunol (2013) 13(10):709-21. d0i:10.1038/nri3520 Res (2012) 347(1):141-54. doi:10.1007/s00441-011-1275-6
74. Chavakis T, Bierhaus A, Al-Fakhri N, Schneider D, Witte S, Linn T, et al. 96. Chung AC, Zhang H, Kong YZ, Tan JJ, Huang XR, Kopp JB, et al. Advanced
The pattern recognition receptor (RAGE) is a counterreceptor for leukocyte glycation end-products induce tubular CTGF via TGEF-beta-independent
integrins: a novel pathway for inflammatory cell recruitment. ] Exp Med (2003) Smad3 signaling. ] Am Soc Nephrol (2010) 21(2):249-60. doi:10.1681/ASN.
198(10):1507-15. doi:10.1084/jem.20030800 2009010018
75. Cooke JP. Does ADMA cause endothelial dysfunction? Arterioscler Thromb 97. Yang F, Huang XR, Chung AC, Hou CC, Lai KN, Lan HY. Essential role for
Vasc Biol (2000) 20(9):2032-7. doi:10.1161/01.ATV.20.9.2032 Smad3 in angiotensin II-induced tubular epithelial-mesenchymal transition.
76. Tang X, Luo YX, Chen HZ, Liu DP. Mitochondria, endothelial cell function, J Pathol (2010) 221(4):390-401. doi:10.1002/path.2721
and vascular diseases. Front Physiol (2014) 5:175. doi:10.3389/fphys.2014. 98. Liu Y. New insights into epithelial-mesenchymal transition in kidney fibrosis.
00175 J Am Soc Nephrol (2010) 21(2):212-22. doi:10.1681/ASN.2008121226
77. Xu H, Sjégren P, Arnlév J, Banerjee T, Cederholm T, Risérus U, et al. A 99. Lecru L, Desterke C, Grassin-Delyle S, Chatziantoniou C, Vandermeersch S,
proinflammatory diet is associated with systemic inflammation and reduced Devocelle A, et al. Cannabinoid receptor 1 is a major mediator of renal fibrosis.
kidney function in elderly adults. J Nutr (2015) 145(4):729-35. doi:10.3945/jn. Kidney Int (2015). doi:10.1038/ki.2015.63
114.205187 100. Huang XR, Chung AC, Wang XJ, Lai KN, Lan HY. Mice overexpressing
78. Bonventre JV. Dedifferentiation and proliferation of surviving epithelial cells latent TGF-betal are protected against renal fibrosis in obstructive kidney dis-
in acute renal failure. ] Am Soc Nephrol (2003) 14(Suppl 1):S55-61. doi:10. ease. Am ] Physiol Renal Physiol (2008) 295(1):F118-27. doi:10.1152/ajprenal.
1097/01.ASN.0000067652.51441.21 00021.2008
79. Wynn TA. Fibrosis under arrest. Nat Med (2010) 16(5):523-5. doi:10.1038/ 101. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways
nm0510-523 in TGF-beta family signalling. Nature (2003) 425(6958):577-84. doi:10.1038/
80. Yu E Wu LH, Tan Y, Li LH, Wang CL, Wang WK, et al. Tubulointerstitial nature02006
lesions of patients with lupus nephritis classified by the 2003 international =~ 102. Li Y, Tan X, Dai C, Stolz DB, Wang D, Liu Y. Inhibition of integrin-
society of nephrology and renal pathology society system. Kidney Int (2010) linked kinase attenuates renal interstitial fibrosis. ] Am Soc Nephrol (2009)
77(9):820-9. doi:10.1038/ki.2010.13 20(9):1907-18. doi:10.1681/ASN.2008090930
81. LeBleu VS, Taduri G, O’Connell ], Teng Y, Cooke VG, Woda C, et al. Origin and 103. Loeffler I, Wolf G. Transforming growth factor-beta and the progression of
function of myofibroblasts in kidney fibrosis. Nat Med (2013) 19(8):1047-53. renal disease. Nephrol Dial Transplant (2014) 29(Suppl 1):i37-45. d0i:10.1093/
d0i:10.1038/nm.3218 ndt/gft267
82. Eddy AA. Overview of the cellular and molecular basis of kidney fibrosis. 104. Bakin AV, Tomlinson AK, Bhowmick NA, Moses HL, Arteaga CL. Phos-
Kidney Int Suppl (2011) (2014) 4(1):2-8. doi:10.1038/kisup.2014.2 phatidylinositol 3-kinase function is required for transforming growth factor
83. Mezni I, Galichon P, Bacha MM, Sfar I, Hertig A, Goucha R, et al. [The beta-mediated epithelial to mesenchymal transition and cell migration. J Biol
epithelial-mesenchymal transition and fibrosis of the renal transplant]. Med Chem (2000) 275(47):36803-10. doi:10.1074/jbc.M005912200
Sci (Paris) (2015) 31(1):68-74. doi:10.1051/medsci/20153101015 105. Ghosh Choudhury G, Abboud HE. Tyrosine phosphorylation-dependent
84. Duffield JS, Lupher M, Thannickal V], Wynn TA. Host responses in tis- PI 3 kinase/Akt signal transduction regulates TGFbeta-induced fibronectin
sue repair and fibrosis. Annu Rev Pathol (2013) 8:241-76. doi:10.1146/ expression in mesangial cells. Cell Signal (2004) 16(1):31-41. doi:10.1016/
annurev-pathol-020712-163930 S0898-6568(03)00094-9
85. Qi W, Chen X, Poronnik P, Pollock CA. The renal cortical fibroblast in renal ~ 106. Mahimainathan L, Das F Venkatesan B, Choudhury GG. Mesangial
tubulointerstitial fibrosis. Int ] Biochem Cell Biol (2006) 38(1):1-5.d0i:10.1016/ cell hypertrophy by high glucose is mediated by downregulation of the
j-biocel.2005.09.005 tumor suppressor PTEN. Diabetes (2006) 55(7):2115-25. doi:10.2337/
86. Wang N, Liang H, Zen K. Molecular mechanisms that influence the db05-1326
macrophage m1-m2 polarization balance. Front Immunol (2014) 5:614. doi:10. 107. Wolf G. Link between angiotensin II and TGF-beta in the kidney. Miner
3389/fimmu.2014.00614 Electrolyte Metab (1998) 24(2-3):174-80. doi:10.1159/000057367
87. Christensen EI, Birn H, Storm T, Weyer K, Nielsen R. Endocytic receptors in 108. Huang Y, Wongamorntham S, Kasting J, McQuillan D, Owens RT, Yu
the renal proximal tubule. Physiology (Bethesda) (2012) 27(4):223-36. doi:10. L, et al. Renin increases mesangial cell transforming growth factor-betal
1152/physiol.00022.2012 and matrix proteins through receptor-mediated, angiotensin II-independent
88. Meng XM, Tang PM, Li ], Lan HY. TGF-beta/Smad signaling in renal fibrosis. mechanisms. Kidney Int (2006) 69(1):105-13. doi:10.1038/sj.ki.5000011
Front Physiol (2015) 6:82. doi:10.3389/fphys.2015.00082 109. Rodriguez-Vita J, Sanchez-Lopez E, Esteban V, Rupérez M, Egido ], Ruiz-
89. Orphanides C, Fine LG, Norman JT. Hypoxia stimulates proximal tubular Ortega M. Angiotensin II activates the Smad pathway in vascular smooth
cell matrix production via a TGF-betal-independent mechanism. Kidney Int muscle cells by a transforming growth factor-beta-independent mecha-
(1997) 52(3):637-47. doi:10.1038/ki.1997.377 nism. Circulation (2005) 111(19):2509-17. doi:10.1161/01.CIR.0000165133.
90. Wolf G. Renal injury due to renin-angiotensin-aldosterone system activa- 84978.E2
tion of the transforming growth factor-beta pathway. Kidney Int (2006) 110. Abrahamsen CT, Pullen MA, Schnackenberg CG, Grygielko ET, Edwards
70(11):1914-9. doi:10.1038/sj.ki.5001846 RM, Laping NJ, et al. Effects of angiotensins II and IV on blood pressure,
91. Shin DM, Jeon JH, Kim CW, Cho SY, Lee HJ, Jang GY, et al. TGFbeta renal function, and PAI-1 expression in the heart and kidney of the rat.
mediates activation of transglutaminase 2 in response to oxidative stress that Pharmacology (2002) 66(1):26-30. doi:10.1159/000063252
leads to protein aggregation. FASEB ] (2008) 22(7):2498-507. doi:10.1096/fj. 111. Wolf G, Mentzel S, Assmann KJ. Aminopeptidase A: a key enzyme in the
07-095455 intrarenal degradation of angiotensin II. Exp Nephrol (1997) 5(5):364-9.
Frontiers in Immunology | www.frontiersin.org 29 July 2015 | Volume 6 | Article 340


http://dx.doi.org/10.1161/CIRCRESAHA.116.302855
http://dx.doi.org/10.1161/CIRCRESAHA.116.302855
http://dx.doi.org/10.1155/2007/61038
http://dx.doi.org/10.1155/2007/61038
http://dx.doi.org/10.1155/2013/403460
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.621854
http://dx.doi.org/10.1038/nri3520
http://dx.doi.org/10.1084/jem.20030800
http://dx.doi.org/10.1161/01.ATV.20.9.2032
http://dx.doi.org/10.3389/fphys.2014.00175
http://dx.doi.org/10.3389/fphys.2014.00175
http://dx.doi.org/10.3945/jn.114.205187
http://dx.doi.org/10.3945/jn.114.205187
http://dx.doi.org/10.1097/01.ASN.0000067652.51441.21
http://dx.doi.org/10.1097/01.ASN.0000067652.51441.21
http://dx.doi.org/10.1038/nm0510-523
http://dx.doi.org/10.1038/nm0510-523
http://dx.doi.org/10.1038/ki.2010.13
http://dx.doi.org/10.1038/nm.3218
http://dx.doi.org/10.1038/kisup.2014.2
http://dx.doi.org/10.1051/medsci/20153101015
http://dx.doi.org/10.1146/annurev-pathol-020712-163930
http://dx.doi.org/10.1146/annurev-pathol-020712-163930
http://dx.doi.org/10.1016/j.biocel.2005.09.005
http://dx.doi.org/10.1016/j.biocel.2005.09.005
http://dx.doi.org/10.3389/fimmu.2014.00614
http://dx.doi.org/10.3389/fimmu.2014.00614
http://dx.doi.org/10.1152/physiol.00022.2012
http://dx.doi.org/10.1152/physiol.00022.2012
http://dx.doi.org/10.3389/fphys.2015.00082
http://dx.doi.org/10.1038/ki.1997.377
http://dx.doi.org/10.1038/sj.ki.5001846
http://dx.doi.org/10.1096/fj.07-095455
http://dx.doi.org/10.1096/fj.07-095455
http://dx.doi.org/10.1093/ndt/gfu196
http://dx.doi.org/10.1073/pnas.95.25.14769
http://dx.doi.org/10.1073/pnas.95.25.14769
http://dx.doi.org/10.1016/j.ajpath.2012.09.009
http://dx.doi.org/10.1007/s00441-011-1275-6
http://dx.doi.org/10.1681/ASN.2009010018
http://dx.doi.org/10.1681/ASN.2009010018
http://dx.doi.org/10.1002/path.2721
http://dx.doi.org/10.1681/ASN.2008121226
http://dx.doi.org/10.1038/ki.2015.63
http://dx.doi.org/10.1152/ajprenal.00021.2008
http://dx.doi.org/10.1152/ajprenal.00021.2008
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.1038/nature02006
http://dx.doi.org/10.1681/ASN.2008090930
http://dx.doi.org/10.1093/ndt/gft267
http://dx.doi.org/10.1093/ndt/gft267
http://dx.doi.org/10.1074/jbc.M005912200
http://dx.doi.org/10.1016/S0898-6568(03)00094-9
http://dx.doi.org/10.1016/S0898-6568(03)00094-9
http://dx.doi.org/10.2337/db05-1326
http://dx.doi.org/10.2337/db05-1326
http://dx.doi.org/10.1159/000057367
http://dx.doi.org/10.1038/sj.ki.5000011
http://dx.doi.org/10.1161/01.CIR.0000165133.84978.E2
http://dx.doi.org/10.1161/01.CIR.0000165133.84978.E2
http://dx.doi.org/10.1159/000063252
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Gajjala et al.

CKD, DM, CVD

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Galichon P, Finianos S, Hertig A. EMT-MET in renal disease: should we
curb our enthusiasm? Cancer Lett (2013) 341(1):24-9. doi:10.1016/j.canlet.
2013.04.018

Gajjala PR, Fliser D, Speer T, Jankowski V, Jankowski J. Emerging role of
post-translational modifications in chronic kidney disease and cardiovascular
disease. Nephrol Dial Transplant (2015). doi:10.1093/ndt/gfv048

Speer T, Owala FO, Holy EW, Zewinger S, Frenzel FL, Stihli BE, et al.
Carbamylated low-density lipoprotein induces endothelial dysfunction. Eur
Heart ] (2014) 35(43):3021-32. doi:10.1093/eurheartj/ehulll

Mulé¢ G, Nardi E, Guarino L, Cacciatore V, Geraci G, Calcaterra I, et al.
Plasma aldosterone and its relationship with left ventricular mass in hyper-
tensive patients with early-stage chronic kidney disease. Hypertens Res (2015)
38(4):276-83. d0i:10.1038/hr.2014.171

Chao CT, Chiang CK. Uremic toxins, oxidative stress, and renal fibrosis:
an interwined complex. ] Ren Nutr (2015) 25(2):155-9. doi:10.1053/j.jrn.2014.
10.010

Lin CJ, Pan CE Liu HL, Chuang CK, Jayakumar T, Wang TJ, et al. The role
of protein-bound uremic toxins on peripheral artery disease and vascular
access failure in patients on hemodialysis. Atherosclerosis (2012) 225(1):173-9.
doi:10.1016/j.atherosclerosis.2012.07.012

Peng YS, Ding HC, Lin YT, Syu JP, Chen Y, Wang SM. Uremic toxin p-cresol
induces disassembly of gap junctions of cardiomyocytes. Toxicology (2012)
302(1):11-7. doi:10.1016/j.t0x.2012.07.004

Bernal-Mizrachi L, Jy W, Jimenez JJ, Pastor J, Mauro LM, Horstman LL,
et al. High levels of circulating endothelial microparticles in patients with
acute coronary syndromes. Am Heart ] (2003) 145(6):962-70. doi:10.1016/
$0002-8703(03)00103-0

Simak J, Gelderman MP, Yu H, Wright V, Baird AE. Circulating endothelial
microparticles in acute ischemic stroke: a link to severity, lesion volume and
outcome. ] Thromb Haemost (2006) 4(6):1296-302. doi:10.1111/j.1538-7836.
2006.01911.x

Chirinos JA, Heresi GA, Velasquez H, Jy W, Jimenez JJ, Ahn E, et al. Elevation
of endothelial microparticles, platelets, and leukocyte activation in patients
with venous thromboembolism. ] Am Coll Cardiol (2005) 45(9):1467-71.
doi:10.1016/j.jacc.2004.12.075

Meijers BK, Van Kerckhoven S, Verbeke K, Dehaen W, Vanrenterghem Y,
Hoylaerts MF, et al. The uremic retention solute p-cresyl sulfate and markers
of endothelial damage. Am ] Kidney Dis (2009) 54(5):891-901. doi:10.1053/j.
ajkd.2009.04.022

Dou L, Jourde-Chiche N, Faure V, Cerini C, Berland Y, Dignat-George F, et al.
The uremic solute indoxyl sulfate induces oxidative stress in endothelial cells.
J Thromb Haemost (2007) 5(6):1302-8. doi:10.1111/j.1538-7836.2007.02540.x
Yisireyili M, Saito S, Abudureyimu S, Adelibieke Y, Ng HY, Nishijima E
et al. Indoxyl sulfate-induced activation of (pro)renin receptor promotes cell
proliferation and tissue factor expression in vascular smooth muscle cells. PLoS
One (2014) 9(10):€109268. doi:10.1371/journal.pone.0109268

Yamamoto H, Tsuruoka S, Ioka T, Ando H, Ito C, Akimoto T, et al. Indoxyl
sulfate stimulates proliferation of rat vascular smooth muscle cells. Kidney Int
(2006) 69(10):1780-5. doi:10.1038/sj.ki.5000340

Lekawanvijit S, Adrahtas A, Kelly D], Kompa AR, Wang BH, Krum H. Does
indoxyl sulfate, a uraemic toxin, have direct effects on cardiac fibroblasts and
myocytes? Eur Heart ] (2010) 31(14):1771-9. doi:10.1093/eurheartj/ehp574
Sun CY, Young GH, Hsieh YT, Chen YH, Wu MS, Wu VC, et al. Protein-bound
uremic toxins induce tissue remodeling by targeting the EGF receptor. ] Am
Soc Nephrol (2015) 26(2):281-90. doi:10.1681/ASN.2014010021

Schuchardt M, Télle M, Priifer ], Priifer N, Huang T, Jankowski V, et al. Uridine
adenosine tetraphosphate activation of the purinergic receptor P2Y enhances
in vitro vascular calcification. Kidney Int (2012) 81(3):256-65. doi:10.1038/ki.
2011.326

Jankowski V, Télle M, Vanholder R, Schénfelder G, van der Giet M, Hen-
ning L, et al. Uridine adenosine tetraphosphate: a novel endothelium-derived
vasoconstrictive factor. Nat Med (2005) 11(2):223-7. d0i:10.1038/nm1188
Schuchardt M, Priifer J, Priifer N, Wiedon A, Huang T, Chebli M, et al.
The endothelium-derived contracting factor uridine adenosine tetraphosphate
induces P2Y(2)-mediated pro-inflammatory signaling by monocyte chemoat-
tractant protein-1 formation. ] Mol Med (Berl) (2011) 89(8):799-810. doi:10.
1007/s00109-011-0750-6

Scholze A, Jankowski V, Henning L, Haass W, Wittstock A, Suvd-Erdene S,
et al. Phenylacetic acid and arterial vascular properties in patients with chronic

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

kidney disease stage 5 on hemodialysis therapy. Nephron Clin Pract (2007)
107(1):c1-6. doi:10.1159/000105137

Schmidt S, Westhoff TH, Krauser P, Ignatius R, Jankowski ], Jankowski V; et al.
The uraemic toxin phenylacetic acid impairs macrophage function. Nephrol
Dial Transplant (2008) 23(11):3485-93. doi:10.1093/ndt/gfn266

Jankowski ], van der Giet M, Jankowski V, Schmidt S, Hemeier M, Mahn
B, et al. Increased plasma phenylacetic acid in patients with end-stage renal
failure inhibits iNOS expression. J Clin Invest (2003) 112(2):256-64. doi:10.
1172/JCI200315524

Belmadani S, Matrougui K. Can the NK family of osteoblast homeodomain
transcription factors signaling be a magic bullet to reverse calcification-
induced vasculopathy in diabetes? Diabetes (2014) 63(12):4011-2. doi:10.
2337/db14-1366

Shanahan CM, Crouthamel MH, Kapustin A, Giachelli CM. Arterial calcifica-
tion in chronic kidney disease: key roles for calcium and phosphate. Circ Res
(2011) 109(6):697-711. doi:10.1161/CIRCRESAHA.110.234914

Moe SM, Chen NX. Mechanisms of vascular calcification in chronic kidney
disease. ] Am Soc Nephrol (2008) 19(2):213-6. doi:10.1681/ASN.2007080854
Maziére C, Savitsky V, Galmiche A, Gomila C, Massy Z, Maziére JC. Oxidized
low density lipoprotein inhibits phosphate signaling and phosphate-induced
mineralization in osteoblasts. Involvement of oxidative stress. Biochim Biophys
Acta (2010) 1802(11):1013-9. doi:10.1016/j.bbadis.2010.07.010

Poggio P, Grau JB, Field BC, Sainger R, Seefried WE Rizzolio E et al.
Osteopontin controls endothelial cell migration in vitro and in excised human
valvular tissue from patients with calcific aortic stenosis and controls. J Cell
Physiol (2011) 226(8):2139-49. doi:10.1002/jcp.22549

Salem S, Bruck H, Bahlmann FH, Peter M, Passlick-Deetjen ], Kretschmer
A, et al. Relationship between magnesium and clinical biomarkers on inhi-
bition of vascular calcification. Am J Nephrol (2012) 35(1):31-9. doi:10.1159/
000334742

Menendez-Castro C, Hilgers KF, Amann K, Daniel C, Cordasic N, Wachtveitl
R, et al. Intrauterine growth restriction leads to a dysregulation of Wilms’
tumour supressor gene 1 (WT1) and to early podocyte alterations. Nephrol Dial
Transplant (2013) 28(6):1407-17. doi:10.1093/ndt/gfs517

Rennenberg RJ, Schurgers L], Kroon AA, Stehouwer CD. Arterial calcifica-
tions. J Cell Mol Med (2010) 14(9):2203-10. doi:10.1111/j.1582-4934.2010.
01139.x

Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani P, et al.
Suppression of aging in mice by the hormone Klotho. Science (2005)
309(5742):1829-33. doi:10.1126/science.1112766

Rattazzi M, Bertacco E, Del Vecchio A, Puato M, Faggin E, Pauletto P. Aortic
valve calcification in chronic kidney disease. Nephrol Dial Transplant (2013)
28(12):2968-76. doi:10.1093/ndt/gft310

Ichikawa S, Imel EA, Kreiter ML, Yu X, Mackenzie DS, Sorenson AH, et al.
A homozygous missense mutation in human KLOTHO causes severe tumoral
calcinosis. J Clin Invest (2007) 117(9):2684-91. doi:10.1172/JCI31330

Seiler S, Reichart B, Roth D, Seibert E, Fliser D, Heine GH. FGF-23 and
future cardiovascular events in patients with chronic kidney disease before
initiation of dialysis treatment. Nephrol Dial Transplant (2010) 25(12):3983-9.
doi:10.1093/ndt/gfq309

Larrivée B, Prahst C, Gordon E, del Toro R, Mathivet T, Duarte A, et al. ALK1
signaling inhibits angiogenesis by cooperating with the Notch pathway. Dev
Cell (2012) 22(3):489-500. d0i:10.1016/j.devcel.2012.02.005

Takei S, Ichikawa H, Johkura K, Mogi A, No H, Yoshie S, et al. Bone mor-
phogenetic protein-4 promotes induction of cardiomyocytes from human
embryonic stem cells in serum-based embryoid body development. Am |
Physiol Heart Circ Physiol (2009) 296(6):H1793-803. doi:10.1152/ajpheart.
01288.2008

Liberman M, Johnson RC, Handy DE, Loscalzo ], Leopold JA. Bone morpho-
genetic protein-2 activates NADPH oxidase to increase endoplasmic reticulum
stress and human coronary artery smooth muscle cell calcification. Biochem
Biophys Res Commun (2011) 413(3):436-41. doi:10.1016/j.bbrc.2011.08.114
Brandenburg VM, Sinha S, Specht P, Ketteler M. Calcific uraemic arteri-
olopathy: a rare disease with a potentially high impact on chronic kidney
disease-mineral and bone disorder. Pediatr Nephrol (2014) 29(12):2289-98.
do0i:10.1007/s00467-013-2746-7

Kriiger T, Oelenberg S, Kaesler N, Schurgers L], van de Sandt AM, Boor P,
et al. Warfarin induces cardiovascular damage in mice. Arterioscler Thromb
Vasc Biol (2013) 33(11):2618-24. doi:10.1161/ATVBAHA.113.302244

Frontiers in Immunology | www.frontiersin.org

July 2015 | Volume 6 | Article 340


http://dx.doi.org/10.1016/j.canlet.2013.04.018
http://dx.doi.org/10.1016/j.canlet.2013.04.018
http://dx.doi.org/10.1093/ndt/gfv048
http://dx.doi.org/10.1093/eurheartj/ehu111
http://dx.doi.org/10.1038/hr.2014.171
http://dx.doi.org/10.1053/j.jrn.2014.10.010
http://dx.doi.org/10.1053/j.jrn.2014.10.010
http://dx.doi.org/10.1016/j.atherosclerosis.2012.07.012
http://dx.doi.org/10.1016/j.tox.2012.07.004
http://dx.doi.org/10.1016/S0002-8703(03)00103-0
http://dx.doi.org/10.1016/S0002-8703(03)00103-0
http://dx.doi.org/10.1111/j.1538-7836.2006.01911.x
http://dx.doi.org/10.1111/j.1538-7836.2006.01911.x
http://dx.doi.org/10.1016/j.jacc.2004.12.075
http://dx.doi.org/10.1053/j.ajkd.2009.04.022
http://dx.doi.org/10.1053/j.ajkd.2009.04.022
http://dx.doi.org/10.1111/j.1538-7836.2007.02540.x
http://dx.doi.org/10.1371/journal.pone.0109268
http://dx.doi.org/10.1038/sj.ki.5000340
http://dx.doi.org/10.1093/eurheartj/ehp574
http://dx.doi.org/10.1681/ASN.2014010021
http://dx.doi.org/10.1038/ki.2011.326
http://dx.doi.org/10.1038/ki.2011.326
http://dx.doi.org/10.1038/nm1188
http://dx.doi.org/10.1007/s00109-011-0750-6
http://dx.doi.org/10.1007/s00109-011-0750-6
http://dx.doi.org/10.1159/000105137
http://dx.doi.org/10.1093/ndt/gfn266
http://dx.doi.org/10.1172/JCI200315524
http://dx.doi.org/10.1172/JCI200315524
http://dx.doi.org/10.2337/db14-1366
http://dx.doi.org/10.2337/db14-1366
http://dx.doi.org/10.1161/CIRCRESAHA.110.234914
http://dx.doi.org/10.1681/ASN.2007080854
http://dx.doi.org/10.1016/j.bbadis.2010.07.010
http://dx.doi.org/10.1002/jcp.22549
http://dx.doi.org/10.1159/000334742
http://dx.doi.org/10.1159/000334742
http://dx.doi.org/10.1093/ndt/gfs517
http://dx.doi.org/10.1111/j.1582-4934.2010.01139.x
http://dx.doi.org/10.1111/j.1582-4934.2010.01139.x
http://dx.doi.org/10.1126/science.1112766
http://dx.doi.org/10.1093/ndt/gft310
http://dx.doi.org/10.1172/JCI31330
http://dx.doi.org/10.1093/ndt/gfq309
http://dx.doi.org/10.1016/j.devcel.2012.02.005
http://dx.doi.org/10.1152/ajpheart.01288.2008
http://dx.doi.org/10.1152/ajpheart.01288.2008
http://dx.doi.org/10.1016/j.bbrc.2011.08.114
http://dx.doi.org/10.1007/s00467-013-2746-7
http://dx.doi.org/10.1161/ATVBAHA.113.302244
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Gajjala et al.

CKD, DM, CVD

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

McCabe KM, Booth SL, Fu X, Shobeiri N, Pang JJ, Adams MA, et al. Dietary
vitamin K and therapeutic warfarin alter the susceptibility to vascular calcifica-
tion in experimental chronic kidney disease. Kidney Int (2013) 83(5):835-44.
doi:10.1038/ki.2012.477

Voelkl J, Alesutan I, Leibrock CB, Quintanilla-Martinez L, Kuhn V, Feger M,
et al. Spironolactone ameliorates PIT1-dependent vascular osteoinduction in
klotho-hypomorphic mice. J Clin Invest (2013) 123(2):812-22. doi:10.1172/
JCI164093

Barreto FC, Barreto DV, Liabeuf S, Meert N, Glorieux G, Temmar M, et al.
Serum indoxyl sulfate is associated with vascular disease and mortality in
chronic kidney disease patients. Clin ] Am Soc Nephrol (2009) 4(10):1551-8.
doi:10.2215/CJN.03980609

Villa-Bellosta R, Wang X, Millan JL, Dubyak GR, O’Neill WC. Extracellu-
lar pyrophosphate metabolism and calcification in vascular smooth muscle.
Am ] Physiol Heart Circ Physiol (2011) 301(1):H61-8. doi:10.1152/ajpheart.
01020.2010

Villa-Bellosta R, Rivera-Torres J, Osorio FG, Acin-Pérez R, Enriquez JA,
Lopez-Otin C, et al. Defective extracellular pyrophosphate metabolism pro-
motes vascular calcification in a mouse model of Hutchinson-Gilford progeria
syndrome that is ameliorated on pyrophosphate treatment. Circulation (2013)
127(24):2442-51. doi:10.1161/CIRCULATIONAHA.112.000571

De Schutter TM, Behets GJ, Geryl H, Peter ME, Steppan S, Gundlach K, et al.
Effect of a magnesium-based phosphate binder on medial calcification in a rat
model of uremia. Kidney Int (2013) 83(6):1109-17. do0i:10.1038/ki.2013.34
Tonelli M, Curhan G, Pfeffer M, Sacks F, Thadhani R, Melamed ML, et al.
Relation between alkaline phosphatase, serum phosphate, and all-cause or
cardiovascular mortality. Circulation (2009) 120(18):1784-92. doi:10.1161/
CIRCULATIONAHA.109.851873

Shroff R, Long DA, Shanahan C. Mechanistic insights into vascular calci-
fication in CKD. ] Am Soc Nephrol (2013) 24(2):179-89. doi:10.1681/ASN.
2011121191

Shroff RC, McNair R, Skepper JN, Figg N, Schurgers LJ, Deanfield J,
et al. Chronic mineral dysregulation promotes vascular smooth muscle cell
adaptation and extracellular matrix calcification. ] Am Soc Nephrol (2010)
21(1):103-12. doi:10.1681/ASN.2009060640

Sage AP, Lu J, Tintut Y, Demer LL. Hyperphosphatemia-induced nanocrystals
upregulate the expression of bone morphogenetic protein-2 and osteopontin
genes in mouse smooth muscle cells in vitro. Kidney Int (2011) 79(4):414-22.
do0i:10.1038/ki.2010.390

Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work
Group. KDIGO clinical practice guideline for the diagnosis, evaluation, pre-
vention, and treatment of chronic kidney disease-mineral and bone disorder
(CKD-MBD). Kidney Int Suppl (2009) 113:51-130. doi:10.1038/ki.2009.188
Spiegel DM, Brady K. Calcium balance in normal individuals and in patients
with chronic kidney disease on low- and high-calcium diets. Kidney Int (2012)
81(11):1116-22. doi:10.1038/ki.2011.490

Kapustin AN, Davies JD, Reynolds JL, McNair R, Jones GT, Sidibe A, et al.
Calcium regulates key components of vascular smooth muscle cell-derived
matrix vesicles to enhance mineralization. Circ Res (2011) 109(1):e1-12.
doi:10.1161/CIRCRESAHA.110.238808

Van Laecke S, Nagler EV, Verbeke F, Van Biesen W, Vanholder R. Hypomag-
nesemia and the risk of death and GFR decline in chronic kidney disease. Am
J Med (2013) 126(9):825-31. doi:10.1016/j.amjmed.2013.02.036

Moe SM, Chertow GM. The case against calcium-based phosphate binders.
Clin ] Am Soc Nephrol (2006) 1(4):697-703. doi:10.2215/CJN.00560206
Spiegel DM. Magnesium in chronic kidney disease: unanswered questions.
Blood Purif (2011) 31(1-3):172-6. d0i:10.1159/000321837

Wu-Wong JR, Noonan W, Ma J, Dixon D, Nakane M, Bolin AL, et al. Role
of phosphorus and vitamin D analogs in the pathogenesis of vascular cal-
cification. J Pharmacol Exp Ther (2006) 318(1):90-8. doi:10.1124/jpet.106.
101261

Becker LE, Koleganova N, Piecha G, Noronha IL, Zeier M, Geldyyev A,
et al. Effect of paricalcitol and calcitriol on aortic wall remodeling in
uninephrectomized ApoE knockout mice. Am ] Physiol Renal Physiol (2011)
300(3):F772-82. doi:10.1152/ajprenal.00042.2010

Jono S, Nishizawa Y, Shioi A, Morii H. 1,25-Dihydroxyvitamin D3 increases
in vitro vascular calcification by modulating secretion of endogenous parathy-
roid hormone-related peptide. Circulation (1998) 98(13):1302-6. doi:10.1161/
01.CIR.98.13.1302

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Mizobuchi M, Finch JL, Martin DR, Slatopolsky E. Differential effects of
vitamin D receptor activators on vascular calcification in uremic rats. Kidney
Int (2007) 72(6):709-15. doi:10.1038/sj.ki.5002406

Ohnishi M, Nakatani T, Lanske B, Razzaque MS. Reversal of mineral ion
homeostasis and soft-tissue calcification of klotho knockout mice by deletion
of vitamin D lalpha-hydroxylase. Kidney Int (2009) 75(11):1166-72. doi:10.
1038/ki.2009.24

Desjardins L, Liabeuf S, Renard C, Lenglet A, Lemke HD, Choukroun G,
et al. FGF23 is independently associated with vascular calcification but not
bone mineral density in patients at various CKD stages. Osteoporos Int (2012)
23(7):2017-25. doi:10.1007/s00198-011-1838-0

Shalhoub V, Shatzen EM, Ward SC, Davis J, Stevens J, Bi V, et al. FGF23 neu-
tralization improves chronic kidney disease-associated hyperparathyroidism
yet increases mortality. J Clin Invest (2012) 122(7):2543-53. doi:10.1172/
JCI61405

Scialla JJ, Lau WL, Reilly MP, Isakova T, Yang HY, Crouthamel MH, et al.
Fibroblast growth factor 23 is not associated with and does not induce arterial
calcification. Kidney Int (2013) 83(6):1159-68. doi:10.1038/ki.2013.3

Jean G, Bresson E, Lorriaux C, Mayor B, Hurot JM, Deleaval P, et al. Increased
levels of serum parathyroid hormone and fibroblast growth factor-23 are
the main factors associated with the progression of vascular calcification in
long-hour hemodialysis patients. Nephron Clin Pract (2012) 120(3):c132-8.
doi:10.1159/000334424

Davies MR, Lund R], Mathew S, Hruska KA. Low turnover osteodystrophy and
vascular calcification are amenable to skeletal anabolism in an animal model of
chronic kidney disease and the metabolic syndrome. ] Am Soc Nephrol (2005)
16(4):917-28. doi:10.1681/ASN.2004100835

Lilly SM, Qasim AN, Mulvey CK, Churchill TW, Reilly MP, Eraso LH. Non-
compressible arterial disease and the risk of coronary calcification in type-
2 diabetes. Atherosclerosis (2013) 230(1):17-22. doi:10.1016/j.atherosclerosis.
2013.06.004

Patsch JM, Zulliger MA, Vilayphou N, Samelson EJ, Cejka D, Diarra D, et al.
Quantification of lower leg arterial calcifications by high-resolution peripheral
quantitative computed tomography. Bone (2014) 58:42-7. d0i:10.1016/j.bone.
2013.08.006

Yoshida T, Yamashita M, Horimai C, Hayashi M. High glucose concen-
tration does not modulate the formation of arterial medial calcification
in experimental uremic rats. J Vasc Res (2013) 50(6):512-20. doi:10.1159/
000355263

Al-Aly Z, Shao JS, Lai CE, Huang E, Cai ], Behrmann A, et al. Aortic Msx2-
Wnt calcification cascade is regulated by TNF-alpha-dependent signals in
diabetic Ldlr /'~ mice. Arterioscler Thromb Vasc Biol (2007) 27(12):2589-96.
doi:10.1161/ATVBAHA.107.153668

Chen NX, Duan D, O’'Neill KD, Moe SM. High glucose increases the expres-
sion of Cbfal and BMP-2 and enhances the calcification of vascular smooth
muscle cells. Nephrol Dial Transplant (2006) 21(12):3435-42. d0i:10.1093/ndt/
gfl429

Cheng SL, Behrmann A, Shao JS, Ramachandran B, Krchma K, Bello
Arredondo Y, et al. Targeted reduction of vascular Msx1 and Msx2 mit-
igates arteriosclerotic calcification and aortic stiffness in LDLR-deficient
mice fed diabetogenic diets. Diabetes (2014) 63(12):4326-37. doi:10.2337/
db14-0326

Ting TC, Miyazaki-Anzai S, Masuda M, Levi M, Demer LL, Tintut Y, et al.
Increased lipogenesis and stearate accelerate vascular calcification in calcifying
vascular cells. J Biol Chem (2011) 286(27):23938-49. doi:10.1074/jbc. M111.
237065

Kageyama A, Matsui H, Ohta M, Sambuichi K, Kawano H, Notsu T, et al.
Palmitic acid induces osteoblastic differentiation in vascular smooth muscle
cells through ACSL3 and NF-kappaB, novel targets of eicosapentaenoic acid.
PLoS One (2013) 8(6):e68197. doi:10.1371/journal.pone.0068197

Goettsch C, Rauner M, Hamann C, Sinningen K, Hempel U, Bornstein SR,
et al. Nuclear factor of activated T cells mediates oxidised LDL-induced calci-
fication of vascular smooth muscle cells. Diabetologia (2011) 54(10):2690-701.
d0i:10.1007/s00125-011-2219-0

Taylor ], Butcher M, Zeadin M, Politano A, Shaughnessy SG. Oxidized low-
density lipoprotein promotes osteoblast differentiation in primary cultures
of vascular smooth muscle cells by up-regulating Osterix expression in an
Msx2-dependent manner. J Cell Biochem (2011) 112(2):581-8. doi:10.1002/
jcb.22948

Frontiers in Immunology | www.frontiersin.org

July 2015 | Volume 6 | Article 340


http://dx.doi.org/10.1038/ki.2012.477
http://dx.doi.org/10.1172/JCI64093
http://dx.doi.org/10.1172/JCI64093
http://dx.doi.org/10.2215/CJN.03980609
http://dx.doi.org/10.1152/ajpheart.01020.2010
http://dx.doi.org/10.1152/ajpheart.01020.2010
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.000571
http://dx.doi.org/10.1038/ki.2013.34
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.851873
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.851873
http://dx.doi.org/10.1681/ASN.2011121191
http://dx.doi.org/10.1681/ASN.2011121191
http://dx.doi.org/10.1681/ASN.2009060640
http://dx.doi.org/10.1038/ki.2010.390
http://dx.doi.org/10.1038/ki.2009.188
http://dx.doi.org/10.1038/ki.2011.490
http://dx.doi.org/10.1161/CIRCRESAHA.110.238808
http://dx.doi.org/10.1016/j.amjmed.2013.02.036
http://dx.doi.org/10.2215/CJN.00560206
http://dx.doi.org/10.1159/000321837
http://dx.doi.org/10.1124/jpet.106.101261
http://dx.doi.org/10.1124/jpet.106.101261
http://dx.doi.org/10.1152/ajprenal.00042.2010
http://dx.doi.org/10.1161/01.CIR.98.13.1302
http://dx.doi.org/10.1161/01.CIR.98.13.1302
http://dx.doi.org/10.1038/sj.ki.5002406
http://dx.doi.org/10.1038/ki.2009.24
http://dx.doi.org/10.1038/ki.2009.24
http://dx.doi.org/10.1007/s00198-011-1838-0
http://dx.doi.org/10.1172/JCI61405
http://dx.doi.org/10.1172/JCI61405
http://dx.doi.org/10.1038/ki.2013.3
http://dx.doi.org/10.1159/000334424
http://dx.doi.org/10.1681/ASN.2004100835
http://dx.doi.org/10.1016/j.atherosclerosis.2013.06.004
http://dx.doi.org/10.1016/j.atherosclerosis.2013.06.004
http://dx.doi.org/10.1016/j.bone.2013.08.006
http://dx.doi.org/10.1016/j.bone.2013.08.006
http://dx.doi.org/10.1159/000355263
http://dx.doi.org/10.1159/000355263
http://dx.doi.org/10.1161/ATVBAHA.107.153668
http://dx.doi.org/10.1093/ndt/gfl429
http://dx.doi.org/10.1093/ndt/gfl429
http://dx.doi.org/10.2337/db14-0326
http://dx.doi.org/10.2337/db14-0326
http://dx.doi.org/10.1074/jbc.M111.237065
http://dx.doi.org/10.1074/jbc.M111.237065
http://dx.doi.org/10.1371/journal.pone.0068197
http://dx.doi.org/10.1007/s00125-011-2219-0
http://dx.doi.org/10.1002/jcb.22948
http://dx.doi.org/10.1002/jcb.22948
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Gajjala et al.

CKD, DM, CVD

187. Pai A, Leaf EM, El-Abbadi M, Giachelli CM. Elastin degradation and vascular
smooth muscle cell phenotype change precede cell loss and arterial medial
calcification in a uremic mouse model of chronic kidney disease. Am ] Pathol
(2011) 178(2):764-73. doi:10.1016/j.ajpath.2010.10.006

Byon CH, Javed A, Dai Q, Kappes JC, Clemens TL, Darley-Usmar VM, et al.
Oxidative stress induces vascular calcification through modulation of the
osteogenic transcription factor Runx2 by AKT signaling. J Biol Chem (2008)
283(22):15319-27. doi:10.1074/jbc.M800021200

Zhao G, Xu MJ, Zhao MM, Dai XY, Kong W, Wilson GM, et al. Activation of
nuclear factor-kappa B accelerates vascular calcification by inhibiting ankylo-
sis protein homolog expression. Kidney Int (2012) 82(1):34-44. doi:10.1038/
ki.2012.40

van der Velde M, Matsushita K, Coresh ], Astor BC, Woodward M, Levey A,
et al. Lower estimated glomerular filtration rate and higher albuminuria are
associated with all-cause and cardiovascular mortality. A collaborative meta-
analysis of high-risk population cohorts. Kidney Int (2011) 79(12):1341-52.
doi:10.1038/ki.2010.536

188.

189.

190.

191. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic kidney disease
and the risks of death, cardiovascular events, and hospitalization. N Engl ] Med
(2004) 351(13):1296-305. d0i:10.1056/NEJM0a041031

192. Culleton BE, Hemmelgarn BR. Is chronic kidney disease a cardiovascular
disease risk factor? Semin Dial (2003) 16(2):95-100. doi:10.1046/j.1525-139X.
2003.16024.x

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 © 2015 Gajjala, Sanati and Jankowski. 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.

Frontiers in Immunology | www.frontiersin.org

32

July 2015 | Volume 6 | Article 340


http://dx.doi.org/10.1016/j.ajpath.2010.10.006
http://dx.doi.org/10.1074/jbc.M800021200
http://dx.doi.org/10.1038/ki.2012.40
http://dx.doi.org/10.1038/ki.2012.40
http://dx.doi.org/10.1038/ki.2010.536
http://dx.doi.org/10.1056/NEJMoa041031
http://dx.doi.org/10.1046/j.1525-139X.2003.16024.x
http://dx.doi.org/10.1046/j.1525-139X.2003.16024.x
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

'.\' frontiers

In Immunology

REVIEW
published: 17 September 2015
doi: 10.3389/fimmu.2015.00465

OPEN ACCESS

Edited by:

Heidi Noels,

Institute for Molecular Cardiovascular
Research, Germany

Reviewed by:

Jaap Joles,

University Medical Center Utrecht,
Netherlands

Peter Boor,

RWTH Aachen, Germany

*Correspondence:

Tim D. Hewitson,

Department of Nephrology,

Royal Melbourne Hospital (RMH),
Grattan Street, Parkville, Melbourne,
VIC 3050, Australia
tim.hewitson@mh.org.au

Specialty section:

This article was submitted to
Chemoattractants, a section of the
journal Frontiers in Immunology

Received: 26 June 2015
Accepted: 26 August 2015
Published: 17 September 2015

Citation:

Hewitson TD, Holt SG and Smith ER
(2015) Animal models to study links
between cardiovascular disease and
renal failure and their relevance to
human pathology.

Front. Immunol. 6:465.

doi: 10.3389/fimmu.2015.00465

CrossMark

Animal models to study links
between cardiovascular disease and
renal failure and their relevance to
human pathology

Tim D. Hewitson"?*, Stephen G. Holt"? and Edward R. Smith’

" Department of Nephrology, Royal Melbourne Hospital (RMH), Melbourne, VIC, Australia, ? Department of Medicine — RMH,
University of Melbourne, Melbourne, VIC, Australia

The close association between cardiovascular pathology and renal dysfunction is well
documented and significant. Patients with conventional risk factors for cardiovascular
disease like diabetes and hypertension also suffer renal dysfunction. This is unsurprising
if the kidney is simply regarded as a “modified blood vessel” and thus, traditional risk
factors will affect both systems. Consistent with this, it is relatively easy to comprehend
how patients with either sudden or gradual cardiac and or vascular compromise have
changes in both renal hemodynamic and regulatory systems. However, patients with
pure or primary renal dysfunction also have metabolic changes (e.g., oxidant stress,
inflammation, nitric oxide, or endocrine changes) that affect the cardiovascular system.
Thus, cardiovascular and renal systems are intimately, bidirectionally and inextricably
linked. Whilst we understand several of these links, some of the mechanisms for these
connections remain incompletely explained. Animal models of cardiovascular and renal
disease allow us to explore such mechanisms, and more importantly, potential therapeutic
strategies. In this article, we review various experimental models used, and examine
critically how representative they are of the human condition.

Keywords: animal models, cardiorenal syndrome, heart, kidney, review

Introduction

Patients with conventional risk factors for cardiovascular disease (CVD), like diabetes and hyper-
tension, also suffer renal dysfunction. This is unsurprising if the kidney is simply regarded as a
“modified blood vessel” with traditional risk factors likely to affect both systems and coexist (1).
However, although a problem in one organ system affects the other, the prime mover in this loop
may be occult. Animal models have helped us tease apart these associations but have consistently
shown that impairment of one organ has detrimental effects on the other at functional, biochemical,
and molecular level [reviewed in Ref. (2-5)]. First described by El-Atat et al. (6), these clinical
interactions are now collectively known as the cardiorenal syndromes (CRS), which for many years
were considered a single diagnostic group, and thus, may have limited or confounded many early
mechanistic studies.

Given its importance, and the wide spectrum of primary disease and clinical presentation, a
number of classification systems have been proposed. Ronco et al. have classified CRS on time
frame (acute, chronic or secondary) and which organ is involved first (heart or kidney) recognizing
five different types of the CRS or renocardiac syndromes (RCS) (7, 8). Other approaches are based
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FIGURE 1 | Pathophysiological mediators of cardiorenal syndrome and
renocardiac syndrome. MBD, mineral bone disorder; NO, nitric oxide;
RAAS, renal-angiotensin-aldosterone system; RBF, renal blood flow; SNS,
sympathetic nervous system.

on pathophysiological links (9-11) (Figure 1), arguing that effects
are bidirectional (11), and that temporal differences in organ
involvement are artificial (9).

As the natural history is sometimes slow and consequently dif-
ficult to explore in clinical trials, adequate experimental modeling
of the clinical scenario is crucial to examining mechanisms and
potential therapeutic strategies. In this review, we use the Ronco
classification (7) to discuss animal approximations of the CRS.

Models of Cardiac Injury Causing Renal
Dysfunction (Types 1/2)

Neurohumoral mechanisms have evolved to maintain a rela-
tively constant blood volume and organ perfusion under con-
tinuously changing conditions (11). In the context of a fail-
ing pump (heart), vasopressor systems, like the sympathetic
nervous system (SNS) and renin-angiotensin-aldosterone sys-
tem (RAAS), are activated to maintain the hemodynamic bal-
ance (12). Vasoconstriction of the efferent artery helps maintain
glomerular filtration rate (GFR) in low-output states, but the
increased vascular resistance may reduce overall renal perfusion
and cause intra-renal hemodynamic changes. This can occur
acutely in the setting of abrupt hypotension [e.g., due to myocar-
dial infarction (MI)] or chronically, which over time causes tubu-
lar hypoxia and apoptosis leading to a loss of nephron mass and
function.

In animal models, MI, produced by ligation of the left anterior
descending coronary artery has detrimental effects on the renal
function over time. GFR significantly decreases after MI within
4 weeks, and deteriorates further at 16 weeks. Histological analysis
reveals greater renal interstitial fibrosis and downstream trans-
forming growth factor-B1 (TGFP1) signaling (smad2 phosphory-
lation) at all time-points (13).

In rodents, beta-adrenergic stimulation through multiple iso-
proterenol injections results in left ventricular (LV) fibrosis (14).
It remains unclear if this interference with the SNS has renal
consequences, consistent with CRS.

Hemodynamic changes are a well-recognized driving force in
the pathophysiology of CRS. A reduction in cardiac output (for-
ward failure) reduces renal blood flow leading to changes in distal
tubular chloride and other solute content, resulting in increased
renin release from the macula densa and activation of the RAAS
(15). Surgical restriction of the carotid artery leads to aortic regur-
gitation (16) with both cardiac hypertrophy and albuminuria from
5 months (17).

Higher central venous pressures due to congestion may
increase both interstitial pressure and efferent pressure (through a
decreased afferent-efferent gradient) (5). In these circumstances,
elevated venous pressures (backward failure) may reduce renal
blood flow and consequently urine output more than a reduction
in arterial pressure, ultimately leading to hypoxia and activation
of the RAAS. Elevated renal venous pressure alone reduces renal
arterial flow and GFR in the pig, with increases in plasma renin
activity (18). While maintaining cardiac homeostasis initially,
long-term activation of the RAAS eventually leads to progression
and myocardial remodeling through fibrosis (3).

Models of Acute/Chronic Renal Disease
Causing Cardiac Dysfunction (Type 3/4)

As chronic kidney disease (CKD) progresses, the SNS is stimulated
as a result of renal ischemia, activation of the RAAS and suppres-
sion of nitric oxide (NO) synthesis. This results in hypertension,
left ventricular hypertrophy (LVH), and progressive LV dilatation
(12). Early cardiac hypertrophy, and subsequent fibrosis due to
fibroblast activation (19, 20), are final common contributors to
organ dysfunction irrespective of the nature of the initial injury.

Cardiac Pathologies in Renal Models

Sub-total nephrectomy, often termed 5/6 nephrectomy, is prob-
ably the most established method of modeling progressive renal
failure seen with loss of renal mass. Although commonly per-
formed in the rat, similar rabbit and mouse models exist but
appear less reliable. Rather than mimicking a renal disease
per se, sub-total nephrectomy parallels the consequences of reduc-
ing functional nephron number. The predominant pathological
abnormalities within the remaining kidney are glomerulosclerosis
and tubulointerstitial fibrosis (21). It is important to appreciate
that two quite different models are encompassed by the expression
“5/6 nephrectomy”, namely an ablation model widely used for the
study of CRS and a less common ligation model. In the former, one
kidney is removed along with ~50% of the contralateral kidney by
polar excision 1-2 weeks later, with the rate of renal decline very
closely related to the amount of tissue excised (21). In contrast to
human chronic kidney disease (CKD), although LVH is a consis-
tent feature (22) and resembles that seen in early human CKD
(23), severe hypertension is not usually a feature of this model.
Nevertheless early LV diastolic dysfunction is seen with com-
mensurate increases in heart weight (corrected for body weight),
and myocyte cross sectional area (24, 25). Other documented
pathologies include increased myocardial artery wall thickness,
capillary density (26) and interstitial fibrosis (24). Similar changes
are seen in mice, but tend to be more strain dependent (4).
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Modeling CKD-Specific Risk Factors

While traditional cardiovascular risk factors are highly prevalent
in patients with CKD, results of clinical trials focusing on control-
ing such factors have been largely disappointing, and thus, non-
traditional risk factors associated with CKD are being increasingly
explored.

Anemia

Anemia is a feature of most CKD and related to erythropoietin
deficiency (27), yet it is unclear whether it is a mediator of CRS
or simply a marker of disease progression (11). There is some
experimental evidence that correction of anemia preserves both
renal and cardiovascular function. Cardiomyopathy occurs after
IV injection of anthracycline antibiotics, such as adriamycin (28,
29), with renal fibrosis and pronounced loss of renal function
accompanying LV enlargement (29). In the doxorubicin model
administration of darbepoetin can increase Hb to control levels
and significantly attenuates the renal dysfunction, renal interstitial
fibrosis and LV weight (29). Likewise, erythropoietin improves
cardiac function post-MI, an effect seemingly related to the pro-
motion of neovascularization (30). Effects in a combined cardiac-
renal model have not been examined.

Inflammation

Progressive renal impairment is characterized by a chronic inflam-
matory state with elevated tissue and circulating concentrations
of cytokines including interleukin-6 (IL-6) and tumor necro-
sis factor-o. (TNFa). The origin of inflammation in renal dis-
ease is multifactorial, and involves reduced clearance of pro-
inflammatory cytokines, reactive oxygen species and effects of
comorbid conditions, such as diabetes (12). Inflammation is also
arisk factor for MI and death in uremic patients (31) and a marker
of severity and progression of heart failure (32). Experimentally,
increased inflammatory cytokine mRNA expression is seen in the
heart after renal ischemia-reperfusion injury (33). Dietary phos-
phate overload directly induces systemic increases in serum and
tissue TNFol in a model of adenine-induced chronic renal failure
(34). Conversely, renal macrophage infiltration and inflammatory
cytokine expression is significantly increased from as early as
3 days post-MI (35). Activation of inflammasome pathways have
been seen in both acute and CKD, with infiltrating macrophages
specifically implicated (36). It is interesting to note that statins may
reduce effects of inflammation in both the kidney and heart and
may be protective (37).

Nitric oxide

The nitric oxide synthase (NOS) inhibitor asymmetrical dimethyl
arginine (ADMA) accumulates in renal failure (38) and con-
tributes to a reduction in NO systemically and intra-renally. NOS
inhibition with N-nitro-L-arginine administration (L-NAME)
depletes NO and both exacerbate renal dysfunction, and induce
permanent cardiac dysfunction in rats with sub-total renal
nephrectomy (39). Further evidence for the role of NO comes
from those studies showing that chronic administration of r-
NAME on its own also induces heart and kidney damage sim-
ilar to that found in CRS (40). The model is characterized by a

progressive increase in BP over 10 weeks with severe proteinuria,
glomerulosclerosis, and tubulointerstitial fibrosis, and elevation in
serum creatinine (40). Further, SNS activation is a recognized fea-
ture of the L-NAME model. Proteinuria and cardiac hypertrophy
induced by chronic L.-NAME treatment is abrogated by bilateral
renal sympathetic denervation, but not hydralazine, even when
blood pressure and NO depletion are equivalent (40).

Oxidative stress

Reactive oxygen species, produced as a result of redox reactions
in various cells, have been recognized as key chemical mediators
causing cellular damage and organ dysfunction in both CVD
and CKD. There is growing evidence that oxidative stress is one
of the central mediators of CRS. Increased oxidative stress is
seen in patients with cardiac (41) and renal failure (42) and the
reduced availability of NO impairs vasodilatation, and reduces
renal perfusion (43).

It is now widely hypothesized that interactions between the
RAAS system, the SNS and inflammation, may all potentiate CRS
through excessive oxidative stress pathways (44). Consistent with
this, experimental studies have identified several dysregulated
pathways in heart failure and in CKD that lead to increased oxida-
tive stress. Dahl salt-sensitive rats show increased LV NADPH
oxidase activity, which is normalized by Angiotensin II blockade
(45). In rats with sub-total nephrectomy, mitochondrial respira-
tion in the heart is dysregulated, with cardiomyocytes isolated
from uremic animals more susceptible to oxidant induced cell
death than their normal counterparts (46).

Protein-bound toxins

Uremic toxins, such as indoxyl sulfate (IS), appear to acceler-
ate the progression of CKD via profibrotic and oxidative path-
ways. Oral administration of IS in sub-totally nephrectomized
rats induced renal tubular injury, renal interstitial fibrosis and
glomerular sclerosis, leading to functional impairment (increased
serum creatinine and blood urea nitrogen). These changes are
associated with increased renal expression of profibrotic genes,
such as TGFP1, tissue inhibitor of metalloproteinases-1, and pro-
collagen a1(I). Glomerulosclerosis and renal impairment has also
been demonstrated in sub-totally nephrectomized rats receiving
indole (47). The presence of IS, not indole, in the urine of indole-
loaded animals confirms the protein metabolite hypothesis of IS
production (47). IS has effects on cardiac myocytes and can cause
cardiac hypertrophy and fibrosis (48, 49).

Neurohormonal disturbance

SNS over-activation is observed early in CKD, stemming from
renal ischemia, raised angiotensin II levels, and suppression of
NO amongst other causes. It is deleterious causing hypertension,
LVH and eventually ventricular dysfunction and dilatation (12).
Renal denervation in small animals can be achieved both sur-
gically and chemically. These techniques have been widely used
to study SNS activation and the relationship to hypertension in
various experimental models of renal disease including sub-total
nephrectomy (50) and deoxycorticosterone acetate (DOCA)-salt
hypertension (51). Sympathectomy directly prevents onset and
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progression of albuminuria after chronic cardiac volume overload
caused by aortic regurgitation (17).

Mineral bone disorder

The burden of excess CVD in patients with CKD is partly
attributed to systemic disturbances in mineral metabolism and
changes in bone histomorphometry. This is frequently accompa-
nied by soft tissue calcification (52) especially within the arte-
rial wall, where it is associated with significant mortality and
morbidity (53). Patients with CKD also have a preponderance of
medial arterial calcification (MAC), as well as greater calcification
of intimal lesions. Pathophysiologically, aortic MAC is linked
to alterations in vessel compliance, which exposes the heart to
changes in vascular compliance and resistance changes in systolic
pressure leading to LVH and myocardial fibrosis (54). Impaired
aortic recoil results in lower diastolic pressures and a widened
pulse pressure and reduced perfusion of coronary arteries, lead-
ing to sub-endocardial ischemia (55). Loss of vessel compliance
may also impact on renal autoregulation (56). Although not a
consistent finding in man (57), rodent models of renal failure
demonstrate a convincing relationship between vascular stiffness
and calcification scores (58, 59).

Three rodent animal models are commonly employed to study
mineral bone disorder (MBD) and its cardiovascular sequelae in
the context of CKD: 1) phosphate/vitamin D loading post 5/6
nephrectomy (60); 2) adenine-induced renal failure (61); and 3)
the mouse electrocautery model of CKD (62) in strains with a
genetic predisposition to vascular calcification (e.g., LDLR ™/~ or
apoE /7). While these models consistently generate biochemical
changes, calcification phenotypes are inconsistent due to dif-
ferences in diet, study duration and the genetic background of
the animals. Indeed, some inbred rodent strains (e.g., C57BL/6
mice and Sprague-Dawley rats) are surprisingly calcification resis-
tant. Without concurrent calcitriol administration and or high
phosphate feeding (>1% diet), vascular calcification after 5/6
nephrectomy is only apparent after 24 weeks (63). The mouse
electrocautery model shows variable CKD, and mild hyper-
phosphataemia, even with high phosphate feeding. Interestingly,
induction of CKD in transgenic atherosclerotic-prone animals
only imparts a modest increase in aortic calcium relative to non-
uremic littermates. Induction of milder renal impairment (equiv-
alent to CKD Stage 2) by less intensive cautery of one kidney
followed by contralateral nephrectomy (64) provides compelling
evidence of the development of MBD in early CKD. The genera-
tion of uremic mice with adenine-enriched diets has gained con-
siderable interest; here, animals develop advanced CKD, hyper-
phosphataemia (even without dietary phosphate loading), severe
hyperparathyroidism despite normocalcaemia, and MAC within
4 weeks when on a 0.75% adenine diet (65, 66).

Crucially however, the MBD animal models discussed, thus
far are generated by acute injury and rely on the consequent
development of CKD. To date, few models of spontaneous
CKD with well-characterized MBD and vascular calcification
have been described. One such model, heterozygous Han:SPRD
(Cy’7) rats (a model of autosomal dominant polycystic kidney
disease) develop slowly progressive CKD, hyperphosphataemia,
hyperparathyroidism and bone abnormalities but the vascular

calcification generated is not progressive and only present in
a subset of animals even after 38 weeks (67). Other models of
spontaneous CKD (e.g., the Col4a3 null mouse model of human
autosomal-recessive Alport syndrome), despite showing convinc-
ing biochemical evidence of CKD-MBD, do not exhibit a consis-
tent vascular calcification phenotype (68).

A plethora of in vitro and in vivo studies have evoked the
now widely accepted view that vascular calcification is a highly
regulated and principally cell-mediated phenomenon that reca-
pitulates many features of physiological ossification (69). There is
strong evidence of osteochondrocytic differentiation of vascular
cells in the calcified intimal plaques of high-fat fed LDLR™'~
and ApoE~'~ mice (70, 71), as well as in the arterial media of
adenine and mineral stressed 5/6 nephrectomy models (72, 73).
However, while de-differentiation of VSMC to a synthetic pheno-
type is found in some knockout models deficient in calcification
inhibitors (e.g., matrix Gla protein (MGP)™/~ mice) (74), it is
not a consistent finding (e.g., fetuin- A-deficient mice) (75). More-
over, mutations in the regulators of mineralization can manifest
themselves quite differently in rodents and man. For instance,
MGP ™/~ mice have massive MAC. In humans, however, inacti-
vating mutations in MGP (Keutel syndrome) exhibit infrequent
arterial calcification (76). Conversely, inactivating mutations in
Ennpl encoding the pyrophosphate synthesizing ectoenzyme
nucleotide pryophosphatase/phosphodiesterase results in the dev-
astating syndrome, Generalized Arterial Calcification of Infancy
(77). Ablation of homologous gene, Npps, in mice however, results
in ossification of the spinal ligaments and peri-articular calcifi-
cation but with relatively minor arterial involvement and only a
modestly shortened lifespan (78).

Finally it is worth noting that despite considerable enthusiasm
for the role of VSMC phenotype switching as a major mecha-
nism for vascular calcification, the evidence for this phenomenon
in human CKD is currently limited to a subset of patients on
hemodialysis (79, 80). Indeed, even in this setting, evidence of
such changes appear conspicuously absent at some vascular sites
exclusively affected by medial calcification (81). An explanation
for this variable disease penetrance is not currently forthcoming,
although it should also be stressed that analyzes to date have been
on small-to-medium sized muscular arteries that are generally
free from intimal/atherosclerotic disease involvement and which
may, therefore, not be representative of changes occurring in some
larger elastic vessels (e.g., aorta). This may in part also explain
the apparent disparity with findings in some animal models of
uremia, where studies have mainly centered on changes in VSMC
phenotype in the aorta and where phenotypic switching would
appear to occur relatively early in disease progression (64).

Cardiac and Renal Involvement in Systemic
Disease (Type 5 CRS)

In many cases cardiac and renal pathologies are common to
a system-wide perturbation. Relevant models include metabolic
syndromes, such as hypertension, diabetes, obesity, liver disease,
myeloma, lupus, and other autoimmune disease. Self-evidently
these models align closely with the traditional risk factors seen in
CVD, and reflect both chronic and acute causes.
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Chronic Conditions

Hypertension

A number of experimental models of hypertension exist, includ-
ing amongst others, inbred models of inherited primary hyperten-
sion [spontaneously hypertensive rat (SHR), Milan hypertensive
rat, dahl salt-sensitive rat, and transgenic models over expressing
renin (mRen2)]. While these consistently display cardiac patholo-
gies, only some have parallel changes in renal function (82), with
high pre-glomerular resistance relatively protective in selectively
bred SHRs (83). Whilst inherited hypertension is a rare but rec-
ognized cause of hypertension in humans (82), in animal mod-
els correction of hypertension per se is not sufficient to prevent
progression of experimental CRS (84).

Diabetes
Several models of diabetes have shown simultaneous cardiac and
renal dysfunction including accelerated models, developed in an
attempt to more closely mimic the human condition. The trans-
genic (mRen-2) rat overexpresses the murine renin gene (85) with
elevated angiotensin II activity. Streptozotocin (STZ) induced
beta-cell destruction in the mRen-2 rat is an established model
of diabetes and its complications. The major advantage being that
these rodents develop functional and structural pathology closely
mimicking that seen in advanced human diabetic nephropathy
(85) and cardiomyopathy (86). In a similar manner, SHR made
diabetic with STZ replicate the confounding hypertension seen
in diabetic nephropathy (87). However, despite a similar rise in
blood pressure, unlike the diabetic mRen2 rat, these animals do
not usually progress to renal failure.

STZ administration in the atherosclerotic (ApoE_/ ~) mouse
model accelerates both diabetic renal pathology and atheroscle-
rosis, a major risk factor for MI ischemia (88).

Obesity

Obese Zucker (OZ) rats (readily available commercially, and
extensively studied) are characterized by mild glucose intolerance
and peripheral insulin resistance similar to that found in humans
with Type 2 diabetes. These abnormalities precede the develop-
ment of albuminuria and glomerular injury and animals show a
parallel deterioration in cardiac output and renal function (89).
Ultrastructural studies have shown cardiomyopathy in both the
OZ rat, and in mice with a similar mutation (db/db mouse) (90).
A comprehensive analysis in the db/db mouse has shown that
albuminuria/glomerulopathy and cardiac contractile dysfunction
appear after 2-4 months of hyperglycemia (91).

Acute Conditions

Liver Disease

Both acute cholestatic and chronic fibrotic liver disease cause
renal and cardiac dysfunction. Bile duct ligation causes acute
and chronic renal (92) and cardiac dysfunction (93). Adminis-
tration of carbon tetrachloride (CCly) is a model of acute (or if
repeated, chronic) hepatic failure causing widespread disruption
to cardiac and renal function, although CCly generates oxidant
injury directly in other organs (94). Other relevant experimental
models include toxin induced murine models, as well as some
murine models of autoimmune hepatitis and primary biliary
cirrhosis (95).

Lupus

The classic murine model of lupus (as a paradigm for other
autoimmune disease) includes genetically predisposed crosses
(New Zealand Black crosses) and toxin (pristane) induced models
(96). Nevertheless, many of the murine models fail to fully repli-
cate the multisystem manifestations of human lupus, and whilst
most replicate lupus nephritis, other organs like skin and arthritis
are inconsistently affected, although the NZB murine model does
seem to develop pericardial, epicardial and myocardial inflamma-
tion (97). Because the murine model is not altogether representa-
tive of the human condition, other models including canine and
porcine models have been developed (98, 99).

Compound Effect of Combining Renal and
Cardiac Pathologies

A less common experimental scenario looks at the effect of over-
laying renal impairment on cardiac disease, and the reverse. For
example sub-total nephrectomy accelerates pathological cardiac
remodeling post-MI when performed 4 weeks after infarction
with worse ejection fraction in those animals with renal impair-
ment (100). Similarly when insults are reversed e.g., perform-
ing a sub-total nephrectomy a week before MI, LV damage is
worse and associated with worse creatinine clearance (101) and
renal blood flow, and more proteinuria and glomerulosclero-
sis. Sub-total nephrectomy followed by MI once renal injury is
firmly established leads to more pronounced damage in both
organs (102).

In sub-totally nephrectomized rats, temporary ligation of the
descending branch of the left coronary artery after 3 weeks
resulted in a larger area of cardiac necrosis (devoid of mitochon-
drial oxidation) than sham ligated paired controls. Infarcts after
coronary artery ligation (CAL) were larger in animals with even
modest renal impairment (84). A major disadvantage of these
models is that experimental mortality is high. Although the effect
is mild, reducing renal mass by uninephrectomy is also often used
as a means of accelerating renal disease, but this is not in itself
sufficient to produce a cardiac phenotype (103).

Conclusion

No animal model in isolation reproduces the complexity of dif-
ferent CRS (Table 1). Nevertheless, animal models have provided
valuable insights into the pathogenesis of CRS in all its forms (5).
Like their counterpart clinical trials, animal studies have high-
lighted the mechanistic importance of non-traditional risk factors.
To this end the RAAS system, SNS, indirect and direct effects of
the uremic toxins, anemia, inflammation, neurohormonal factors
and disturbances in mineral handling and bone turnover are
all implicated causatively. However, although the small animal
models frequently employed in these studies are readily amenable
to further genetic manipulation and intervention, induction of
injury is generally acute and unphysiological, and these models
often fail to faithfully recapitulate the pathological features of
human CRS.

In this article, we have discussed a range of models that
can be used to mimic the mechanisms of human renal and
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TABLE 1 | Animal models of cardiorenal and renocardiac syndromes, and relative advantages and disadvantages of each.

Model Technique Mechanism Advantages Disadvantages Reference

Coronary artery ligation (CAL) Surgical Myocardial Widely used, well Variable renal pathology (13, 35)
ischemia (MI) characterized
Aortic regurgitation Surgical Cardiac volume Mild renal pathology (16, 17)
overload
Sub-total nephrectomy (SNx) Surgical Uremia, renal Relevant to CKD in general, Highly variable if not performed (21)
insufficiency well characterized uniformly
SNx followed by CAL Surgical High mortality (101)
SNx followed by CAL with Surgical Clinical relevance (102)
established CKD
CAL followed by SNx Surgical High mortality, poorly (100)
characterized
CAL and uninephrectomy Surgical Lower mortality than SNx, Unrepresentative of chronic (103)
and more reproducible kidney disease
Anthracycline antitumor IV injection Toxicity Simple. Simultaneous cardiac Off target toxicity, cardiac and (29)
antibiotics (e.g., adriamycin) and renal pathologies renal dose responses differ
Anemia Simple Mild anemia (29)
L-NAME IV injection NOS inhibition, Simultaneous cardiac and (40)
SNS activity renal pathologies
Spontaneously hypertensive rat Spontaneous Hypertension, Uncommon cause of human (82)
(various inbred strains) RAAS hypertension
Zucker rat (inbred rat strain with Spontaneous Dyslipidemia Approximates type 2 diabetes Leptin receptor mutations are (89)
leptin receptor deficiency) rare in humans
db/db mouse (leptin receptor Spontaneous Dyslipidemia Approximates type 2 diabetes Leptin receptor mutations are 91)
mutation) rare in humans
Diabetic mRen2 rat (STZ Spontaneous, hyperglycemia, Accelerated type 1 diabetes, Hypertension is primary rather (85)
diabetes in transgenic renin IV injection hypertension, simultaneous cardiac and than secondary to diabetes
overexpressing rat) RAAS renal functional changes
Lupus Spontaneous Unrepresentative of human (96)
condition
Hepatic bile duct ligation Surgical Off target pathology 92, 93)
Phosphate/vitamin D loading Surgical, oral Mineral bone Widely used, well Slow, high mortality, poorly (60)
post-SNx intake disorder characterized reproducible with complications,
unphysiological
Adenine Oral intake Mineral bone Simple, rapidly progressive Substantial weight loss 61)
disorder (dehydration)
Electrocautery in LDLR~/~ or Surgical, Mineral bone Good models of Not widely available, poor (62)
apoE" ~ mice spontaneous disorder atherosclerosis models of arteriosclerosis (lack of
intimal calcification).
Han:SPRD1/~ Spontaneous Mineral bone Spontaneous, mimics Not widely available, no bone 67)
disorder chronicity of process phenotype, mild calcification
phenotype

CAL, coronary artery ligation; I-NAME, N-nitro-l-arginine administration; NOS, nitric oxide synthase; MI, myocardial infarction; RAAS, renin angiotensin aldosterone syndrome; SNX,
sub-total nephrectomy.
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CXCR4 and its ligand CXCL12 mediate the homing of progenitor cells in the bone
marrow and their recruitment to sites of injury, as well as affect processes such as cell
arrest, survival, and angiogenesis. CXCL12 was long thought to be the sole CXCR4
ligand, but more recently the atypical chemokine macrophage migration inhibitory fac-
tor (MIF) was identified as an alternative, non-cognate ligand for CXCR4 and shown
to mediate chemotaxis and arrest of CXCR4-expressing T-cells. This has complicated
the understanding of CXCR4-mediated signaling and associated biological processes.
Compared to CXCL12/CXCR4-induced signaling, only few details are known on MIF/
CXCR4-mediated signaling and it remains unclear to which extent MIF and CXCL12
reciprocally influence CXCR4 binding and signaling. Furthermore, the atypical chemokine
receptor 3 (ACKRB) (previously CXCR7) has added to the complexity of CXCR4 signaling
due to its ability to bind CXCL12 and MIF, and to evoke CXCL12- and MIF-triggered
signaling independently of CXCR4. Also, extracellular ubiquitin (eUb) and the viral protein
gp120 (HIV) have been reported as CXCR4 ligands, whereas viral chemokine vMIP-II
(Herpesvirus) and human p3-defensin (HBD-3) have been identified as CXCR4 antago-
nists. This review will provide insight into the diversity and inter-connections in the CXCR4
receptor/ligand family. We will discuss signaling pathways initiated by binding of CXCL12
vs. MIF to CXCR4, elaborate on how ACKRS affects CXCR4 signaling, and summarize
biological functions of CXCR4 signaling mediated by CXCL12 or MIF. Also, we will dis-
cuss eUb and gp120 as alternative ligands for CXCR4, and describe vMIP-Il and HBD-3
as antagonists for CXCR4. Detailed insight into biological effects of CXCR4 signaling und
underlying mechanisms, including diversity of CXCR4 ligands and inter-connections with
other (chemokine) receptors, is clinically important, as the CXCR4 antagonist AMD3100
has been approved as stem cell mobilizer in specific disease settings.

Keywords: chemokine, signaling, CXCR4, CXCL12, MIF, CXCR7, ACKR3, ubiquitin
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Introduction

The CXC chemokine receptor CXCR4 is well known for its role
in the homing of progenitor cells into the bone marrow. Upon
injury or stress or CXCR4 blockade, progenitor cell mobilization
to the periphery is enhanced (1). These functions are based on
the role of CXCR4 in mediating the chemotaxis and/or arrest
of CXCR4-expressing progenitor cells triggered by the CXCR4
ligand CXCL12, which is secreted by bone marrow stromal cells,
but also increased in the periphery at sites of injury or cell stress.
Similarly, CXCR4 influences trafficking of other cell types such
as lymphocytes and neutrophils, but also CXCR4-positive cancer
cells. Based on these functions, CXCR4 has been widely studied
in different diseases. For example, blocking the CXCL12/CXCR4
axis with the CXCR4 antagonist AMD3100 or Plerixafor is clini-
cally approved for the mobilization of hematopoietic progenitor
cells in combination with granulocyte-colony stimulating factor
(G-CSF) in patients with non-Hodgkin’s lymphoma and multiple
myeloma (2). Furthermore, CXCR4 has been intensively studied
in conditions of injury and ischemia, such as vascular restenosis
upon stent implantation or myocardial infarction, respectively, as
reviewed in detail recently elsewhere (1). Also, CXCR4 has been
under intensive investigation in the area of cancer and different
auto-immune diseases such as rheumatoid arthritis and systemic
lupus erythematosus (2, 3). Mostly, these roles of CXCR4 have
been linked to its capacity to bind its cognate ligand CXCL12.
However, it has become clear that CXCR4-mediated signaling
ismore complex as initially thought, as also macrophage migration
inhibitory factor (MIF) and extracellular ubiquitin (eUb) have
been shown to bind CXCR4 and induce intracellular signaling
(4, 5). Furthermore, the chemokine receptor ACKR3 (previously
CXCR?7) has added to the complexity of CXCR4 signaling due
to its ability to bind not only CXCLI11 but also CXCL12 and to
interact with MIF, regulating ligand availability for CXCR4 and
evoking CXCL12- and MIF-triggered signaling independently
from CXCR4 (6, 7). Also, the endogenous, antimicrobial protein
human B3-defensin (HBD-3) was identified as a novel antagonist
of CXCR4, blocking CXCL12-induced CXCR4 signaling (8).
Moreover, CXCR4 binds the exogenous HIV protein gp120,
and is therefore crucially involved in HIV infection (2, 9). On
the other hand, CXCR4 is antagonized by the viral macrophage
inflammatory protein-II (vMIP-II). vMIP-II is a CC chemokine
expressed by Kaposis sarcoma-associated herpesvirus, func-
tions as an antagonist for multiple chemokine receptors, and is
employed by the virus to escape the host immune system (10, 11).
Here, we will summarize the structural characteristics of the
chemokine receptor CXCR4, its chemokine ligands CXCL12 and
MIE, as well as non-canonical and non-host ligands eUb and HIV
gp120. We will review and discuss current knowledge on intracel-
lular signaling through CXCR4 and biological effects triggered by
each of these CXCR4 ligands, and will elaborate on how ACKR3
modulates classical CXCR4 signaling triggered by CXCL12. Also,
we will discuss the antimicrobial protein HBD-3 as well as the
viral chemokine vMIP-II as an endogenous, respectively, viral
antagonist for CXCR4 (8, 10), summarize the efforts that have
been undertaken in developing CXCR4 antagonists for clinical
use, and summarize clinical trials that are currently ongoing and

that target CXCR4 in different pathologies. Getting insight into
the signaling mechanisms of CXCR4 by different ligands, modu-
lation by CXCR4-containing receptor complexes and resulting
biological effects is important to understand the potential merits
of CXCR4 inhibition in the context of different pathologies,
but also to be able to foresee potential side effects of long-term
interference with CXCR4.

Structural Characteristics Affecting
CXCR4 Functional Properties

The Chemokine Receptor CXCR4

Chemokines carry conserved cysteine motifs and are defined by
those cysteine “signature motifs” This has led to a categorization
into four classes of chemokines, i.e., the CXC, CC, C, or CX;C
chemokines where C is a cysteine residue and X any amino acid
(aa) residue (12) (Box 1). Chemokine receptors represent a sub-
class of G protein-coupled receptors (GPCRs). Since chemokine
receptors are classified according to the respective ligand classes,
CXCR4 belongs to the family of CXC chemokine receptors
(12, 13). Historically, CXCR4 was termed leukocyte-derived
seven-transmembrane domain receptor (LESTR) following its
cloning from a ¢cDNA library of human monocytes in 1994 (14).
Alternative names were cluster of differentiation 184 (CD184)
and fusin, the latter defined as a co-factor for the fusion and entry

BOX 1 | Chemokines and chemokine receptors.

Chemokines are 8-10 kDa small proteins that belong to the superfamily of
cytokines and induce chemotactic cell migration by binding to their corre-
sponding receptors. In this way, chemokines mediate the formation of tissues,
e.g., during embryogenesis or wound healing, as well as the recruitment
of immune cells out of the bloodstream to sites of injury and infection (17).
Chemokines are classified into four conventional subgroups according to the
number and positioning of certain conserved N-terminal cysteine residues.
The C-chemokines exhibit only one N-terminal cysteine, while the CC-family
has two cysteines localized side by side. In the CXC chemokine family, the two
cysteines are spaced from each other by one amino acid, whereas in CXsC
chemokines they are separated by three amino acids (12, 18). Additionally,
a family of chemokine-like function (CLF) chemokines was defined to exhibit
typical chemokine activities in the absence of a prototypical N-terminal
cysteine motif (19).

Chemokines mediate their effects by binding to corresponding chemokine
receptors, whose nomenclature aligns with their ligands, i.e., CR, CCR, CXCR,
and CXsCR. More generally, chemokine receptors are divided into two groups:
the GPCRs, which signal via G proteins and induce various cellular functions
including cell migration or leukocyte arrest, and the atypical chemokine recep-
tors (ACKRs), which are structurally homologous to the GPCRs but are unable
to couple to G proteins due to a lacking cytosolic DRYLAIV motif, and fail to
induce classical chemokine signaling. Because ACKRs efficiently internalize
their ligands, they can function, on the one hand, as chemokine decoy recep-
tors and, on the other hand, they concentrate chemokines in hard-to-reach
domains (20). For example, chemokine transcytosis across biological barriers
mediated by the ACKR “DARC” on venular endothelial cells was shown to
result in apical retention of chemokines and enhanced leukocyte migration
across DARC-expressing monolayers (21).

Some chemokines exclusively bind to one receptor, while others bind a variety
of receptors. Inversely, some chemokine receptors only bind one ligand,
while others bind several chemokines (12, 18). This variability is referred to
as “redundancy” or “promiscuity.” In addition, chemokine receptor expres-
sion varies between different cell types. This capacious complexity of the
chemokine/chemokine receptor network enables the fine-tuned recruitment
of defined cell types to their place of destination (18).
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of HIV-1 (15). The term CXCR4 was proposed by Oberlin et al.  in many GPCRs and also lacks in its C-terminus a palmitoylation
in 1996, who were the first to describe CXCL12 as a ligand for site, which in many GPCRs attaches to the lipid membrane (24).
this receptor (16). Crystallization studies revealed CXCR4 to exist as a homodimer,
CXCR4 is an evolutionary conserved protein with 89% simi- ~ however, left open the possibility of CXCL12/CXCR4 binding
larity between the human [352 aa] and mouse (359 aa) ortholog in a 1:1 or 1:2 ligand:receptor stoichiometry (24). Recently, a
(22). Ubiquitous expression of CXCR4 has been detected inbone ~ combination of computational, functional, as well as biophysical
marrow, lymph nodes, liver, lung, brain, heart, kidney, thymus, = methods supported a 1:1 over a 1:2 CXCL12:CXCR4 binding
stomach, pancreas, spleen, ovary, and small intestine (23). Similar ~ stoichiometry (25). This was recently further supported by the
to other GPCRs, CXCR4 has an extracellular N-terminus (34aafor ~ crystal structure of CXCR4 in complex with the high-affinity
CXCR4), seven transmembrane alpha helices connected by three ~ antagonist vMIP-II encoded by Kaposi’s sarcoma-associated
extracellular and three intracellular loops (ICL), and a C-terminus herpesvirus (as discussed in more detail later). CXCR4 interacted
that is located in the cytoplasm (Figure 1A). However, analysisof ~ as a dimer with vMIP-II in a 1:1 stoichiometry (11). In addition
crystal structures of CXCR4 in complex with the small-molecular ~ to homodimerization, CXCR4 can also form dimers with ACKR3
antagonist IT1t and the cyclic peptide antagonist CVX15in 2010 and other receptors, as discussed in detail later.
revealed specific differences in the orientation of the alpha helices Upon ligand binding, CXCR4 is internalized by endocytosis
compared with other available GPCR structures, mostly at the  and degraded in lysosomes, mediated by a degradation motif
extracellular side (24). One important difference is the extension (SSLKILSKGK) in its C-terminus and ubiquitination of vicinal
of the extracellular end of helix VII, which is two helical turns lysine residues (28).
longer as in other GPCR structures and allows a disulfide bond
of Cys274 in helix VII with Cys28 in the N-terminal region. This ~ Endogenous Ligands of CXCR4: CXCL12, MIF,
disulfide bond, together with and among chemokine receptors ~ and eUb
highly conserved disulfide bond between extracellular loop =~ CXCL12
2 (ECL2, Cys186) and the extracellular end of alpha helix Il The chemokine CXCL12 or stromal cell-derived factor-1 (SDF-1),
(Cys109), is essential for CXCL12 binding by shaping the entrance ~ which is the best known ligand of CXCR4, i.e., the “cognate”
to the ligand-binding pocket (24). Compared to the extracellular  ligand of CXCR4, is highly conserved between mouse and human
half of CXCR4, which overall substantially differs from other =~ (>92%), suggesting an evolutionarily important role (29). Six
GPCRs, the intracellular part of CXCR4 is structurally fairly  isoforms of human CXCL12 have been defined, with CXCL12-a
similar to the intracellular half of other GPCRs. As exception, ~ and CXCL12-f representing the major (“classical”’) isoforms,
the intracellular part of helix VII of CXCR4 is one turn shorter =~ and CXCL12-y, CXCL12-8, CXCLI12-g, and CXCL12-¢ being
compared to other available GPCR structures. Furthermore, the  less well characterized. CXCL12 isoforms are generated by dif-
CXCR4 crystal structure lacks the short alpha helix VIII present  ferential splicing events. All isoforms share the first three exons,

A B CXCL12a c MIF
N-terminus S a-helices
RFFESH motif
ECL3 —_
N-terminus N-like loop
3-stranded B-strand*
B-sheet B-strand* N-terminus
a-helix .
Pseudo-(E)LR 4-stranded
B-sheet

FIGURE 1 | Three-dimensional structure of the chemokine receptor Included in the crystal structure are aa 4-67 (with aa counting referring to the
CXCR4 and its ligands CXCL12 and MIF. (A) Crystal structure of CXCR4 mature CXCL12). Here, a CXCL12 monomer is depicted with the N-terminal aa
[Protein data bank identifier 30ODU; (24)]. Included in the crystal structure are 4-7 in blue. The RFFESH motif (aa 12-17), which is the most important binding
amino acids (aa) 27 to 319 of the 352 residues of CXCR4. CXCR4 can exist as motif for CXCR4 in the CXCL12 core, is depicted in red. Each monomer
a homodimer; here, only chain A is depicted. The N-terminal aa 27-31 are includes a three-stranded p-sheet and one a-helix. (C) Crystal structure of MIF
depicted in blue, extracellular loop 1 (aa 100-104) in red, extracellular loop 2 [Protein data bank identifier 3DJH; (27)]. Included in the crystal structure are aa
(@aa 174-192) in purple, and extracellular loop 3 (aa 267-273) in orange. 2-114 (with aa counting including Met-1). A MIF monomer is depicted. The
Intracellular loops (ICL) 1 (aa 65-71), ICL2 (aa 140-144), and ICL3 (aa N-terminal aa 2-5 are shown in orange. Depicted in red is the pseudo-(E)LR
225-230) are depicted in cyan. The C-terminal aa 315-319 are shown in motif (Asp45-X-Arg12), the N-like loop (aa 48-57) is depicted in blue. Each
yellow. The degradation motif SSLKILSKGK (aa 324-333) cannot be depicted monomer includes two antiparallel a-helices and a four-stranded p-sheet. Two
here due to the shortened sequence in the crystal structure. (B) Crystal additional, short B-strands (aa 48-50 and aa 107-109) can be found in each
structure of CXCL12 isoform « [Protein data bank identifier 3GV3; (26)]. monomer stabilized by trimer formation, and are indicated with “p-strand*.”
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with observed differences in the fourth exon only. The CXCL12-«
pro-protein (before N-terminal processing and secretion) is
an 89 aa protein, while the other isoforms have extensions at
the C-terminus with an additional 4 aa (CXCL12-f), 20 aa
(CXCL12-y), 51 aa (CXCL12-5), 1 aa (CXCLI2-¢), and 11 aa
(CXCL12-9) (1, 30). Not all isoforms show an identical expres-
sion pattern, with CXCL12-y in adult mice mainly expressed
in brain, heart, and the endothelium of vessels, compared to a
broader expression pattern of CXCL12-a (31). On functional
level, most research has focused on CXCL12-a, and the isoforms
CXCL12-p and even to a higher extent -y, -3, -¢, and -¢ have
still been poorly characterized. However, functional differences
have been revealed between the different isoforms, with, for
example, CXCL12-y binding the receptor CXCR4 with only low
affinity and triggering reduced chemotaxis in vitro compared
to CXCL12-a (31, 32). Also, the y isoform has been shown to
be present in the nucleus of mouse cardiac tissue by transcrip-
tion of a distinct mRNA lacking the N-terminal signal peptide
responsible for chemokine secretion (as explained in more detail
below), suggesting specific intracellular functions different
from the extracellular functions of the a and p isoforms (33).
Furthermore, an isoform-specific role of CXCL12 has previously
been suggested in the context of cerebral ischemia, where leuko-
cyte infiltration was associated with endothelial CXCL12-f but
not —a (34). In comparison to the human system, there are only
three CXCL12 isoforms described in mouse. These are Cxcl12-a,
-B, and -y, which correspond to the respective human isoform
counterparts, with only a single homologous aa substitution (Val
to Ile substitution at aa 18 in the mature CXCL12 protein) from
human to mouse (32, 33, 35).

The CXCL12 “pro-protein” contains a signal peptide of 21 aa at
the CXCL12 N-terminus, which is cleaved off before secretion of
the mature, biologically active CXCL12 protein. In the literature,
residue numbers of important motifs of CXCL12 are numbered
starting from Lys-22 in the pro-protein, now being counted
as Lys-1 in the mature protein. The CXCL12 residue numbers
mentioned in this manuscript are numbered accordingly.

The structure of the mature CXCL12 protein is characterized
by a three-stranded f-sheet that is packed against an a-helix
(Figure 1B) and extends to a six-stranded f-sheet in dimeric
CXCLI12 species (see below). The N-terminus of mature CXCL12,
in particular the first two residues Lys-1 and Pro-2 (with aa indi-
cation referring to their position in mature CXCL12 throughout
this manuscript), is essential for CXCR4 activation, as shown by
the observation that loss of these first two residues completely
abolished CXCR4 activation, while CXCR4 binding affinity
was decreased 10-fold (36). A report by Crump et al. (36) and
subsequent studies (18) support a so-called “two-site” model
of chemokine binding to their receptors: “Site one” consists of
the chemokine core domain and is responsible for docking of
the chemokine to its receptor. In CXCL12, the most important
core domain for CXCR4 binding is the so-called RFFESH motif
(residues 12-17 in mature CXCL12). “Site two” consists of the
N-terminus of CXCL12, more precisely especially Lys-1 and
Pro-2, which activate CXCR4 signaling (36). The differential
C-termini in the different CXCL12 isoforms are not involved in
either of these site one or two interactions with CXCR4.

This “two-site” model has been proposed as a general
functional mechanism of chemokines for a long time (18, 37).
However, which residues of CXCR4 in particular are involved in
site one and site two interaction with CXCL12 still remains to be
elucidated in more detail. An important contribution to CXCL12
binding was revealed to occur through posttranslational sulfation
of tyrosine residues in the CXCR4 N-terminus (Tyr-21, Tyr-12,
Tyr-7). This increases the binding affinity of CXCR4 for CXCL12
through electrostatic interactions between acidic sulfated tyros-
ines within CXCR4 and basic residues within CXCL12 (38, 39)
and is expected to contribute to “site one” interaction between
CXCR4 and CXCLI12. More specifically, sulfated Tyr-21 was
recently predicted to interact with the N-loop-p1 strand junction
within CXCL12 based on the crystal structure of CXCR4 bound to
the viral chemokine vMIP-II (11). Furthermore, this latter study
revealed within the 3 strand of vMIP-II a stretch of four residues
(RQVC, aa 48-51) that interacted with CXCR4 residues D22 and
E26 and that was previously shown to be important for interac-
tion of CXCR4 with vMIP-II (11). These same residues RQVC
are conserved in CXCL12 (aa 47-50), also previously shown to
be important for CXCL12/CXCR4 binding, and structural mod-
eling predicted their involvement in CXCL12/CXCR4 interaction
comparably to vMIP-II/CXCR4 interaction (11). Furthermore,
the crystal structure of CXCR4 in complex with IT1t as competi-
tive antagonist of CXCL12 revealed as important ligand/receptor
contact points the acidic residues Asp-187, Glu-288, and Asp-97
in CXCR4, which were previously also shown to be important for
CXCL12 binding (24). With respect to the “site two” interaction
important for receptor signaling, the crystal structure of CXCR4
in complex with the antagonistic peptide CVX15 was suggested
to reveal a “site two” interaction of the CXCL12 N-terminus
(aa 1-8 KPVSLSYR) with CXCR4, with preliminary modeling
studies suggesting that CXCL12 Lys-1 could integrate into the
CXCR4 binding pocket and interact with available acidic aa (24).
Together, these findings underline the notion that important
insights into the interaction of CXCR4 with its ligand CXCL12
can be deduced from available crystal structures of CXCR4 with
other ligands or small-molecule antagonists.

Mature CXCL12 is intrinsically unstable and truncated vari-
ants of mature CXCL12 missing 2,3,5 or 7 N-terminal aa have been
identified in human blood, with only non-truncated CXCL12
able to induce intracellular calcium flux and chemotaxis of stem
cells in vitro (40). Proteases able to inactivate CXCL12 by cleaving
off N-terminal residues from CXCL12 in vitro include dipeptidyl
peptidase 4 (DPP4, also known as CD26), matrix metalloprotein-
ase 2, neutrophil elastase, and cathepsin G (Box 2). For example,
CXCL12 has a half-life of less than 1 min for truncation by DPP4
in vitro (41). This intrinsic instability of CXCL12 could at least
partly contribute to the short life-time of CXCL12 in vivo, with
wild-type CXCL12 effectively cleared from mouse blood within
1 h of intravenous application (42).

In addition, fast clearance of CXCL12 from blood seems to
be partially mediated by sequestration of CXCL12 to heparan
sulfate on the surface of endothelial cells through the BBXB
heparin sulfate-binding motif (aa) KHLK in position 24-27; with
B =basic aa and X = any other aa) in the first strand of the f-sheet
of CXCL12 (50): a CXCL12 mutant that failed to bind heparan
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BOX 2 | Instability of CXCL12.

Signaling of the CXCL12/CXCR4 axis is tightly regulated. One way how
signaling can be terminated is by proteolytic cleavage of CXCL12. Particularly
interesting is dipeptidyl peptidase IV (DPP4, also known as CD26), an enzyme
that cleaves off the first two residues of CXCL12 (43), as also shown in human
serum (44). Removal of these first two amino acids is sufficient to completely
abolish CXCL12-induced CXCR4 activation despite an only 10-fold reduction
in CXCR4 binding (36). DPP4, which can be membrane-expressed in addition
to its soluble form, also co-localizes and co-immunoprecipitates with CXCR4
(45), which further establishes a specific role for this protease in the regulation
of CXCR4 signaling.

Furthermore, matrix metalloproteinase 2 (MMP-2) is capable of cleaving the
first four N-terminal amino acids of CXCL12, and was shown to impair CXCR4
signaling in the context of recruitment of neural progenitor cells (46). MMP-2
was first shown to inactivate CXCL12 in in vitro experiments by McQuibban
et al., alongside the MMP family members MMP 1, 3, 9, 13, and 14 (47). Also,
neutrophil elastase, released from mononucleated blood cells or polymorpho-
nuclear neutrophils, can cleave the first three N-terminal residues of CXCL12
inducing its inactivation. In addition, it can cleave the N-terminus of CXCR4,
which significantly reduces CXCR4 binding to CXCL12 (48). Finally, cathepsin
G has been shown to inactivate CXCL12 by cleaving the first five residues at
the N-terminus (49).

sulfate proteoglycans was retained up to 60% in the blood of mice
6 h after injection (42). Of note, the C-terminus of the CXCL12-y
isoform encompasses an additional four overlapping BBXB
heparan sulfate-binding motifs, which mediate strong absorption
of CXCL12-y on the plasma membrane after secretion through
interaction with cell membrane glycosaminoglycans. This enables
for efficient formation of chemokine gradients (“haptotactic
gradients”) directing cell migration and angiogenesis in vivo
with higher efficiency compared to CXCL12-a, despite a lower
binding affinity to CXCR4 (31). Although also the CXCL12-p
isoform contains one additional BBXB motif in its C-terminus,
it does not show higher affinity to heparin sulfate compared to
the a-isoform. Interestingly, a knock-in mouse line carrying
a mutated Cxcl12 that cannot bind heparin sulfate without
effect on Cxcr4 signaling by the o, B, or y isoform showed an
increased number of circulating hematopoietic progenitor cells,
but a reduction in the number of cells infiltrating ischemic tissue
after acute hindlimb ischemia and associated revascularization
(51). On the other hand, a recent report revealed truncation
of five or seven N-terminal residues from CXCL12 to increase
its binding affinity to the glycosaminoglycan heparin. As both
truncated variants were able to induce stem cell mobilization in
mice although they displayed in vitro no or a negative effect on
CXCL12-induced chemotaxis, respectively, these findings may
suggest that N-terminally truncated CXCL12 variants may influ-
ence stem cell mobilization by regulating binding of CXCL12 to
glycosaminoglycans rather than to CXCR4 (40). Together, these
findings reveal an important role for glycosaminoglycans in
regulating CXCL12 functions.

Finally, in vitro experiments indicated that CXCL12 may exist
in both monomeric and dimeric forms in the extracellular space.
Although recent findings support a 1:1 over a 1:2 ligand:receptor
stoichiometry for interaction of CXCR4 with both CXCL12
(25) as well as vMIP-II (11), it remains unclear whether dimeric
CXCR4, as revealed in crystal structures, would preferentially
bind dimeric CXCL12 or rather two monomeric CXCL12
proteins (24). Of note, distinct CXCL12 oligomers have been

associated with differential downstream signaling, although with
contradictory findings, as discussed in more detail later.

Migration inhibitory factor

Migration inhibitory factor is a 12.3 kDa small cytokine with
chemokine-like properties. It is quasi-ubiquitously expressed in
various tissues in mammals and its structure is highly conserved
with about 90% sequence homology between mouse and human
species (52). MIF consists of 115 aa, but the N-terminal methio-
nine residue is posttranslationally removed after ribosomal
synthesis in essentially all cells and organisms. Crystallographic
studies revealed MIF as a homotrimer consisting of three mono-
mers that each has two antiparallel a-helices and a four-stranded
B-sheet. Two additional, short p-strands can be detected in each
monomer which interact with the B-sheet of the adjacent subunits
(53) (Figure 1C). However, different studies revealed MIF to be
able to exist as monomer, dimer, trimer, or even higher-order
oligomers, potentially concentration-dependent, although the
biologically relevant “active” oligomerization state of MIF is still
elusive (53-55). As interference with MIF trimerization using the
inhibitor ebselen increased MIF’s chemotactic capacity, it is how-
ever likely that the MIF homotrimer is not the only biologically
active form (56). For example, MIF was recently identified as a
chaperone molecule inhibiting the accumulation and mitochon-
drial association of misfolded superoxide dismutase SOD1, and
gel filtration fractions of cellular lysates containing this inhibitory
potential contained monomeric as well as oligomerized MIF (57).
Of note, a chaperone function of MIF was recently suggested
toward insulin to ensure full insulin function through effects on
insulin conformation (58).

Migration inhibitory factor lacks a typical N-terminal
leader sequence indicating that it is secreted by a non-classical
secretion pathway (59). Because MIF is missing an N-terminal
cysteine motif, it cannot be grouped into one of the four clas-
sical chemokine groups (C, CC, CXC, and CX;C), which are
classified by the presence and spacing of their N-terminal
cysteine residues (Box 1). Nevertheless, MIF exhibits potent
chemotactic properties through interaction with classical
chemokine receptors and thus is a protagonistic member of the
group of CLF chemokines (19, 60). MIF mediates its chemot-
actic effects by binding to the chemokine receptors CXCR2 and
CXCR4 (4), as discussed in more detail below. MIF exhibits a
structural motif (Asp45-X-Argl2, “DXR,” with aa numbering
for MIF including Met-1 throughout this manuscript) similar
to the conserved N-terminal ELR (Glu-Leu-Arg) motif of the
cognate CXCR2 ligands, which is important for their efficient
binding to CXCR2. In MIF’s so-called “pseudo-(E)LR motif,”
the glutamate (Glu) is exchanged by an aspartic acid (Asp),
representing a conservative substitution. Furthermore, the Asp
and Arg residues in this motif are located in neighboring loops
in 3D space, but show similar spacing as the authentic ELR
motif (61). Mutations of Asp45 or Argl2 indeed abrogated
MIF/CXCR2-mediated effects indicating the “pseudo-(E)
LR motif” as structural determinant for MIF binding to
CXCR2 (61). Additionally, an N-like loop including the aa
from position 48 to 57 of the MIF protein was identified as
being important for MIF-CXCR?2 binding (62). These findings
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suggest a two-site binding mechanism for MIF-CXCR?2 interac-
tion that is reminiscent of that of cognate CXCR2 ligands. Site
one, consisting of the N-like loop and the CXCR2 N-domain,
supposedly initializes the interaction, while the site two inter-
action between the pseudo-(E)LR motif and the extracellular
loops of CXCR2 is assumed to lead to receptor activation (63).
The interaction sites between MIF and CXCR4 still need to be
identified. Additional structural characteristics of MIF related
to its intrinsic catalytic oxidoreductase and tautomerase activi-
ties were recently discussed at length (19, 64) and will not be
further reflected herein.

Extracellular Ubiquitin (eUb)

Ubiquitin is a small 8.6 kDa protein constitutively expressed in
all eukaryotic cells which displays a very conserved structure
with only little variance from insects to humans (65). Its tightly
controlled expression is encoded by four genes in mammals
(66). Because its amino acid structure includes seven lysines,
ubiquitin can build poly-chains (67). Therefore, intracellular
ubiquitin can appear as a free monomer, a free polyubiquitin
chain, or as a monomer or a polyubiquitin chain conjugated
to a substrate (66). Ubiquitin is well characterized as a post-
translational protein modifier, with Lys-48-linked polyubiquitin
chains binding covalently to lysine residues of target proteins to
induce their degradation through the 26S ubiquitin-proteasome
degradation pathway. However, ubiquitin also serves different
degradation-independent functions affecting intracellular pro-
cesses in a reversible way, as, for example, in regulating protein
activity, subcellular localization, and interaction with other
proteins. This is mediated by a structurally different ubiquitina-
tion of target proteins, involving the coupling of target proteins
to ubiquitin monomers or polyubiquitin chains interlinked
through ubiquitin lysines other than Lys-48 (e.g., Lys-63)
[reviewed in Ref. (65)].

But ubiquitin is not only an intracellular protein modifier,
but it is also a natural plasma protein and can be detected in
urine (68). Nevertheless, not much attention has been paid to
ubiquitin’s “extracellular” actions. Although the existence of a cell
surface receptor for ubiquitin was assumed since its discovery
in 1975 (69), first evidence that CXCR4 may function as a cell
surface receptor for ubiquitin was only revealed in 2010 upon
studying the effect of CXCR4 antagonism or knockdown on bind-
ing of ubiquitin to CXCR4-positive cells (70). Studies concerning
the structural determinants of the ubiquitin-CXCR4 interaction
revealed by binding assays using fluorescently labeled ubiquitin
indicated a two-site binding mechanism involving the flexible
C-terminus of ubiquitin and its hydrophobic surface surround-
ing Phe-4 and Val-70. Within CXCR4, residues Phe-29, Phe-189,
and Lys-271, which do not contribute to the CXCL12-CXCR4
interaction interface, seem to be important for ubiquitin-CXCR4
binding (71).

Gp120 as Exogenous Ligand of CXCR4

The HI-virus (HIV) is surrounded by an envelope consisting of
a host cell-derived lipid bilayer and virus-encoded glycoproteins.
To enter a new target cell, the virus membrane has to be fused

with the target cell membrane, a process mediated by the virus
glycoprotein gp120 (Box 3) (72). Gp120 has a molecular weight
of 120 kDa. Its secondary structure involves four surface-exposed
loops which are formed by variable regions (V1-V4) with
disulfide bonds at their bases. They are divided by five relatively
conserved domains (C1-C5) (73). The envelope glycoproteins
of HIV are encoded by the virus RNA env-gene (74). They are
synthesized as precursors in the endoplasmic reticulum of the
infected cell. After addition of asparagine-linked high-mannose
sugar chains, the resulting glycoprotein gp160 is transported to
the Golgi apparatus, where it is cleaved by cellular proteases into
the functional envelope proteins gp120 and gp41 (75, 76). The
mature glycoproteins gp41 and gp120 build up complexes which
are translocated to the cell surface, where they are integrated
into sprouting virions (77). Gp41 functions as a transmembrane
protein and gp120 is the exterior envelope protein capping gp41
(78). The evolving so-called Env protein, a trimer of gp41-gp120
heterodimers, mediates target cell receptor binding (79). First,
the CD4 binding site of gp120, consisting of the hydrophobic
regions around Thr-257 and Trp-427 and the hydrophilic regions
around Asp-368 and Glu-370, binds to CD4 (80). This binding
induces rearrangement of V1 and V2 and subsequent of V3
(81), enabling binding of V3 to the co-receptor CXCR4 or CCR5
depending on the sequence of V3 (82). Gp120 binding to the
chemokine receptors CXCR4 or CCR5 is thereby supposed to
be the trigger for membrane fusion of the virus and the target
cell, which is responsible for HIV infection (79). The mechanism
of binding to chemokine receptors without exhibiting typical
chemokine structures, like gp120 binding to CXCR4 or CCR5,
is called chemokine mimicry. It is used by several viruses like
pox or herpes viruses to strengthen their propagation by block-
ing chemokine action or triggering chemokine receptor signaling
(83). Molecular mechanisms underlying gp120/CXCR4-induced
cell death are discussed in more detail below.

vMIP-Il and Human $3-Defensin as Potent
CXCR4 Antagonists

vMIP-II as Viral CXCR4 Antagonist

Chemokine mimicry, as described for gp120, is also involved
in the interaction of CXCR4 with vMIP-II. vMIP-II is a
chemokine-like protein encoded by the Kaposi’s sarcoma-asso-
ciated herpesvirus 8, with about 40% similarity to mammalian
chemokines (10). It was described as a potent antagonist for
several CC and CXC chemokines and their receptors, including

BOX 3 | Gp120.

Gp120 is the envelope protein of the Hl-virus, which is responsible for the
entry of the virus into cells (79). Hence, it is a main virulence factor of HIV. The
position of gp120 outside the virus membrane, bound to another envelope
protein gp41, enables binding to the CD4 receptor of the target cell (77).
After subsequent structural rearrangement of gp120, it can bind to one of the
HIV co-receptors, CXCR4 or CCRS5, via chemokine mimicry (83). This is the
crucial step leading to membrane fusion and consolidation of the virus with
its target cell, thereby enabling infection (79). Furthermore, gp120 induces
cellular apoptosis, partly through CXCR4. Molecular mechanisms underlying
gp120/CXCR4-mediated apoptosis are discussed in more detail elsewhere
in this review.
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CXCR4, for which it competes with CXCL12 for receptor
binding. However, in contrast to CXCL12, vMIP-II cannot
induce Ca** mobilization from intracellular stores, nor induce
chemotaxis of human monocytes (10). Zhou et al. revealed in
2000 that the N-terminus of vMIP-11, particularly the first five
residues, is essential for binding to CXCR4 (84). Interestingly,
native vMIP-II was able to inhibit HIV-1 viral entry into a
CD4-expressing U87 cell line in vitro by antagonizing CCR3,
CCRS5 as well as CXCR4 (10). A peptide corresponding to
residues 1-21 of vMIP-II showed inhibition of HIV-1 gp120-
mediated cell—cell fusion only via CXCR4 (84). Together, these
findings implicated vMIP-II as a promising lead molecule for
anti-HIV drug development. vMIP-II-derived peptides are also
being investigated as CXCR4 inhibitors in the context of cancer
therapy (85).

HBD-3 as Endogenous CXCR4 Antagonist

Human p3-defensin was proposed as a novel, endogenous
antagonist of CXCR4 in 2006 by Feng et al. (8). The p-defensins
are a group of antimicrobial peptides present on mucosal epi-
thelium, which are also upregulated in the presence of HIV-1
and block HIV replication by direct binding of virions and
blocking of the HIV co-receptor CXCR4 (8). HBD-3 competes
with CXCL12 for CXCR4 binding, as shown by the inhibition
of CXCL12-induced T-cell chemotaxis, ERK1/2 activation,
and Ca** mobilization upon HBD-3 treatment (8). Confocal
microscopy showed that HBD-3 treatment induced internali-
zation of CXCR4 in a T-cell line, however HBD-3 did not trig-
ger downstream signaling such as Ca** mobilization or ERK
phosphorylation, nor chemotaxis (8). The structural features
of HBD-3 important in CXCR4 antagonism were unraveled
by the same group in 2013, partly by structural comparison
with CXCL12. HBD-3 is a protein of 45 aa, with six conserved
cysteine residues (Cys-11, 18, 23, 31, 40, and 41) forming
three disulfide bonds, which stabilize the protein (86, 87).
Substituting these cysteine residues with uncharged aa, gener-
ating a “linearized” HBD-3, completely abrogated the inhibi-
tory effect of HBD-3 on CXCL12-triggered Ca**mobilization
(87). Similar effects were observed upon substituting the
cationic residues Lys8, Lys32, and Arg36, resembling the resi-
dues Lys-1, Arg8, and Lys-12 in CXCL12, with neutral ones;
substituting the positively charged C-terminus with negatively
charged residues; as well as removing the first 10 N-terminal
residues (87). Of note, such structural insights into the CXCR4
antagonism by HBD-3 could stimulate the development of
novel CXCR4 antagonists.

Biological Processes and Signaling
Triggered by CXCL12 Through CXCR4

The CXCL12/CXCR4 axis is involved in a plethora of
biological processes, including, for example, progenitor
cell homing and mobilization, neutrophil homeostasis,
embryonic development, and angiogenesis. These biologi-
cal effects are mediated by complex signaling mechanisms,
including classical GPCR signaling, f-arrestin recruitment,

or the activation of the JAK/signal transducer and activator
of transcription (STAT) pathway. Also, oligomerization of
CXCR4 or CXCL12, as well as interaction of CXCR4 with
other signaling molecules affects the outcome of CXCL12/
CXCR4 signaling. Each of these aspects will be discussed in
the following section.

Biological Processes Regulated by the
CXCL12/CXCR4 Axis

The CXCL12/CXCR4 axis plays an important role in the hom-
ing of hematopoietic stem and progenitor cells (HSPCs) in
the bone marrow, and their mobilization to the periphery in
conditions of stress or injury. Homing of HSPCs is mediated
by CXCL12 secretion by endothelial cells in the bone marrow
sinusoids as well as by bone marrow stromal cells. CXCR4-
positive HSPCs flowing through the bloodstream are triggered
to firmly adhere to the endothelium of bone marrow sinusoids
through CXCL12/CXCR4-induced integrin activation (88),
followed by their migration into specialized bone marrow
niches. Constant trafficking of a small number of HSPCs from
the bone marrow to the periphery occurs in normal physi-
ological state, however in certain conditions such as injury or
stress, an increased release of HSPCs into the bloodstream can
be observed. Since in turn CXCL12/CXCR4 signaling is essen-
tial for bone marrow retention of HSPCs, interference with
this pathway was shown to trigger HSPC mobilization (89).
There are several proposed mechanisms of CXCR4 interfer-
ence in the context of HSPC mobilization, as discussed in more
detail recently (1). For example, the commonly used stem cell
mobilizing reagent G-CSF was shown to induce the cleavage
of the CXCR4 N-terminus on HSPCs, leading to diminished
chemotaxis and arrest, and reduced retention of HSPCs in
the bone marrow (90). In vitro, such CXCR4 cleavage could
be induced by the neutrophil proteases neutrophil elastin
and cathepsin G (90), although the in vivo relevance requires
further validation.

In addition to HSPC homeostasis, the CXCL12/CXCR4 axis
has been implicated to be involved in progenitor cell survival
and proliferation (91, 92). Also, similar to its effect on HSPCs,
CXCL12/CXCR4 signaling regulates the homeostasis of CXCR4-
positive neutrophils and mediates their homing in the bone
marrow through the constitutive expression of CXCL12 by bone
marrow stromal cells (93). The retention of neutrophils in the
bone marrow by CXCL12/CXCR4 can be blocked by the CXCR4
antagonist AMD3100 (Plerixafor), which has been used to cor-
rect neutropenia in patients (94).

Since CXCR4 is crucial in stem cell homeostasis, it is not
surprising that it has essential functions in embryonic develop-
ment. In fact, knockout of Cxcr4 in mice causes several lethal
birth defects, such as defective trafficking of HSPCs from the fetal
liver to the embryonic bone marrow, impaired B-lymphopoiesis,
impaired vascularization, and abnormal cerebellum develop-
ment (95, 96). In addition to its role in vascularization during
development, the CXCL12/CXCR4 also plays an important
role in angiogenesis in the context of ischemia, as discussed
in more detail recently (1). CXCL12 expression was shown to
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be upregulated in conditions of hypoxia in a HIF-1-dependent
way, resulting in increased chemotaxis and adhesion of CXCR4-
positive progenitor cells to ischemic tissue (97). In a mouse
model of myocardial ischemia, CXCL12 treatment leads to
increased levels of vascular endothelial growth factor (VEGF) and
enhanced neo-angiogenesis, associated with reduced infarction
size after myocardial infarction (98). Also, the transplantation
of CXCLI12-overexpressing endothelial progenitor cells during
myocardial infarction in rats could increase neo-angiogenesis
(99). In ischemic preconditioning, which exerts cardioprotec-
tive effects, the levels of Cxcr4 mRNA were increased in cardiac
myocytes and fibroblasts, suggesting also a local protective effect
of the CXCL12/CXCR4 axis. Indeed, the in vivo administration of
CXCL12 leads to a decrease in myocardial infarct size associated
with signaling through the anti-apoptotic kinases ERK 1/2 and
AKT in cardiac cells (99).

Related to its role in angiogenesis, chemotaxis (100, 101), and
cell proliferation (100, 102), CXCL12/CXCR4 signaling has also
been linked to different pathologies including tumor progression
and metastasis, as discussed in more detail later.

CXCL12/CXCR4 Binding Triggers

G Protein-Coupled Signaling

CXCR4 is classified as a GPCR, indicating that one of the main
pathways triggered by CXCR4 stimulation involves G protein-
coupled signaling (Figure 2). The G protein complex is a hetero-
trimeric complex, composed of a Ga, Gf, and Gy subunit (Box4),
and is associated with CXCR4 and the inner leaflet of the plasma
membrane. CXCR4 is mainly coupled to the Go; subunit, which
after dissociation of the Gafy complex upon CXCR4 stimulation,
inhibits adenylyl cyclase activity, and triggers mitogen-activated
protein kinases (MAPK) and phosphatidylinositol-3-kinase
(PI3K) pathway activation (96). The GPy subunit leads to the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) to
diacylglycerol (DAG) and inositol triphosphate (IP;) by phospho-
lipase C (PLC) and subsequent mobilization of Ca?* ions from
intracellular stores (103, 104). This could also be considered a
downstream effect of Ga; activity, since the inhibition of Ga
activity by its potent inhibitor pertussis toxin has been reported
to lead to decreased Ca?* mobilization from intracellular stores
(103, 105). Although CXCR4 is most likely primarily coupled to
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FIGURE 2 | CXCL12-induced signaling pathways. CXCL12 can trigger
intracellular signaling by binding to CXCR4 monomers, CXCR4 homodimers,
ACKRS, or CXCR4/ACKRS heterodimers. CXCR4 preferentially activates G
protein-mediated signaling, which is negatively regulated by RGS16. The
atypical chemokine receptor ACKRS (previously called CXCR7) functions as
a CXCL12 scavenger and also signals via p-arrestin. Also, complex
formation between CXCR4 and ACKRS3 shifts CXCL12-induced signaling
away from classical G protein signaling to f-arrestin signaling. By CXCL12-
induced dimerization, CXCR4 has also been reported to induce JAK/STAT
signaling. Whereas CXCR4 is mostly degraded after CXCL12-¢elicited

internalization, ACKR3 is continuously internalized and recycled to plasma
membrane independent of ligand binding, a process that also promotes
CXCL12 degradation. CXCL12 is known to induce chemotaxis and
proliferation, supporting several downstream biological processes such as
hematopoietic development, angiogenesis, or tumor progression. AKT,
protein kinase B; Ca?*, calcium ions; G,, G protein subunit a; Gy, G protein
subunit py; JAK, janus kinase; MAPK, mitogen-activated protein kinase;
PISK, phosphatidylinositide 3-kinase; PLC, phospholipase C; RGS16,
regulator of G protein signaling 16; STAT, signal transducer and activator of
transcription.
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BOX 4 | G protein-coupled (GPCR) signaling.

G protein-coupled signaling is a major signaling pathway in most cell types.
The heterotrimeric G protein complex can interact with so-called GPCRs and
is composed of the three subunits Ga, G, and Gy. In its non-active form,
nucleotide guanosine diphosphate (GDP) is bound to the G protein complex.
Upon ligand binding and subsequent activation and conformational change
of the GPCR (107), GDP is replaced by guanosine triphosphate (GTP) and
the three G protein subunits dissociate into a GTP-bound Ga monomer and
a Gpy dimer (108), each triggering distinct intracellular signaling pathways.
After G protein activation, GTP is again hydrolyzed to GDP through an intrinsic
GTPase activity of the Ga subunit, which in turn leads to re-association of the
Gapy-trimer/GPCR complex and hence termination of GPCR signaling (96,
109). The G protein subunits can be divided into several classes, with more
than 16 different Ga isoforms, 5 Gp isoforms, and 14 Gy isoforms [reviewed
in Ref. (110)]. The Gy subunit leads to the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP.) to diacylglycerol (DAG) and inositol triphosphate (IPs)
by phospholipase C (PLC) and subsequent mobilization of Ca?* ions from
intracellular stores (103, 104). The Ga proteins are the main signal transdu-
cers, and association of GPCRs with different G isoforms leads to activation
of different downstream signaling mediators. For example, Gas induces cyclic
AMP (cAMP) production, activating protein kinase A (PKA) and thus the tran-
scription factor cAMP-responsive element-binding protein (CREB). Both G
and Goyq are involved in activating PLC and subsequent mobilization of Ca?*
ions from intracellular stores, as well as inhibiting adenylyl cyclase activity and
triggering activation of MAP kinases, the phosphatidylinositol-3-kinase (PI3K)

pathway, and the NF-kB pathway (106).

Ga, recent reports suggest that CXCR4 associates with other Gu
subunits, i.e., Gog or Gou, each of which has been associated with
different intracellular signaling cascades (Box 4) (106).

RGS16 as a Negative Regulator of
CXCL12/CXCR4 Signaling

G protein-coupled signaling triggers diverse downstream signal-
ing pathways and hence needs to be tightly regulated. Signaling
termination is initiated by hydrolysis of Ga-bound GTP to GDP
by an intrinsic GTPase activity of the Go subunit, with subsequent
re-association of the inactive G protein trimer/receptor complex
(96, 109). This GTPase activity can be further enhanced by so-
called regulators of G protein signaling (RGS), which bind to the
activated Ga subunit following GPCR stimulation. The family
of RGS proteins consists of at least 37 members that all share a
conserved 120 aa GTPase-accelerating domain (111), termed the
RGS box (109). The family member RGS16 was identified as a
negative regulator of CXCL12-CXCR4 signaling in 2005 (112).
Overexpression of RGS16 leads to reduced CXCL12-induced
migration of megakaryocytes and reduced activation of MAPK
and the kinase AKT, whereas knockdown of RGS16 increased
CXCR4 signaling (112). Furthermore, down-regulation of RGS16
expression by microRNA126 in endothelial cells was shown to
increase CXCR4 signaling, leading to an auto-regulatory positive
feedback loop through increased production of CXCL12 (113).

Involvement of the JAK/STAT Pathway in
CXCL12/CXCR4 Signaling

Upon binding of CXCL12, CXCR4 can dimerize and becomes
phosphorylated at intracellular tyrosine residues by rapid recruit-
ment and activation of the Janus kinases JAK2 and JAK3. These
phosphorylated tyrosines mediate the binding of STAT proteins,

which are phosphorylated by the CXCR4-bound JAK Kkinases,
leading to STAT dimerization and initiation of the STAT signal-
ing pathway (114) (Figure 2). The phosphorylation of CXCR4
by JAK2/3, and hence activation of the JAK/STAT pathway, is
unaffected by treatment with the Goy-specific inhibitor pertussis
toxin. However, it is interesting to note that the complex of CXCR4
with JAK2/3 does not dissociate in pertussis toxin-treated cells,
as it would normally do. This implies that the Gay protein could
be involved in the recycling of the JAK/STAT receptor complex
by uncoupling of JAK2/3 from CXCR4 (114). The precise mecha-
nism for this effect however remains unidentified.

The activation of the JAK/STAT pathway leads to diverse cellu-
lar effects, including Ca** mobilization from intracellular stores,
which shows again the complex interplay with G protein-coupled
signaling. In fact, employing a JAK-specific inhibitor, it could be
shown that the association of Ga; to CXCR4 is dependent on JAK,
further supporting a co-dependent mechanism of action between
members of the JAK/STAT pathway and G protein-coupled
signaling (115). Although activation of the JAK/STAT pathway
by CXCR4 has interesting implications for future research, only
limited data on this interaction are available to date.

Beta-Arrestin Modulates CXCL12/CXCR4
Signaling
Apart from classical signaling through G protein activation,
CXCR4 has also been shown to induce B-arrestin-mediated sign-
aling (Figure 2). f-Arrestin exists in two isoforms, B-arrestin-1
and p-arrestin-2, which have historically been described as termi-
nators of G protein-coupled signaling. Signaling is terminated by
recruitment of B-arrestin to the receptor site, whereby G protein
coupling to the receptor is sterically hindered (116). In addition,
[-arrestins facilitate the internalization of the receptor by acting as
an adaptor for f(2)-adaptin and clathrin, transporting the recep-
tor to clathrin-coated pits for endocytosis (117). Interestingly,
high levels of intracellular CXCR4, located in early and recycling
endosomes, can be found constitutively in HSPCs, independent
of ligand binding. This suggests that constitutive endocytosis of
CXCR4 and possibly CXCR4 recycling to the cell membrane,
mediated by clathrin-coated vesicles, are important mechanisms
in HSPC regulation and trafficking (118). Similar findings were
reported in fetal mesenchymal stem/stromal cells (119).
However, B-arrestin is not only involved in G protein-coupled
signaling termination and GPCR internalization, but also initi-
ates signaling itself. One of the first findings pointing to signaling
mediated by f-arrestin was that B-arrestin acts as an adapter
protein between SRC family tyrosine kinases and a GPCR, which
in turn leads to activation of the MAP kinases ERK 1/2 (120).
Since then, a variety of B-arrestin-mediated signaling effects
have been described, including scaffolding for AKT, PI3K, and
phosphodiesterase 4 (PDE4) in the context of specific receptors
[reviewed in Ref. (116)]. G protein-independent activation of
ERK 1/2 through the p adrenergic receptor (B2AR) was reported
in 2006 by Shenoy et al. (121). Treatment of HEK293 cells with
isoproterenol, which activates p2AR signaling, led to distinct
ERK1/2 activation outcomes: rapid ERK1/2 activation sensitive
to pertussis toxin treatment and therefore Go; protein-dependent,
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as well as a slower, more sustained ERK1/2 activation which was
insensitive to pertussis toxin and thus Ga; protein-independent,
and which could be abrogated by siRNAs against 3-arrestins (121).
These findings show that the involvement of p-arrestin-mediated
signaling in the context of GPCRs should not be underestimated.
When it comes to the function of B-arrestin in regard to CXCL12,
it clearly emerges that this aspect cannot be investigated with-
out taking the interaction of CXCR4 and ACKR3 into account
(122-124), as discussed in more detail below.

Homo-Oligomerization of CXCR4 and CXCL12
An important event in the activation of GPCRs is receptor
dimerization, a process that is of great interest for drug targeting
(125). Crystallization of CXCR4 in complex with the antagonists
IT1t and CVX15 or the viral protein ligand vMIP-II revealed the
existence of a CXCR4 dimer (11, 24). Also, stable, constitutive
dimerization and even higher-order oligomerization of CXCR4 in
the absence of a ligand could be shown in fluorescence resonance
energy transfer (FRET) experiments (126, 127), and binding of
the ligand CXCL12 was reported to even further increase CXCR4
oligomerization in FRET experiments (128).

Not only CXCR4, but also CXCL12 can form homodimers,
and crystallization studies of CXCR4 left open the possibilities of
CXCL12 interacting as monomer as well as dimer with a CXCR4
dimer (24). Of note, the oligomerization state of CXCL12 has been
reported to influence signaling, however with conflicting data
presented. Ray et al. report on a bias for monomeric CXCL12 to
initiate G protein-coupled signaling and for dimeric CXCL12 to
rather promote recruitment of B-arrestin-2 to CXCR4, as shown
in vitro in breast cancer cells (129). By contrast, Drury et al.
showed in colon carcinoma cells that dimeric CXCL12 has merely
any effect on p-arrestin, whereas monomeric CXCL12 recruited
B-arrestin. In this study, both CXCL12 forms however mobilized
intracellular calcium and inhibited adenylyl cyclase signaling,
showing activation of Go; signaling (130). These findings show
that a clear-cut distinction of the dimerization state of CXCL12
and its relation to specific downstream signaling pathways can-
not (yet) be made. Furthermore, to which extent dimerization of
CXCL12 is favored over the monomeric form in vivo still remains
open and is believed to be highly tissue-dependent (129).

Interaction of CXCR4 and CXCL12 with Other
Signaling Mediators

Apart from homodimerization (24, 126, 127), CXCR4 forms a
functional MIF receptor complex with CD74 (131) and can form
heterodimers with the chemokine receptor ACKR3 (previously
CXCR7), modulating CXCL12/CXCR4 signaling as will be dis-
cussed in detail below. Furthermore, oligomerization of CXCR4
with CCR5 and CCR2, chemokine receptors important for HIV
infection, has been shown by FRET and co-immunoprecipitation
experiments (132-137).

Also, it could be shown that CXCR4 forms a heterodimer
with the T-cell receptor (TCR) upon stimulation of T-cells with
CXCL12, leading to several cellular outcomes such as ERK acti-
vation, increased Ca** levels, gene transcription, and cytokine
production (138). For example, a particular factor regulated by

CXCL12 signaling in a TCR-dependent way is RasGRP1, a Ras
guanine-nucleotide exchange factor, which activates ERK and has
important functions in autoimmunity and immunodeficiency
(139). Interestingly, the heterodimerization of TCR and CXCR4
was found to be crucial for CXCR4 endocytosis in T-cells (140).

Furthermore, in an intriguing study conducted by Wagner
et al,, it was shown that in a mouse model of hindlimb ischemia,
the administration of a TLR2 blocking antibody had similar pro-
angiogenic effects compared with administration of CXCL12 and
induced the activation of both ERK1/2 and AKT, the canonical
signal transduction pathways of CXCR4. Immunoprecipitation
experiments revealed an interaction of TLR2 and CXCR4 in
endothelial cells and it was proposed that the effects of the TLR2
blocking antibody were mediated through CXCR4. Indeed, upon
CXCR4 knockdown or G protein inhibition, the observed pro-
angiogenic effects of the TLR2 blocking antibody were abolished,
supportingarole for a functional interaction of CXCR4 with TLR2
in mediating pro-angiogenic effects of TLR2 blocking (141).

Furthermore, recent research implicates a functional interac-
tion of a CXCR4/ACKR3 dimer with the androgen receptor,
regulating CXCL12-dependent cellular motility in a prostate
tumor cell line (142). Also, heteromerization of CXCR4 with
alA/B-adrenergic GPCR has been reported recently in HeLa
cells and human vascular smooth muscle cells (143). In addition,
interactions of CXCR4 with CD4, lipopolysaccharide receptor,
Epstein-Barr virus-encoded GPCR BILF1, kappa-type opioid
receptor, and delta-type opioid receptor have been described
[reviewed in Ref. (144)].

Finally, not only CXCR4 but also CXCL12 has been shown
to interact with other signaling mediators affecting CXCL12/
CXCR4 signaling: high mobility group box 1 (HMGBI1), a
damage-associated molecular pattern released from damaged
cells, was revealed to form a heterocomplex with CXCL12, shift-
ing the efficiency of CXCR4 activation to lower concentrations
and mediating inflammatory cell recruitment in vivo (145).

Together, these findings show that the CXCL12/CXCR4 axis is
not monogamous, but is connected to a variety of other signaling
receptors.

Biological Processes and Signaling
Triggered by the MIF/CXCR4 Axis

Migration inhibitory factor is involved in the progression of diverse
acute and chronic inflammatory diseases including septic shock,
atherosclerosis, septic lupus erythematosus, bladder pain, and
allergic diseases such as eosinophilic esophagitis (19, 146-149).
On the other hand, MIF also exhibits protective functions, e.g., in
liver fibrosis and myocardial ischemia-reperfusion injury, associ-
ated with the activation of the protective kinases AMPK and PKCe
(150-153). Recently, a novel protective role of MIF was revealed
in the developing cerebral cortex upon tissue damage, with MIF
upregulated upon cell death and stimulating the proliferation of
microglia in the developing cerebral cortex (154).

CD74, the surface-expressed form of MHC class-II-associated
invariant chain, has been identified as a MIF receptor. In a signal-
ing complex with CD44, MIF/CD74 interaction leads to ERK1/2
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and AKT phosphorylation promoting cell survival and prolifera-
tion (155-157) (Figure 3A). The chemotactic properties of MIF
are mediated via binding to the chemokine receptors CXCR2
and CXCR4 (4), in part by interaction with CD74. Interaction
of MIF with CXCR2 has been shown to mediate the recruit-
ment and arrest of monocytes and neutrophils (4, 158), with
MIF-CXCR2-induced signaling discussed in detail previously
(19). Via CXCR4, MIF has been shown to recruit many cell types,
including T-cells, B-cells, eosinophils, endothelial progenitor
cells, mesenchymal stromal cells, as well as cancer cells (4, 148,
159-162). Furthermore, MIF-CXCR4 interaction increases in
experimental bladder inflammation (163), with PAR4-induced
abdominal hypersensitivity shown to occur through MIF and
at least partially also through CXCR4 on the urothelium (149).
However, the underlying signaling events of MIF-CXCR4 asso-
ciation are only partially enlightened.

In T- and B-cells, MIF-induced cell migration is Gi.-dependent
and MIF induces cytosolic Ca**-influx (4, 161). Furthermore, MIF
triggers the rapid activation of integrins, as shown in T-cells (4),
and which induces cell arrest by binding to integrin ligands pre-
sented by, e.g., activated endothelium. In B-cells, both MIF- and
CXCL12-induced migration are dependent on the participation

of the tyrosine kinase ZAP-70 (161). ZAP-70 was originally noted
for its involvement in the initiation of the antigen-dependent
T-cell response by phosphorylating the scaffold proteins LAT
and SLP-76 (164). During T-cell migration triggered by CXCL12,
ZAP-70 regulates directionality by interacting with talin, which
acts as an integrin scaffold for F-actin (165). Whether ZAP-70
exerts these same functions in MIF-induced signaling remains
to be unraveled.

In colon cancer cells, the MIF/CXCR4 axis induces an aggres-
sive phenotype by inducing proliferation, adhesion, migration,
and invasion of these cells, which is related to metastasis (160,
166). Similarly, the MIF/CXCR4 axis was recently shown to be the
main axis mediating the recruitment of mesenchymal stromal cells
to tumors and underlying their invasion capacity, both in vitro
as well as in a pulmonary metastasis model, and this was linked
with signaling through the MAP kinases MEK1/MEK2, upstream
of ERK1/2 (162). On the other hand, CXCR4-expressing human
rhapdomyosarcoma cells do not only show phosphorylation of
ERK1/2 and AKT, but also enhanced cell adhesion after stimula-
tion with MIF, the latter preventing their release into the circula-
tion and thereby inhibits metastasis (7). Therefore, the role of MIF
in metastasis seems to be ambivalent maybe dependent on tumor

FIGURE 3 | The signaling network induced by the non-canonical
CXCR4 ligands MIF, extracellular ubiquitin, and gp120. (A) MIF induces
signal transduction by binding to the CXCR4, which can form a receptor
complex with CD74 under certain conditions, or by binding to the atypical
chemokine receptor 3 (ACKR3) (previously called CXCR?7). MIF binding to
CXCR4 triggers cytosolic Ca2* influx, integrin activation, and ZAP-70 activation
via Gy, resulting in cell adhesion, migration, proliferation, and GRK2
expression. By binding to the CXCR4/CD74 signaling complex, MIF activates
ERK1/2 and AKT signaling promoting cell survival and proliferation.
Additionally, the MIF-CXCR4/CD74 interaction promotes JNK
phosphorylation, which results in enhanced CXCL8 expression. By binding to
ACKR3 MIF induces platelet survival via the activation of PI3K and AKT. (B) By
binding to CXCR4, ubiquitin induces the migration of cancer as well as THP1
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cells through the activation of Gy-dependent PLC-induced Ca?* influx, MAPK,
and AKT phosphorylation. The HIV glycoprotein gp120 uses CXCR4 as
co-receptor for fusion of viral and host cell membrane, which results in HIV
infection. In addition, gp120 can induce cell death via CXCR4 by activating
caspases, p53-dependent cytochrome C release, and PISK/AKT-dependent
Fas ligand expression. AKT, protein kinase B; Ca?*, calcium ions; Cyt. C,
cytochrome C; ERK1/2, extracellular signal-regulated kinases 1/2; Gq;,
Gi-protein subunit «; gp120, glycoprotein 120; GRK2, G protein-coupled
receptor kinase 2; JAK, janus kinase; MAPK, mitogen-activated protein
kinase; MEK, mitogen-activated protein kinase kinase; MIF, macrophage
migration inhibitory factor; PI3K, phosphatidylinositide 3-kinase; PLC,
phospholipase C; THP1, monocytic cell line; ZAP-70, zeta-chain-associated
protein kinase 70.
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type. Interestingly, MIE, which is secreted in response to hypoxia
by different tumor cells, was reported to induce CD11b*GR1*
myeloid cell migration via CD74/CXCR4 and CD74/CXCR2
complexes, as well as through p38 and PI3K activation (167).
Because CD11b*GR1* myeloid cells have gained much attention
for their role in tumor immunity suppression as well as for their
ability to promote angiogenesis (168, 169), MIF could support
tumor growth by recruiting CD11b*GR1* myeloid cells.

Inaddition, tumor-originated MIF leads to enhanced accumula-
tion of interleukin-17-producing subsets of tumor-infiltrating lym-
phocytes by binding to CXCR4, which can affect patient prognosis
(170). The clinical relevance of these interleukin-17-producing
lymphocyte subsets for cancer seems to be cancer type-dependent.
While these subsets are beneficial in ovarian cancer, the number
of interleukin-17-producing subsets negatively predicts the
outcome of patients with hepatocellular carcinoma (171, 172).

In 2009, Schwartz et al. could show that CXCR4 and CD74 form
afunctional MIF receptor complex, which induces MIF-dependent
AKT phosphorylation that can be blocked by anti-CXCR4 as well
as by anti-CD74 antibodies (131) (Figure 3A). After binding to
this complex, MIF is internalized by clathrin/dynamin-dependent
endocytosis leading to endosomal AKT signaling (173). This
CXCR4/CD74-complex also mediates MIF-dependent JNK
activation via the PI3 and SRC kinases leading to c-Jun and AP-1
activation to upregulate gene expression of CXCL8 in T-cells (174).

Despite its chemotactic activity, MIF was originally described
as a substance which inhibits the random movement as well as
directed migration of macrophages, hence its name “macrophage
migrationinhibitingfactor” (175,176). Later on, this was explained
by a desensitization effect of MIF toward migration induced by
other chemokines, as also shown, e.g., MCP1/CCL2- and CXCL8-
induced migration (4, 177). Recently, it was suggested that MIF
inhibits migration of human monocytic U937 cells through
CXCR4 in the absence of CD74 via a perturbation of RHO
GTPase signaling. MIF/CXCR4 interaction was shown to induce
G protein-coupled activation of RHO-A followed by subsequent
inactivation. In addition, RAC1 was transiently inactivated while
Cdc42 showed cyclic activation and inactivation. Together, these
results were suggested to contribute to MIF-induced migration
inhibition in U937 cells. Furthermore, they indicate that CXCR4
can mediate MIF signaling in the absence of CD74, in addition
to its function as MIF co-receptor in complex with CD74 (178).

Finally, increased levels of MIE, as observed in plasma of
diabetic patients, also enhance the expression of GRK2 in car-
diomyoblasts, an effect mediated through CXCR4 (179). As an
upregulation of GRK2 in cardiomyocytes precedes the develop-
ment of heart failure (180), this finding might suggest that MIF
could promote heart failure by amplifying GRK2 expression.

CXCR4 Signaling Triggered by the
Non-Canonical Ligands eUb and gp120

Extracellular Ubiquitin (eUb)/CXCR4 Signaling

Opposite to the well-characterized functions of ubiquitin as
intracellular signaling molecule, as discussed earlier, only little
attention has been paid to its extracellular actions. eUb can be

found in human serum in concentrations varying in response to
different diseases. The cellular source and the underlying release
mechanism remain unclear (181, 182), but active secretion of
ubiquitin was assumed after increased ubiquitin concentrations
were measured in the supernatant of Ba/F3 B-cells and 293T
human embryonic kidney cells after transfection with an ubiqui-
tin expression vector (183). Furthermore, it has been shown that
eUb can be taken up by cells (184), and induces Ca** flux after
binding to THP1 monocytes. Ubiquitin-induced Ca** flux could
be inhibited by the use of the G protein inhibitor pertussis toxin,
indicating that ubiquitin signals viaa GPCR. By gene silencing and
the use of the CXCR4 antagonist AMD3100 Saini et al. showed
that eUDb signals via CXCR4 and leads to Ca** flux and reduced
cAMP levels (70). Ubiquitin-induced Ca?* flux can also be attenu-
ated by the PLC inhibitor U73122, indicating that PLC plays a role
in ubiquitin-induced signaling events (185) (Figure 3B).

Extracellular ubiquitin has chemotactic properties inducing
the migration of different cancer cell types as well as THP1 cells
via CXCR4, PLC, AKT, and the MEK/ERK pathway (186-188).
The effects of ubiquitin and the canonical CXCR4 ligand CXCL12
are partially synergistic: co-stimulation with suboptimal ligand
concentrations leads to enhanced Ca** flux, without synergistic
effects on cAMP levels, AKT and ERK1/2 phosphorylation
or chemotactic responses (188). In 2011, ubiquitin has been
characterized as a substrate for the ubiquitously expressed cell
surface protein “insulin degrading enzyme” (IDE), cleaving the
C-terminal di-Gly aa from ubiquitin (189). This modification
modulates CXCR4-mediated ubiquitin signaling. Reduced IDE
expression enhances the ubiquitin-induced reduction in cAMP
levels and reinforces the chemotactic activity of ubiquitin (186).
Modulation of ubiquitin by IDE could thereby contribute to the
fine-tuning of CXCR4-mediated cell functions.

Gp120/CXCR4 Signaling

Binding of gp120 on the surface of the HI-virus to CD4 and the
HIV co-receptors CCR5 or CXCR4 leads to the fusion of the
viral and the host cell membrane (79). Also, binding of gp120 to
CXCR4 is involved in HIV-mediated apoptosis of infected and
uninfected lymphocytes (190), neurons (191), cardiomyocytes
(192), hepatocytes (193), and different cancer cells (194, 195).
The underlying signaling events are controversially discussed
(Figure 3B). CXCR4 signaling is typically mediated via the Gy
protein. But in case of gp120/CXCR4-mediated apoptosis, the
signaling pathway seems to be Go; protein-independent, at least
in T-cells (196, 197), whereas gp120/CXCR4-induced apoptosis
of breast cancer cells (194) and hepatocytes (193) depends on Go;
protein involvement. Also, the participation of caspases seems to
be cell type-dependent: caspases 8 and 9 play an essential role
in gp120/CXCR4-induced apoptosis of cardiomyocytes (192);
gp120/CXCR4-induced apoptosis of hepatocytes is caspase-inde-
pendent (193); but T-cells seem to display a caspase-independent
pathway as well as a pathway involving caspases 3 and 9 (197,
198). By the use of CD4 inhibitors or CD4 mutants, different
studies reported that gp120/CXCR4-induced apoptosis is CD4-
independent. By contrast, CD45 was observed to be important for
gp120/CXCR4-mediated T-cell apoptosis, and through interac-
tion with CXCR4, CD45 is involved in Fas ligand activation via
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the PI3K/AKT pathway (199). Gp120 expression on the surface
of infected cells can also cause apoptosis by binding to a CD4/
CXCR4-expressing cell. The resulting “fused cell,” also called
syncytium, undergoes apoptosis mediated by mitochondrial
membrane permeabilization and cytochrome c release involving
p53 activation (200, 201).

To gain more insight into the molecular mechanisms leading
to gp120/CXCR4-mediated apoptosis of lymphocytes, Molina
etal. performed a proteomic analysis of immune cells after cocul-
ture with cells expressing gp120. This approach showed that most
proteins involved in gp120/CXCR4-mediated apoptosis can be
linked to degradation processes, redox homeostasis, metabolism,
or cytoskeleton dynamics (202). Not only apoptosis but also
autophagy of CD4 T-cells can be induced by gp120 binding to
CXCR4, but the underlying signaling events remain unclear
(203). Because gp120/CXCR4-induced lymphocyte death leads
to pathological immunodeficiency, a lot of research is still ongo-
ing to identify a CXCR4 antagonist that would selectively prevent
the gp120/CXCR4 interaction and thereby HIV-triggered disease
progression (204).

ACKRS Influences Signaling through
CXCR4

Atypical chemokinereceptor 3 (ACKR3) (originallynamed RDC-1
or CXCR7) was first described in 1989 as a putative GPCR cloned
from thyroid complementary DNA (205). Further evidence for
RDC-1 belonging to the seven-transmembrane-spanning recep-
tor family was obtained by sequence analysis (206). The notion
that RDC-1 might be part of the CXC family of chemokine recep-
tors was brought up by Heesen et al., who reported in 1998 a 55%
nucleic acid similarity between mouse RDC-1 and rabbit CXCR2
(207). In 2005, Balabanian et al. identified the orphan receptor
RDC-1 as another receptor for CXCL12 and hence suggested to
rename it to CXCR?7 according to the chemokine nomenclature
(6). In 2014, the name was changed into ACKR3 (12). Of note,
ACKR3 wasreported to havea ~10-fold higher affinity for CXCL12
compared with CXCR4 (6, 36, 208). This finding has considerably
changed the view of CXCL12/CXCR4 signaling, as CXCR4 was
until then believed to be the only receptor for CXCL12, and since,
ACKR3 has been under intensive investigation.

ACKR3 is expressed in a variety of tissues, including, for
example, embryonic neuronal and heart tissue, hematopoietic
cells, and activated endothelium (209). Its expression has also
been linked to a variety of cancers, including, for example, breast
and lung tumors (210), brain metastases (211), and renal cell
carcinoma (212). Apart from cancer research, ACKR3 has been
implicated in other diseases, for example in acute coronary syn-
drome, in which platelets from patients showed enhanced surface
expression of ACKR3 but not CXCR4 (213).

CXCL12 as a Ligand for ACKR3 and Interrelation
with CXCL12/CXCR4 Signaling

With ACKR3 as a high-affinity receptor for CXCL12 (6, 36, 208),
ACKRS3 functions as a scavenger receptor for CXCL12, thereby
downtuning classical CXCL12/CXCR4 signaling. On the other

hand, ACKR3 is also able to induce CXCL12 signaling indepen-
dently from CXCR4 (6, 214-216), as will be discussed in more
detail below. It is currently thought that ACKR3 does not per se
induce G protein signaling upon binding of CXCL12, based on
which the previous name CXCR7 was recently renamed into
ACKR3 based on its classification in the group of ACKRs that
do not signal through G proteins (12), although this has been
challenged by others (217).

ACKR3 continuously cycles between the plasma membrane
and intracellular compartments without or with ligand binding,
and in contrast to CXCR4, ACKR3 is not degraded after inter-
nalization (209) (Figure 2). ACKR3 internalization is dependent
on P-arrestin and also involves constitutive ubiquitination for
correct trafficking of ACKR3 (218).

Co-expression of CXCR4 with ACKR3 resulted in heter-
odimerization independent of ligand binding (219). This was
associated with a constitutive recruitment of -arrestin-2 to the
CXCR4/ACKR3 complex, with simultaneous down-regulation of
Goy-mediated signaling as shown by a cAMP reporter gene assay
as read-out of Ga; signaling (123) (Box 4; Figure 2). Based on
these results, Decaillot et al. postulated that the CXCR4/ACKR3
heterodimer down-tunes classical CXCL12/CXCR4-triggered G
protein-coupled signaling by preferentially triggering the recruit-
ment of f-arrestin and hence inducing B-arrestin-mediated sign-
aling pathways, including activation of the MAP kinases ERK1/2,
p38 and SAPK. The activation of these pathways is enhanced by
binding of CXCL12 to the receptor complex, which leads to an
increased recruitment of B-arrestin compared to the interaction
of CXCL12 with CXCR4 alone (123). Of note, CXCR4/ACKR3
heterodimers form as efficiently as CXCR4 homodimers, indicat-
ing that these mechanisms are of equal importance (219).

Furthermore, recent reports showed additional negative
regulatory functions of ACKR3 toward classical CXCL12/CXCR4
signaling: an agonist of ACKR3 promoted the dimerization of
ACKR3 with CXCR4, which in turn led to internalization and
degradation of CXCR4 and inhibition of CXCLI12-induced
tube formation (124). Also, ACKR3 binding to CXCL12 but
also to its other ligand CXCLI11 (as discussed below) enhances
internalization of the chemokine ligand/receptor complex and
results in lysosomal degradation of the chemokine ligand (209,
220), which again negatively affects CXCL12/CXCR4 signaling.
Together, these findings have led to the current idea that the
CXCR4/ACKR3 complex results in decreased classical signaling
of CXCL12/CXCR4 through G protein-coupled pathways and
initiation of B-arrestin signaling through ACKR3.

Of note, ACKR3 preferentially sequesters the monomeric form
of CXCL12, whereas dimeric CXCL12 showed significantly lower
binding to ACKR3 in vitro and in a breast cancer xenograft model
(129). However, how the oligomerization state of CXCL12 influ-
ences downstream signaling remains controversial, as discussed
earlier. Taking into account the findings by Drury et al. who
showed in colon carcinoma cells that monomeric but not dimeric
CXCL12 preferentially recruited p-arrestin to CXCR4 (130), one
could hypothesize that enhanced p-arrestin signaling through
ACKR3 is due to preferential binding of monomeric CXCL12.
However Ray et al. reported that monomeric CXCL12 actu-
ally promotes Ga signaling through CXCR4, whereas dimeric
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CXCLI12 rather recruited p-arrestin (129). This shows that these
mechanisms still need to be further investigated and could possibly
be cell type-dependent and influenced by the build-up of different
receptor complexes, as, for example, homomeric or heteromeric
interactions involving CXCR4, ACKR3, and even CD74.

Furthermore, different reports come to the conclusion that
CXCL12 can signal through ACKR3 independently of CXCR4,
further diversifying the potential mechanisms of the CXCL12
signaling network (Figure 2). The migration of neural progenitor
cells was shown to be regulated by CXCL12, both through the
well-established mechanism of CXCR4 but also independently of
CXCR4 via ACKR3 (216). Similarly, CXCL12 can induce T-cell
migration through ACKR3 independent of CXCR4 (6, 215),
and in cortical interneurons MAPK activation can be induced
by CXCL12/ACKR3 independent of CXCR4 (214). However,
the idea that ACKR3 is merely a scavenger receptor modulating
CXCR4 function and an ACKR not coupled to classical G protein
signaling was in turn challenged by Odemis et al., who showed
that ACKR3-mediated effects on ERK and AKT activation in
rodent astrocytes and human glioma cells were pertussis toxin-
sensitive, and hence mediated by G protein activation (217).

In conclusion, the previous view of classical CXCL12/CXCR4
signaling needs to take into account active signaling moderation
by ACKR3. Whether CXCL12 signaling is mediated through
CXCR4, ACKR3, or both receptors in conjunction seems to
be cell type-dependent (221). Interestingly, a recent report
described CXCL12 to stimulate CXCR4 internalization on plate-
lets, which in turn led to increased ACKR3 surface expression.
This CXCR4-dependent increased ACKR3 surface exposure had
anti-apoptotic effects on platelets (222). These findings reveal a
highly interesting, novel pro-survival mechanism of CXCL12,
and also demonstrate that CXCR4 and ACKR3 can work in
close conjunction to trigger specific biological effects. However,
signaling through CXCR4 vs. ACKR3 can also have opposite bio-
logical effects. For example, it was recently shown that ACKR3 is
upregulated in liver sinusoidal endothelial cells after acute liver
injury and in cooperation with CXCR4 induces liver regeneration
through the production of pro-regenerative angiocrine factors.
By contrast, chronic liver injury increased CXCR4 expression,
overwhelming ACKR3 signaling and promoting a pro-fibrotic
response instead (223).

CXCL11 as a Ligand for ACKR3

In 2006, ACKR3 (at that time still called CXCR7) was also
identified as a receptor for the chemokine CXCL11, which was
previously believed to exclusively bind to CXCR3 (208, 224). This
chemokine was discovered in 1998 by Cole et al. by sequence
analysis of cDNAs derived from cytokine-activated primary
human astrocytes (224), and based on experiments named as
interferon-inducible T-cell alpha chemoattractant (I-TAC). Later
on, this name was replaced by CXCL11, according to the common
chemokine nomenclature (225, 226). Interactions of CXCL11 with
CXCR3 have been intensively investigated, and have, for example,
been associated with several pro- as well as anti-tumorigenic
effects (227). By contrast, the CXCL11/ACKR3 relationship is
less well studied. Yet, it clearly emerges that CXCL12, CXCL11,
and their common receptor ACKR3 form an interactive network.

For example, local administration of CXCL11 in a mouse model
of colorectal cancer enhanced tumor growth. Without exogenous
CXCL11 stimulation, blocking endogenous CXCL11 or CXCL12
alone did not influence tumor growth and angiogenesis, whereas
the combined inhibition almost completely abrogated tumor
angiogenesis, providing evidence for the proposed close relation-
ship of these chemokines (228).

Potential Alternative Ligands for ACKRS3:

MIF and gp120

Apart from the binding of CXCL12 and CXCL11, ACKR3 has
also been implied as a receptor for MIF (Figure 3A). For example,
an anti-ACKR3 antibody inhibited the adhesion of rhabdo-
myosarcoma cells in response to MIF in an in vitro assay (7).
Furthermore, a recent report indicated MIF to interact with both
CXCR4 and ACKR3 on the platelet surface, although biochemical
receptor binding evidence is currently still elusive. Although MIF
could also induce CXCR4 internalization similar to CXCL12, MIF
was not able to induce downstream ERK phosphorylation upon
CXCR4 binding and also failed to induce subsequent upregula-
tion of ACKR3 externalization, likely due to lack of CD74, which
is not expressed in platelets. However, MIF-induced platelet
survival through ACKR3 but not CXCR4, as well as activation of
the PI3K-AKT pathway (229). The injection of MIF in a mouse
model led to decreased thrombus formation after arterial injury,
which could be abrogated by a ACKR3-blocking antibody. In vitro,
reduced thrombus formation by MIF was mediated through both
CXCR4 and ACKR3 (229).

Finally, the similarity of ACKR3 to CXCR4 in ligand binding is
also apparent by the ability of both receptors to act as co-receptors
for several strains of HIV in combination with CD4 (230). While
for CXCR4, binding of the HIV envelope glycoprotein gp120 is a
well-established mechanism for viral entry (231), interaction of
HIV envelope proteins to ACKR3 has not yet been demonstrated
by biochemical receptor binding assays.

Involvement of (Defective) CXCR4
Signaling in Pathological Settings

Since CXCR4 signaling is induced by different ligands and affects
important biological processes, it is not surprising that CXCR4
is also involved in a plethora of pathological events, such as HIV
infection (15, 179), WHIM syndrome (232), as well as diverse
cancer types (96).

As already introduced before, CXCR4 is important for HIV
entry into T-cells of infected patients, and this conclusion
is underlined by the fact that administration of the CXCR4
antagonist AMD3100/Plerixafor can stop virus replication (9).
Therefore, CXCR4 antagonists are still under thorough investiga-
tion for their potential therapeutic value in HIV infection (233).

The warts, hypogammaglobulinemia, infection, and
myelokathexis (WHIM) syndrome was first described in 1990
by Wetzler et al. (234). WHIM syndrome is characterized by
severe neutropenia despite having abundant mature myeloid
cells in the bone marrow, which is termed myelokathexis (232).
Gain-of-function mutations in the CXCR4 gene were identified
as the underlying cause of this autosomal-dominant syndrome in
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2003 (232, 235), corresponding to the fact that CXCR4 mediates
neutrophil retention in the bone marrow (93). A highly interest-
ing finding on WHIM was published this year; McDermott et al.
report a case in which a patient with WHIM was spontaneously
cured by chromothripsis, an intensive deletion and rearrangement
process in chromosomes. Here, the defective CXCR4 gene was
randomly deleted in a hematopoietic stem cell that repopulated
the myeloid but not the lymphoid lineage, leading to complete
remission of the patient (235).

Furthermore, CXCR4 is the chemokine receptor most widely
expressed in malignant tumors (236). It plays a role in a variety
of cancer types, and has been linked with cancer cell proliferation
and metastasis to bones and lymph nodes through both CXCL12
and MIF, as described above (96, 160, 166). For example, activa-
tion of CXCR4 induces leukemia cell trafficking and homing
to the bone marrow (237) and is critical for the growth of both
malignant neuronal and glial tumors (238).

In contrast to pathological effects of CXCR4 signaling, CXCR4
also exertsimportant protective functions in the context of disease.
For example, the CXCL12/CXCR4 axis exerts cardioprotective
effects after myocardial ischemia by enhancing the incorporation
of progenitor cells in the infarcted region and promoting survival
of cardiomyocytes (98, 99, 239). On the other hand, CXCR4 also
promotes the recruitment of inflammatory cells to the infarcted
heart (240, 241) and has in this context been linked to an increase
in infarct area (240). This indicates a double-edged role of CXCR4
in myocardial ischemia (241), which has also been described for
MIF (242), as discussed in detail in recent reviews (1, 243), and
warns for a careful evaluation of effects of CXCR4 antagonists in
clinical trials.

Development and Clinical Use of CXCR4
Antagonists

Since CXCR4 signaling is involved in a plethora of pathological
processes, small-molecule antagonists directed against CXCR4
are of great interest for medical treatment. A large variety of drug
candidates and lead compounds targeting CXCR4 have been dis-
covered over the last years, with several classes of chemical com-
pounds being investigated. While peptide-derived compounds
were the earliest anti-CXCR4 agents under investigation, they
had poor pharmacokinetic properties. Nevertheless, these com-
pounds were essential for the development of a basic pharmaco-
phore model to further develop more intricate smaller molecules
antagonizing CXCR4. These include cyclic pentapeptide-based
antagonists, indole-based antagonists, tetrahydroquinolines-
based antagonists, para-xylyl-enediamine-based compounds,
guanidine-based antagonists, quinoline derivatives, and various
other compounds, as reviewed in detail recently (2). The first
and so far only CXCR4 antagonist that was approved by the
Food and Drug Administration (FDA) is AMD3100, a bicyclam
compound marketed under the brand name Plerixafor (Genzyme
Corporation). It is being used in combination with G-CSF for the
mobilization of HSPCs for autologous transplantation in patients
with non-Hodgkin’s ymphoma (244). The use of HSPCs, derived
by treatment with G-CSF and AMD3100, has essentially replaced
bone marrow as a source of stem cells for both autologous and

allogeneic transplantation, providing greater safety for the patient
(245). In addition to the FDA-approved Plerixafor, other CXCR4
antagonists are being evaluated in ongoing clinical trials. To date,
nine other clinical trials with CXCR4 antagonists are listed in the
database at clinicaltrials.gov (search term “CXCR4”) (Table 1).

In addition to ongoing clinical trials, several different CXCR4
antagonists are under investigation in in vitro and in vivo experi-
mental research. For example, TG-0054 has recently been investi-
gated foritstherapeutic potentialinananimal model of myocardial
infarction. It could be shown that the administration of TG-0054
after induction of myocardial infarction leads to a mobilization of
mesenchymal stem cells, preventing left ventricular dysfunction
and causing a decrease in inflammatory cytokine levels (246). A
phase II clinical trial to assess the pharmacokinetics and safety
of TG-0054 for the mobilization of stem cells in patients with
multiple myeloma, non-Hodgkin lymphoma, or Hodgkin disease
has been completed by the end of 2014; however, the results have
not been published to date (clinical trials NCT01458288).

Since AMD3100 is currently the only FDA-approved CXCR4
antagonist, it is being used in multiple clinical trials (search term
“AMD3100” at clinicaltrials.gov reveals 112 hits). Additionally,
researchers are constantly aiming to improve AMD3100, for
example, efforts to increase its anti-HIV properties by functional-
izing the phenyl moiety are still ongoing (233). Mechanistically,
AMD3100 prevents the binding of CXCL12 to CXCR4 and
thus CXCR4 downstream signaling. AMD3465, an analog of
AMD3100, similarly prevents CXCL12 binding to CXCR4 with

TABLE 1 | Ongoing clinical trials with CXCR4 antagonists as listed in the
database at clinicaltrials.gov (search term “CXCR4”).

Drug Clinical
trial phase

Being tested in Sponsor

BMS-936564 Phase 1 Multiple myeloma Bristol-Myers Squibb

BKT140 Phase 1/ Multiple myeloma Biokine Therapeutics
phase 2 Ltd

BL-8040 Phase 1/ Chronic myeloid leukemia Sheba Medical Center
phase 2

POL6B326 Phase 2 Large reperfused Polyphor Ltd.

ST-elevation myocardial
infarction

BMS-936564 Phase 1 Acute myelogenous
leukemia; diffuse large
B-cell leukemia; chronic
lymphocytic leukemia;
follicular lymphoma

Bristol-Myers Squibb

AMD11070/  Phase 1/ HIV infections National Institute of
AMDO70 phase 2 Allergy and Infectious
Diseases (NIAID); AIDS
Clinical Trials Group
MSX-122 Phase 1 Solid tumors Metastatix, Inc.
POL6326 Phase 1 Mobilization of Polyphor Ltd.
hematopoietic stem cells
in healthy volunteers
AMDO70 Phase 1 HIV infections National Institute of

Allergy and Infectious
Diseases (NIAID); AIDS
Clinical Trials Group
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an even 10-fold higher effectiveness (247), however did not
yet receive FDA approval. Of note, AMD3100 was previously
reported to be able to enhance CXCL12 binding to ACKR3 and to
induce basal as well as CXCL12-induced p-arrestin recruitment
to ACKR3 above concentrations of 10 pM, warranting AMD3100
not only to interfere with CXCR4 signaling but also to induce
ACKR3 signaling at high concentrations or modulate CXCL12
scavenging through ACKR3 (248).

Concluding Remarks

In the last decade, many new insights in the CXCR4 signaling
cascade have been revealed, both in terms of the ligands to which
CXCR4 binds, the different signaling pathways that are initiated
downstream, the formation of heteromeric receptor complexes
involving CXCR4, as well as the interaction of other receptor
complexes with the CXCR4 cascade. This will considerably help
to understand the functions of CXCR4 and its ligands both in
physiological settings as well as in disease. However, there is
still a lot of haziness that remains to be clarified. For example,
the specific residues of CXCR4 involved in the site 1 and site
2 interaction with CXCL12 vs. MIF are still unknown, as is its
affinity to CXCL12 compared to MIF binding in physiological
settings, and thus the potential competition between CXCL12
and MIF for CXCR4 binding. Furthermore, both CXCL12 and
MIF can interact with ACKR3, and, despite the initial view
that ACKR3 merely serves as a chemokine decoy receptor, first
reports have now indicated that both MIF- and CXCL12-induced
ACKRS3 signaling regulate important biological processes, and
it can be expected that additional functions of these signaling
pathways in both physiological as well as pathological conditions
will be revealed. Also, the roles of CXCR4, CXCL12, and MIF
in certain physiological or pathophysiological settings may be
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Coronary artery disease (CAD) as part of the cardiovascular diseases is a pathology
caused by atherosclerosis, a chronic inflammatory disease of the vessel wall characterized
by a massive invasion of lipids and inflammatory cells into the inner vessel layer (intima)
leading to the formation of atherosclerotic lesions; their constant growth may cause
complications such as flow-limiting stenosis and plaque rupture, the latter triggering ves-
sel occlusion through thrombus formation. Pathophysiology of CAD is complex and over
the last years many players have entered the picture. One of the latter being chemokines
(small 8-12 kDa cytokines) and their receptors, known to orchestrate cell chemotaxis
and arrest. Here, we will focus on the chemokine CXCL12, also known as stromal
cell-derived factor 1 (SDF-1) and the chemokine-like function chemokine, macrophage
migration-inhibitory factor (MIF). Both are ubiquitously expressed and highly conserved
proteins and play an important role in cell homeostasis, recruitment, and arrest through
binding to their corresponding chemokine receptors CXCR4 (CXCL12 and MIF), ACKR3
(CXCL12), and CXCR2 (MIF). In addition, MIF also binds to the receptor CD44 and the
co-receptor CD74. CXCL12 has mostly been studied for its crucial role in the homing
of (hematopoietic) progenitor cells in the bone marrow and their mobilization into the
periphery. In contrast to CXCL12, MIF is secreted in response to diverse inflammatory
stimuli, and has been associated with a clear pro-inflammatory and pro-atherogenic role
in multiple studies of patients and animal models. Ongoing research on CXCL12 points
at a protective function of this chemokine in atherosclerotic lesion development. This
review will focus on the role of CXCL12 and MIF and their differences and similarities in
CAD of high risk patients.

Keywords: cardiovascular disease, atherosclerosis, chemokines, macrophage migration-inhibitory factor, CXCL12

Introduction

Worldwide, cardiovascular disease (CVD) is the leading cause of death, accounting for more than
15 million deaths annually (1, 2). CVD is a collection of various diseases, but the most common and
most severe are coronary artery disease (CAD) and cerebrovascular disease. In a high percentage
of patients, these diseases eventually result in a myocardial infarction (MI) or stroke, respectively.
CVD has not only a major impact on personal health, but also the economic burden is quite high.
Besides the high mortality rates, patients who do survive are often hospitalized or should receive
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lifelong treatment, leading to high healthcare costs. In the United
States alone, these costs are even more than $312 billion per year,
indicating the magnitude of economic burden caused by CVD
(3). Finally, the social burden on the direct environment of CVD
patients should not be underestimated.

In recent years, or even decades a lot of research has been per-
formed to better understand the exact pathology behind CVDs.
Currently, atherosclerosis, a chronic inflammatory disease mainly
affecting medium and large-sized arteries, has been identified as
the main underlying cause of CVD (4). Upon activation of the
vascular endothelial layer, lipids, immune cells, and cell debris
start to accumulate in the vessel wall, forming initial lesions.
These lesions will over time progress and grow in size, thereby
partially or even fully occluding the artery. More often, however,
the full occlusion of the vessel is caused by a rupture of the ath-
erosclerotic lesion resulting in thrombus formation (4). Excessive
growth or rupture of the lesion both result in ischemic areas in
downstream tissues. Most commonly this occurs in arteries from
the heart or the brain, leading to MI or stroke, respectively. To
date, there is still no absolute suitable therapy available to cure or
reverse atherosclerosis. Better understanding of this pathology
will increase the ability to prevent it, and create opportunities to
develop therapeutic strategies to cure it, or at least slow down the
disease progression.

This review will give a short overview of the current knowl-
edge about atherosclerosis, mainly focusing on the inflammatory
aspects and the role of chemokines. Subsequently, the role of
two important inflammatory mediators that recently have been
connected with CVD and atherosclerosis will be discussed and
put into clinical perspective, namely the chemokines CXCL12
and macrophage migration-inhibitory factor (MIFE, Table 1 and
Figure 1).

Atherosclerosis

Risk Factors

Already a multitude of risk factors have been described for CVDs,
mainly derived from epidemiological studies. Main risk factors
include psychosocial factors, hypertension, changes in low-
density lipoproteins (LDL) and high-density lipoproteins (HDL)
cholesterol levels, physical inactivity, smoking, obesity, lack of
fruits and vegetables consumption, and alcohol and diabetes
mellitus (20-22). All these risk factors vary greatly in prevalence
and potency to influence CVD and are often combined in patients
with severe atherosclerosis, supporting the concept that athero-
sclerosis is a multifactorial, complex disease (22). A worldwide
case-control study showed that these nine factors combined
account for more than 90% of the cardiovascular risk (21), where
smoking and abnormal lipids already account for two-thirds of
the risk. Additionally, many patients, especially high risk patients,
have genetic predispositions for atherosclerosis (23). Some of
these risk factors should be relatively easy to prevent with life-style
adjustments. However, due to the multifactorial characteristics of
the disease, identification of the precise mechanisms of action,
whereby these risk factors influence atherosclerosis, is a key and
crucial step in the road toward therapeutic strategies. This way
for example statins, lipid modulating drugs, have been developed

that lower LDL cholesterol levels and thereby inhibit the progres-
sion of atherosclerosis. Recently, Nahrendorf and Swirski very
nicely reviewed the possible influence of various risk factors
on the crosstalk between hematopoiesis, immune cells, and the
cardiovascular system (22).

Atherosclerosis Initiation

Formation of atherosclerotic lesions occurs predominantly
at predisposed sites, i.e., sites of disturbed laminar flow, like
bifurcations and curvatures (24), thereby disturbing the normal,
quiescentsstate of the endothelium. The resulting increased perme-
ability of the endothelial layer leads to the accumulation of lipids,
more specifically LDL, in the subendothelial layer of the arterial
wall (25). LDL is very susceptible to oxidation, mainly caused
by myeloperoxidase, lipoxygenenases or by reactive oxygen spe-
cies such as HOC], resulting in oxidized-LDL particles (oxLDL)
(26). The modification of LDL can activate the endothelial cells
(ECs) and tissue-resident macrophages (27). Subendothelial/
extravasated LDL will be oxidized and taken up by resident
macrophages via scavenger receptors (SRs), mainly SR-A, SR-B1,
and cluster of differentiation (CD) 36 (28, 29). Intracellularly,
oxLDL will be hydrolyzed into free cholesterol and fatty acids in
late endosomes (30). Free cholesterol is subsequently transported
to the endoplasmic reticulum where it undergoes re-esterification
to cholesteryl esters by the acyl-CoA:cholesterol ester transferase
(ACAT) enzyme (31). This accumulation of cholesteryl esters will
transform the macrophages into foam cells, a characteristic hall-
mark of early atherosclerosis. Not only the uptake and storage of
cholesterol are disturbed, but also the excretion mechanisms are
disturbed. ATP binding cassette transporters Al and G1 (ABCA1
and ABCG1) are the major contributors to this cholesterol efflux
through reverse cholesterol transport (RCT) (32, 33). Cholesterol
will efflux toward HDL, making HDL beneficial for atherosclero-
sis development (32). Normally, this efflux mechanism is upregu-
lated upon lipid loading, however, during hypercholesterolemia
this route is compromised via TLR4-induced downregulation of
the cholesterol transporters, further favoring the conversion of
macrophages to foam cells (34).

This macrophage activation, due to the lipid loading, together
with the activation of ECs will lead to more vascular inflam-
mation, by the secretion of various cytokines, chemokines, and
adhesion molecules (35). The inflammation will result in the
attraction of mainly monocytes but also other immune cells, like
T- and B-lymphocytes and neutrophils to the site of injury and
lesion formation (26). In humans, two main subsets of circulat-
ing monocytes have been described based on their expression of
CD14 and CD16 (36). Over 90% of the circulating monocytes
are CD14"8"/CD16~ and are called the classical monocytes (37).
The other population, the non-classical monocytes are CD14""/
CD16"e" (36). These distinct subsets also show differential
expression of chemokine receptors (38). The classical monocytes
express, for example, high levels of CCR2, a receptor for CCL2
(39). CX5CR1 is expressed on both subtypes, but the expression
on non-classical monocytes is twofold higher compared to that
on the classical monocytes (40, 41). In mice, also two main sub-
types of circulating monocytes can be identified, discriminated
mainly by the expression of Ly6C, i.e., the Ly6Che" (classical) and
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TABLE 1 | Overview of human studies on CXCL12 and MIF in CVD.

Study design Outcome Reference

CXCL12

Genome-wide association studies in over 100,000 patients ~ CXCL12 locus on chromosome 10q11 is clearly associated with CAD, indicating that 5)
CXCL12 may be involved in CVD development

Western blot analysis and immunohistochemical analysis of ~ Atherosclerotic lesions express high levels of CXCL12, in contrast to vascular cells of 6)

human plaques healthy vessels, associating CXCL12 with CVD

Cohort study of 904 patients with CAD Platelet CXCL12 expression is increased in angina patients, though clinical significance (7)
remains to be elucidated

Cohort study of 215 patients with symptomatic CAD CXCR4 and ACKRS3 are more highly expressed on platelets from CAD patients, 8)

undergoing percutaneous coronary intervention associating receptors of CXCL12 to CVD

Plasma CXCL12 evaluation of 60 CAD patients Plasma CXCL12 levels and surface expression of CXCR4 in peripheral blood mononuclear 9)
cells are decreased in angina patients, indicating that CXCL12 could be beneficial for CVD

Cohort study of 785 patients undergoing angiography Plasma CXCL12 levels are superior to traditional risk factors in predicting CAD outcomes (10)

Evaluation of 1,000 patients hospitalized due to chest pain  Platelet-derived CXCL12 expression occurs fast after injury in CAD patients, as early as (11)
30 min, indicating that CXCL12 might be very useful as biomarker

MIF

Single nucleotide polymorphism (SNP) evaluation of 459 Ml MIF single nucleotide polymorphism (rs755622) is associated with M risk (12)

patients and healthy controls

MIF analysis in healthy and diseased internal mammary MIF is abundantly expressed in human atherosclerotic lesions, throughout lesion (13)

arteries development, associating MIF with CVD

Immunohistochemical analysis of human atherosclerotic MIF is associated with fibrous cap weakening, by inducing protease expression and (14)

plaques activity, associating MIF with plaque instability

Evaluation of 286 patients with symptomatic CAD Plasma MIF levels are increased in CVD patients, associated with inflammatory marker (15)

undergoing percutaneous coronary intervention expression

Prospective study of 617 patients with CAD High plasma MIF levels are an independent risk factor for future coronary events in CVD (16)
patients with impaired glucose tolerance or type 2 diabetes mellitus, associating MIF with
CVD development

Plasma MIF and Grem 1 evaluation in 286 patients with High plasma Grem1/MIF ratio is associated with CVD and the grade of plaque stability, (17)

CVD indicating MIF as a possible novel risk marker in CVD patients

Evaluation of MIF levels in patients with chronic stable MI patients have higher plasma MIF levels which are predictive of final infarct size and (18)

angina
Prospective case—control study nested in the EPIC-Norfolk
cohort in people without prior history of Ml or stroke

remodeling, suggesting a role for MIF as biomarker
Association of MIF with Ml risk or death due to CVD is not very strong in humans without
prior history of CVD, indicating that more research is necessary before choosing MIF as

(19)

therapeutic target

Ly6C"" (non-classical) monocytes (42). Similar to the human
subpopulations mouse classical monocytes express high levels
of CCR2, while non-classical monocytes express CX;CR1 (43).
Hypercholesterolemia, a common characteristic of atheroscle-
rosis increases Ly6Che" monocyte levels (44, 45). Additionally,
Ly6Chieh classical monocytes form the main subtype that will
migrate to the site of injury (46).

The mechanism of monocyte recruitment and adhesion
consists of complex interactions between various adhesion mol-
ecules and chemokines. The exact role of various chemokines in
atherosclerosis will be discussed later. In short, the monocyte
adhesion cascade consists of several steps. The first step in
this cascade is the capture and rolling phase, where various
chemokines and selectins on the luminal side of the activated
endothelium play a crucial role (35, 47). The second step is the
firm adhesion of these monocytes to the endothelium. In this
phase, vascular cell adhesion molecule 1 (VCAM1) and intercel-
lular adhesion molecule 1 (ICAM1) present on the endothelium
are essential, since they attach firmly to the integrins very late
antigen 4 (VLA4) and lymphocyte function-associated antigen
1 (LFA1), respectively, present on the monocytes (47). VCAMI,
ICAMI, and E-selectin form clusters to initiate cytoskeletal
reorganization, necessary for subsequent transmigration (48).
These clusters, also called docking structures, have been shown
to be located on upright endothelial membrane processes and

are organizes as the so-called transmigratory cups by tetraspa-
nins (49). Monocyte transmigration across the endothelial layer
is mainly directed by various chemokines and their receptors
(50). Next to these chemokines, also the endothelial junc-
tion molecules, platelet endothelial cell adhesion molecule 1
(PECAM1), VE-Cadherin, and junctional adhesion molecules
(JAMs) play a crucial role as regulators of EC permeability
and leukocyte transmigration (51). Monocytes have two ways
to transmigrate, a paracellular route and a transcellular route.
The paracellular route leads monocytes through the endothelial
junctions, whereas the transcellular route uses fusing vesicles
in the endothelium cell cytoplasm for transmigration (52).
Once inside the vessel wall, monocytes can differentiate into
macrophages, driven by macrophage colony-stimulating factor
(M-CSF) (53). Macrophages are a heterogeneous cell popula-
tion, consisting of two main groups, the classically activated,
inflammatory M1 macrophages and the alternatively acti-
vated, inflammation resolving M2 macrophages (54). Various
cytokines play a role in this polarization of macrophages, such
as IL-10 and interferon-y (55). Both types of macrophages are
present in atherosclerotic lesions, where the balance between
them is of great importance for either plaque development or
resolving inflammation (56). These attracted leukocytes will
again be exposed to the oxidized-lipid-rich environment of the
developing lesion, forming foam cells. Thereby a vicious circle of
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- “chemokine-like function“ chemokine
Induces a pro-inflammatory phenotype
Overrides immosuppresive effects of
glucocorticoids

Constitutively expressed and

d ited in intracellular storages
Deficient mice are viable

Deficiency results in decreased lipid
deposition and lesion size

Blockade reduces neointima formation
Stimulates oxLDL uptake

Expressed in resident cells improves
myocardial healing after Ml

Expressed in inflammatory cells impairs
heart function

CD74/CD44

FIGURE 1 | Similarities and differences of CXCL12 versus MIF function in
cardiovascular disease. Both CXCL12 and MIF can bind to CXCR4.
Additionally, CXCL12 can bind to ACKR3 (CXCR?7), while MIF binds to CXCR2 and
CD74/CD44. Athough MIF interaction with ACKR3 has been described for

CXC chemokine

Induces progenitor cell mobilization
from the bone marrow

Activates B-arrestin, resulting in
receptor desensitization

Induces self-internalization by CXCR7
Deficienct mice are perinatally lethal
Induces more stable lesions
Systemic treatment results in
decreases neointima formation
Stimulates platelet migration and
aggregation

Injection reduces Ml size after ischemia
Increases VEGF expression and
neovascularization

CXCL12

ACKR3
(CXCRY)

platelets, it is still unclear whether this is via direct binding or via receptor
heterodimerization. Both chemokines have an important role in leukocyte
recruitment, although cell-type-specific effects remain unknown. Besides this,
CXCL12 and MIF have individual functions associated with cardiovascular disease.

leukocyte attraction and lipid accumulation is formed, stimulat-
ing atherosclerosis development.

Plaque Progression

When lesional macrophages take up so many lipids and debris,
many will eventually go into apoptosis. In early plaque develop-
ment apoptosis is not considered detrimental, since neighboring
macrophages will take up and eliminate the apoptotic debris, a
process called efferocytosis (56). However, when plaque devel-
opment progresses, the excessive uptake of lipids and debris
continues and eventually leads to cellular stress and impaired
efferocytosis (57). This will result in the accumulation of apop-
totic debris and apoptotic macrophages will go into secondary
necrosis, leading to the formation of the necrotic core which is
characteristic of more advanced lesions (56, 58). The necrotic
core will significantly contribute to the lesional inflammation,
and thus progression, and also contains pro-thrombotic factors
that will lead to a thrombus when it comes into contact with plate-
lets (59). To prevent this from happening, a fibrous cap is formed
between the necrotic core and the lumen, by deposition of mainly
collagen and elastin by intimal smooth muscle cells (SMCs) (60).
Various cytokines and growth factors, produced by leukocytes,
are important for the migration of intimal SMCs to the intima
and for the extracellular matrix production (60). Plaques with a
big fibrous cap are considered to be more stable atherosclerotic

lesions, i.e., less prone to rupture. However, macrophages can also
produce matrix metalloproteinases (MMPs), which are capable of
degrading extracellular matrix proteins (59). Fibrous cap degra-
dation and thus thinning makes the lesion more vulnerable and
can eventually lead to a plaque rupture, releasing pro-thrombotic
material into the bloodstream resulting in thrombus formation
and obstruction of blood flow. This can cause ischemia to distal
regions and result in a MI or stroke (58).

Chemokines in Atherosclerosis

Chemokines are the largest family of cytokines, consisting of
small molecules (8-12 kDa) that exert chemotactic effects on cells
(61). This large family is divided into four subclasses, being C,
CC, CXC, and CX;C. This classification is based on the position
of the N-terminal cysteine residues (62). In addition to these
four canonical chemokine classes, a fifth subclass consisting of
molecules that share functional similarities with chemokines
has emerged, referred to as “chemokine-like function” (CLF)
chemokines (63). These non-canonical chemokines do exert
some CLFs, but do not contain the specific N-terminal cysteine
residue characteristic of canonical chemokines (63). Chemokines
can bind to chemokine receptors, which are classified according
to the chemokine they bind. Most chemokine receptors will acti-
vate G proteins and intracellular signaling upon binding and are
therefore part of the G protein-coupled receptor family. However,
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several receptors, the so-called atypical chemokine receptors, are
G protein signaling independent and rather play a role in the
scavenging of chemokines (64). Chemokines and chemokine
receptors are expressed on various cell types, like ECs, SMCs,
and leukocytes. Originally, chemokines were discovered for their
capacity of directing leukocytes toward sites of inflammation (65).
Thereby, chemokines also play a crucial role in atherosclerosis.

Chemokines already play a role in a very early stage of athero-
sclerosis development. Recently, it was shown that lysophospha-
tidic acid, a component of LDL mediates the release of CXCL1
from ECs (66). Studies in atherosclerotic prone ApoE~~ mice fed
a cholesterol-rich diet show that CXCL1 is not only important
for the mobilization of the classical, or inflammatory, monocytes
to the site of inflammation, but also important for neutrophil
recruitment via the receptor CXCR2 (66-68).

The involvement of various chemokines and their receptors
in monocyte recruitment has already been well described (69).
However, during the recent decade these described involvements
have been revised and are still being greatly debated. Using a
highly sophisticated technique of transferring atherosclerotic
aortic arches from ApoE~~ mice into specific chemokine recep-
tor knockout mice, it was shown that inflammatory monocytes
require CCR2, CCR5, and CX;CR1 to migrate into the athero-
sclerotic lesion, while the patrolling monocytes used CCR5 for
recruitment (70). However, this view again changed recently
using adoptive transfer experiments with pharmacological inhi-
bition of the specific chemokine receptors. Here it was shown
that the inflammatory Ly6C™¢" monocytes use CCR1 and CCR5
for recruitment, rather than the previously shown CCR2 and
CX5CR1 (68). CCR2-deficient mice on an atherosclerosis-prone
background did, however, result in a significantly reduced lesion
size in mice. Based on the adoptive transfer study and the fact that
CCR2-deficient mice show reduced circulating monocyte counts,
it can be suggested that the beneficial effect on atherosclerosis
is due to its effects on monocyte release from the bone marrow,
rather than directs effects on monocyte recruitment (71, 72). Also
for CX;CR1-deficient mice, it was observed that these animals
have reduced atherosclerosis development, implicating CX;CR1
in atherogenesis (73). However, instead of effects on monocyte
recruitment, CX3CR1 seemed to play an important role in cell
survival. Thus, deficiency of this chemokine resulted in increased
apoptosis of plaque macrophages, thereby reducing lesion devel-
opment (73). CCR1 and CCR5, which do seem to be involved
in leukocyte recruitment, both have several specific ligands,
but also share ligands like CCL3 and CCL5. However, looking
at the exact effects of both receptors on atherogenesis, there are
distinct differences. CCR5 deficiency results in a clear reduction
of diet-induced atherosclerosis in mice, while CCR1 deficiency
increased lesion development (74, 75).

In the later stages of atherosclerotic lesion development,
chemokines also still play an important role. The best-studied
chemokine receptor in this stage, especially with respect to plaque
regression, is CCR7. It has been shown in various studies that
CCRY is necessary for the egress of macrophages during lesion
regression (76-78). However, CCR7 in T cells seems to play a pro-
atherogenic role. CCR7-deficient T cells show an impaired entry
and exit capacity from atherosclerotic lesions (79). Combined,

CCR?7 is thus involved in macrophage egress from lesions and
T cell migration. In these later stages of lesion development
also CXCL10 is crucially involved, especially in plaque stability.
Inhibition of CXCL10 resulted in relatively more SMCs and a
more stable plaque phenotype (80).

These results clearly show that the chemokine system plays an
important role in all stages of atherosclerotic lesion development,
but underlines that these interactions are very complex and elabo-
rate. Additional research is still needed to even further elucidate
the role of this system in atherosclerosis and CVD in general.
Besides the already described chemokines involved in athero-
sclerosis, in the recent years, more and more research has been
focusing on two yet undiscussed chemokines, being CXCL12 and
MIF. The remainder of this review will specifically focus on the
role of these two chemokines in atherosclerosis and CVD.

CXCL12

Ligand/Receptor Characteristics
CXCL12, also known as stromal cell-derived factor 1 (SDF-1),
is one of the 17 members of the CXC chemokine family (5).
Structurally, this group of chemokines can be further subdivided
into two groups, depending on the presence of a specific amino
acid motif [glutamic acid-leucine-arginine (ELR)] before the
first cysteine group (81). Interestingly, this subdivision showed
also to be a functional separation since ELR-positive chemokines
attract neutrophils, while ELR-negative chemokines, such as
CXCL12, attract T lymphocytes and natural killer cells (82, 83).
CXCLI2 consists on its turn again of six isoforms, derived from
alternative splicing (84). The classical isoforms are CXCL12-a
and CXCL12-f, which are expressed throughout the body and so
far functionally indistinguishable (84). Other isoforms are called
CXCL12-y, -9, -&, and -¢, which show a more restricted expres-
sion pattern and are until now much less studied. All isoforms
share the same N-terminal sequence, but differ in the C-terminal
region (84).

The most important receptor for CXCL12 is CXCR4, which
is also expressed on a wide variety of cells (85, 86). CXCR4 is a
G protein-coupled receptor and binding of CXCL12 will induce
intracellular signaling via a classical heterotrimeric G protein
(86). Receptor activation has been shown to trigger MAPK and
PI3K signaling, but also calcium mobilization (87). Additionally,
activation of CXCR4 results in -arrestin recruitment, resulting in
the endocytosis of CXCR4 and thus receptor desensitization (88).

More recently, a second receptor for CXCL12 was identified,
being ACKR3 (CXCR?7) which is highly expressed on monocytes
and mature B cells (89). This receptor has even a 10-fold higher
affinity for CXCL12 than CXCR4. Binding of CXCLI2 to the
receptor does, however, not result in the classical leukocyte
chemotaxis response or coupling with G proteins to induce intra-
cellular signaling. ACKR3 is implicated in cell growth and sur-
vival (90). However, the main function of ACKR3 seems to be as
a decoy receptor, since receptor stimulation by CXCL12 enhances
internalization of ACKR3 and thereby delivery of its ligands to
the lysosomes for degradation (91, 92). This way, ACKR3 activa-
tion would reduce CXCL12/CXCR4 signaling. However, since
CXCL12 scavenging also prevents the downregulation of CXCR4,
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ACKR3 could also well be beneficially influencing CXCR4-
mediated effects (93). However, ACKR3 stimulation has also
been shown to result in downregulation of CXCR4 (94). On the
other hand, CXCR4 seems also to be influencing ACKR3, since
the widely used antagonist for CXCR4 AMD3100 has recently
been shown to have agonistic effects on ACKR3 (95). ACKR3 can
have intracellular signaling effects on MAPK, but these are purely
B-arrestin mediated (96). Altogether, these results clearly show
that there is a complex interaction between CXCL12/CXCR4 and
ACKR3.

CXCL12 and Stem-/Progenitor-Cell Mobilization
The importance of CXCL12 in general has been clearly shown
in mice that have a total CXCL12 deficiency. These animals die
already perinatally due to major defects in hematopoiesis, vas-
culo-, cardio-, and neurogenesis (97). These embryonic defects
are indicative for the important role of the CXCL12/CXCR4 axis
in progenitor cell migration, but also for survival and chemotaxis
of murine embryonic stem cells during embryogenesis (98). The
role of CXCL12/CXCR4 in this mobilization from the bone mar-
row has already been well studied, not only for hematopoietic
stem cells, but also for EC and SMC progenitor cells (99). In
physiological conditions, hematopoietic stem cells are retained
in the bone marrow by high expression of CXCL12 by stromal
cells (97). In the clinic, modulation of the CXCL12/CXCR4 axis
by granulocyte colony-stimulating factor (G-CSF) is already used
to mobilize stem cells from the bone marrow to the circulation.
G-CSF has various ways of modulating this axis, reviewed in (97).
Additionally, the role of CXCL12/CXCR4 is confirmed by using
the CXCR4 antagonist AMD3100, which results in decreased
bone marrow CXCLI12 levels, thereby favoring mobilization of
stem cells (100).

CXCL12 in Atherosclerosis

Mobilization of hematopoietic stem cells, but also progenitor
cells like endothelial progenitor cells (EPCs) and smooth muscle
progenitor cells (SPCs), has also been implicated in various
pathologies like atherosclerosis (101, 102). A recent study showed
that injections of CXCL12 in mice developing atherosclerosis
resulted in more stable lesions, characterized by more SMCs
and a thicker fibrous cap (103). These plaque-stabilizing effects
were mediated by an increased recruitment of SPCs to these
lesions. Supporting this finding, direct injection of SPCs in
mice reduces atherosclerotic lesion development and improves
the stability (104). Besides SPCs, also EPCs were shown to be
involved in atherogenesis, since infusion of EPCs, or AMD3100
treatment triggering EPC mobilization resulted in a beneficial
effect on lesion regression (105). Together, these studies show
atheroprotective effects of the CXCL12/CXCR4 axis, mediated
by progenitor mobilization.

Besides these effects on progenitor cells, mediating beneficial
effects on atherosclerosis, CXCL12/CXCR4 may also influence
disease development by influencing various atherosclerosis-
related cells. This is especially interesting, since CXCR4 is
expressed on basically every cell-type related to atherogenesis,
like monocytes, macrophages, neutrophils, ECs, SMCs, and T-
and B-cells (106-110). However, until now there have been no

studies directly investigating the causal cell-type-specific effects
of CXCL12/CXCR4 in relation to atherosclerosis. Though there
are already various studies at least associating this axis with
atherogenesis.

For macrophages, it has been shown that oxLDL, also in large
amounts present in atherosclerotic lesions, upregulated CXCR4
expression which could contribute to macrophage migration
(111). The CXCL12/CXCR4 signaling in macrophages was also
implicated in macropinocytosis, indicating a possible influence
on lipid accumulation in these cells (112). Furthermore, it has
also been associated with neutrophils as it regulates the release
of neutrophils from the bone marrow (113). Not only the release
is mediated by this axis, but also the clearance of circulating
neutrophils as senescent neutrophils shows increased expres-
sion levels of CXCR4-mediating effective clearance (114). By
contrast, activated neutrophils downregulate CXCR4 levels,
leading to postponed clearance (97). Treatment of ApoE™~ mice
with AMD3100 resulted in an increased neutrophil mobiliza-
tion, thereby increasing atherosclerotic lesion areas (44, 45).
ECs also release more CXCL12 after oxLDL stimulation (115).
Additionally, laminar shear stress appeared to influence CXCR4
expression, where high shear suppresses CXCR4 expression
(116). CXCLI2 can also increase vascular endothelial growth
factor (VEGF) expression in ECs, which promotes angiogenesis
(117). As angiogenesis is inducing a more vulnerable plaque
phenotype, CXCL12 could have lesion destabilization effects.
Chemotaxis of both T- and B-cell is also positively influenced by
CXCL12/CXCR4 (118-121). Besides CXCL12/CXC4 effect on all
these different cell-types, expression of CXCL12/CXCR4 has also
been shown on platelets (6, 122). Platelets are the first to arrive
at a site of vascular injury, where its glycoproteins Ib and IIb/IIIa
engage surface molecules on the ECs, contributing to endothelial
activation (4). Platelets also produce and store CXCL12 in their
a-granules. Upon release, platelet-derived CXCL12 has been
implicated in cell adhesion and chemotaxis (123). Furthermore,
CXCLI12 is able to induce platelet aggregation, a crucial step in
thrombus formation after atherosclerotic plaque rupture (6).
Platelets also express the receptor CXCR4, and blocking studies
indicated that this receptor is crucially involved in the aggregation
effects of CXCL12 (6). Additionally, CXCL12 is able to stimulate
platelet migration and transmigration (124). Together, these
results show that CXCL12/CXCR4 have interactions with many
cells that are relevant in atherosclerosis and is thereby modulating
atherosclerosis development. Recently, also a role for ACKR3 in
atherosclerosis development has been described, showing that
activation of ACKR3 by a synthetic ligand reduced lesion forma-
tion and ameliorated hyperlipidemia. ACKR3 seemed to play an
important role in the regulation of blood cholesterol levels, by
promoting VLDL uptake in adipose tissue (125).

CXCL12 in Atherosclerosis-Related Pathologies

As previously described, atherosclerotic plaques eventually, either
block an artery by growth or by rupture and subsequent thrombus
formation. The result is ischemia in downstream tissues. One of
the most common places for this to occur is in the heart, result-
ing in a MI. It is known that hypoxia results in an upregulation
of CXCL12 and CXCR4 (126). Various studies have revealed a
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protective role for CXCL12/CXCR4 signaling after MI through
survival effects on resident cardiomyocytes and recruitment of
protective circulating cells (97). Direct injection of CXCL12, for
example, reduced myocardial infarctsize after ischemia, which was
associated with increased neo-angiogenesis (127). Recruitment
of progenitor cells was crucial for this improved vessel growth
(128). Supporting a role for CXCL12/CXCR4 in MI are studies
using AMD3100, an antagonist for CXCR4. However, results
from these studies are quite contradictory. A study using a single
injection of AMD3100 showed improved cardiac function and
enhanced progenitor cell accumulation and neovascularization
(129, 130). However, more chronic administration of AMD3100
showed reduced incorporation of progenitor cells and cardiac
outcome after MI (131).

CXCL12/CXCR4 has also been shown to play a role in vascular
restenosis. The main treatment of choice after arterial blockage
is percutaneous coronary intervention, where a stent is placed at
the site of lesion development. However, neointimal hyperplasia
often causes restenosis of these stents mainly driven by SMCs,
thereby again occluding the artery. Systemic treatment of mice
that underwent wire-induced arterial injury with CXCL12 or
CXCR4 antagonists showed clear reductions of neointimal size
and SMC content (132, 133). This reduced SMC content was
caused by a reduction in progenitor mobilization toward the
site of injury (132, 133). Additionally, CXCR4 blockage reduced
cellular proliferation at sites of neointimal lesions (134). A sig-
nificant decrease in EPC mobilization was recently also observed
using genetic EC-specific knockout of CXCR4, although mice
showed larger neointimal lesions consisting of more inflamma-
tory macrophages, but less SMCs (135).

Human and Clinical Implications for CXCL12

Genome-wide association studies showed clear associations
of CXCL12 with CVD (5) (Table 1). Previously, it was already
shown that vascular cells express high levels of CXCL12 in human
atherosclerotic lesions, but not in normal vessels (6). Various
human studies supported the idea that CXCLI2 is a potential
regulatory agent in atherosclerosis. A study, comparing plasma
CXCL12 levels of angina patients with healthy controls, showed
decreased levels of CXCL12 in the patient group (9). Patients
with unstable angina had even lower CXCL12 levels than those
with stable angina. Additionally, these patients showed decreased
surface protein expression of CXCR4 in peripheral blood mono-
nuclear cells, while the RNA expression was increased probably
as compensatory mechanism (9). Combined, this study suggests
anti-atherogenic properties of CXCL12. In contrast, another study
observed significantly increased CXCL12 expression on platelets
of stable angina patients, compared to healthy controls. Plasma
CXCL12 levels also correlated with platelet activation (7), sug-
gesting a more atherogenic and pro-thrombotic role for CXCL12.
In addition, both CXCR4 and ACKR3 are more highly expressed
on platelets from CVD patients, compared to healthy controls
(8). It is suggested that platelet-derived CXCL12 expression
occurs relatively fast after vessel injury, being as early as 30 min
(136). Currently, used biomarkers for acute coronary syndrome,
like troponin-I are much slower. Therefore determination of
CXCL12 might be very useful as early additional biomarker (11).

Recently, it was shown that CXCL12 is also associated with heart
failure (137), and that plasma CXCL12 levels are even superior to
traditional risk factors in predicting adverse cardiovascular out-
comes (10). Although there are still some contradictory clinical
results, it is clear that CXCL12 does play a role in atherosclerosis
and CVD.

Macrophage Migration-Inhibitory Factor

Ligand/Receptor Characteristics

Discovered almost 50 years ago, macrophage MIF was one of
the first cytokines to be identified (138). MIF is part of the CLF
chemokine family, as it is missing the typical N-terminal cysteines
(139). The name is derived from its discovery as MIF-containing
supernatant showed to be inhibitory for macrophage migration
(140). At first, T cells were thought to be the main cellular source
of MIFE. However, since its discovery, expression of MIF has also
been shown in other immunity cells like monocytes, macrophages,
neutrophils, dendritic cells, and B cells (13, 141-146). In contrast
to many other chemokines, MIF is constitutively expressed and
deposited in intracellular storages. Thus, upon stimulation, MIF
release does not require de novo synthesis (138). It has already
been well described that MIF can directly or indirectly stimulate
a large variety of pro-inflammatory molecules, including various
cytokines and nitric oxide. Additionally, MIF was shown to over-
ride the immunosuppressive effects of glucocorticoids (147). MIF
has been implicated in various acute and chronic inflammatory
diseases, like sepsis, rheumatoid arthritis, and cancer (148-150).

The first receptor identified for MIF was CD74, the membrane-
expressed form of invariant chain and an MHC class II chaperone
(151). However, besides its role in antigenic peptide loading,
CD74 can also be expressed in the absence of the MHC class II
protein, thus exerting functions as membrane receptor (152).
MIF binds with high affinity to CD74, although CD74 by itself
is not able to induce intracellular signaling. Therefore, it requires
the recruitment of signaling-competent co-receptors. CD44 was
the first described co-receptor of CD74, able to mediate signal
transduction (153). CXCR2 and CXCR4 have also been described
as co-receptors for CD74 (154, 155). The combination of CD74
with CD44 has been linked with MIF’s pro-inflammatory and
anti-apoptotic functions by the activation of MAPKs (153, 156).
CD74/CXCR2 complexes have been shown to be involved in
MIF-mediated monocyte chemotaxis and arrest. In line, a role
for CD74 in atherogenesis has been identified (157).

CXCR4 has already been discussed previously as receptor for
CXCL12. It has been found, in monocytes, T cells and fibroblasts,
that CXCR4 can also form heterodimers with CD74 and induce
Akt signaling (155). CXCR4 has mainly been shown as the recep-
tor responsible for MIF-induced T cell recruitment (154). Finally,
CXCR2 has been described as important receptor for MIE. MIF/
CXCR2 interaction mainly triggered the recruitment and arrest
of monocytes. Furthermore, MIF/CXCR2 has been implicated in
integrin activation, an important step in leukocyte recruitment.
Recently, ACKR3 on platelets has also been described as recep-
tor for MIF, although it is still not clear whether this is a direct
ligand-receptor interaction or indirect interaction via receptor
heterodimerization such as CXCR2/ACKR3 (158).
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MIF in Atherosclerosis

Hyperlipidemia is one of the hallmarks of atherogenesis. It was
shown that upon hyperlipidemia, MIF expression is greatly
enhanced in cells crucial for atherosclerosis development,
like ECs, SMCs, monocytes, and T cells (13, 159, 160). As
atherosclerotic lesions progressed, MIF expression was even
further increased. Combined, these data clearly implicate MIF
not only in atherosclerotic lesion development, but also in plaque
destabilization.

Leukocyte recruitment into atherosclerotic plaques is one
of the most important processes during lesion development.
In vitro adhesion assays under flow clearly showed an increased
monocyte arrest of monocytes to aortic ECs upon MIF incu-
bation (161). This was confirmed by using MIF neutralizing
antibodies, which blocked the observed effects. Additionally,
using small interfering RNA to inhibit endothelial MIF produc-
tion, it was observed that MIF deficiency resulted in a decreased
expression of E-selectin, ICAM-1, VCAM1, IL-8, and MCP-1, all
important mediators of leukocyte recruitment (162). Bernhagen
et al. clearly showed that MIF can also more directly trigger
monocyte, neutrophil, and T cell arrest and chemotaxis in an
integrin-dependent manner (154). They further implicated the
receptors for MIF in this process, since the integrin activation
resulted in the triggering of Gy activities of CXCR2 in monocytes
and neutrophils and of CXCR4 in T cells. Additionally, CD74
also contributes to monocyte recruitment by interacting with
CXCR2 (154).

Various functional animal studies confirmed the role of
MIF in atherosclerosis development. MIF-deficient mice on
an atherogenic background showed significantly reduced lipid
deposition and lesion size compared to control animals (163).
This was accompanied by a decreased lesion cell proliferation,
especially of SMCs. Additionally, neutralizing MIF with spe-
cific monoclonal antibodies showed a reduced lesion size and
especially reduced intimal inflammation (160). MIF blockage
was even showed to induce regression of already established
atherosclerotic lesions (154). Additionally, MIF stimulates the
uptake of oxLDL by macrophages and is associated with the
expression of proteases (163), which can contribute to the lesion
destabilization properties of MIF. Recently, also an important
role for platelet-derived MIF was described (164). MIF was even
shown to have a stronger chemotactic activity than CXCL12 and
substantially contributed to monocyte adhesion to an endothelial
layer. Although in contrast to CXCL12 secretion, MIF secretion
from platelets was much slower and did not enhance platelet
activation (164).

Studies with CXCR2-deficient mice also identified important
roles for CXCR2 in monocyte recruitment into atherosclerotic
lesions, showing reduced lesion size and lesional macrophage
content (165). In atherosclerosis studies with other CXCR2
ligands, like CXCL1 and CXCLS, deficiencies did not exceed half
the effect of the receptor deficiency on atherogenesis, suggesting
the presence of other ligands that play a crucial role (166). In 2007,
MIF was identified as ligand for CXCR2 with pro-atherogenic
capacities (154). Combined, all these studies clearly identify MIF
and its receptors as an important mediator of leukocyte recruit-
ment and atherosclerosis development.

MIF in Atherosclerosis-Related Pathologies

As described earlier, restenosis occurs frequently after stent
implantation, leading to early stent failure. Carotid artery wire
injury methods are often used to model this disease, character-
ized by neointimal hyperplasia driven by SMC proliferation.
Carotid artery injury resulted in a fast induction of MIF expres-
sion in SMCs and later on also in foam cell formation (161, 167).
To determine the causal role of MIF in neointimal hyperplasia,
antibody-mediated MIF blockage has been used in various
studies. MIF blockage indeed resulted in a decreased medial cell
proliferation, enhanced apoptosis, and smaller inflammatory cell
content (167). Another study also showed a decreased macrophage
content and foam cell formation upon MIF blockage (161). This
was accompanied by an increase in SMC and collagen content in
the neointimal areas, suggesting a more stable phenotype after
MIF blockage (168).

Various studies also describe MIF as a protective factor in
MI-ischemia-reperfusion injury (63). However, recently it has
been shown that this effect is dependent on the cellular source of
MIE Global MIF deficiency protects the heart from post-infarct
cardiac rupture and remodeling, by suppressing the leukocyte
infiltration and thus inflammation (169). However, leukocyte-
derived MIF exerts opposing effects by promoting the inflam-
matory response after MI (169). These compartmentalized and
opposing effects are shown to be mediated by CXCR2 (170).

Human and Clinical Implications for MIF
In humans, MIF has been shown to be abundantly produced by
various cells in different stages of plaque development, indicating
an important role for MIF in early plaque development but also
in more advanced complicated lesions (13) (Table 1). Later, it
was observed in human lesions that MIF plays a more important
role in vulnerable lesions, compared to fibrous lesions. MIF was
associated with the weakening of the fibrous cap, by inducing
MMP-1 expression and activity in SMCs (14). CVD patients,
more particularly patients with acute coronary syndromes also
showed enhanced plasma MIF levels. Plasma MIF levels from
these patients were associated with inflammatory markers
like CRP and IL-6, but also with the cardiac necrosis marker
troponin-I (15). High plasma MIF levels have also been identi-
fied as an independent risk factor for future coronary events in
patients with CVD and impaired glucose tolerance or type 2
diabetes mellitus (16). Lately, the Grem1/MIF ratio has been
identified as novel marker associated with CVD and the grade
of plaque stability. Grem1 was discovered as an endogenous
inhibitor of MIF (17). Furthermore, human epidemiological
studies supported a pro-atherogenic role of MIF, by showing
that a MIF single nucleotide polymorphism was associated with
an enhanced risk for MI (12). A large group of MI patients also
had elevated MIF plasma levels and these levels were predictive
of final infarct size and the extent of cardiac remodeling (18).
Elevated MIF levels in these patients were already observed after
4 to 6 h after acute MI, which could be very beneficial for the
early detection of MI since current used markers or only elevated
after 6 to 12 h post-MI (18).

There are already several MIF inhibitors developed, which
show protective effects in various inflammatory models (168).
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Another attractive therapeutic strategy would be to directly tar-
get the receptors for MIE, CXCR2, or CXCR4, or to manipulate
the ligand-receptor interaction. However, more research is first
needed to fully elucidate these precise interactions. Although
MIF seems like a suitable target for therapy and biomarker
in patients, the use of MIF as biomarker in healthy persons
should be approached with caution. Prospective data suggest
that the relation between MIF and the risk of MI or death due
to CVD in humans without prior history of CVD is not very
strong (19).

CXCL12 and MIF Side by Side

Both CXCLI12 and MIF play an important role in the develop-
ment of CVDs. However, besides some common effects both
chemokines vary functionally from each other, partly mediated
by differential receptor usage (Figure 1). An important com-
mon function that both chemokines have is the induction of
leukocyte chemotaxis and arrest. However, as MIF seems to have
more pro-atherosclerotic effects, CXCL12 may have a protective
function, although results are still contradictory at some level and
future research should further elucidate the exact role of these
chemokines in atherosclerosis. Regarding vascular restenosis the
effects of CXCL12 and MIF are more equal, since blockade stud-
ies showed that inhibition of either CXCL12 or MIF has beneficial
outcomes on neointimal hyperplasia. Additionally, blockage of
CXCR4, the receptor for both CXCL12 and MIF, has been shown
to reduce neointimal formation. Furthermore, both CXCL12 and
MIF play a protective role in MI-ischemia-reperfusion injury. For
CXCL12, this beneficial effect upon systemic CXCL12 injection
was associated with increased recruitment of progenitor cells
and neo-angiogenesis. However, the beneficial effects of MIF
seem to be cellular source dependent as global MIF deficiency
reduced inflammation, while leukocyte-derived MIF promoted
the inflammatory response after MI.
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The pleiotropic chemokine (C—X-C motif) ligand 12 (CXCL12) has emerged as a crucial
player in several diseases. The role of CXCL12 in diabetes promotion and progression
remains elusive due to its multiple functions and the overwhelming complexity of diabetes.
Diabetes is a metabolic disorder resulting from a failure in glucose regulation due to p-cell
loss and/or dysfunction. In view of its ability to stimulate the regeneration, proliferation, and
survival of p-cells, as well as its capacity to sustain local immune-isolation, CXCL12 has
been considered in approaches aimed at attenuating type 1 diabetes. However, a note
of caution emerges from examinations of the involvement of CXCL12 in the development
of diabetes and its complications, as research data indicate that CXCL12 displays effects
that range from protective to detrimental. Therefore, as a beneficial effect of CXCL12 in
one process could have deleterious consequences in another, a more complete under-
standing of CXCL12 effects, in particular its functioning in the cellular microenvironment,
is essential before CXCL12 can be considered in therapies for diabetes treatment.

Keywords: CXCL12, CXCR4, CXCR?7, diabetes mellitus, diabetic complications, pancreatic p-cells

Introduction

The worldwide prevalence of diabetes has increased six-fold over the past 20 years, with diabetes
assuming the proportions of an epidemic. Therefore, research devoted toward improving the steps
that could be undertaken in the prevention and treatment of diabetes and its complications is a
scientifically and socially significant task. Diabetes mellitus is a complex metabolic disorder that is
presented in two major forms, type 1 diabetes (T1D) and the more common type 2 diabetes (T2D).
While these conditions have different etiologies, both types of diabetes are characterized by hyper-
glycemia resulting either from insufficient insulin levels as in T1D, or by an insensitivity of target cells
to insulin as in T2D. In T1D, hyperglycemia occurs as a result of destruction of insulin-producing
pancreatic p-cells in an autoimmune process. T2D is a metabolic disease characterized by p-cell
dysfunction and peripheral insulin resistance. Genetic predisposition and environmental factors,
such as diet, physical inactivity, and viral infections contribute to the etiology of diabetes. Early
exposure to hyperglycemia predisposes individuals to the development of diabetic complications,
a phenomenon which is referred to as “metabolic memory” (1). At present, diabetes management
is focused on lowering hyperglycemia and treating its pathological consequences, rather than its
initial triggers.
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CXCL12 and its Receptors

Currentresearch haspositioned CXCL12asanimportantmolecule
in potential treatment of diabetes and its complications. CXCL12
belongs to the CXC group of chemokines. It is a potent chemoat-
tractant involved in angiogenesis, leukocyte trafficking, cancer,
inflammatory disorders, atherosclerosis,and HIV pathology (2, 3).
CXCL12 is a ligand for two transmembrane receptors: CXCR4
and CXCR?7 (4, 5). Interaction between CXCL12 and its receptor
CXCR4 induces downstream signaling involved in chemotaxis,
cell survival, proliferation, increase in intracellular calcium, and
gene transcription (3). CXCR?7 is an atypical chemokine receptor
that does not signal through the canonical G-protein pathway.
CXCL12 binds CXCR7 with even higher affinity than CXCR4.
CXCR7/CXCLI12 interaction triggers CXCR7 association with
B-arrestin 2 and CXCL12/CXCR?7 internalization, implying capa-
bility of CXCR?7 to decrease the level of CXCL12 from the sur-
roundings (6). The observed promotion of cell survival, adhesion,
and tumor growth by CXCR?7 points to signaling pathways that lie
downstream of this receptor (7). This may be in correlation with
its ability to heterodimerize with CXCR4 and regulate CXCR4/
CXCL12-mediated processes. The role of CXCR7 in mediating
the anti-apoptotic effect of CXCL12 has been documented (8).
CXCR? has also emerged as a determinant of autoimmunity and
f-cell destruction which underlies diabetic progression (9).

The Role of CXCL12/CXCR4 Axis in
Diabetes Pathophysiology

Type 1 Diabetes

Type 1 diabetes is an autoimmune disease triggered by environ-
mental factors in genetically susceptible persons. In T1D, pancre-
atic p-cells are targeted by the individual’s own immune system
resulting in reduced or complete elimination of insulin produc-
tion. Discouraging, long-term studies of islet transplantation
stress the need for new strategies to counteract autoimmunity, and
CXCL12 has emerged as a key molecule in this process. CXCL12
plays a particularly important role in directing T cell migration
and therefore in immune processes. Recruitment of autoreactive
T cells into pancreatic islets leads to inflammation (referred to
as insulitis) that initiates T1D development. Several reports have
revealed that neutralization of CXCL12 inhibits insulitis and
diabetes development (10, 11). It was proposed that retention of
regulatory T cells (Tregs) in the bone marrow by CXCL12 dis-
turbs the balance of T cells in favor of autoreactive T cells, which
intensifies disease progress. However, a reverse effect of CXCL12
inhibition was reported by Aboumarad et al. who showed that
a population of CXCR4+ T cells attracted by CXCL12 protects
recipient mice from the adoptive cell transfer of diabetes (12). The
beneficial effects of CXCL12 could be explained by several prop-
erties specific to this chemokine. CXCL12 induces bi-directional
movement of T cells, toward lower concentration and away from
higher CXCL12 concentration (13). CXCL12 also exerts a chem-
orepulsive effect on diabetogenic T cells, while mediating firm
adhesion of normal T cells (14). Moreover, CXCL12 expression in
islets was shown to cause the selective repulsion of autoreactive T
cells and retention of Tregs at the site (15). Tregs play a crucial role

in suppressing autoimmunity and data support their relevance
in T1D pathogenesis (16). It was reported that pancreatic lymph
nodes (PLNs) of non-obese diabetic (NOD) mice lack Tregs, while
the recovery of euglycemia in these mice was associated with the
restoration of the Treg population in PLNs (17). The absence of
Tregs correlates with the locally decreased expression of CXCL12,
suggesting that improved function of the CXCL12/CXCR4 axis
and subsequent retention of Tregs in the PLNs could serve as the
basis for an alternative therapeutic approach for treating T1D.
Selective repulsion of autoreactive T cells and attraction of Tregs
have been proposed as a mechanism for a recently reported novel
strategy in islet transplantation. It has been shown that immune-
mediated rejection of transplanted islets could be delayed by their
local immune-isolation achieved through coating or encapsula-
tion of islets with CXCL12, thus excluding the need for systemic
immunosuppression (18). Despite the evidence importance
of this finding for T1D treatment, it should be noted that local
immunosuppression achieved through CXCL12 has also been
observed in cancer models where this mechanism protects cancer
cells from immune attack (19).

Type 2 Diabetes

Type 2 diabetes is a metabolic disorder characterized by insu-
lin resistance in adipose tissue, liver and skeletal muscle, and
defective pancreatic insulin secretion. Experimental and clinical
data describe diabetes as a chronic inflammatory disease (20).
More than 20 years ago, it was shown that the pro-inflammatory
cytokine TNF-a was capable of inducing insulin resistance (21).
It is now known that the plasma levels of pro-inflammatory
cytokines, such as TNF-a, IL-6 or IL-1f, and chemokines are
elevated in T2D patients, while in vivo studies have revealed that
inhibition of key inflammatory cytokines protects rodents from
insulin resistance (22). The inflammatory cytokines promote
insulin resistance by interfering with insulin signaling through
activation of JNK kinase and NFxB pathways (23). Pancreatic
B-cells respond to insulin resistance by increasing insulin secre-
tion. However, when p-cells fail to compensate for increased
insulin demands, T2D develops.

Chronic low levels of inflammation in the pancreas and
insulin-responsive tissues of diabetics are accompanied by
infiltration of lymphocytes and macrophages. The latter process
is associated with a switch from an anti- to a pro-inflammatory
profile. Namely, diabetes is linked to a disturbed balance between
pro-inflammatory (Thl and Th17) and anti-inflammatory (Th2
and Tregs) subsets of T cells in favor of the pro-inflammatory
phenotype. As a result, Thl and Th17 promote the polariza-
tion of M1 macrophages, which are the main producers of
pro-inflammatory cytokines (24). CXCL12 has a controversial
role in inflammation, as a result of its ability to orchestrate the
trafficking of a variety of immune cells. Based on the reports
describing CXCL12-promoted recruitment of immune cells to
inflamed tissues in autoimmune diseases such as rheumatoid
arthritis (RA) and lupus erythematosus in lung inflammation
and inflammatory bowel disease (25), CXCL12 has been pro-
posed to have a pro-inflammatory role. Also, CXCL12 recruits
monocytes into adipose tissue, which after differentiation secrete
pro-inflammatory cytokines in obesity. It was suggested that the

Frontiers in Immunology | www.frontiersin.org

79

August 2015 | Volume 6 | Article 403


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

Vidakovic¢ et al.

CXCL12/CXCR4 axis in diabetes attenuation

CXCL12/CXCR4 axis induces M1 macrophage accumulation,
subsequentinflammatory cytokine production, and finally insulin
resistance (26). However, CXCL12 was also found to possess an
anti-inflammatory role by mediating T cell polarization toward
Tregs, and by stimulating IL-10 production in anti-inflammatory
M2 macrophages (27). Moreover, CXCL12 promotes migration
of monocytes and their polarization toward the M2 phenotype
(28), which points to the potential role of CXCL12 in reducing
inflammation in diabetes. Once again, we should be aware that
promotion of the anti-inflammatory Treg/M2 phenotype by
CXCLI12 is part of the mechanism involved in suppression of
anti-tumor immunity mediated by this chemokine (29).

Given the strong correlation between inflammation and T2D,
anti-inflammatory strategies for T2D treatment have been pro-
posed and some have been clinically tested. Encouraging results
were observed with salsalate, an inhibitor of the NF-kB pathway,
and IL-1f antagonists. Potential targeting of CXCL12 for T2D
treatment requires additional studies and a better understanding
of the role of CXCL12 in T2D and inflammation.

Potential Utilization of the CXCL12/CXCR4
Axis in Diabetes Management

Through Promotion of Pancreatic p-Cell
Differentiation, Regeneration,

and Survival

Current limitations in diabetes treatment have stimulated efforts
toward P-cell replacement therapy. Preservation of p-cell mass,
stimulation of p-cell differentiation from embryonic stem cells
(ESCs), regeneration of the impaired endocrine pancreas from
remaining p-cells, and cellular reprograming of other endocrine
or exocrine cell types in pancreas could provide a long-term
solution in diabetes treatment (30-32). This strategy requires
understanding of the molecular mechanisms that control p-cell
maturation, growth, and survival.

The CXCL12/CXCR4 Axis in p-Cell Differentiation
and Regeneration

CXCL12/CXCR4 signaling is crucial for p-cell differentiation
and pancreatic islet genesis (31). CXCL12 is expressed in the
gut endoderm and attracts CXCR4 expressing angioblasts which
induce pancreatic and duodenal homeobox 1 (Pdx1) expression
in the pre-pancreas region (33). Pdx1 plays a key role in the
expression of neurogenin 3 (Ngn3) which is essential for the
formation of all islet cell types (34). During human fetal p-cell
development, CXCR4 is necessary for the in vivo differentiation
of islet-like clusters into B-cells while CXCL12 directs the pro-
liferation of epithelial endocrine precursors through activation
of phosphatidyl inositol (PI)-3 and Akt kinases (31). Expression
of interferon (IFN) vy, which is under the control of the insulin
promoter, promotes ductal hyperplasia and regeneration of new
islets in the pancreas of transgenic mice (35), providing an excel-
lent model for studding pancreas regeneration. When NOD mice
were used as an IFNy transgenic model, their pancreas displayed
three- and four-fold elevated expression of CXCL12 and CXCR4,
respectively, in comparison to non-transgenic NOD mice (36).

CXCL12 expression in IFNy-NOD mice stimulated pancreatic
ductal cell migration and activation of the Akt, Src, and extra-
cellular signal regulated protein kinase (ERK1/2) in duct cells,
revealing the essential role of CXCL12 in their survival, prolif-
eration, and migration during pancreatic regeneration. These
insights could help in developing new therapeutic protocols
for stimulating the differentiation of pancreatic stem cells into
B-cells, proliferation of existing B-cells and transdifferentiation of
particular cell types in diabetic patients (31, 32, 37). Furthermore,
in vitro treatment of human ESCs with appropriate signals could
direct their differentiation into p-cells that could be transplanted
in diabetic patients.

The CXCL12/CXCR4 Axis in -Cell Survival
Diabetes-related studies have provided evidence for an important
role of CXCL12 in anti-apoptotic and anti-necrotic protection of
[-cells from diabetogenic agents. Transgenic mice overexpressing
CXCLI12 in B-cells are protected from streptozotocin (STZ)-
induced diabetes via activation of Akt kinase (38). CXCLI12-
stimulated Akt signaling activates anti-apoptotic signals in
B-cells through increased expression of the anti-apoptotic B cell
lymphoma 2 (Bcl-2) protein and anti-apoptotic phosphoryla-
tion of the proapoptotic Bcl-2-associated death (BAD) protein.
CXCLI12-mediated induction of Akt activity also promotes
activation and stabilization of beta-catenin/transcription factor
7-like 2 (TCF7L2) that contributes to the survival of isolated islets
and INS-1 cells (39). Activation of the CXCL12/CXCR4 axis by
STZ, cytokines and in thapsigargin injury of human and mouse
islets promotes intra-islet GLP-1 production and enhances
B-cell survival (40). It has been proposed that the paracrine
action of CXCL12 from f-cells activates Akt in adjacent a-cells,
promoting their proliferation and production of GLP-1 instead
of glucagon. CXCL12 and GLP-1 signal from a-cells together
control the growth and viability of p-cells. These findings raise
the possibility that the anti-apoptotic/prosurvival CXCL12 and
progrowth GLP-1 signaling act either additively or synergistically
to conserve or possibly enhance p-cell mass in response to injury.

CXCL12 overexpression considerably improves insulin
expression and viability of isolated rat islet cells and Rin-5F pan-
creatic P-cells after hydrogen peroxide treatment (41). CXCL12
overexpression in pancreatic cells switches hydrogen peroxide-
induced cell death from the necrotic to the apoptotic pathway
through Akt kinase-mediated reduction of poly(ADP-ribose)
polymerase-1 (PARP-1) activity (Figure 1). These findings are
in correlation with the documented role of PARP-1 in necrotic
cell death (42) and with the observation that pharmacological
inhibition or genetic deletion of PARP-1 protects animals against
chemically induced and spontaneous diabetes development (43).
The anti-necrotic effect of CXCL12 could prevent an additional
pro-inflammatory burden of B-cells provoked by necrosis and
could therefore be used for diabetes treatment.

Transcriptional Regulation of the CXCL12 Gene

Considering the involvement of CXCL12 in B-cell differentiation,
growth, and survival, an understanding of CXCL12 transcrip-
tional regulation offers possibility to improve p-cell mass in
diabetes. PARP-1 is involved in rat CXCL12 gene (CxclI2)

Frontiers in Immunology | www.frontiersin.org

80

August 2015 | Volume 6 | Article 403


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

Vidalkovi¢ et al.

CXCL12/CXCR4 axis in diabetes attenuation

Oxidative stress
in pancreatic p-cells

no PARP-1/pAkt
interaction

DNAdamage
0.. 1

°
. 00 o

0 oo
ool o P

Tees (:;R P.-)..

o
°
200

@ 0.. L
?
l PARP-1 hyperactivation

NAD*ATP depletion

DNAdamage

.:. o0
QARI:')‘“ PARP-1 partial inhibition
e S e

Caspase-3 mediated
l DNArepair I l PARP-1 degradation |

PARP-1/pAkt
interaction

/ \

l l

[ Necrotic cell death ]

FIGURE 1 | Proposed mechanism of the CXCL12/Akt-mediated
anti-necrotic effect that leads to pancreatic p-cells survival. Under
basal conditions, interaction between activated Akt (pAkt) and PARP-1 leads
to PARP-1 phosphorylation that results in partial inhibition of PARP-1 in wild
type (wt) and CXCL12 overexpressing Rin-5F cells. After hydrogen
peroxide-induced oxidative stress and in response to severe DNA damage in
wt cells, the loss of pAkt-PARP-1 interaction allows PARP-1 hyperactivation,
followed by extensive PARP-1 auto-poly(ADP-ribosyl)ation, NAD* and ATP

l Cell survival I[

Apoptotic cell
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depletion, and final necrotic cell death. In CXCL12 overexpressing cells,
pAkt-PARP-1 interaction persists after hydrogen peroxide treatment,
maintaining partial inhibition of PARP-1. Consequently, cellular energy
depletion is prevented and a switch from the necrotic to the apoptotic cell
death is ensured. With CXCL12-mediated suppression of PARP-1
overactivation in stress conditions, cell still operates with the active PARP-1
that is essential player in many cellular processes. The mechanism is based
on the findings presented in Ref. (41).

downregulation during the early stage of STZ-induced oxidative
stress (44). During later stages of oxidative stress and intensive
pancreatic p-cell injury, Cxcl12 expression is upregulated by Yin
Yang 1 (YY1). Multiple protein-protein interactions between
C/EBPa, C/EBP@, STAT3, p53, FOXO3a, and HMG I/Y transcrip-
tion factors that bind to the Cxcl12 promoter in the rat pancreatic
Rin-5F cell line suggest that multi-subunit protein complexes are
responsible for the regulation of Cxcl12 transcription (44). Targeted
stimulation or suppression of specific transcription factors involved
in the regulation of genes engaged in the proper functioning of
f-cells could improve therapeutic approaches in diabetes.

The Controversial Role of CXCL12 in
Diabetic Complications

Along with the promotion of cell survival, the biological effects of
CXCL12, such as angiogenesis induction and recruitment of bone
marrow-derived progenitor cells suggest that this chemokine
assumes a central position in tissue repair and regeneration. Since
diabetes is accompanied by dysfunction and life-threatening
damage of several organs, the potential of CXCL12 to create a
microenvironment that supports repair processes is particularly

important. Indeed, CXCL12 accelerates wound healing in diabe-
tes by recruiting endothelial progenitor cells (EPCs) and through
improved angiogenesis (45, 46). However, the same injury
response mechanisms could also promote disease progression, as
in diabetic retinopathy, which starts with damage to small blood
vessels in the eye and leads to reduced blood flow and ischemia.
The ischemia promotes aberrant neovascularization that destroys
the normal retinal architecture, causing impaired vision. In agree-
ment with the fact that the expression of CXCL12 is controlled by
hypoxia-inducible factor-1 (47), the level of CXCL12 increases as
diabetic retinopathy progresses and contributes to angiogenesis
by recruiting EPCs to the site of vascular injury (48). Blocking the
function of CXCL12 prevents neovascularization and progression
of proliferative retinopathy.

Diabetic nephropathy is characterized by the development
of albuminuria with a subsequent decline in glomerular filtra-
tion rate, usually followed by failure of renal function. CXCL12
expression in the kidney increases during acute renal failure,
resulting in homing of progenitor cells to the injured kidney (49).
Although CXCL12 is considered as one of the major mediators
involved in kidney repair after ischemic acute renal failure, data
regarding the role of this chemokine in diabetic nephropathy
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are limited. A study on the mouse model of T2D revealed that
CXCL12 contributes to glomerulosclerosis, podocyte loss, and
albuminuria, implicating the pathogenic role of CXCL12 in
diabetic nephropathy (50). The same group proposed a novel
strategy for the prevention of glomerulosclerosis in T2D. This is
based on the protective effect of dual chemokine CCL2-CXCL12
blockage: inhibition of CCL2-mediated glomerular leukocyte
recruitment and CXCL12-mediated loss of podocytes (51).

Diabetes dramatically increases the risk of various cardiovas-
cular problems, including coronary artery disease with myocar-
dial infarction and atherosclerosis (52). Although the importance
of CXCL12 in cardiovascular disease has been intensively studied,
current findings once again suggest a double-edged role of this
chemokine in ischemic heart and atherosclerosis (53). Since this
issue has been extensively reviewed elsewhere in Ref. (53), it will
not be considered here in more detail. It is worth mentioning
that genome-wide association studies revealed a significant
association of two SNPs downstream of the CXCLI2 gene with
cardiovascular disease (54).

The general conclusion regarding the role of CXCL12 in
diabetic complications is that CXCL12 walks a thin line between
protective and detrimental effects. Therapies that rely on either
promotion of CXCL12 or blocking of its activity have been sug-
gested for a variety of conditions. The above-mentioned findings
indicate that CXCL12-based therapy should be used with extreme
caution and by precise targeting of CXCL12 action to specific tis-
sue (Table 1). Proper functioning of the immune system provides
a balance between protection from pathogens and tissue damage,
and between autoimmunity and cancer suppression. Disturbance
of this balance might be beneficial in one process, while at the
same time detrimental in another.

Conclusion

The role of CXCLI12 in diabetes is very complex. For a better
understanding of the biological effects of CXCL12, additional
studies are needed to clarify several issues. As has already been
mentioned, aside from CXCR4, CXCLI12 also binds to its second
receptor CXCR7, whose downstream signaling is elusive. The
reported heterodimerization of these receptors has introduced
additional complexity to CXCLI2 signaling (55). CXCR?7 also
binds CXCL11 (56), while CXCR4 has been shown to be a receptor
for the cytokine MIF and chemokine CXCL14 (57, 58). Therefore,
the biological functions of CXCL12 must be considered in the
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Effects of activated CXCL12/CXCR4 axis
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CXCL12/
CXCR4 axis
in diabetes
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Accelerates wound healing in diabetes, improves ;\
angiogenesis .

(45, 46)

'

Promotes diabetic retinopathy, contributes to
angiogenesis via recruitment of EPCs to the site
of vascular injury

(48)

Improves diabetes progression in NOD mice by
sequestering Tregs in the bone marrow, which
disturbs the balance in favor of autoreactive T cells

(10)

Prevents insulitis and autoimmune diabetes via

recruitment of Th2-type cells to the pancreas of
NOD mice

Mediates kidney repair by homing of progenitor
cells to the injured kidney in acute renal failure

(49)

Contributes to progression of diabetic
nephropathy through involvement in
glomerulosclerosis, podocyte loss and
albuminuria

(50)

Induces M1 macrophage accumulation in
adipose tissue which leads to secretion of pro-
inflammatory cytokines in obesity, associated with
insulin resistance

(26)
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Balanced (&) CXCL12 expression and distribution is indispensable for the final
outcome of physiological action that can produce either protective (¢ ) or detrimental
effects (@) during diabetes onset and in diabetic complications.

context of a specific microenvironment, taking into account the
site of CXCL12 expression, the expression of other chemokines,
and all receptors on target cells. A complete understanding of
the complex CXCL12 network is a prerequisite for the safe
application of CXCL12-based therapy in diabetes.
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Role of macrophage migration
inhibitory factor in obesity, insulin
resistance, type 2 diabetes, and
associated hepatic co-morbidities: a
comprehensive review of human and
rodent studies

Martine C. Morrison' and Robert Kleemann'?

' Department of Metabolic Health Research, Netherlands Organization for Applied Scientific Research (TNO), Leiden,
Netherlands, ?Department of Human and Animal Physiology, Wageningen University, Wageningen, Netherlands

Obesity is associated with a chronic low-grade inflammatory state that drives the
development of obesity-related co-morbidities such as insulin resistance/type 2 diabetes,
non-alcoholic fatty liver disease (NAFLD), and cardiovascular disease. This metabolic
inflammation is thought to originate in the adipose tissue, which becomes inflamed and
insulin resistant when it is no longer able to expand in response to excess caloric and
nutrient intake. The production of inflammatory mediators by dysfunctional adipose tissue
is thought to drive the development of more complex forms of disease such as type 2
diabetes and NAFLD. An important factor that may contribute to metabolic inflammation
is the cytokine macrophage migration inhibitory factor (MIF). Increasing evidence suggests
that MIF is released by adipose tissue in obesity and that it is also involved in metabolic
and inflammatory processes that underlie the development of obesity-related pathologies.
This review provides a comprehensive summary of our current knowledge on the role of
MIF in obesity, its production by adipose tissue, and its involvement in the development of
insulin resistance, type 2 diabetes, and NAFLD. We discuss the main findings from recent
clinical studies in obese subjects and weight-loss intervention studies as well as results
from clinical studies in patients with insulin resistance and type 2 diabetes. Furthermore,
we summarize findings from experimental disease models studying the contribution of
MIF in obesity and insulin resistance, type 2 diabetes, and hepatic lipid accumulation and
fibrosis. Although many of the findings support a pro-inflammatory role of MIF in disease
development, recent reports also provide indications that MIF may exert protective effects
under certain conditions.

Keywords: MIF, obesity, adipose tissue, insulin resistance, type 2 diabetes, non-alcoholic fatty liver disease

Abbreviations: ALAT, alanine transaminase; ASAT, aspartate transaminase; HFD, high-fat diet; HOMA, homeo-
static model assessment; ipGT T, intraperitoneal glucose tolerance test; ipITT, intraperitoneal insulin tolerance
test; MCD, methionine and choline deficient; MIF, macrophage migration inhibitory factor; MNC, mononuclear
cell; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; T2D, type 2 diabetes.
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MIF in obesity and co-morbidities

Introduction

The development of obesity-associated co-morbidities such as type
2 diabetes (T2D), non-alcoholic fatty liver disease (NAFLD), and
cardiovascular disease (CVD) is considered to be driven by the
chroniclow-grade inflammatory state that characterizes obesity (1).
During obesity, excess caloric and nutrient intake, i.e., metabolic
overload, leads to adipose tissue expansion and visceral adiposity.
When the maximal expandability of an adipose tissue depot is
reached (when adipocytes have maximally expanded) this leads
to adipose tissue dysfunction and infiltration of immune cells,
which is associated with insulin resistance of the adipose tissue
itself (2, 3). Furthermore, adipocytes and infiltrated immune cells
of this inflamed adipose tissue produce inflammatory mediators
that can be released into the circulation (4). Thus, the adipose tissue
becomes a source of inflammation that can drive pathogenesis in
other tissues, leading to the development of T2D, NAFLD, and
CVD (Figure 1).

Macrophage migration inhibitory factor (MIF) is a cytokine
that is ubiquitously expressed, both by immune and non-immune
cells. It is well known for its pro-inflammatory effects and is
recognized as a negative regulator of the immunosuppressive
actions of glucocorticoids (5). In line with this, MIF has been
implicated in the development of many acute inflammatory and
auto-immune diseases (6, 7), as well as chronic inflammatory

metabolic disorders (8-10). MIF can act via its receptor CD74
(11), and controls the recruitment of inflammatory cells via
CXCR2 and CXCR4 signaling (8). Furthermore, MIF can exert
pro-inflammatory effects through its enzymatic tautomerase
and oxidoreductase activity (12, 13). Several lines of evidence
provide indications that MIF, besides regulating inflammation,
may also be linked to energy metabolism. It is expressed in
metabolically active tissues such as the adipose tissue and the
liver (9, 14). Its expression by adipocytes is regulated by glucose
and insulin (15) and it has been shown to have catabolic effects
in muscle (16). Furthermore, it co-localizes with insulin within
the secretory granules of pancreatic beta cells and is a modulator
of insulin release (17). Increasing evidence suggests that MIF
may also control inflammatory and metabolic processes in
the pathogenesis of obesity and associated disorders including
insulin resistance, T2D, and NAFLD. Here, we provide a com-
prehensive review of the current knowledge on the role of MIF
in obesity, MIF production by adipose tissue, and its role in the
development of insulin resistance, type 2 diabetes, and NAFLD.
Since epidemiological studies have shown both insulin resistance
(18, 19) and NAFLD (20, 21) to be associated with future CVD
risk, this may also have relevance for the role of MIF in vascular
disease, which has been described elsewhere for rodents (22,
23) and humans (24, 25), and will not be addressed here. This
survey aims to advance our understanding on the functions of
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FIGURE 1 | In obesity, adipose tissue can become a source of
inflammation that drives disease development in distant organs. Caloric
and nutrient excess, i.e., metabolic overload, leads to expansion of adipose
tissue depots (expansion phase). When the maximal expandability of an adipose
tissue depot is reached due to prolonged metabolic overload, the adipose
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tissue becomes dysfunctional, is infiltrated by immune cells, and becomes
insulin resistant. Adipocytes and infiltrated immune cells produce inflammatory
mediators that spill over into the circulation (spillover phase) where they drive the
progression of obesity-related co-morbidities in distant organs, such as type 2
diabetes, non-alcoholic fatty liver disease, and atherosclerosis.
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MIF in non-pathological and pathological processes connected

Human Studies

to obesity and glucose homeostasis, with particular emphasis on

adipose tissue and liver.
All values are mean + SEM. Where the original article stated
mean + SD, SEM was calculated from SD by dividing SD by the

square root of .

Circulating MIF and Obesity

Several studies provide evidence for a positive association between
obesity and circulating MIF levels (Table 1). Dandona and co-

workers (26) reported that obese individuals (BMI 37.5 + 4.9 kg/m?)

TABLE 1 | Relationship between (circulating) MIF and obesity and effects of weight loss thereupon.

Subjects BMI Gender MIF (ng/ml) Effect observed Reference
M F

Lean 22.6 26 14 1.2 Positive correlation plasma MIF with BMI. MNC MIF mRNA increased in (26)

Obese 37.5 19 21 2.8 obesity and positively correlated with BMI.

Lean 22.6 - 16 1.3 Positive correlation plasma MIF with HOMA and BMI (p = 0.10). MNC MIF (27)

Obese 40.0 - 16 3.3 mMRNA increased in obesity and positively correlated with BMI.

Lean 20.6 - 20 0.5 Plasma MIF increased in obesity. (80)

Obese 35.2 - 26 1.9

Lean 221 - 6 5 Plasma MIF positively correlated with % body fat, % truncal fat, and (31)

Obese 35.8 - 6 16 fasting insulin.

Lean boys 16.0 59 - 3.8 Plasma MIF higher in obese boys than in overweight boys. No effect in (82)

Overweight boys 22.0 32 - 3.6 girls (population: pre-pubertal schoolchildren between 5 and 13 years,

Obese boys 25.7 70 - 4.2 average 9 years).

Lean girls 16.1 . 46 3.9

Overweight girls 21.3 - 28 3.9

Obese girls 25.1 - 70 4.3

Waist circumference 20.7 41 - Median 0.6 Positive correlation plasma MIF with weight, BMI, and waist (83)

<90th percentile circumference (population: Caucasian adolescents 13-17 years).

Waist circumference 31.9 38 - Median 1.0

>90th percentile

Healthy controls 20.2 52 32 1.0 Plasma MIF increased in metabolic syndrome. No significant correlation (34)

Metabolic syndrome 27.2 62 26 1.4 with BMI.

Lean 23.0 - 14 12.0 No difference in plasma MIF between lean and obese subjects. (35)

Obese 32.7 - 33 13.5

Lean <27 - ns nd MIF secretion from isolated (subcutaneous and omental) adipocytes is (38)

Obese 37 - ns nd positively correlated with BMI. No difference between depots.

Lean 23.1 9 - nd Subcutaneous abdominal adipose tissue MIF mMRNA expression is (39)

Obese 34.7 9 - nd increased in obesity and is positively correlated with waist circumference.

Overweight 29.3 - 17 nd MIF mRNA expression in visceral adipose tissue twofold higher than in (40)
subcutaneous adipose tissue, and positively correlated with % body fat.

Obese 36 18 16 ns Subcutaneous abdominal adipocyte MIF mRNA expression positively (43)
correlated with adipocyte diameter but not with plasma MIF.

Lean 24.2 21 4 Median 5.1 Plasma MIF higher in obese than in lean subjects. Weight loss (by diet (28)

Obese before weight loss 43.0 23 48 Median 8.4 and physical activity based weight management program) reduced

Obese after weight loss 38.3 Median 5.1 plasma MIF levels.

Lean 19.9 - 10 5.0 Plasma MIF and mononuclear cell MIF mRNA are higher in obese (29)

Obese before weight loss 32.5 - 21 16.0 subjects than in lean subjects and both are reduced by weight loss (12-

Obese after weight loss 30.6 5.4 week caloric restriction and light exercise-based weight loss program).
Mononuclear cell MIF mRNA positively correlated with BMI.

Before intervention 27.6 nd Weight loss did not affect subcutaneous adipose tissue MIF mRNA (44)

Control 27.3 5 6 expression.

Caloric restriction 25.0 6 6

Caloric restriction + exercise  24.8 5 7

Obese before surgery 44.6 5 29 0.2 Serum MIF reduced 12 months after bariatric surgery. Positive (45)

Obese after weight loss 35.2 0.02 correlation between reduction in serum MIF and body weight loss.

Obese before surgery 46.7 5 22 0.2 Plasma MIF levels increased after weight loss (at 24 months after (46)

Obese after weight loss 33.0 0.7 bariatric surgery).

ns, not specified; nd, not determined.
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had significantly higher plasma MIF levels (2.8 + 2.0 ng/ml) than
lean individuals (BMI 22.6 + 3.4 kg/m? plasma MIF 1.2 + 0.6 ng/
ml) and that there was a highly significant positive correlation
between MIF levels and BMI. Results from another study by the
same group (27) confirmed these results, reporting MIF levels of
3.3 + 2.4 ng/ml in obese subjects (BMI 40.0 + 4.4 kg/m?), which
were significantly higher than the 1.3 + 0.8 ng/ml observed in the
lean controls (BMI 22.6 + 1.9 kg/m?). Again, there was a posi-
tive correlation (p = 0.10) between MIF levels and BMI. Others
have reported similar findings of increased circulating MIF in
obese individuals compared with healthy lean controls (28-31),
and showed associations with % body fat and % truncal fat (31).
Studies in pre-pubescent schoolchildren (age 5-13 years) and male
adolescents (age 13-17 years) demonstrate that these associations
are not only observed in adults, reporting increased MIF levels in
overweight and obesity in childhood and adolescence (32, 33), and
showing positive correlations with waist circumference and BMI
(33) in this study population as well.

A study by Kim et al. (34) compared healthy Korean subjects
(BMI 20.2 kg/m?) without metabolic syndrome with patients
with metabolic syndrome (BMI 27.2 kg/m?) and found higher
levels in patients than controls (1.4 + 0.1 and 1.0 + 0.1 ng/ml,
respectively), which was significant in women but not in men.
N.B. there was no correlation between circulating MIF and BMI
in this study, suggesting that other MIF-inducing factors play a
role when overweight/obesity progresses toward a phenotype of
metabolic disease.

Of note, plasma MIF concentrations tend to be higher in
males than in females (26, 34), suggesting an inducing effect
of male sex hormones. Indeed, circulating MIF levels are two
to threefold higher in women with polycystic ovary syndrome
(PCOS), an endocrine disorder characterized by elevated levels of
androgens (31, 35). Within PCOS patients, the effect of obesity is
not significant due to large variation within this population, and
comparable plasma MIF levels were found in non-obese and obese
patients [~35 and ~55 ng/ml, respectively, in Ref. (31); 35.2 and
48.6 ng/ml, respectively, in Ref. (35)].

Remarkably, there is a large variation in the absolute circulat-
ing MIF values in documented obesity studies, indicating that
there may be underlying methodological differences causing
these diverse values. A part of the variation may be explained by
different analytical methods (e.g., different ELISA kits, multiplex
technology) but even studies employing the same analytical tools
report substantial differences [e.g., Ref. (26, 31)]. Hence, other
technical or methodological issues may be responsible for these
discrepancies. The MIF molecule itself and its oligomers are
very hydrophobic (36, 37) and tend to precipitate or stick to
plastic material and differences in sample preparation and/or
pipetting can result in differences as reported in the human
studies. Therefore, it is difficult to make comparisons between
different studies. However, the direction of the effect (obese
higher than lean) is mostly consistent and overall, these studies
demonstrate a well-established association between obesity and
circulating MIF that seems to transcend differences in age, sex,
and ethnicity. The observed positive correlations with BMI and
% body fat provide indication that the observed association may
be related to the increased adipose tissue mass that is inherent

to obesity and hint at the adipose tissue as a contributor to the
observed association.

Adipose Tissue MIF Production

Several groups have investigated adipose tissue as a potential
source of circulating MIF in obesity (Table 1). Skurk and co-
workers (38) demonstrated that primary human pre-adipocytes
and mature adipocytes have the capacity to produce and secrete
MIF and the secretion of MIF was found to increase in parallel
with the (in vitro) differentiation of pre-adipocytes. There was a
close positive correlation between MIF release from mature adi-
pocytes and donor BMI, which was observed in both visceral and
omental adipocytes, with no differences between these two depots.
Others have shown similar effects on the gene expression level.
Gonzalez-Muniesa and colleagues (39) showed that MIF mRNA
expression in subcutaneous abdominal adipose tissue is increased
in obese individuals and correlates with waist circumference. A
positive correlation was also reported by Alvehus and co-workers
(40) for the visceral adipose tissue depot, which is an important
source of inflammation and, in contrast to subcutaneous adipose
tissue, is associated with inflammatory metabolic disorders such
as NAFLD and CVD (41, 42). Alvehus et al. (40) showed that MIF
mRNA expression in the visceral adipose tissue was higher than
in the subcutaneous adipose tissue (~2-fold) and was positively
correlated with body fat percentage. Adipose tissue inflammation
is considered to be a consequence of adipocyte hypertrophy and
is thought to be triggered by maximal expansion of adipocytes (2,
3). In line with this notion, subcutaneous abdominal adipocyte
diameter correlates with MIF mRNA expression (43).

If indeed the increased levels of circulating MIF in obesity are
primarily the result of increased adipose tissue mass and adipocyte
expansion, one would logically expect plasma MIF levels to
decrease when obese subjects lose weight. Indeed, reduced MIF
levels have been reported upon weightloss. Church and colleagues
(28), for instance, observed significant reductions in plasma MIF
levels in obese individuals after a diet and physical activity based
weight-loss program. Participants’ BMI after this 8.5-month
program was reduced from 43.0 + 8.6 to 38.3 + 7.6 kg/m’
(reflecting an average weight loss of 14.4 kg), which resulted in
completely normalized plasma MIF levels comparable to those
of lean controls (from median 8.4 to 5.1 ng/ml). Similar results
were reported in a different study on the effects of weight loss
(29) in which obese subjects participated in a 3.5-month diet
and light exercise-induced weight-loss program. A reduction
in BMI from 32.5 + 1.2 to BMI 30.6 + 1.6 kg/m? (reflecting a
weight loss of 4.0 + 0.4 kg) was accompanied by a reduction in
serum MIF from 16.0 & 4.0 to 5.4 & 0.4 ng/ml, which again was
comparable to lean control subjects. Remarkably, the observed
weight loss in both these studies in obese subjects resulted in
completely normalized MIF levels comparable to those observed
in lean subjects, even though BMI was still considerably higher
in the obese subjects (and subjects were still obese even after
weightloss), thus indicating that other factors rather than fat mass
per se (e.g., insulin sensitivity, hormonal changes) may determine
circulating MIF levels, or that weight loss may normalize the state
of a particular adipose tissue depot that is primarily responsible
for MIF production and secretion. Furthermore, a relatively small
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reduction in adipocyte size may already be suflicient to prevent
further adipocyte damage and thereby attenuate the inflammatory
process in adipose tissue.

Only a few studies have examined whether a specific adipose
tissue depot is responsible for the release of MIF into the circula-
tion. Support for the view that circulating MIF must be produced
by adipose tissue depots other than the subcutaneous adipose
tissue comes from studies by Koska et al. (43) who showed that
subcutaneous adipose tissue MIF mRNA does not correlate with
circulating MIF levels, and Tam et al. (44) who found no effect of
weightloss on subcutaneous adipose tissue MIF mRNA expression.
Identification of the underlying factors that determine circulating
MIF in obesity warrants further investigation.

Two studies on the effects of bariatric surgery-induced weight loss
in morbidly obese subjects report conflicting results in this specific
population. Fenske et al. (45) showed that weight loss at 12 months
after bariatric surgery (BMI from 44.6 + 0.9 to 35.2 kg/m?) resulted
in reductions in serum MIF levels from 0.2 ng/ml before surgery to
0.02 ng/ml at 12 months after surgery. Van Dielen and colleagues
(46), on the other hand, reported similarly low-plasma MIF levels
in morbidly obese subjects before surgery (BMI 46.7 + 1.1 kg/m?,
plasma MIF 0.2 ng/ml) but observed increased MIF levels at
24 months after bariatric surgery (weight loss to BMI 33.0 + 0.9 kg/
m?, plasma MIF 0.7 ng/ml). To gain insight into the processes that
determine circulating MIF levels in these patients, longitudinal
analyses after bariatric surgery are needed and it is possible that
co-variables such as impaired insulin secretion and diabetes may
determine plasma MIF levels in this extreme group of metabolically
deregulated subjects.

Overall, the above studies indicate that whole-body adiposity
is not a key determinant of circulating MIF and suggest that MIF
is produced by specific adipose tissue depots during a particular
period of depot growth (i.e., adipocyte expansion within the depot)
and resulting adipose tissue inflammation. Of note, circulating
MIF may also be produced by other tissues and cells in obesity.
Besides adipose tissue as a possible source of circulating MIF in
obesity, there are some reports on MIF expression by mononuclear
cells (MNCs), with reports of increased MIF mRNA expression
by MNC from obese subjects (26, 27, 29). Although MNC MIF
expression did not correlate with plasma MIF levels (26), a cor-
relation with BMI was reported in two of these studies (26, 27) and
weightloss (BMI from 32.5 + 1.2 to 30.6 + 1.6 kg/m?) significantly
reduced MNC MIF mRNA expression (29).

Relationship (Circulating) MIF and Insulin
Resistance

Results from observational studies have shown increased levels of
circulating MIF in insulin resistant and T2D subjects (Table 2).
Yabunaka et al. (47) reported increased serum MIF levels in
Japanese type 2 diabetic subjects (20.7 + 1.5 ng/ml) compared
with healthy control subjects (5.2 + 0.3 ng/ml); however, there was
no correlation between MIF and fasting plasma glucose, HbAlc,
or diabetes duration. Interestingly, BMI was comparable between
T2D patients and controls in this study (23.9 + 0.3 kg/m* in T2D
vs. 23.8 + 0.4 kg/m? in controls) indicating that the observed
difference was not attributable to a higher BMI in the diabetic
subjects. (N.B. as the study was conducted in an Asian population
absolute BMI values are lower than in Caucasian diabetes patients.)

TABLE 2 | Relationship between (plasma) MIF and insulin resistance/T2D.

Subjects Gender MIF (ng/ml) Effect observed Reference
M F
Healthy controls 53 26 5.2 Serum MIF higher in T2D than in controls. (47)
T2D 53 26 20.7
Healthy controls 30 2.1 Plasma MIF higher in T2D than in healthy controls. (48)
T2D 46 2.6
Healthy controls 23 59 0.05 Serum MIF higher in T2D than in healthy controls, in both males and females. (49)
T2D 27 46 0.2
Normoglycemic controls 137 99 Median 4.97  Positive association plasma MIF with impaired glucose tolerance and T2D (50)
Impaired glucose tolerance 130 112 Median 7.95  independent of plasma CRP and IL-6.
T2D 137 107 Median 10.96
Non-diabetic Caucasians 24 <5.0in 100% Plasma MIF higher in Pima Indians and associated with insulin resistance. (51)
Non-diabetic Pima Indians 28 >5.0in 39%
Non-case controls 859 773 Median 17.7  Baseline MIF concentrations higher in subjects that develop T2D than in (52)
Cases (incident T2D) 293 209 Median 18.5  non-case controls. Women with MIF genotype rs1007888CC have increased
risk of T2D.
Turkish adults 1093 1157 nd In men, MIF genotype rs755622GC associated with baseline diabetes, and (53)
C-allele carriage tends to predict new-onset diabetes. No effect in women.
Healthy pregnant controls - 40 5.3 Serum MIF higher in women with gestational diabetes. (54)
Gestational diabetes - 43 1.3
Healthy pregnant controls - 169 nd MIF genotype rs1007888GG more common in gestational diabetes. GG (55)
Gestational diabetes - 147 nd genotype significantly associated with pre-pregnancy obesity and family history

of diabetes, and twofold more frequent in women with metabolic syndrome.

nd, not determined.
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Similarly, Yu and colleagues (48) showed increased MIF levels in
Chinese T2D patients (2.6 + 0.1 ng/ml) compared with healthy
controls (2.1 + 0.1 ng/ml), which again were independent of BMI
(23.9 + 0.1 kg/m? in T2D vs. 22.9 + 0.3 kg/m? in controls). In line
with these findings, Sanchez-Zamora et al. reported increased MIF
levels (~0.2 vs. ~0.05 ng/ml) in Mexican T2D patients relative to
healthy controls (49), although BMI for the different groups was
not stated in this study.

These associations with MIF have also been reported in earlier
stages of T2D development (impaired glucose tolerance, insulin
resistance), before overt T2D is present. Herder et al. (50) reported
increased serum MIF concentrations in German individuals with
impaired glucose tolerance (median MIF 7.95 vs. 4.97 ng/ml in
healthy controls) and further increased levels in individuals with
T2D (median MIF 10.96 ng/ml), suggesting a gradual increase of
MIF with severity of the disease. In this study, BMI was higher in
the insulin resistant and T2D subjects than in the healthy controls.
In line with these results, a positive association between plasma
MIF levels and insulin resistance was shown in a study in Pima
Indians (51) and correlations with homeostatic model assessment
(HOMA; a method used to quantify insulin resistance) (26, 27)
and f-cell dysfunction (28) have also been reported. Furthermore,
MIF mRNA expression in freshly isolated subcutaneous abdominal
adipocytes was found to be negatively associated with donor
peripheral and hepatic insulin action in another study in Pima
Indians (43).

In a prospective case-cohort study (52), baseline levels of serum
MIF were found to be higher in incident T2D cases than in non-
case controls (mean follow-up 10.1 + 0.1 years, only significant in
women) and this association between elevated MIF serum levels
and T2D risk was stronger in obese than in non-obese women.
Furthermore, this study reported significant associations between
serum MIF levels in women and MIF genotype rs1007888CC, and
carriers of this allele had a 1.7-fold increased risk of T2D. A differ-
ent MIF genotype (rs755622GC) was shown to be associated with
baseline diabetes in men but not in women in a population-based
cohort study in Turkish subjects, and carriage of the C-allele tended
to predict new-onset diabetes in this population (53).

MIF has also been implicated in gestational diabetes, with higher
serum MIF in women with gestational diabetes (11.2 & 0.75 ng/
ml) than in healthy pregnant controls (5.31 + 0.64 ng/ml) (54).
Furthermore, associations between MIF genotype Rs1007888GG
and gestational diabetes as well as pre-pregnancy obesity and
family history of diabetes have been reported (55). This specific
genotype was also found to be twofold more frequent in women
with metabolic syndrome (55).

Compared with the overweight/obesity studies, there are
relatively few studies in insulin resistant/T2D subjects, and these
have been conducted in very specific populations (e.g., Asians,
Pima Indians). While there were intervention studies (weight loss,
bariatric surgery) in overweight/obese subjects, no such reports
exist in the case of T2D. Therefore, conclusions should be drawn
carefully. Overall, circulating MIF seems to be associated with insu-
lin resistance and overt T2D, and MIF levels rise with the severity
of disease. This suggests that MIF-inducing processes unrelated to
obesity/adiposity and adipose tissue expression may contribute to
circulating MIF levels as overweight/obesity progresses to T2D.

Inflammatory processes in other tissues or in circulating immune
cells may be of importance in this respect. The involvement of
sources of inflammation other than adipose tissue may explain
that the associations of MIF and metabolic disease (metabolic
syndrome, insulin resistance, T2D) appear to be independent of
obesity with increasing complexity of disease (Figure 2).

Relationship MIF and NAFLD

To date, only one study has examined the role of MIF in NALFD
patients. Akyildiz et al. (56) investigated the effect of MIF-173
G/C gene polymorphism in NAFLD and found no difference
in genotype or C-allele frequency between healthy controls
(n = 104) and NAFLD patients (n = 91). Furthermore, they
did not find any differences in genotype or C-allele frequency
within the NAFLD patient group when subjects were stratified
for NAFLD score (steatosis/borderline NASH/NASH) or fibrosis
stage. Immunohistological investigation of MIF expression in liver
biopsies from the NAFLD patients in this study showed that MIF
staining was increased in both hepatocytes and MNCs in NASH
patients compared to those with only steatosis. While hepatocyte
MIF expression was not associated with fibrosis stage, fibrosis stage
was significantly higher in presence of MIF staining in MNCs
and positive MNC MIF staining was associated with a 3.6-fold
increased risk of fibrosis.

Animal Studies

Several studies in genetically engineered mouse models that lack
the Mif gene have aimed to unravel the role of MIF in both non-
pathological glucose homeostasis and in the obese/insulin resistant
state. The results of these studies have been summarized in Table 3.

Role of MIF in Non-Pathological Glucose
Homeostasis

Nikolic et al. (57) demonstrated that Mif-deficient mice (male,
12 weeks old, diet not specified, C57BL/6 background) have
impaired insulin signaling (AKT phosphorylation) in liver and adi-
pose tissue. This was reflected in their response to an intraperitoneal
glucose tolerance test (ipGTT), during which Mif~"~ mice had a
similar insulin response to wild-type mice, but showed impaired
clearance of glucose. In this experiment, glucocorticoid receptor
inhibition rescued the observed impairment of insulin signaling in
liver and adipose tissue, and enhanced glucose-stimulated insulin
release and glucose clearance during the ipGTT. A second study by
the same group (58) confirmed that Mif”~ mice (male, 8-12 weeks
old, diet not specified, C57BL/6 background) show a comparable
insulin response to an ipGTT to wild-type mice (however, the
glucose response was not shown in this study). A rationale for these
observations was provided by results from in vitro experiments (58)
that showed that conditioned medium containing insulin secreted
from Mif”~ pancreatic islets had lower activity than conditioned
medium with insulin produced by wild-type islets, as demonstrated
by reduced insulin signaling (AKT phosphorylation) and glucose
uptake in a human liver carcinoma cell line (Hep G2 cells).
Furthermore, this study revealed that MIF physically interacts and
binds with insulin in wild-type islets and affects the conformation
of insulin, reducing the concentration of monomer/dimer insulin
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FIGURE 2 | Associations between MIF and obesity are lost with
increasing disease complexity. In early obesity, circulating MIF levels are
increased in association with expansion and inflammation of adipose tissue.
The development of obesity-related co-morbidities is related to elevated MIF
levels, which rise with increasing severity of disease. In later stages of

obesity-associated disease, MIF levels appear to be elevated independent of
obesity and adiposity. Thus, indicating that other sources of inflammation
such as circulating mononuclear cells, liver inflammation, and vascular
inflammation may contribute to circulating MIF levels with increasing disease
complexity.

and increasing hexamer formation of insulin, which may contribute
to enabling insulin’s full functionality. These effects were found to
be independent of MIF’s tautomerase activity.

Serre-Beinier and colleagues (59) investigated the role of MIF
in carbohydrate homeostasis over time with aging. For this they
used Mif”= C57BL/6 mice from a 129/Sv background (diet and
sex not specified) and examined glucose and insulin tolerance
over time. Mif”~ mice had lower (13%) body weight at birth, but
gained weight faster than wild-type mice. By 4 months of age,
body weights were similar to those of wild-type mice, and at
12 months of age, they were 17% higher than in wild-type mice.
While fasting blood glucose remained stable over time in both
Mif-deficient and wild-type mice, fasting insulin increased over
time in Mif~"~ mice but remained stable in wild-type mice. IpGTTs
showed that Mif '~ mice cleared glucose more rapidly than wild-
type mice, but insulin levels were higher in the Mif-deficient mice,
indicating that they required more insulin to achieve this effect.
At 12 months of age, glucose clearance was impaired relative to
wild-type mice, with comparable insulin levels. These results are
in line with findings by Nikolic et al. (57) and Vujicic et al. (58)
described above, which suggest that insulin produced in absence
of MIF may have reduced activity/functionality. The response to
exogenous insulin (during intraperitoneal insulin tolerance tests;
ipITTs, and euglycemic-hyperinsulinemic clamps) was similar
between genotypes at 4 and 12 months of age and there were no

differences in insulin-stimulated AKT phosphorylation in muscle,
indicating that insulin sensitivity of this peripheral tissue is not
affected by MIE

While these studies indicate that MIF may contribute to insulin
function in non-pathological glucose homeostasis (i.e., in absence
of obesity or disease), the associations observed in human studies
indicate that it may have a detrimental role in obesity and the
development of obesity-associated insulin resistance and T2D, i.e.
conditions of metabolic stress and disturbed metabolic homeosta-
sis. Several groups have addressed this using experimental models
of obesity and insulin resistance/T2D.

Role of MIF in (Diet-Induced) Obesity and Insulin
Resistance

Several groups have investigated the role of MIF in obesity and
associated development of insulin resistance/T2D using high-fat diet
(HFD)-induced rodent models of disease (Table 3). Velickovic and
colleagues (60) reported higher plasma MIF levels in fructose-fed
Wistar rats than in controls (13.6 + 1.7 vs. 11.0 + 0.9 ng/ml), and
showed that MIF levels correlated with visceral adipose tissue
mass, consistent with observations made in humans. In line with
this, Saksida et al. (61) showed that HFD feeding in C57BL/6 mice
resulted in an obese phenotype, with increased fasting glycemia and
serum insulin, which was accompanied by increased serum MIF
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TABLE 3 | MIF in experimental models of obesity and insulin resistance/T2D.

Model Diet Sex Effect observed Reference

Mif-= C57BL/6 mice ns Male Glucose tolerance (ipGTT) is impaired in Mif-deficient mice. 57)

Mif-= C57BL/6 mice ns Male Insulin secretion after ipGTT is similar in Mif-deficient and wild- (58)
type mice (glucose response is not specified).

Mif'- C57BL/6 mice (from 129/Sv ns ns Age-dependent impairment of glucose tolerance (ipGTT) in (59)

background) Mif-deficient mice.

Wistar rats Standard diet + 10% Male Higher plasma MIF (tendency) in fructose-fed rats than (60)

fructose in drinking water controls. Correlation with visceral adipose tissue mass.
C57BL/6 mice HFD (60% fat) Male Higher plasma MIF on HFD than on control diet. 61)
Mif'- C57BL/6J mice HFD (45 en% from palm Male Mif deficiency protects against development insulin resistance: 62)
oil) lower ipGTT and ipITT.

Ldlr~"-Mif~~ mice (C57BL/6 background) Chow Male Mif deficiency protects against development insulin resistance: ©)]
fasting plasma glucose and insulin lower, improved ipGTT,
ipITT, and euglycemic clamp.

Mif-~= C57BL/6 mice HFD (60 en% fat) ns Mif deficiency increases fasting glucose and impairs glucose (63)
tolerance (ipGTT).

Mif-= C57BL/6 mice (from Mif+ Balb/c HFD (60% fat) Male Mif deficiency does not affect development of glucose (64)

background) intolerance (ipGTT) or plasma insulin levels.

STZ- and L-NAME-induced impaired Chow ns Plasma MIF levels higher in impaired glucose tolerance rats (48)

glucose tolerance in Sprague-Dawley rats than in controls.

STZ-induced T2D in Mif~~ Balb/c mice ns Female  Mif-deficient mice have lower STZ-induced blood glucose and (49)
better glucose tolerance (OGTT).

STZ-induced T2D in ICR mice + MIF ns Female  MIF antagonism reduced STZ-induced blood glucose levels.

antagonist (CPSI-1306)

C57BLKS/J db/db mice + MIF inhibitor Chow Male MIF inhibition normalized hyperglycemia and improved (65)

(ISO-1)

impaired glucose tolerance (ipGTT).

ns, not specified.

levels (~7 ng/ml compared with ~0 ng/ml in control diet-fed mice).
This study also showed that Mif mRNA expression in pancreatic
islets was increased in HFD-fed mice. Furthermore, they showed
that in wild-type pancreatic islets, palmitic acid (a saturated fatty acid
which is present in human diets as well as in experimental HFDs)
induces MIF production and apoptosis, while pancreatic islets from
Mif-deficient mice were entirely resistant to palmitic acid-induced
apoptosis, which may be of importance in p-cell apoptosis in late-
stage obesity-associated T2D.

Finucane and colleagues (62) also described protective effects
of Mif deficiency in HFD-induced obesity/insulin resistance. In
this study, Mif”~ mice (male, 8-9 weeks old, C57BL/6] back-
ground) were fed a palm oil based (rich in palmitic acid) HFD
(45 kcal% fat) for 16 weeks. Mif deficiency reduced HFD-induced
body weight gain and fat mass and improved the response to
ipGTT and ipITT. Glucose clearance during the ipGTT was
improved compared with wild-type mice, with a reduced insulin
response and similarly, the Mif”~ mice showed a more efficient
glucose clearance in the ipITT. Together these glucose and insulin
tolerance tests show that the response to both endogenous insulin
(produced during ipGTT) and exogenous insulin (injected in
ipITT) isimproved in absence of MIFE, thus suggesting an improve-
ment in peripheral insulin signaling in obese Mif”~ mice. These
effects were also observed when mice were weight-matched to
exclude effects of body weight differences, suggesting that Mif

deficiency improves insulin signaling in peripheral tissues, such
as white adipose tissue.

Support for this notion comes from studies that analyzed the
effects of MIF on insulin signaling in adipose tissue. Finucane et al.
(62) further showed that in wild-type mice, obesity increased MIF
protein expression in the epididymal adipose tissue, for which the
stromal vascular fraction rather than the adipocyte fraction was the
primary cellular source. Mif”~ mice were found to have reduced
adipose tissue inflammation (reduced M1 macrophage infiltration
and reduced ex vivo cytokine secretion) and this was accompanied
by improved adipose tissue insulin signaling as demonstrated by
increased insulin-stimulated AKT phosphorylation and Glut4
expression in vivo, as well as increased insulin-stimulated glucose
uptake into adipose tissue explants. Similarly, Verschuren et al. (9)
used the hyperlipidemic Ldlr~'~ background to induce obesity and
insulin resistance (male mice up to 52 weeks old, chow, C57BL/6
background) and showed that Mif deficiency protects against the
development of insulin resistance. Mif-deficient mice had lower
fasting glucose and insulin levels and showed improved glucose
tolerance (assessed by ipGT'T, with comparable insulin levels dur-
ing the test) and improved insulin sensitivity (assessed by ipITT).
Furthermore, a hyperinsulinemic-euglycemic clamp showed that
insulin resistance was reduced in Mif-deficient mice. In line with
the findings by Finucane etal. (62), analysis of adipose tissue in this
study showed improvement of peripheral insulin signaling. This
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study also revealed improvements in adipose tissue inflammation
in absence of MIFE, with smaller adipocytes, reduced macrophage
infiltration and crown-like structure formation and a lower
M1/M2 macrophage ratio. This was accompanied by improved
insulin signaling in adipose tissue (increased insulin-stimulated
Pi3-Kinase activity and AKT phosphorylation), which further
corroborates the observed improvements in glucose handling and
insulin sensitivity. In both these studies, Mif deficiency improved
the inflammatory milieu in adipose tissue and resulted in improve-
ment of insulin signaling.

While above studies used HFDs with a moderate fat content
(translational to the human situation), two studies that used diets
with a supraphysiological fat content (60 kcal%), made different
observations; Heinrichs et al. (63) reported that Mif deficiency
in HFD-fed C57BL/6 mice (age and sex not specified) promotes
weight gain and has detrimental effects on glucose tolerance
(impaired glucose clearance during ipGTT). Remarkably, adipose
tissue inflammation was reduced in absence of Mifin this study,
in line with observations in the more physiological diet-induced
obesity studies. A study by Conine and co-workers (64) showed
no difference between Mif '~ mice (male, 6-8 weeks old, C57BL/6
mice from Mif* Balb/c background) and wild-type mice after
15 weeks of HFD feeding. In this study, body weight gain and
adipose tissue inflammation were similar between genotypes, and
there was no difference in glucose intolerance (assessed by ipGTT)
or fasting blood glucose and insulin levels.

Role of MIF in (STZ-Induced) Diabetes

Others have used streptozocin (STZ; a toxic glucose analog
that preferentially accumulates in pancreatic beta cells but that
can also be harmful to other tissues) to induce a (pre-)diabetic
phenotype (severity depends on STZ dosage and regimen). Yu
et al. (48) showed that plasma MIF levels were higher in a pre-
diabetic rat model of impaired glucose tolerance (HFD-fed and
STZ- and L-NAME-treated Sprague-Dawley rats) than in chow-
fed controls (32.5 + 1.9 vs. 24.8 + 1.6 ng/ml). Sanchez-Zamora
and co-workers (49) showed that Mif deficiency in Balb/c mice
(female, age and diet not specified) lowered STZ-induced blood
glucose levels and improved glucose tolerance in an oral glucose
tolerance test (OGTT) without affecting insulin production by
pancreatic B-cells. Similarly, MIF antagonism (with small molecule
inhibitor CPSI-1306) reduced STZ-induced blood glucose levels in
ICR outbred mice in the same study (49). Together, these studies
in STZ-induced diabetes suggest an improvement of peripheral
insulin sensitivity and/or more active insulin in Mif-deficient mice.
The latter, however, would contradict findings by Nikolic et al. (57)
and Vujicic et al. (58) discussed above.

Overall, these STZ studies lend further support to the notion
that Mif deficiency protects from (pre)diabetes and are thus in line
with most of the observations made in diet-induced models of
obesity and metabolic disease. While in normal physiology, MIFs
effects in glucose homeostasis were found to be independent of
MIFs tautomerase activity (58), results from a study by Wang et al.
(65) suggest that this activity may play a role under pathophysi-
ological conditions. The authors showed that in diabetic db/db
mice (male, 8 weeks old, chow, C57BLKS/J background), which

have an autosomal recessive mutation in the leptin receptor, treat-
ment with the MIF tautomerase activity inhibitor ISO-1 reduced
fasting glucose levels to those observed in non-diabetic controls
(db/m mice). These effects were further supported by results from
an ipGTT, which revealed significant improvement in glucose
handling in ISO-1 treated mice. In the lean, non-diabetic control
mice, ISO-1 treatment did not affect fasting blood glucose levels
or ipGTT responses, consistent with the discussed observations
made by Vujijic et al. (58).

Altogether, these studies indicate that while MIF seems to
have a function for insulin conformation and functionality in
non-pathological glucose homeostasis, its role is less clear when
metabolic stress and pathological processes come into play. Under
these conditions, Mif deficiency appears to be protective against
white adipose tissue inflammation and may improve glucose
metabolism and peripheral insulin resistance although results are
partly conflicting. An important explanation for these discrepan-
cies is likely to be the choice of rodent model in combination with
the experimental conditions employed. Inbred mouse strains are
known to differ greatly in their susceptibility to obesity as well as
in glucose metabolism and insulin resistance (66-68). Differences
in the genetic background of knockout mice (as well as successful-
ness of backcrossing onto a different strain) are therefore likely
to have a large impact on study outcomes. A second factor that
may influence study results is the choice of diet (i.e., percentage
of fat, type of fat, palmitic acid content) and the age that mice
are started on this dietary treatment [for instance, older Ldlr~'~
mice show a more aggravated disease phenotype in response to
HFD feeding than younger mice (69)]. Although information on
the mouse strain and dietary conditions used are critical for the
interpretation and comparison of different studies, they are often
inadequately described. Overall, the prevailing finding is that Mif
deficiency is protective in insulin resistance, glucose tolerance, and
STZ-induced diabetes, and reduced adipose tissue inflammation
and improved insulin signaling in adipose tissue may play a role in
these beneficial effects, in line with observations made in human
studies. Besides driving the development of insulin resistance and
T2D in obesity, metabolic inflammation is also believed to drive
the development of NAFLD (Figure 1).

Role of MIF in Non-Alcoholic Fatty Liver Disease
Several studies provide indication that MIF may also play a role
in the development of hepatic steatosis, inflammation and fibrosis
(Table 4). Finucane and colleagues (62) showed that Mif deficiency
alleviates HFD-induced hepatic steatosis (male, 8-9 weeks old,
16 weeks HFD 45 kcal% fat from palm oil, C57BL/6] background).
In Mif'~ mice, liver weight was reduced, and hepatic triglyceride
content (as well as histologically observed steatosis) was reduced.
Mif-deficient mice also had lower plasma alanine transaminase
(ALAT) levels. Hepatic gene expression analyses revealed that
lipogenic gene expression (i.e., Cd36, Dgat-1, Fasn, Srebp1-c, Pgc-al,
Lpl, Ppary) was significantly lower in absence of MIF, providing a
possible rationale for the observed reduction in hepatic steatosis.
In line with these results, Heinrichs et al. (63) observed that
hepatic steatosis was reduced in absence of MIF in both HFD-fed
(60 kcal% fat, 16 weeks) and methionine and choline-deficient
(MCD) diet-fed (8 weeks) Mif”~ mice (sex and age not specified,
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TABLE 4 | MIF in experimental models of NAFLD/liver fibrosis.

Model Diet Sex Effect observed Reference
Mif'- C57BL/6J mice HFD (45 en% from palm Male Plasma ALT lower in Mif-deficient mice. Liver triglycerides, (62)
oil) lipogenic gene expression, and pNFkB reduced in
Mif-deficient mice.
Mif'- C57BL/6 mice HFD (60 en% fat) ns Mif deficiency increases hepatic steatosis and hepatic (63)
immune-cell infiltration
MCD diet ns Liver triglycerides increased in Mif-deficient mice.
Mif-= C57BL/6 mice (from Mif+ Balb/c HFD (60% fat) Male Mif deficiency does not affect hepatic lipid accumulation. (64)
background)
Mif-= C57BL/6 mice + CCl, Chow (Teklad) Male and  Liver fibrosis in Mif-deficient mice similar to wild-type. (70)
female
Mif~= C57BL/6 mice + CCl, or + TAA ns ns Liver fibrosis more severe in Mif-deficient mice (both CCL,- (71)
and TAA-induced).
C57BL/6 mice + CCl, + rMIF ns ns Treatment with rMIF reduced hepatic stellate cell activation

and repressed expression of fibrosis-relevant genes.

ns, not specified.

C57BL/6 background). In the HFD-fed mice, Mif deficiency
increased liver weight while liver damage markers ALAT and
aspartate transaminase (ASAT) were slightly reduced. The observed
reduction in hepatic steatosis (analyzed by histological Oil Red O
staining and biochemical measurement of hepatic triglycerides) was
accompanied by increased lipogenic gene expression (i.e., transcrip-
tion factors Lxra and Srebp-1, and enzymes Acc, Fas, Dgat1, Dgat2),
which was also observed in the MCD diet-fed mice. Furthermore,
HFD-feeding resulted in increased hepatic inflammatory cell infil-
tration (1.6-fold increase in F4/80* macrophages) in Mif~~ mice,
which were skewed toward a M2 polarization. Mechanistic in vitro
experiments in oleic acid/IL-p stimulated mouse hepatoma cells
Hepal-6 and primary murine hepatocytes showed that recombi-
nant MIF reduced hepatocyte lipid content through a CD74 and
AMPK-mediated pathway. In contrast to the above studies, Conine
et al. (64) observed no difference in HFD-induced (60 kcal% fat)
hepatic lipid accumulation in presence or absence of Mif (male,
6-8 weeks old, C57BL/6 mice from Mif+ Balb/c background). It is
not clear whether absence of phenotypical differences in this study
may be related to the relatively young age of the mice at the start
of the study, the extreme (supraphysiological) dietary fat content
or the genetic background of the mice.

While the above studies focused mainly on the lipid accumula-
tion that is observed in NAFLD, others have investigated the role of
MIF in the development of hepatic fibrosis, a characteristic of pro-
gressive NASH. Barnes and co-workers (70) studied effects of MIF
in chemically induced liver fibrosis (male and female, 10-12 weeks
old, C57BL/6 Mif'~ mice). In wild-type mice, a single dose of
CCl,-induced mRNA expression of Mif and its cognate receptor
Cd74 (peaking between 4 and 8 h and resolving by 18 h), which
was also observed in plasma with MIF protein levels increased as
early as 2 h after injection (indicating a release of preformed pools
of MIF). Circulating ALAT and ASAT were similarly increased in
Mif”~ and wild-type mice indicating comparative liver damage
between genotypes. Assessment of hepatic stellate cell activation
upon chronic CCl, treatment (2 i.p. injections per week for 5 weeks)
revealed increased mRNA expression of Acta2 (a«-SMA) and Collal
(Collagen type I, alpha 1) in male Mif”~ mice compared with

wild-type, while expression of these genes was reduced in female
Mif~~ mice compared with wild-type mice. Despite these effects of
Mif deficiency on hepatic stellate cell activation, hepatic collagen
deposition (assessed by quantification of Sirius Red staining and
hydroxyproline measurement) was comparable to wild-type mice
in both male and female Mif~”~ mice. Authors then continued their
studies in female mice only, to investigate a potential role of MIF
on the progression of fibrosis via the regulation of extracellular
matrix (ECM) degradation. They observed reduced infiltration of
restorative macrophages in Mif~~ mice, which was accompanied
by reduced expression (mRNA, protein, and enzymatic activity)
of the ECM-degrading metalloproteinase MMP13, suggesting a
possible proresolution role for MIF during fibrosis.

Heinrichs and colleagues (71) also investigated the effects of
Mif deficiency (age and sex not specified, C57BL/6 Mif '~ mice)
in two different models of chemically induced liver fibrosis. In this
study, hepatic fibrosis (assessed histologically and by hydroxyproline
measurement) was increased in absence of MIF in both CCl,- and
TAA-induced liver fibrosis. In line with this, Mif-deficient mice had
increased mRNA expression of Collal, Timpl, Mmp2,and Tgfb1, as
well as increased a-SMA protein expression. FACS analysis revealed
no differences between genotypes in immune-cell subset infiltration,
suggesting that differences in fibrosis development may be explained
by effects on hepatic stellate cell activation rather than by effects on
the intrahepatic immune response. In vitro studies in murine hepatic
stellate cells showed that treatment with recombinant MIF inhibited
PDGF-induced hepatic stellate cell activation, which was found to
be mediated through CD74 and AMPK signaling. In line with these
in vitro results, follow-up in vivo studies showed that CCl,-induced
hepatic fibrosis was increased in Cd74~'~ mice. Deficiency of Cxcr4,
however, another MIF receptor expressed by hepatic stellate cells,
did not affect fibrosis development. Therapeutic application of
recombinant MIF in CCI,-treated wild-type mice reduced hepatic
stellate cell activation and repressed expression of fibrosis-relevant
genes. However, the effects of this recombinant MIF treatment on
fibrosis development are not mentioned.

Overall, very few studies to date have investigated the effects of
MIF in the development of hepatic co-morbidities. MIF appears
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to have detrimental effects in HFD-induced hepatic lipid accu-
mulation through effects on lipogenic gene expression, providing
further support for the notion that MIF may indeed not only have
pro-inflammatory effects but may also be linked to metabolism.
In chemically-induced liver fibrosis, it seems that MIF may have
protective effects, possibly through an effect on the resolution of
fibrosis. However, results from a clinical study in NAFLD patients
indicate the opposite, showing that increased MIF expression in
liver is associated with increased risk of fibrosis. This discrepancy
may be explained by differences in disease etiology in chemically
induced liver damage used in the experimental disease models,
compared with the metabolically induced liver damage that is
typical for human NAFLD development.

Conclusion and Future Directions

In early obesity, circulating MIF levels are increased in association
with expansion and inflammation of adipose tissue. The develop-
ment of insulin resistance and T2D in obesity is related to elevated
MIF levels, which rise with increasing severity of disease. In
later stages of obesity-associated T2D, MIF levels appear to be
elevated independent of obesity and adiposity, indicating that with
increasing disease complexity, other sources of inflammation may
contribute to circulating MIF levels.

Mechanistic studies in experimental models of disease have
shown that MIF contributes to insulin function in non-pathological
glucose homeostasis (i.e., in absence of obesity or disease) but its
role is less clear when metabolic stress and pathological processes
come into play. Under these conditions, Mif deficiency appears to
be protective against adipose tissue inflammation and may improve
insulin resistance and T2D in both HFD- and STZ-induced
models. Furthermore, there are some first indications that MIF
may contribute to development of diet-induced hepatic steatosis in
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Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine implicated
in acute and chronic inflammatory conditions, including sepsis, autoimmune disease,
atherogenesis, plaque instability, and pulmonary arterial hypertension. MIF in plasma
and urine is significantly elevated in patients with acute kidney injury (AKI) and elevated
MIF in serum is associated with markers of oxidative stress, endothelial dysfunction,
arterial stiffness, and markers of myocardial damage in chronic kidney disease (CKD).
Furthermore, MIF seems to be involved in vascular processes and cardiovascular disease
associated with CKD, glomerulonephritis, autosomal dominant polycystic kidney dis-
ease, and possibly also in progression to renal failure. Moreover, in active anti-neutrophil
cytoplasmatic antibody-associated vasculitis, plasma MIF levels have been shown to be
significantly elevated as compared with samples from patients in remission. A significant
difference in the genotype frequency of high production MIF -173 G/C genotype has
been found in end-stage renal disease, compared to controls. Inhibition of MIF in a
diabetic nephropathy model ameliorated blood glucose and albuminuria and in a model
of adult polycystic kidney disease cyst growth was delayed. Preclinical studies support
a potential therapeutic role for MIF in AKI and in a number of CKDs, whereas these
data in human disease are still observational. Future interventional studies are needed to
delineate the role of MIF as a treatment target in clinical kidney disease.

Keywords: MIF, AKI, CKD, glomerulonephritis, vasculitis, MIF gene polymorphism, diabetic nephropathy, ADPKD

INTRODUCTION

Macrophage migration inhibitory factor (MIF) was one of the first cytokines that was identified
after being isolated from the supernatants of T-lymphocytes, and initially described as a soluble
factor with macrophage migration-inhibiting properties (1-3). It has later been shown that MIF
is produced by a number of other cells, such as monocytes, macrophages, granulocytes, endocrine
cells, epithelial cells, and endothelial cells (4, 5).

Migration inhibitory factor is a pleiotropic upstream proinflammatory integral mediator of the
innate immune system, stimulating the release of multiple cytokines, including tumor necrosis fac-
tor (TNF)-a, with CD 74 being a binding receptor promoting the recruitment of leukocytes into
inflammatory sites in a chemokine-like fashion (6). Three-dimensional X-ray crystallography has
revealed that the MIF molecule contains a hydrophobic pocket, which has been identified as the
proinflammatory active site of MIF (7) and compounds binding to this region decrease downstream
MIF signaling (8, 9).
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MIF in Clinical Kidney Disease

Migration inhibitory factor has been implicated in the patho-
genesis of sepsis, autoimmune diseases, such as rheumatoid
arthritis, systemic lupus erythematosus, and cardiovascular
disease (CVD) (6, 10-13). In atherosclerosis animal models,
aortic inflammation was reduced, and neointimal plaques were
stabilized after administration of anti-MIF antibody (14, 15).

Chronic kidney disease (CKD) is a state of chronic inflamma-
tion with major implications for morbidity and mortality driven
by a significant increased risk for CVD (16, 17). Delineating the
role of inflammatory markers in atherosclerotic and inflamma-
tory disease in CKD is therefore of considerable interest. Whether
MIF has an important role in this area is not well known. This
article therefore aims at reviewing available data on the role of
MIF in acute kidney injury (AKI), CKD, diabetic nephropathy,
inflammatory kidney disease, and genetic aspects of MIF and
kidney disease.

MIF AND AKI

Urinary MIF has previously been reported to be increased, and
associated with the severity of renal injury, in human glomeru-
lonephritis and has also been suggested as a potential biomarker
for acute kidney damage in acute pyelonephritis (18, 19). Similar
findings have been demonstrated in kidney transplantation (20).
Augmented plasma levels of MIF seem to be an early and predic-
tive event of AKI in septic patients admitted to the ICU (21). In
preclinical models, MIF stimulates leukocyte chemotaxis as well
as tissue infiltration of leukocytes and induces multiorgan dam-
age affecting both lungs and kidneys (6, 22-24). In a recent paper
by Stefaniak et al., it was shown that increased plasma levels of
MIF in patients undergoing liver transplantation was significantly
more predictive than serum creatinine for AKI and the need for
renal replacement therapy postoperatively (25).

MIF AND CKD, IMPLICATIONS FOR
CARDIOVASCULAR DISEASE

The prevalence of CKD worldwide is 10-12% and its incidence is
even greater in the elderly (26, 27). Systemic low-grade inflam-
mation is associated with loss of renal function, and the uremic
phenotype is also linked to premature aging and accelerated
atherosclerosis (28, 29). CVD is a major challenge in this patient
population in which mortality rates due to CVD are about
10-20 times higher in dialysis patients than those of the general
population (30). A number of proinflammatory factors have been
investigated, such as C-reactive protein (CRP), interleukin-6
(IL-6), TNE, and high-mobility group box-1 protein (HMGB1),
and increased circulating levels have in most cases been shown
to be associated with poor outcome (22-34). It has however
been suggested that retention by reduced cytokine excretion or
degradation in the kidney, not only increased production, may
play a role for the elevated cytokine levels (35).

We have previously shown that circulating serum levels of MIF
are significantly elevated in CKD stage 3-5 patients (n = 257),
compared with controls (n = 53) in a cross-sectional study
(36). MIF levels were also associated positively with markers of

oxidative stress and endothelial activation, such as 8-hydroxy-
2-deoxyguanosine (8-OH-dG) levels and ICAM-1 levels, but
not with inflammatory markers, such as CRP, IL-6, and TNE
However, in contrast to most previously described cytokines, we
observed no correlation between MIF and glomerular filtration
rate (GFR).

Rammos et al. recently showed that plasma MIF levels cor-
related negatively with endothelial function by flow-mediated
dilation of the brachial artery, and positively with arterial stiffness
indices using applanation tonometry in patients with end-stage
renal disease (ESRD). In a multivariate regression model, MIF
was an independent predictor for arterial stiffness. A correlation
between high MIF and high-sensitive troponin I also suggested
an association with myocardial injury in these patients (37).
Taken together, these studies indicate that MIF may play a role
in vascular disease associated with CKD, but further studies are
needed.

MIF, PULMONARY ARTERIAL
HYPERTENSION, AND CKD

Pulmonary arterial hypertension (PAH) is characterized by
endothelial dysfunction, vasoconstriction, and pulmonary vas-
cular remodeling. Haddad et al. have shown that AKI is relatively
common in individuals with PAH and is a strong predictor of
early death (38). Furthermore, in the study of Shah et al. (39), the
severity of CKD in patients with PAH was directly related to the
risk of death.

Recent studies have shown clear links among MIF, PAH,
and the concomitant pulmonary vasoconstriction and vascular
remodeling (40, 41). The release of MIF and the vascular changes
are due, at least in part, to increased oxidative stress (42). Our
study in CKD stage 3-5 patients showed that elevated serum MIF
concentrations are associated with markers of oxidative stress
(plasma 8-OH-dG levels) and endothelial activation (ICAM-1)
(36). This further suggests possible links between MIF in CKD
and the associated pulmonary vascular changes and cardiac
changes.

MIF AND DIABETIC KIDNEY DISEASE

Diabetic nephropathy is one of the leading causes of CKD
and dialysis dependency. Albuminuria and impaired GFR
predominantly account for the increased mortality observed
in type 2 diabetes (43). Accumulating evidence has revealed
that immunological and inflammatory mechanisms may
play a significant role in the development and progression of
diabetic nephropathy, in addition to non-immunological fac-
tors (44, 45). Elevated MIF levels have been found in patients
with impaired glucose tolerance and type 2 diabetes and have
also been associated with coronary events in these patient
populations (46-48). MIF protein expression and urinary
MIF excretion, the latter preceding the onset of microalbu-
minuria, have been demonstrated in a diabetic mouse model
(49). Glomerular and tubulointerstitial mMRNA expressions of
the MIF receptor CD74 were shown to be increased in Pima
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Indians with type 2 diabetes and diabetic nephropathy (50).
As shown by Wang et al., treatment of the diabetic db/db mice
with the MIF inhibitor ISO-1 significantly decreased blood
glucose levels and albuminuria in these mice, suggesting that
MIF inhibition may be a potential therapeutic strategy in
diabetic nephropathy (51).

MIF AND GLOMERULONEPHRITIS

It has been established that upregulation of renal MIF mRNA
expression in the endothelium, glomerular, and tubular epithelial
cells is closely related to macrophage accumulation and renal tis-
sue lesions in experimental glomerulonephritis. By contrast, in
the normal kidney, MIF mRNA and protein are largely restricted
to tubular epithelial cells and some glomerular visceral and
parietal epithelial cells (52). By using a neutralizing anti-MIF
antibody, it was possible to partially reverse established crescentic
glomerulonephritis (53). In human disease, a marked increase in
both glomerular and tubular MIF mRNA and protein expression
has been demonstrated in proliferative forms of GN, correlating
with leukocyte infiltration, histologic damage, and renal function
impairment (54). Elevated MIF concentrations have been meas-
ured in peripheral blood T cells and monocytes from patients
with IgA nephropathy (IgAN), which is the most common form
of primary glomerulonephritis and is characterized by IgAN
immune complexes in the glomerular mesangium, proliferation
of mesangial cells, infiltration of inflammatory cells, and progres-
sive glomerular injury. MIF overproduction was also correlated
with the intensity of acute exacerbation in these patients (55, 56).
Polymeric IgAN isolated from patients with IgAN was able to
induce MIF production in human mesangial cells, and anti-MIF
treatment was shown ameliorate kidney injury and reduce glo-
merular TGF-P 1 expression in an experimental model of IgAN
(57, 58).

MIF AND VASCULITIS

Granulomatosis with polyangiitis (GPA) and microscopic
polyangiitis (MPA) are diseases characterized by systemic
small vessel necrotizing inflammation, commonly affecting
the kidneys and with a close association with the presence
of anti-neutrophil cytoplasmatic antibodies (ANCAs), thus
known as ANCA-associated vasculitides (AAV). A number of
inflammatory cells and proinflammatory mediators have been
implicated in the pathogenesis, which is believed to be initiated
by priming of neutrophils and monocytes in the circulation by
inflammatory stimuli (59). Increased levels of circulating MIF
in serum have been found particularly in active AAV patients,
but not in patients with other forms of vasculitis, such as giant
cell arteritis and polyarteritis nodosa (60). We studied MIF in a
prospective study of incident AAV patients at induction treat-
ment, and at follow-up at 3 and 6 months and found elevated
plasma levels at baseline. MIF decreased significantly during
follow-up when most patients were in remission, but remained
still elevated as compared with controls at all time points (61).
MIF levels did not correlate with CRP, creatinine, or organ

involvement. MIF has intriguingly been shown to be induced
from macrophages by low concentrations of glucocorticoids
(GC), possibly acting as a counter-regulator for glucocorticoid
action (62). However, we found no correlation between MIF
levels and GC exposure possibly due to the unphysiologically
high GC treatment doses at the time of sampling. Finally, since
there is a known association between thyroid disease and AAV
in addition to antithyroid drugs being associated with the
development of ANCA and vasculitis (63, 64), we investigated
the role of thyroid hormone activity and MIF in AAV. The
thyroid hormone thyroxine (T4) and its dextrorotatory isomer
(dextrothyroxine; p-T4), but not triiodothyronine (T3), bind to
the hydrophobic pocket within the MIF molecule and has been
shown to be a potent inhibitor of the inflammatory activity
of MIF in a dose-dependent manner, which was clearly dem-
onstrated by administration of exogenous D-T4 to mice with
severe sepsis (65). Administration of the hormonally inactive
D-T4 significantly improved survival, even in mice that had
previously undergone thyroidectomy. In patients with severe
sepsis, low plasma T4 concentrations were inversely correlated
with plasma MIF concentrations (65). In our human study,
there was a strong correlation over time between the baseline
MIF/T4 ratio and the MIF/T4 ratio at 6 months in AAV patients
in remission (61). Both the preclinical and clinical data there-
fore suggest that blocking the inflammatory active site of MIF
may both reduce inflammatory responses and improve the
availability of T4.

MIF AND AUTOSOMAL DOMINANT
POLYCYSTIC KIDNEY DISEASE

Autosomal dominant polycystic kidney disease (ADPKD) is an
inherited autosomal dominant disease characterized by renal
cyst formation and is associated with renal interstitial inflamma-
tion and fibrosis. The most common is the PKD1 mutation that
encodes for polycystin-1 (PC1), which frequently leads to loss
of kidney function in mid-life (66). It was recently shown that
MIF regulates cyst growth in a murine ADPKD model through
several mechanisms and is also accumulated in cyst fluid of
human ADPKD kidneys (67). In polycystin-1-deficient mice,
recruitment and retention of renal macrophages were dependent
on MIF, which promoted cyst expansion. By deleting MIF or by
pharmacological inhibition, cyst growth was delayed in murine
ADPKD models. Macrophage recruitment was associated with
the upregulation of monocyte chemotactic protein 1 (MCP-1)
and inflammatory cytokine TNF-a, which further induced MIF
affecting renal epithelial cells and cyst development (68). These
findings may potentially be very important as the therapeutic
options in slowing ADPKD progression until recently have
been limited. New drugs, such as tolvaptan, a vasopressin
V(2)-receptor antagonist, have recently been approved after
demonstrating an effect on the increased rate of total kidney
volume and slowing down renal function decline. However, the
long-term effect of tolvaptan is unclear and side effects may limit
its use (68).
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MIF AND GENETICS

Migration inhibitory factor corresponding gene has known poly-
morphisms in the -794 CATT s repeat and the single-nucleotide
polymorphism (SNP) -173*G/C and is associated with increased
susceptibility and severity of a number of inflammatory and
autoimmune conditions (69, 70).

The frequency of high-producer MIF -173 G/C genotype
was higher (10.1%) in ESRD than in controls (1.2%), suggesting
that it may play a role in progression to renal failure. However,
there was no clear association between the MIF genotype and
type of kidney disease in ESRD (71). In children with idiopathic
nephrotic syndrome, the high-producer MIF -173*C allele was
significantly more common than in controls. Furthermore, this
allele was more common in steroid-resistance cases and was
also associated with significantly higher probability of ESRD
compared with G/G homozygous patients within 5 years from
onset (72). In a recent study, it was shown that patients with GPA
have an increased frequency of high-expression MIF CATT, and
higher plasma MIF levels. In a murine model of granulomatous
vasculitis, higher MIF expression increased mortality and pul-
monary granulomas while injection of anti-MIF mAb protected
mice from dying suggesting a role for MIF in the pathogenesis
of GPA (73).

CONCLUSION

We have here described the current evidence of MIF being a
mediator in a number of diseases and conditions associated with
kidney disease (Figure 1). Both MIF and its receptor CD74 may
be potential biomarkers in these disorders and possible targets

for pharmacological modulation. However, since MIF is also
constitutively expressed it may be problematical to interfere
with MIF activity in an interventional setting. Also, while we
have discussed the possible detrimental effects of MIF, especially
those associated with its inflammatory active site, the molecule
can also be protective in certain circumstances. In particular, in
addition to the inflammatory site, MIF also has an intrinsic thiol
protein oxidoreductase activity. We, and others, have shown that
this enzyme activity is protective against oxidative injury induced
by ischemia reperfusion injury (74, 75).

Recently, Thiele et al. demonstrated that there are two redox-
dependent conformational MIF isoforms. Oxidized MIF (oxMIF)
is selectively expressed in the plasma and on the cell surface of
immune cells of patients with different inflammatory diseases, but
not in healthy individuals and is specifically recognized by three
monoclonal antibodies (mAbs) directed against MIF. The authors
also found a clear correlation between disease severity and the
oxMIF/Cr ratio in the urine in patients with acute lupus nephritis,
but not in patients with SLE without renal manifestations or in
remission. Anti-oxMIF mAbs alleviated disease severity in a rat
model of crescentic glomerulonephritis, interestingly with further
improvement in synergy with GC (76). However, while there is
much evidence, from preclinical studies, for the participatory role
of MIF in the pathogenesis if several conditions few clinical trials
of anti-MIF agents have been recorded. Anti-MIF mAb therapy is
currently in phase I trials both for solid tumors (NCT01765790)
and for lupus nephritis (NCT01541670). Whether inhibition of
MIF or oxMIF may offer promising therapies in clinical condi-
tions, such as AKI, CKD, diabetic nephropathy, inflammatory
kidney diseases, and ADPKD, needs to be elaborated in future
interventional studies.
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CD74 (invariant MHC class ll) regulates protein trafficking and is a receptor for macro-
phage migration inhibitory factor (MIF) and p-dopachrome tautomerase (D-DT/MIF-2).
CD74 expression is increased in tubular cells and/or glomerular podocytes and parietal
cells in human metabolic nephropathies, polycystic kidney disease, graft rejection
and kidney cancer and in experimental diabetic nephropathy and glomerulonephritis.
Stressors like abnormal metabolite (glucose, lyso-Gb3) levels and inflammatory cyto-
kines increase kidney cell CD74. MIF activates CD74 to increase inflammatory cytokines
in podocytes and tubular cells and proliferation in glomerular parietal epithelial cells and
cyst cells. MIF overexpression promotes while MIF targeting protects from experimental
glomerular injury and kidney cysts, and interference with MIF/CD74 signaling or CD74
deficiency protected from crescentic glomerulonephritis. However, CD74 may protect
from interstitial kidney fibrosis. Furthermore, CD74 expression by stressed kidney cells
raises questions about the kidney safety of cancer therapy strategies delivering lethal
immunoconjugates to CD74-expressing cells. Thus, understanding CD74 biology in
kidney cells is relevant for kidney therapeutics.

Keywords: kidney, CD74, p-dopachrome tautomerase (p-DT/MIF-2), macrophage inhibitory factor, inflammation,
Fabry, diabetes, polycystic kidney disease

CD74

CD74 (MHC class II invariant chain, Ii) is a transmembrane glycoprotein that regulates protein
trafficking and is a cell surface receptor for the cytokines macrophage migration inhibitory factor
(MIF) and p-dopachrome tautomerase (D-DT/MIF-2) (1). During kidney injury, leukocytes and
intrinsic renal cells express CD74 (2). In the kidneys, MIF promotes experimental glomerular injury
and cystogenesis, while recent reports suggest a protective role in interstitial fibrosis (2-4). However,
CD74 is a multifunctional protein. Thus, the consequences of therapeutically targeting CD74 may
differ from the consequences of targeting MIF. We, now, summarize the function of CD74 and review
its expression and role in kidney injury, highlighting open questions. The detailed description of the
role of CD74 in the immune system is beyond the scope of this review.

CD74 Functions

CD74 regulates intracellular trafficking and functions as a chaperone and a cell membrane receptor,
modulating B, T, and dendritic cell responses (1, 5) and promoting tumor growth by increasing
tumor cell survival or proliferation. Thus, CD74 is considered a therapeutic target in malignancy.
In addition, CD74 regulates proliferation, survival, and secretion of inflammatory and fibrosis
mediators in non-immune and non-tumor cells (1, 2). Thus, CD74 may modulate tissue injury and
homeostasis beyond its effect on immune regulation.
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Protein Trafficking

CD74 interacts with MHC class I and II proteins, contributing
to antigen presentation. CD74 directs transport of MHC class II
a and P chains from the endoplasmic reticulum (ER) or the cell
surface to endosomes (6). As a chaperone, CD74 contributes to
peptide editing in the MHC class IT compartment. In endosomes,
proteases degrade CD74, releasing MHC class II molecules.
Prevention of CD74 degradation promotes the cell surface locali-
zation of MHC II. Extracellular CD74/cathepsin L complexes
are found in human kidneys (1, 7, 8). CD74 also associates with
angiotensin IT type I receptors (AT1), leading to AT1 proteasomal
degradation (9).

Cell Surface Receptor

Only a small amount of CD74 (2-5%) is expressed at the cell sur-
face (10, 11). Cell surface CD74 is a receptor for MIF and MIF-2.
CD74 lacks signaling motifs, but may generate fragments with
transcription factor activity and binds to signaling proteins, such
as CD44. Ligand binding to CD74 leads to CD74 phosphoryla-
tion, endocytosis, regulated intramembrane proteolysis (RIP),
and release of CD74 intracellular domain (CD74-ICD) into the
cytosol that translocates to the nucleus and activates NF-«B (10,
12-14). RIP might occur in cultured vascular smooth muscle
cells since y-secretase activity was required for MCP-1 expres-
sion induced by activating anti-CD74 antibodies. However, the
pathophysiological implications remain unclear since MIF did
not increase MCP-1 in these cells (15).

Migration inhibitory factor trimers activate CD74, and CD74
alone is required for MIF binding (16). In addition, MIF can also
engage chemokine receptors CXCR2, CXCR4, and CXCR?7 (10,
17). Cells that express two receptors, e.g., CD74 and CXCR2, may
be more responsive to MIF (17). MIF-induced CD74 signaling
complexes with CXCR2, CXCR4, or CXCR7 promote chemokine
expression and chemotaxis (17-19). CD44 is the signaling com-
ponent of the MIF-CD74 receptor complex and recruits the Src
tyrosine kinase to activate ERK1/2 in macrophages and Syk, Akt,
and NFkB in B cells (20, 21). Thus, the receptor complex activates
kinase cascades and transcription factors. Interestingly MIF, itself
increases CD44 expression (22).

Migration inhibitory factor-2 is 30% homologous to MIF, also
activates CD74 (23, 24) and is responsible for residual CD74-
dependent chemotactic activity in MIF~~ mice (17). MIF-2
binding to CD74/CD44 activates kinases, downstream proin-
flammatory pathways, and p-catenin (25). However, MIF-2 lacks
the pseudo(E)LR motif present in MIF that mediates interaction
with CXCR2 and CXCR4, and thus, it is a more selective CD74
agonist than MIE Circulating MIF-2 levels correlate with sever-
ity of sepsis, a cause of acute kidney injury, and MIF or MIF-2
blockade reduced systemic inflammation, protecting mice from
lethal endotoxemia.

Migration inhibitory factor or MIF-2 activation of CD74
regulates cell survival and proliferation of B cells (21) and epi-
thelial cells, including gastric epithelial cells and type II alveolar
epithelial cells (26, 27). MIF or MIF-2 binding to CD74 protects
the heart and liver from injury, including from ischemia-reper-
fusion (28-30). In the heart, CD74 promotes phosphorylation
of the AMPK catalytic alpha subunit in response to increased

intracellular calcium and activation of Ca**/calmodulin-activated
kinase kinase-2 (CaMKK-2) (29). Interestingly, liver expression of
CD74 protected mice from lethality induced by agonistic anti-Fas
antibodies as CD74 interfered with immediate early steps in Fas
signaling at the plasma membrane, and the anti-CD74 antibody
milatuzumab sensitized BJAB cells to Fas-mediated apoptosis
(31). Fas ligand and Fas have long been known to promote
kidney injury (32). In fact, agonistic anti-Fas antibodies induced
glomerular cell apoptosis in vivo (33). Thus, CD74 interference
with Fas signaling should be explored in kidney cells. The MIF/
CD74/AMPK pathway also protects hepatocytes in metabolic
liver injury, such as non-alcoholic steatohepatitis (30). In this
regard, liver fibrosis was increased in MIF~~ or CD747"~ mice
suggesting an antifibrotic effect of MIF/CD74 (34). Enhanced
fibrosis was thought to result from the release of MIF inhibition
of PDGF-induced migration and proliferation of hepatic stel-
late cells. MIF/CD74 also protects the lungs. Both MIF~~ and
CD747"~ mice developed spontaneous emphysema by 6 months
of age (35). However, CD74 may also contribute to disease, as
discussed below for glomerulonephritis and kidney cysts. In this
regard, CD74 deficiency reduced atherosclerosis in low-density
lipoprotein receptor-deficient LDLR™~ mice (36) and protected
NOD mice from development of diabetes, probably by enhancing
T regulatory cell number and impairing antigen presentation (37).

Among kidney cells, MIF induced proliferation in parietal epi-
thelial cells but not in podocytes (4) (Figure 1). Absence of CD44
or the terminal differentiation state of podocytes may account for
the differences. MIE, MIF-2, CD74, and CD44 promote clear cell
renal cell carcinoma, cell proliferation, and HIF-activation (38,
39). While MIF and MIF-2 overlap in controlling cell survival
and tumor formation, MIF-2 plays a dominant role in renal
cancer tumor growth in vivo (40). MIF also confers resistance
to senescence and cell death in mesenchymal stem cells through
CD74-dependent AMPK-FOXO3a signaling and c-Met activa-
tion (41).

In renal tubular epithelial cells and podocytes, MIF binding
to CD74 leads to persistent activation of p38 and ERK1/2 MAPK
and expression of inflammatory mediators (e.g., TRAIL and
MCP-1) (11, 42). MIF upregulation of inflammatory mediators
was a late event, observed at 24 h (11). Thus, it was delayed as
compared to responses elicited by the inflammatory cytokines
TNF or TWEAK or metabolites, such as lyso-Gb3 (43, 44).

In summary, MIF-2 and MIF have an overlapping spectrum
of activities mediated by CD74 activation and may cooperate,
additively inducing chemokine secretion or survival in non-renal
cells and proliferation in kidney cancer cells (45).

Regulation of CD74 Expression

CD74 expression is increased during tissue injury in diverse
organs and in malignancies, including kidney cancer (2, 15, 28,
34, 46-48). There is limited information on the regulation of
CD74 expression in renal cells. In normal mouse and human
kidneys, tubular but not glomerular epithelium expresses low
levels of CD74 (4, 11). By contrast, cultured human podocytes
and proximal tubular cells and murine glomerular parietal
epithelial cells express CD74 (4, 11). Abnormally high concen-
trations of certain metabolites (e.g., glucose and lyso-Gb3) and
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FIGURE 1 | CD74 functions in renal cells. Glomerular parietal epithelial cells express CD44 when activated and it is thought that CD44 contributes to the
proliferative response. CD44 is not expressed by podocytes and its role of CD74 signaling in tubular cells has not been characterized. Thus, in tubular cells, CD44 is
not depicted as part of the CD74 signaling complex. Cells expressing CXCR2, CXCR4, and CXCR?7 are also indicated, although these receptors are depicted away
from MIF when in that specific cell type, there is no information on their involvement in MIF signaling. In tubular epithelium with genetic defects in PKD1, MIF
promotes tubular cell proliferation and cystogenesis and a CD74 antibody blocked the MIF-induced phosphorylation of ERK but not inflammatory responses.

inflammatory cytokines, such as TNE, increase CD74 expression
in podocytes and/or tubular cells (11, 49). IFN-y increases CD74
expression in vivo in kidney tubular epithelium and in endothelial
cells of larger kidney vessels (50). The factors known to upregulate
CD74 expression in kidney cells may be relevant for diabetic
nephropathy, Fabry disease, and inflammatory conditions.

Regulation of CD74 Interaction with MIF

Endogenous factors or drugs interfere with MIF binding to
CD74 or downregulate CD74 expression and a better under-
standing of these interactions may provide therapeutic tools to
manipulate the system. Some agents targeting MIF prevent MIF
binding to CD74. These include antibodies, RPS19 (ribosomal

protein S19), a component of the 40S small ribosomal subunit
that binds MIF and behaves as an endogenous blocker of MIF
binding to CD74 (51) and the small molecule MIF antagonist
3-(3-hydroxybenzyl)-5-methylbenzooxazol-2-one (MIF098) that
decreases tautomerase activity and MIF-CD74 binding. MIF098
attenuated MIF-dependent ERK1/2 phosphorylation in human
synovial fibroblasts (52) and promoted hyperoxia-induced lung
injury in vivo (53), supporting the tissue-protective properties of
MIF/CD74. Other compounds bind to CD74 or interfere with
CD74 processing. The HLA-DRal domain binds to and down-
regulates CD74 on monocytes, directly inhibiting MIF binding to
CD74 and blocking downstream inflammation in murine auto-
immune encephalomyelitis. Adding a peptide extension [myelin
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oligodendrocyte glycoprotein (MOG)-35-55 peptide] that
modified the secondary structure, enhanced the potency of the
DRal domain in downregulating CD74 cell surface expression
(54). Binding of partial MHC class II complexes comprised of
linked plal domains with covalently attached antigenic peptides
[recombinant T-cell receptor ligands (RTLs)] to CD74 blocks
the accessibility and availability of CD74 for MIF binding and
downstream inflammation in monocytes (55).

The intramembrane protease presenilin homolog signal-pep-
tide-peptidase-like 2a (SPPL2a) cleaves CD74. SPPL2a~'~ mice
accumulate N-terminal fragments of CD74 that impair membrane
traffic within the endocytic system and alter B cell biology (56,
57). Since in SPPL2a~~ mice, CD74 signaling is inhibited, SPPL2a
inhibitors may offer new pathways to inhibit CD74 signaling (58).
Despite these recent advances, there is little or no information
on the potential therapeutic or adverse effects of CD74 targeting
strategies for kidney diseases and the available information is

mainly derived from the study of CD74~'~ mice, which may have
developed adaptive mechanisms over development.

The role of soluble CD74 is unclear. Circulating soluble CD74
with MIF neutralizing activity was increased in primary biliary
cirrhosis and was hypothesized to contribute to liver fibrosis (59).
Indeed, soluble CD74 ectodomain prevents binding of MIF to
cell surface receptors (10). However, MIF/sCD74 complexes were
found to enhance MIF antioxidant activity (60). Autoantibodies
against CD74 (anti-HLA class II-associated invariant chain pep-
tide, CLIP) were found in 67% of ankylosing spondylitis patients,
in 15% of systemic lupus erythematosus patients, and only in
0.8% of blood donors (61, 62).

CD74 and Kidney Injury

There is a growing body of evidence linking CD74 to promotion
or protection from kidney injury (Figure 2).
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FIGURE 2 | CD74 in kidney disease. Studies in CD74-deficient mice with kidney disease have only been published in abstract form. Thus, potential roles of CD74
in kidney disease have been mainly derived from abstracts or studies in which MIF was targeted in cultured cells or experimental animals. A putative effect of CD74
targeting on glomerular injury is only hypothetical and based on studies in which MIF was targeted. In polycystic kidney disease, MIF promotes cystogenesis. The
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Expression of CD74 and Related Molecules in
Kidney Injury

MIF has long been known to be upregulated in kidney injury (2).
However, reports of increased CD74 expression are more recent
and there is very little information on MIF-2.

Low CD74 expression may limit inflammatory and prolif-
erative cell responses to MIE and the increased renal cell CD74
expression observed during kidney injury (discussed below) may
contribute, together with increased ligand availability, to elicit
biological responses during kidney disease. Thus, overexpression
of CD74 led to upregulation of NF-kB-dependent genes encod-
ing cytokines in macrophages (63) and to NFkB activation and
proliferation in human embryonic kidney cells (64).

CD74 is upregulated in tubular epithelial cells in at least some
forms of chronic kidney disease (CKD), such as kidney graft
rejection, diabetic and Fabry nephropathy and autosomal domi-
nant polycystic kidney disease (ADPKD), and in podocytes in
human diabetic nephropathy and Fabry nephropathy (11, 65, 66).
A transcriptomics analysis also revealed increased kidney CD74
mRNA expression in human hypertensive nephropathy (11).
CD74 is also increased in human clear cell renal cell carcinoma
(67), in B cells, and kidney of lupus mice in parallel to progression
of inflammation (68) and in the tubulointerstitium in anti-GBM
nephritis, where it was expressed de novo in glomerular parietal
epithelial cells and crescents (51). Interestingly, kidney cancer
may be a complication of CKD-related acquired polycystic kidney
disease (69). There is much less information on the expression of
CD74 in acute kidney injury.

Migration inhibitory factor was recently identified as an impor-
tant regulator of cyst growth and therapeutic targetin ADPKD (3).
MIF accumulated in cyst fluid of human ADPKD, promoted cystic
epithelial cell proliferation and regulated apoptosis. In experimen-
tal murine polycystic kidney disease, MIF was required for renal
inflammation and cyst expansion. CD74 expression was increased
in Pkdl mutant renal epithelial cells and ADPKD kidneys, sug-
gesting that MIF actions may imply CD74 activation. However, a
CD74 antibody blocked the MIF-induced phosphorylation of ERK
but did not modulate the MIF-induced inflammatory response of
increased MCP-1 expression in culture (3).

The CD74 signaling machinery may also be upregulated in
kidney disease. CD44 is rapidly upregulated after injury in acute
and chronic experimental and human kidney disease including
glomerulonephritis, diabetic nephropathy, cyclosporine nephro-
toxicity, urate nephropathy, and ischemia-reperfusion kidney
injury (70-76). Increased CD44 expression was localized to
tubules, glomerular parietal epithelial cells, mesangial cells and
infiltrating macrophages, T cells, and neutrophils (70, 72, 75-78).

Finally, the expression of at least some CD74 ligands is also
increased in kidney injury. MIF expression is upregulated in
acute and chronic, human, and experimental kidney diseases
(2). However, there is no information on MIF-2 expression and
kidney disease.

CD74 Targeting and Kidney Injury

Neutralizing anti-MIF antibodies, small molecules or endog-
enous inhibitors or MIF~~ mice have shown that MIF aggravates
anti-GBM  glomerulonephritis (69-71), experimental IgAN

(79), and lupus nephritis (80). More recently, the inhibitor of
MIF/CD74 interactions RPS19 prevented the development of
glomerular crescents, necrosis, inflammation, renal dysfunction,
proteinuria, and the upregulation of MIF and CD74 in anti-GBM
glomerulonephritis (51). However, MIF absence from mice
did not protect from renal allograft rejection (81) or ureteral
obstruction-induced kidney injury (82).

There is limited experimental and no clinical data on CD74
targeting in kidney injury. Given the multiple MIF and CD74
functions, studies are needed that explore whether targeting
CD?74 is therapeutic in models in which targeting MIF was ben-
eficial. Information on the role of CD74 as a potential therapeutic
target in tissue injury is mainly derived from CD74~"~ mice. As
discussed above, CD74 deficiency may be beneficial for some
non-renal diseases, such as liver and heart disease, and deleteri-
ous in others, such as vascular injury. Specifically, liver fibrosis
was increased in CD74~'~ mice (34). An initial report found no
protection from ureteral obstruction-induced kidney inflamma-
tion or fibrosis (82), but an abstract indicated that MIF target-
ing promoted interstitial fibrosis and inflammation following
ureteral obstruction, whereas recombinant MIF reduced fibrosis
(4). According to abstract reports, CD74 deficiency was also
associated with increased interstitial fibrosis and inflammation
following ureteral obstruction (day 5) and ischemia-reperfu-
sion (day 21) (4). By contrast, CD74~"~ mice are protected from
glomerular injury induced by anti-GBM antiserum (Djudjaj
JASN2015).

Since MIF or MIF-2 activation of CD74 is tissue protective in
heart ischemia and liver injury induced by activation of the Fas
receptor or metabolic disorders, a similar protective effect maybe
hypothesized in ischemic acute kidney injury or metabolic kidney
diseases characterized by increased CD74 expression, such as dia-
betic nephropathy or Fabry disease. Interventional studies should
test these hypotheses and evaluate whether changes in fibrosis
after kidney ischemia-reperfusion is secondary to an improved
initial kidney injury or to a specific action of fibrosis mechanisms.
These studies should differentiate between complete abrogation
of CD74 expression (CD747") and therapeutic downregulation
of CD74. Incomplete blockade of the system may have different
consequences than complete CD74 absence, given the potential
proinflammatory effects of excess CD74 activation.

Kidney Safety of Lethal Anti-CD74
Immunoconjugates

The anti-CD74 antibody hLL1 milatuzumab, alone or as an
immunoconjugate, is undergoing clinical trials to treat malig-
nancy (83, 84). Milatuzumab binds to CD74 and promotes
internalization of the antibody-CD74 complex, thus delivering
conjugated antitumoral agents inside tumor cells with high
CD74 expression, but not to normal cells with low CD74 levels
(85). Since CD74 expression is also increased in renal cells from
injured kidneys, nephrotoxicity is a potential complication of
antitumoral anti-CD74 therapy, especially in patients with prior
kidney disease since the active chemotherapeutic agent may be
released inside already injured, CD74-expressing renal cells. This
may be of special concern for one of the indications under study,
multiple myeloma, which frequently causes kidney disease.
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Summary and Conclusions

The role of CD74 in kidney injury has barely been explored and
the scarce information available is derived from CD74-deficient
mice that may not recapitulate the findings of targeting CD74
de novo in an adult. CD74 may contribute to or protect from
tissue injury in a disease-specific manner. Thus, like MIF, CD74
may protect from experimental kidney interstitial fibrosis
but promotes glomerular injury, while MIF (and potentially
CD74) also promotes polycystic kidney disease. A few years
ago, the situation was less complex. Given the longstanding
preclinical evidence for a pathogenic role of MIF in glomerular
kidney disease, anti-MIF strategies were tested in renal disease,
although the sponsor decided to terminate a phase 1 trial of the
anti-MIF monoclonal antibody imalumab in lupus nephritis
(NCT01541670). However, MIE, MIF-2, and CD74 may be tissue
protective or promote injury in an organ- and disease-specific
manner and different forms of therapeutic manipulation of the
system may be envisioned for different indications, from inhibit-
ing to actually activating CD74 signaling. The potential impact
of future intervention on CD74 for kidney disease is double. On
one hand, therapeutic modulation of the system may be used to
treat kidney disease. On the other, the kidney may suffer adverse
effects from the therapeutic targeting on non-kidney diseases.
Therapeutic approaches blocking MIF or CD74 signaling for
non-renal indications may theoretically promote kidney fibrosis
as an adverse effect, while therapeutic approaches activating
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Research from over the past 20 years has implicated dipeptidyl peptidase (DPP) IV and
its family members in many processes and different pathologies of the immune system.
Most research has been focused on either DPPIV or just a few of its family members. It is,
however, essential to consider the entire DPP family when discussing any one of its mem-
bers. There is a substantial overlap between family members in their substrate specificity,
inhibitors, and functions. In this review, we provide a comprehensive discussion on the
role of prolyl-specific peptidases DPPIV, FAP, DPP8, DPP9, dipeptidyl peptidase Il, prolyl
carboxypeptidase, and prolyl oligopeptidase in the immune system and its diseases. We
highlight possible therapeutic targets for the prevention and treatment of atherosclerosis,
a condition that lies at the frontier between inflammation and cardiovascular disease.

Keywords: dipeptidyl peptidase, prolyl oligopeptidase, fibroblast activation protein o, prolyl carboxypeptidase,
inflammation, immunophysiology, atherosclerosis

Introduction

Research from over the past 20 years has implicated the dipeptidyl peptidase (DPP) family in various
physiological processes and pathologies of the immune system. Usually only four prolyl-specific pep-
tidases are considered: DPPIV (EC 3.4.14.5), fibroblast activation protein o (FAP; EC 3.4.21.B28),
and the more recently discovered DPP8 and DPP9 (EC 3.4.14). However, due to similarities in
substrate specificity and structural homology, it is more relevant to consider a broader family
that also includes prolyl oligopeptidase (PREP; EC 3.4.21.26), dipeptidyl peptidase II (DPPII) (EC
3.4.14.2), and prolyl carboxypeptidase (PRCP; EC 3.4.16.2). First, DPPII and PRCP share the /3
hydrolase fold with the other DPPs and the catalytic triad is completely conserved in both enzymes
(2). Moreover, DPPII can cleave several DPPIV substrates in vitro (3). Conversely, due to its substrate
preference for tripeptides (4), DPPII could actually be considered as a prolyl carboxytripeptidase,
emphasizing its similarities to PRCP. Another argument for considering a broader family stems from
the fact that functional studies on the role of peptidases rely heavily on the use of enzyme inhibitors
and many of the inhibitors used in earlier studies are now known to inhibit more than one family
member. For example, early studies on DPPIV used inhibitors which we now know also inhibit
DPPIIL, DPP8, DPP9, FAP, and/or PREP due to their sequential and/or structural similarity [e.g., Ref.
(5-9)]. PRCP is known to be inhibited by KYP-2047 and Z-Pro-Prolinal at higher concentrations,
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which have often been used for the functional study of PREP
[e.g., Ref. (10-12)]. Table 1 summarizes the most commonly
used DPP inhibitors and their selectivity compared to DPPIV.
In view of the aforementioned reasons and for the sake of

simplicity, we will use “DPP family” as a blanket term, which
includes DPPII, PRCP, and PREP even though strictly speak-
ing they are not DPPs. Figure 1 provides a general overview
of this broadly defined DPP family. The roles of various family

TABLE 1 | Overview of commonly used inhibitors within the DPP family and the ratio of inhibitor needed to inhibit the respective DPP family member

compared to what is needed to inhibit DPPIV.

Inhibitors DPPII DPP8 DPP9 FAP PREP PRCP Reference
Clinical Alogliptin >14,000 >14,000 >14,000 >14,000 >14,000 ND (16)
Linagliptin >100,000 40,000 >10,000 89 >100,000 ND (17)
Saxagliptin >50,000 390 77 >4,000 ND ND (18)
Sitagliptin >5,550 >5,550 >2,660 >5,550 >5,5650 ND (19
Talabostat 4 8 4 3 44 ND
Vildagliptin >100,000 270 32 285 60,000 ND (20, 21)
Experimental 1G244 1 <1072 <1072 1 ND ND @1
KYP2047 1 ND 1 1 <1074 1 (12, 22)
UAMCO1110 1 ND 0.5 <107* 0.1 ND (23)
UAMC00039 <107 1 2 >10 ND ND (24, 25)
Z-Pro-Prolinal ND ND ND ND <1072 * (26, 27)
Partly adapted from Deacon (28).
*Z-Pro-Prolinal is currently used as an inhibitor for PRCP although it is in vitro 10° times more selective toward PREP.
M sFAP PRCP {
sDPPIV out
e T P T R T AT AT AT AT R RT AR T O
€ €
| DPP9 DPP8 PREP
=]
i @ 59 . | !
P9-L wso|
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FIGURE 1 | The DPP family. Summary of the names, the localization, and most important field of action of all members of the DPP family. sSDPPIV, soluble DPPIV;
sFAP, soluble FAP; DPP9-L, long form of DPP9; N, nucleus; LYSO, lysosome; MT, microtubules; in, intracellular; out, extracellular.
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members in certain aspects of the immune system or immune
dysfunction have been reviewed in the past [e.g., Ref. (13-
15)]. In this review, we provide a comprehensive discussion
and update on the roles of DPPIV, DPPII, DPP8, DPP9, FAP,
PREP, and PRCP in the immune system and inflammatory dis-
ease. We highlight the role of these enzymes in atherosclerosis,
a condition that lies at the frontier between inflammation and
cardiovascular disease, as the DPP family encompasses possi-
ble therapeutic targets for the prevention and treatment of this
disease.

A Brief Guide to the DPP Family

Dipeptidyl Peptidase IV

The prototypical DPP, DPPIV (often DPP4 in medical jargon)
cleaves off an N-terminal dipeptide from peptides with Pro or
Ala on the penultimate position. Its localization as a soluble
enzyme in body fluids, or anchored in the plasma membrane
of cells provides it with the necessary access to cleave a wide
range of bioactive peptides. As such, it can modify their biologi-
cal activity. Glucagon-like peptide (GLP)-1 and -2, and glucose-
dependent insulinotropic peptide (GIP) (29, 30), substance P
(31), neuropeptide Y (NPY) (32), stromal cell-derived factor-
la/B (SDF-1o/B or CXCL12) (33), granulocyte macrophage
colony-stimulating factor (GM-CSF) (1), CXCL10 (34-36), and
high-mobility group box 1 (HMGBI1) (37) have been identi-
fied as physiological substrates, while others, such as RANTES,
have been proposed based on in vitro experiments [e.g., Ref.
(38)]. DPPIV also performs many of its physiological func-
tions through interactions with other proteins, such as colla-
gen, fibronectin, adenosine deaminase (ADA), caveolin-1, and
the mannose-6-phosphate/insulin-like growth factor II receptor
(M6P/IGFIIR) (39-41). Some of those will be discussed in more
detail below.

Dipeptidyl peptidase IV is well known for its role in glucose
homeostasis. It has become a validated therapeutic target for the
treatment of type 2 diabetes (T2D) (46). DPPIV inhibitors reduce
the rate of GLP-1 inactivation (Boxes 1 and 2). It has also been
shown to be involved in cancer biology. The role of the DPP family
in cancer has been addressed in several other reviews (39, 47-51).
Finally, DPPIV has recently come back into the center of attention
as the receptor for the MERS coronavirus (52).

BOX 1 | Incretins.

The incretins are a group of glucose-lowering molecules produced by the
intestines. The best known incretin is glucagon-like peptide-1 (GLP-1). This
incretin is derived from proglucagon and secreted after a meal from L-cells
in the distal ileum and colon. In the pancreas, it induces insulin secretion and
biosynthesis while lowering glucagon secretion. In addition, GLP-1 increases
the B-cell mass, thereby restoring insulin production. It is clear that GLP-1
also has functions outside glucose metabolism. Its receptor, GLP-1-R, is not
only found in the pancreas but also expressed in brain, lung, kidney, stomach,
and heart (42, 43). Recently, it was shown that stimulation after myocardial
infarction reduces the infarct size (44, 45). Currently, GLP-1 agonists are
approved for the treatment of type 2 diabetes. These incretin mimetics seem
to have a slightly better efficacy as DPPIV inhibitors and lead more frequently
to weight loss. Unfortunately, an important drawback for their therapeutic use
is that they can only be administered by subcutaneous injection (46).

Fibroblast Activation Protein o

Fibroblast activation protein ¢, also known as seprase can present
itself as a type II transmembrane protein or as a shedded plasma
protease (57). In the latter case, it is also known as antiplasmin-
cleaving enzyme, which converts o2-antiplasmin into a more
active form, suppressing fibrinolysis (58). Some of the known
DPPIV substrates were later found to be cleaved in vitro by
FAP as well (59), though any physiological relevance remains
unclear.

Unlike DPPIV, FAP also possesses a gelatinase activity. This
enables FAP to degrade proteins of the extracellular matrix (60).
This is of particular interest with regard to its involvement in
a number of pathological processes (47). FAP is highly induced
during inflammation, activation of hepatic stellate cells in liver cir-
rhosis and strongly expressed by mesenchymal cells of remodeling
tissue (47, 61). FAP is also a key regulator during tumor growth
and metastasis (47). As all these processes require degradation of
the extracellular matrix, FAP’s involvement in these pathologies
is most likely associated with its gelatinase activity (51). Its role
in cancer biology has been reviewed before (47, 62). It is inter-
esting to note that, so far, in clinical trials Talabostat has shown
minimal or no clinical benefit for the treatment of metastatic
colorectal cancer, advanced non-small cell lung cancer, or stage
IV melanoma (63-65). It should be mentioned, however, that
Talabostat is a broad-range inhibitor also targeting DPPIV, DPPS,
and DPP9.

Dipeptidyl Peptidases 8 and 9

Dipeptidyl peptidases 8 and DPP9 show DPPIV-like activity and
share a very high-sequence similarity to each other (77% aa sim-
ilarity, 57% aa identity) (24). These cytoplasmic enzymes have
several isoforms. It has been a matter of debate whether all are
expressed as protein in cells and, if so, whether they are active
(66-69). Interestingly, the N-terminal extension of the longer
DPP9 variant contains a nuclear localization signal and, indeed,
this form localizes to the nucleus (69). DPP8 has been shown to
cleave a number of DPPIV chemokine substrates in vitro (70).
Another DPPIV substrate, NPY, has indirectly been shown to be

BOX 2 | DPPIV inhibitors.
Dipeptidyl peptidase IV inhibitors prolong the biological half-life of the incretins
and are therefore used for the treatment of type 2 diabetes. Sitagliptin,
vildagliptin, saxagliptin, linagliptin, and alogliptin are DPPIV inhibitors currently
available on the market for treatment of type 2 diabetes. Sitagliptin and
alogliptin are highly selective toward DPPIV in vitro, whereas vildagliptin and
saxagliptin are less selective with regard to DPP8 and 9, and linagliptin with
regard to FAP (28). Their clinical efficacy and safety in the use of type 2
diabetes seem comparable as far as can be judged from the data available.
There is a growing interest toward a use outside type 2 diabetes as it has
become clear that DPPIV inhibitors have pleiotropic effects. While negative
effects have been found in heart failure (53), some studies suggest them as
a possible therapeutic strategy in cardiovascular pathologies (28, 54). The
SITAGRAMI trial and follow-up studies revealed that the combination of a
DPPIV inhibitor with granulocyte-colony-stimulating factor or in monotherapy
presents a therapeutic option after myocardial infarction (55, 56). As stated
above, the mechanism is not yet clear but may be explained by a longer
biological half-life of DPPIV substrates, glucagon-like peptide-1, B-type natri-
uretic peptide, and stromal cell-derived factor-1 o/f3. All three peptides have
a cardioprotective effect that is abolished by DPPIV-mediated cleavage. For
an extensive review of the involved substrates, see Matheeussen et al. (43).
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a DPP8 and DPP9 substrate as well (71). Efforts have been made
to find intracellular DPP8 and 9 substrates using a peptidomic
approach (72), but so far it has been hard to attribute physiological
relevance to the possible substrates beyond the role of DPP8 and
9 in intracellular peptide turnover (73).

The physiological functions of DPP8 and DPP9 are still not
properly understood. Mainly, a lack of available knockout animals,
specific inhibitors, and substrates has hampered progress (24).
A mouse model has been established with a targeted inactiva-
tion of DPP9 enzymatic activity (74), but homozygous DPP9-
inactive neonates die within 8-24 h after birth. Despite these lim-
itations, some indications toward their role are surfacing. Using
immunohistochemistry, DPP8 and 9 were found associated with
spermatozoids and spermatids and the short mRNA of DPP8
is predominantly expressed in testes (75, 76), suggesting a role
in spermatogenesis and male fertility. Recent work has found
SUMOLI to be an allosteric activator of DPP9 (77), whereas a small
peptide corresponding to the interaction surface of SUMOL is a
non-competitive inhibitor of DPP8 and DPP9 (78). A genome-
wide association study has linked DPP9 to idiopathic pulmonary
fibrosis (79).

Finally, a number of studies have shown a role for DPP8 and
DPP9 in apoptosis (71, 80-83). Two studies showed that overex-
pression enhanced induced apoptosis and impaired cell adhesion
and migration (80, 81). Conversely, DPP8/9 inhibition in tumor
cells decreased the number of viable cells because of a decreased
cleavage of pro-apoptotic NPY (71). In macrophages, inhibition
caused a marginal, yet significant increase in apoptosis, indepen-
dent of NPY cleavage (82). Interestingly, vildagliptin, a DPPIV
inhibitor already on the market to treat type 2 diabetes, but with
poorer selectivity toward DPP8 and 9, was shown to enhance
parthenolide’s anti-leukemic activity through its inhibition of
DPP8 and 9, and not DPPIV (83).

Dipeptidyl Peptidase Il and Prolyl
Carboxypeptidase

Prolyl carboxypeptidase, also called angiotensinase C or lyso-
somal Pro-X carboxypeptidase, is a lysosomal carboxypeptidase
sharing strong sequence homology with the likewise lysosomal
DPPII (4, 84). PRCP preferentially cleaves off the C-terminal
amino acid when Ala or Pro is in the penultimate position, while
DPPII targets N-terminal X-Pro or X-Ala dipeptides (85, 86). In
addition to a structural similarity, PRCP and DPPII have partially
overlapping substrate specificities due to DPPII’s preference for
tripeptide substrates (4). Perhaps surprisingly, Gly-Pro-pNA and
Ala-Pro-pNA, two typical synthetic DPP substrates, have actually
been used to perform PRCP activity measurements (87).

Prolyl carboxypeptidase is particularly known as one of the
key enzymes of the renin-angiotensin system (RAS). It inactivates
the vasoactive peptides angiotensin II and angiotensin III by
cleaving off the C-terminal Phe (88). a-Melanocyt-stimulating
hormone 1-13, an anorexigenic neuromodulator, is inactivated
by PRCP, implying a role in body weight control (89). Based
on the involvement of PRCP in the conversion of these peptide
hormones, the enzyme has also been associated with diseases,
such as hypertension, diabetes mellitus, obesity, inflammation,
and cardiovascular dysfunction (90, 91).

Dipeptidyl peptidase II has no known natural substrates. The
DPPIV substrate substance P has been shown to be cleaved
by DPPII in vitro (3), but much less efficiently, casting doubt
over any physiological relevance. It has been shown that inhi-
bition or silencing of DPPII causes apoptosis of quiescent
Go lymphocytes (92-94). On the other hand, a highly spe-
cific DPPII inhibitor, UAMCO00039, did not induce apopto-
sis, autophagy, or necrosis in human leukocytes (25, 95), but
this study did not specifically look at quiescent cells or lym-
phocytes. Finally, changes in DPPII activity levels have been
observed in a number of pathologies, such as neurodegenera-
tive disorders, myopathies, cancer, and gastro-intestinal disor-

ders (4).

Prolyl Oligopeptidase

Prolyl oligopeptidase is an oligopeptidase with endopeptidase
activity. It has been shown to be localized in the cytoplasm (96-
99), but given its ability to inactivate several neuropeptides in vitro
by limited proteolysis (100-115), its involvement in the in vivo
generation of immunoactive peptides N-acetyl-prolyl-glycyl-
proline and N-acetyl-seryl-aspartyl-lysyl-proline (116, 117), and
its presence in plasma (118, 119), it most likely also has an
extracellular role.

Initial interest for PREP derived from the positive effects of
PREP inhibitors on scopolamine-induced amnesia in rats (120-
123). PREP inhibition was also found to promote neuronal sur-
vival and neurite outgrowth of cerebellar granule cells (124). How-
ever, a recent study in mice shows that the lack of PREP in vivo
causes a reduction of synaptic spine density in the hippocampal
region along with reduced long-term potentiation and memory
functions (125).

Many of PREP’s functions are mediated through its interactions
with other proteins. PREP is known to interact with GAP-43 (126,
127), o-tubulin (96), and GADPH (128). Its most studied inter-
action is with o-synuclein (126), reviewed in Ref. (129). PREP
and a-synuclein have been shown to co-localize in cell models of
stress and in the substantia nigra of post-mortem Parkinson’s dis-
ease brain (11, 130). In vitro, the aggregation rate of o.-synuclein
increases in the presence of high concentrations of PREP, which
is abolished through active site inhibitors of PREP and absent
with a catalytically impaired PREP mutant (131). In vivo, PREP
inhibition reduces o.-synuclein aggregates in a cellular and animal
model for Parkinson’s disease (11).

The DPP Family in the Immune System

The DPP Family in the Innate Immune System
DPP Family Members in Monocytes and
Macrophages

The role of DPPIV in monocytes and macrophages has been
somewhat contested. Whereas DPPIV’s presence on monocytes
and macrophages has been shown repeatedly in mice and rats
(132-134), its expression in human monocytes and macrophages
is less obvious. Figure 2 shows an overview of the expres-
sion of DPPIV throughout the immune system. In visceral obe-
sity, DPPIV expression is low on peripheral blood monocytes,
macrophages, and dendritic cells, but it is upregulated in vitro
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after differentiation and activation of isolated monocytes into
macrophages or dendritic cells, and in vivo locally in adipose tissue
(135). Interestingly, the authors showed that macrophage- or den-
dritic cell-associated DPPIV most likely binds ADA, promoting
local degradation of adenosine, a T-cell proliferation suppressor,
thereby inducing T-cell proliferation (135). Three other studies
also found no to low DPPIV expression or activity associated with
human monocytes and/or macrophages (82, 136-138). Others
have investigated DPPIV in monocyte- or macrophage-like cell
lines (136, 137, 139-144). In HL-60 cells, its expression has been
found to be regulated by differentiation into macrophage-like
cells (139). DPPIV inhibitor alogliptin can affect ERK activa-
tion, MMP1 and IL-6 secretion in U937 cells (140, 141). How-
ever, these studies employed alogliptin at concentrations lower
than its ICso for DPPIV. It is therefore questionable whether
the observed effects were mediated by DPPIV at all. On the
other hand, proliferation is reduced in the presence of a DPP
inhibitor in U937 cells expressing high levels of DPPIV, but
not in the same cell type expressing low levels of DPPIV (144).
Moreover, the same inhibitor causes the former cells to secrete
lower amounts of IL-13, but higher amounts of TNFo (144).
It could be that inhibition merely increases TNFo’s half-life, as
DPPIV has been implicated in its degradation in U937 cells (137).
In THP-1 cells, DPPIV inhibitors alogliptin and sitagliptin both
reduced these cells’ chemotactic potential (142). DPPIV inhibitors
sitagliptin and NVPDPP728 also reduced NLRP3, TLR4, and
IL-1f expression and increased GLP-1R expression in THP-1
cells and this effect was blocked through PMA differentiation
(143). Importantly, such cell lines have been derived from differ-
ent types of myeloid leukemia, and as it is known that DPPIV

expression is often dysregulated in cancer (47-51), the physio-
logical relevance of these findings remains uncertain. FAP has
been shown on tumor-associated macrophages in human breast
cancer (145).

Dipeptidyl peptidase 8/9 activity has been found in human
monocytes and U937 cells (136). DPP8 was found associated
with activated microglia/macrophages in a rat model of cere-
bral ischemia (146). DPP8 and 9 are abundantly present in
macrophage-rich regions of atherosclerotic plaques (82). Interest-
ingly, DPP9 is upregulated after in vitro monocyte-to-macrophage
differentiation. Moreover, inhibition or RNA silencing of DPP9
attenuates pro-inflammatory M1, but not M2, macrophage acti-
vation (82).

In rats, DPPII is expressed in tissue-resident macrophages (147,
148). Humans show DPPII activity in monocytes as well as U937
cells (25, 136). Human blood derived alveolar macrophages show
high-PRCP activity (138, 149). Interestingly, in a mouse in vivo
angiogenesis assay, macrophage infiltration into the wound was
increased in mice with a PRCP deletion (150).

Prolyl oligopeptidase activity has been shown in mouse and
rat peritoneal macrophages and in rat pulmonary macrophages
(134, 151, 152). Its activity in mouse peritoneal macrophages is
increased after thioglycollate ellicitation (134). In addition, PREP
has been identified as a neurotoxic component in the supernatant
of activated THP-1 cells, which are monocyte-like cells (153).
Apparently, these cells secrete PREP upon activation with IFNy
and LPS and partly because of this, their supernatant is toxic to
neuroblastoma SH-SY5Y cells, as shown through the use of PREP-
specific inhibitors (153). PREP’s mode of action in this remains
unclear.
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DPP Family Members in Granulocytes

Recently, a study showed that DPPIV acts as a chemorepellent
for human and murine neutrophils (154). Adding recombinant
DPPIV to purified human neutrophils in an Insall chamber causes
the neutrophils to migrate away from the higher concentration
of DPPIV. This effect is blocked by DPPIV inhibitors, meaning
that the effect is mediated through DPPIV’s enzymatic activity,
although a candidate substrate is not obvious. Moreover, in a
mouse model of acute respiratory distress syndrome, oropharyn-
geal aspiration of DPPIV prevented accumulation of neutrophils
in the lung (154). By contrast, PREP is involved in the generation
of prolyl-glycyl-proline, a collagen fragment that is an efficient
neutrophil chemoattractant (155). Human peripheral blood neu-
trophils contain PREP activity and are themselves capable of
generating prolyl-glycyl-proline after LPS-activation, alluding to a
self-sustaining pathway of neutrophil inflammation (116). PRCP
is also abundantly expressed in human neutrophils (90).

The recruitment of eosinophils is affected by DPPIV activity.
CCL11, also known as eotaxin, is a DPPIV substrate and cleavage
by DPPIV prevents the activation of its receptor CCR3 (156).
In rats, it was shown that administration of CCL11 results in
eosinophil recruitment and this recruitment is significantly more
effective in DPPIV-deficient F344 mutants (156).

Finally, DPPII activity has been reported in the granules of
mast cells in several publications (147, 148, 157). It is released
from peritoneal mast cells upon degranulation and is apparently
inhibited by histamine and Zn*" at concentrations present in the
granules of mast cells (157).

DPP Family Members in Natural Killer Cells
Dipeptidyl peptidase 4 is present in low amounts on freshly iso-
lated human NK cells and its expression is only upregulated in a
small subpopulation after IL-2 stimulation (158). In that study, it
was also shown that DPPIV inhibition suppresses DNA synthesis
and cell cycle progression of NK cells, but these effects may be
DPP8/9 mediated as the inhibitors used in that study are now
known to also inhibit DPP8/9 activity (159). Another study shows
that DPPIV is actually only expressed by a small subpopulation
of peripheral NK cells (160). The natural cytotoxicity of NK cells
is not influenced by the presence or absence of DPPIV on their
cell surface (158, 160). However, DPPIV-negative NK cells show
significantly less CD16-dependent lysis than DPPIV-positive NK
cells (160). Interestingly, NK cytolytic function against tumor
cells was diminished in DPPIV-deficient rats in a model for lung
metastasis (161).

Figure 3 shows an overview of published data on the DPP
family in the innate immune system.

The DPP Family in the Adaptive Immune
Response

DPP Family Members in Humoral Immunity

Only about 5% of freshly isolated CD20-positive B cells express
DPPIV, but this fraction grows significantly upon pokeweed mito-
gen (PWM) or S. aureus protein stimulation (162). Similar to
NK cells, DPPIV inhibitors significantly suppress DNA synthe-
sis in B-lymphocytes (162), but again these inhibitors are now
known to also inhibit DPP8 and 9 (159). Mouse spleen-derived

B-lymphocytes only express low amounts of DPPIV mRNA (163).
DPP8 and 9 mRNA, on the other hand, are expressed at much
greater levels in these cells, and they are upregulated in Raji cells,
a B-lymphocyte-like cell line, after PWM, LPS stimulation or
mitomycin ¢ treatment, and downregulated after DTT treatment
(163). DPP8 and 9 have also been shown immunohistochemically
in human lymph follicular lymphocytes (164). DPPII activity has
also been shown in human B-lymphocytes (25).

DPP Family Members in Cell-Mediated Immunity
Dipeptidyl peptidase IV was originally described as a surface
marker for T-lymphocytes, in which case it is better known as
CD26, and later more specifically for a subset of CD4-positive
memory cells, CD4* CD45RO" CD29" cells, which respond
maximally to recall antigen tetanus toxoid and induce B-cell IgG
synthesis (165, 166). Indeed, CD26 surface expression is aug-
mented along with the antigen sensitivity of a particular CD4™"
T-cell clone (167). CD26"8" CD8T T-cells belong to the early
effector memory T-cell subset (168). CD26 is also a marker for
T-cell activation (165, 169-171). CD26 expression on CD4T T-
cells correlates with Ty 1 responses. Stimuli that typically induce
a Tyl phenotype tend to induce CD26 expression (172). Addi-
tionally, the CD4™ T cells capable of transendothelial migration
in vitro are characterized by a bright expression of CD26 (173,
174), but CD26 does not seem to be actually involved in T-cell
adhesion to endothelial cells or fibroblasts (175). Recently, it was
shown that up to 98% of all T17 cells show very high CD26
expression, with mean fluorescent intensity on these cells almost
twice as high as on Ty 1 or Ty2 cells. Therefore, the authors of this
study suggest CD26 as a marker for Ty17 cells (176). Conversely,
CD26 has been proposed as a negative marker for the selection
Treg cells due to its very low-surface expression on these cells
(176-178).

CD26 is also a costimulatory molecule for T-cell activation.
Crosslinking of CD26, along with CD3, stimulates T-cell activa-
tion and proliferation (168, 179, 180). CD26 can also directly acti-
vate T-cells in an alternative activation pathway, but this requires
the presence of the TCR/CD3 complex (181-183). During cos-
timulation, CD26 is mannose-6 phosphorylated and internalized,
the latter of which is mediated in part by its interaction with
M6P/IGFIIR (184). It then localizes to lipid rafts where it might
interact with CD45, required for TCR signaling, facilitating co-
localization of this molecule with TCR signaling molecules (185,
186). A number of candidate binding partners for costimula-
tion have been proposed. ADA and CD26 are known binding
partners (187). Even though ADA binding to CD26 does not
seem to be essential for immune functions in humans (188),
the nanomolar affinity of this interaction probably reflects its
importance (189). Indeed, association with free ADA or ADA
presented by ADA-anchoring proteins on dendritic cells seems
to costimulate T-cells through CD26 binding (190, 191). On the
other hand, it has been shown that soluble DPPIV enhances T-cell
proliferation independent of its enzyme activity or ADA-binding
capability (192). Interestingly, the ADA-CD26 interaction can
be inhibited by HIV-1 external envelope protein gp120 and this
requires interaction of gp120 with CXCR4 (189). In fact, evi-
dence suggests a physical association between CXCR4 and CD26
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FIGURE 3 | Overview of the expression and function of individual DPP family members in the innate immune system. Expression-based evidence

Natural Killer cells

on peripheral blood lymphocytes (193). Fibronectin is another
known binding partner of CD26 involved in T-cell costimulation
(194-196). Finally, CD26 interacts with caveolin-1 on monocytes.

This interaction causes an upregulation of CD86 on these cells,
which potentiates antigen-specific T-cell activation (197). Most
studies seem to find no need for DPPIV’s enzymatic activity for
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succesful costimulation, as evidenced through the use of inhibitors
and catalytically impaired DPPIV mutants (198-201).

Dipeptidyl peptidase 8 and 9 are present in baboon spleen
interfollicular T-lymphocytes and Jurkat T cells (164). They are
upregulated in the latter after PWM and LPS, but not PHA, stim-
ulation (163, 202, 203). Activation of PWM-stimulated T-cells is
suppressed after DPPIV/8/9 inhibition. Moreover, DNA synthesis
and T-cell proliferation are reduced, as well as production of IL-2, -
10, -12, and IFN-v. This is due to an induction of TGF-J3 secretion
(159, 204-207). Inhibition also upregulates CTLA-4 and down-
regulates DPPIV expression (206, 208). These observations might
be physiologically relevant as endogenous inhibitors of DPPs are
known which have similar effects in cell-based experiments as the
synthetic inhibitors (209, 210).

Dipeptidyl peptidase IT activity is higher in T-lymphocytes than
in B-lymphocytes (25) and absence of DPPII steers T-lymphocytes
toward a Tyl7 phenotype. T-lymphocytes of DPPII KO mice

hyperproliferate and secrete IL-17 after CD3 crosslinking or after
in vivo priming and in vitro antigen-specific restimulation (211).
PREP activity has also been shown in mouse T-lymphocytes (212).
Its activity is significantly higher in immature, double-positive
thymocytes compared to mature, single-positive thymocytes, or
peripheral T-cells. T-cells stimulated with Con A followed by
IL-2 show a time-dependent increase in PREP activity and pre-
treatment of cells with a PREP inhibitor renders them resistant to
activation-induced cell death (212).

Figure 4 shows an overview of in vitro data on DPP involvement
in primary human T cell activation.

The DPP Family in Inflammatory Disease

The DPP family has been reported to be dysregulated or even
involved in a number of inflammatory disorders. Expression levels
of a number of family members are modulated in rheumatoid

M6P/IGFIIR
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FIGURE 4 | Overview of in vitro data on DPP involvement in
primary human T cell activation. (A) M6P/IGFIIR associates with
mannose-6-phosphorylated DPPIV causing it to associate with CD45
in lipid rafts. This facilitates co-localization with the TCR signaling
molecules for T cell costimulation. (B) Interaction of ADA presented by
ADA-anchoring proteins on dendritic cells with DPPIV on T cells
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causes costimulation. (C) Interaction of DPPIV on T cells with
caveolin-1 on monocytes induces the expression of CD86 on the
latter. Interaction of CD86 with CD28 costimulates T cells. (D)
Inhibition of DPP8/9 induces TGFB in PWM-stimulated T cells. TGFB
attenuates T cell activation. (E) Inhibition or absence of DPPII steers T
cells toward Ty 17 differentiation.
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arthritis. Whereas the density of CD26 on peripheral T cells is
increased in patients, it is low on synovial fluid T cells (213-215).
DPPIV activity in plasma, serum, or synovial fluid of patients
has also been found to be decreased, similar to results in several
rat models of arthritis (216-222). Interestingly, rats resistant to
induction of arthritis show higher plasma DPPIV levels (222).
By contrast, DPPII and PREP activity are increased in serum
or synovial fluid of arthritis patients (219-221). Likewise, FAP
immunoreactivity is much higher in fibroblast-like synoviocytes
of rheumatoid arthritis patients compared to osteoarthritis con-
trols (223). DPPIV’s involvement in rheumatoid arthritis has been
studied, but remains unclear. On the one hand, inhibition can
suppress development of arthritis in rats (224). Note, however,
that effects mediated through other DPPs are hard to exclude
as these inhibitors were developed before DPP8 and DPP9 were
discovered. On the other hand, induced arthritis is more severe
in DPPIV-deficient mice (216). This may be due to increased
levels of circulating CXCL12 (216), a DPPIV substrate shown to be
involved in rheumatoid arthritis. Several case reports in patients
seem to suggest a link between the development of rheumatoid
arthritis and the use of DPPIV inhibitors (225-227). PRCP has
also been associated with rheumatoid arthritis as its activity was
shown in synovial fluid isolated from arthritic joints (149).

Inflammatory bowel disease shows a distinct expression pattern
of the DPP family. DPPIV serum or plasma activity seems to
be lower in patients, whereas there is an increase of circulating
CD2617CD257 cells with a higher CD26 surface expression (228,
229). FAP is heavily expressed by myofibroblasts in the submucosa
strictures in Crohn’s disease, and is upregulated after stimulation
with TNFa or TGFf (230). In a mouse model, colonic DPPII
and DPP8 mRNA and DPPII activity are increased, while colonic
DPP8/9 activity only increases significantly in mice that are also
DPPIV knockouts (231). In mouse models, inhibition or abroga-
tion of DPPIV seems to at least partially ameliorate symptoms,
possibly by increasing circulating GLP-2, impairing neutrophil
recruitment, and maintaining Tz populations (231-236). Some
of those beneficial effects may be mediated in part by the other
DPPs, as additive effects were found for DPPIV KO and the
DPP inhibitors (231, 234, 237). A recent study suggests that the
ameliorative effects of DPP inhibitors are most likely not mediated
through GLP-2 protection (238).

The DPP family has also been studied in neuroinflammation.
Ischemia-induced neuroinflammation in rats prompts a distinct
expression and activity pattern of the DPPs. In the days following
ischemia, the brain of these rats undergoes a complex reorgani-
zation of DPP expression with changes in mRNA, protein, and
activity levels of DPPI], 4, 8, and 9 in cortical neurons, microglia,
and macrophages (146). Similarly, PREP seems to be associated
with astrocytes and microglia in lesioned inflamed brains of rats
(239). DPPIV and PREP also may be involved in multiple sclerosis.
CD261 T cells were found to correlate with disease scores (240).
Soluble DPPIV levels are elevated in cerebrospinal fluid of patients
(241). Plasma PREP activity, on the other hand, is lower in patients
with relapsing-remitting or primary progressive multiple sclerosis
and in clinically isolated syndrome (118, 119). Interestingly, PREP
inhibition seems to aggravate symptoms in a mouse model of
multiple sclerosis (118).

In systemic lupus erythematosus, DPPs also seem to be dysreg-
ulated. In mouse models, DPPII and PREP activities are increased
in plasma, spleen, kidney, and liver, whereas DPPIV activity is
decreased (221, 242). Human patients also show elevated DPPII
and reduced DPPIV activities in serum, along with reduced num-
bers of CD26™ T cells (221, 243). Interestingly, serum DPPIV
levels are inversely correlated with disease score (243). FAP
immunoreactivity is decreased in the synovium of lupus patients
(244).

Finally, DPPIV has been studied in psoriasis, an immune-
mediated chronic inflammatory disorder with primary involve-
ment of skin and joints. Its mRNA, protein levels and activity are
higher in psoriatic skin samples (245, 246). By contrast, serum
DPPIV levels and activity seem to be lower in patients (247,
248), accompanied by a reduction of peripheral CD8"CD26™
T cells (249, 250). Two case reports suggest a link between
the use of DPPIV inhibitor sitagliptin and psoriasis. While one
woman developed a psoriaform eruption 6 days after starting
sitagliptin treatment (251), another patient’s psoriatic lesions
gradually diminished and were effectively gone 3 months after the
start of sitagliptin treatment (252).

The DPP Family in Atherosclerosis

Dipeptidyl peptidase IV has recently received much attention for
its potential as a therapeutic target for the treatment of atheroscle-
rosis (Box 3) (253). This is not surprising considering the cur-
rent use of DPPIV inhibitors in the treatment of T2D and the
fact that T2D is associated with a higher risk for atherosclero-
sis (28, 254). In the ApoE~'~ mouse model of atherosclerosis,
DPPIV inhibition generally reduces plaque area and monocyte
and macrophage plaque infiltration (255-257). A reduction in
the number of plaque lesions or in smooth muscle cell content
have also been observed (255, 256), as well as lower plaque
MMP9 and higher plaque collagen levels, suggesting increased
plaque stability (258). One study reported effects of DPPIV inhi-
bition on atherosclerotic plaques of only diabetic ApoeE ™'~ mice
(141), but more recently, Terasaki et al. found similar effects
in non-diabetic and diabetic ApoE_/ ~ mice (259). Likely, such
differences can be explained by the fact that different DPPIV
inhibitors were employed. Effects of DPPIV on atherogenesis
similar to those observed in ApoE ™'~ mice have been reproduced
in LDLR™/~ mice (142, 260). In human atherosclerotic plaques,

BOX 3 | Atherosclerosis.

Atherosclerosis is the most common underlying cause of cardiovascular
diseases and should be regarded as an inflammatory disease. It starts
with dysfunction of the endothelium leading to the expression of leukocyte
adhesion molecules, such as selectins and integrins. Locally produced pro-
inflammatory cytokines attract the immune cells into the inner layer of the
endothelium. However, not only leukocytes are found in the plaque but
also low-density lipoprotein particles (LDL) and their oxidized counterparts
(oxLDL). In the plague, monocytes differentiate into macrophages, phagocy-
tose the oxLDL and turn into so-called pro-atherogenic foam cells. This pro-
cess leads to a self-sustaining, local inflammation leading to plaque growth,
and migration of smooth muscle cells into the core. A plagque is defined as
stable as long as it is contained by a thick fibrous cap. However, the latter
is slowly degraded by the proteolytic enzymes from the leukocytes. This
eventually leads to rupture and the formation of arterial thrombi (264, 265).
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DPPIV immunoreactivity could only be found on endothelium of
neovessels (82). It was recently found that DPPIV activity may be a
predictor for the onset of atherosclerosis in otherwise healthy Chi-
nese individuals (261). Another prospective study investigated the
influence of vildagliptin or sitagliptin treatment on intima-media

thickness, a surrogate marker for atherosclerosis. This study
found that treatment with vildagliptin or sitagliptin reduced
intima-media thickness, suggesting that DPPIV inhibition might
be beneficial in atherosclerosis in humans as well (262). More-
over, treatment naive T2D patients treated with alogliptin

" lymphocytes

FIGURE 5 | Dipeptidyl peptidase inhibition as a putative strategy
for the treatment of atherosclerosis. (1) DPP9 inhibition would
attenuate M1 macrophage activation, reducing local inflammation.
Reduction in TNFa. would reduce FAP on smooth muscle cells (SMCs).
This and FAP inhibition (2) would reduce collagen degradation and

(+)

) . )
\M:l\ acrophages

dividing SMC

foam cells

therefore plaque instability. PREP inhibition (3) would reduce neutrophil
infiltration and consequently endothelial dysfunction and further
monocyte infiltration. DPPIV inhibition (4) would prevent SMC
proliferation, foam cell formation, endothelial dysfunction, and
monocyte infiltration.

Frontiers in Immunology | www.frontiersin.org

122 August 2015 | Volume 6 | Article 387


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

Waumans et al.

The DPP family, PREP and PRCP in immunity and inflammation

for 3 months saw a significant decrease in their circulating athero-
genic lipids (263).

It has been suggested that DPPIV inhibitors’ anti-atherogenic
effects are mainly mediated through decreased monocyte infil-
tration, as DPPIV inhibitors suppress monocyte activation and
chemotaxis in vitro (142, 258). DPPIV inhibition also reduces
in vitro foam cell formation in exudate peritoneal macrophages
from ApoEf/ ~ mice (255). Moreover, soluble DPPIV stimulates
in vitro proliferation of smooth muscle cells and this can be
reduced through the addition of a DPPIV inhibitor (256, 260).
Finally, active circulating GLP-1 levels are augmented and this
improves endothelial dysfunction (259, 266). Probably, DPPIV
inhibition improves atherosclerosis through a combination of
all these mechanisms. Indeed, incretin antagonists only partially
attenuate the anti-atherogenic effects of DPPIV inhibition, sug-
gesting that other mechanisms beyond incretin preservation are
in play (259). Interestingly, monocyte—endothelial cell adhesion is
abrogated by an anti-SDF-1a antibody in vitro (267). LDL seems
to induce SDF-1a expression and leads to smooth muscle cell
proliferation and inhibition of cell apoptosis (267, 268). SDF-1a. is
a DPPIV substrate, which loses its biological activity after cleavage
(216). As DPPIV inhibition seems to improve atherosclerosis,
whereas intact SDF-1o. appears to be deletorious, it could be
argued that SDF-1a cleavage by DPPIV does not play a major role
in atherosclerosis.

Dipeptidyl peptidase 8 and 9 have been found to be abundantly
present in the macrophage-rich regions of human atherosclerotic
plaques and considering DPP9’s role in macrophage activation, it
might potentially be involved in atherogenesis (82). FAP expres-
sion is enhanced in some, but not all types of human atheromata.
It is found on smooth muscle cells, and its expression correlates
with macrophage burden, probably due to the fact that TNFa
upregulates FAP in smooth muscle cells in vitro. As it is mainly
associated with collagen-poor regions and can digest type I col-
lagen and gelatin in vitro, FAP probably contributes to plaque
instability (269).

References

1. Broxmeyer HE, Hoggatt ], O’Leary H, Mantel C, Brahmananda C, 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.Dipeptidylpeptidase

Interestingly, many of the studies reviewed above show the
potential of targeting DPP family members for the treatment of
atherosclerosis (see Figure 5). FAP inhibition might reduce plaque
instability by decreasing collagen breakdown; DPP9 inhibition is
likely to attenuate M1 macrophage activation, reducing the local
inflammatory cascade; DPPIV inhibition may decrease monocyte
infiltration, foam cell formation, improve endothelial dysfunc-
tion, and reduce smooth muscle cell proliferation; and finally,
PREP inhibition might reduce neutrophil infiltration, preventing
endothelial dysfunction, and monocyte infiltration. All of this
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Conclusion

Caution should be taken when interpreting results from literature
data based on DPP inhibitors, especially from older studies. It is
now known that, under the experimental conditions used, many of
these inhibitors are not specific for one particular family member.
The reported findings, however, remain interesting. This review
has shown extensive involvement of members of the DPP family
in the immune system. It is clear that these enzymes hold great
potential as targets for the treatment of certain inflammatory dis-
orders. Particularly, the possibility of targeting DPP family mem-
bers for the prevention and treatment of atherosclerosis warrants
further investigation.
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Dipeptidyl peptidase-4 (DPP4) is a ubiquitously expressed protease that regulates
diverse number of physiological functions. As a dipeptidase, it exerts its catalytic effects
on proteins/peptides with proline, alanine, or serine in the penultimate (P1) amino acid
residue from the amino terminus. The evidence to date supports an important effect of
DPP4 in catalytic cleavage of incretin peptides and this perhaps represents the main
mechanism by which DPP4 inhibition improves glycemic control. DPP4 also plays an
important role in the degradation of multiple chemokines of which stromal cell-derived
factor-1 (SDF-1, also known as CXCL12) is perhaps an increasingly recognized target,
given its importance in processes, such as hematopoiesis, angiogenesis, and stem cell
homing. In the current review, we will summarize the importance of DPP4-mediated
enzymatic processing of cytokines/chemokines with an emphasis on SDF-1 and resul-
tant implications for cardiovascular physiology and disease.

Keywords: SDF-1, CXCR4, dipeptidyl peptidase-4, cardiovascular, chemokine

Introduction

Dipeptidyl peptidase-4 (DPP4) is a type-II integral transmembrane glycoprotein that has recently
gained attention owing to its role in the catalytic degradation of incretins and as a receptor for entry
for the Middle Eastern respiratory syndrome (MERS) virus. DPP4 is best known for its catalytic
function, whereby it proteolytically cleaves a number of peptide and protein substrates. It exhibits a
strong preference for peptides with proline, serine, or alanine as the penultimate amino acid from
the amino terminus. The N-terminus of glucagon insulotropic peptide (GIP) and glucagon-like
peptide-1 (GLP-1) consist of Tyr-Ala and His-Ala, respectively, rendering them excellent substrates
for DPP4. In addition to its role in modulation of incretin peptides, such as GLP-1 and GIP, DPP4
regulates immune responses via cleavage of many cytokines and chemokines, including stromal cell-
derived factor-1 (SDF-1, also known as CXCL12), involved in immune function and physiological
functions, such as angiogenesis. In this review, we will focus on the regulatory aspects of DPP4 on
chemokines, such as SDF-1, and its potential implications in the pathogenesis and management of
cardiovascular disease.

An Overview of DPP4 Biology

Dipeptidyl peptidase-4 also called cluster of differentiation-26 (CD26) or adenosine deaminase-
binding protein (ADA-binding protein), is a member of S9b peptidases. The S9b family consists of
structurally homologous proteolytic enzymes, including DPP2 (also called quiescent cell proline
dipeptidase, QPP), DPP4, DPP8, DPP9, and fibroblast activation protein (FAP). DPP4 was first
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identified as a new dipeptide naphthylamidase in 1966 (1) and
subsequently found to be identical to T cell activation antigen
CD26, ADA-binding protein, mouse thymocyte-activating
molecule, and rat liver membrane glycoprotein gpl110 (2).
DPP4 consists of a short N-terminal intracellular domain (6
residues), a 22-residue-long transmembrane a-helix domain (23
amino acids), and a large C-terminal extracellular domain. The
C-terminal extracellular domain is responsible for its catalytic
activity and binding to a number of ligands, such as ADA and
matrix proteins (3). The catalytic activity of DPP4 depends on
its dimerization and glycosylation of specific residues (2). DPP4
can also assemble into tetramers on the cell surface, which may
involve the linkage of dimers located on the surface of two dif-
ferent cells, enabling it to function as a cell-cell communication
molecule. In addition to its membrane-bound form, DPP4
also circulates as a soluble form in the plasma, which lacks the
cytoplasmic and transmembrane domain with preserved catalytic
activity. Soluble DPP4 (sDPP4) is a homodimer with a molecular
weight range of 210-290 kDa (4), but can form higher molecular
weight assemblies migrating as 900-kDa complexes (5). Whether
sDPP4 is cleaved from the membrane or is secreted is unclear.
For instance, studies investigating viral liver infection suggested
that sDPP4 is shed from membrane-bound DPP4 (6). sDPP4 has,
however, also been detected in the lumen of secretory granules
in pancreatic « cells and in the exocytic secretory lysosomes of
natural killer cells (7, 8). sDPP4 is commonly elevated in many
disorders, such as solid tumors, reactive airways disease, hepatitis
C, type 2 diabetes, and obesity (6, 9, 10).

Tissue Distribution and Cell Specific Expression
and Phenotype of Dpp4~'- Mice

Dipeptidyl peptidase-4 is widely distributed throughout the body
(Table 1), with particularly high expression on the apical surface
of endothelial and differentiated epithelial cells. Bone marrow
cells, brush border of the small intestine, proximal tubular cells,
and glomerular cells in the kidney express high levels of DPP4
as well (11). DPP4 is present on endothelial cells and fibro-
blasts throughout the body. Among hematopoietic cells, DPP4
is expressed at the highest level on T cells with lower levels in
monocytes and dendritic cells (12). DPP4 expression increases

TABLE 1 | Major distribution and potential function of DPP4.

Distribution Potential function

Adipocyte Serves as an adipokine mediating obesity-induced

metabolic syndrome (9)
Adipose tissue

macrophage and
dendritic cells

Enhances T cell inflammation and obesity-induced
insulin resistance (12)

T cells Promotes T cell activation by providing co-stimulatory
signaling (17, 18)

Endothelial cells Regulates endothelial function and vascular tone (19, 20)

Epithelial cells Expressed in the epithelial cells in the kidney, lung, and
Gl tract. Mediates MERS-CoV infection in the lung (21),
kidney fibrosis (22), diabetic nephropathy (23), intestinal
growth (24)

Hepatocytes Involved in lipogenesis (25) and liver damage (26)

as monocytes differentiate into antigen-presenting cells as well as
during T cell activation (12, 13). DPP4 is expressed at high levels
in kidney, spleen, lung, pancreas, and prostate (14). Mice lack-
ing the gene encoding DPP4 are refractory to the development
of obesity and hyperinsulinemia and demonstrate improved
post-prandial glucose control (15, 16). Mice deleted for Dpp4 are
fertile and appear healthy. Only slight decrease of body weight in
Dpp4~'~ mice was observed compared to wild types. They have
normal fasting blood glucose level, but shows reduced glycemic
excursion after an oral glucose challenge (16). Increased intact
insulinotropic form of GLP-1 and circulating insulin were seen
in Dpp4~'~ mice after oral glucose stimulation (16). Pair feeding
and indirect calorimetry studies indicate that reduced food intake
and increased energy expenditure accounted for the resistance
to high fat diet-induced obesity in the Dpp4~'~ mice. Ablation/
deletion of DPP4 is associated with improved metabolic control
with improved insulin sensitivity, reduced pancreatic islet hyper-
trophy, and protection against streptozotocin-induced loss of
cell mass and hyperglycemia (15). Pharmacological inhibition
of DPP4 enzymatic activity improves glucose tolerance in wild-
type but not in Dpp4~'~ mice. Interestingly, DPP4 inhibitor’s also
improve glucose tolerance in Glp1r~'~ mice, indicating that DPP4
contributes to blood glucose regulation by controlling the activity
of GLP-1 as well as additional substrates (16).

DPP4 in Cytokine Processing

Dipeptidyl peptidase-4 has been shown to be able to cleave
a number of chemokines and cytokines, including SDF-I,
granulocyte-macrophage colony-stimulating factor (GM-CSE),
granulocyte colony-stimulating factor (G-CSF), interleukin-3
(IL-3), erythropoietin (Epo), regulated on activation normal
T-cell expressed and presumably secreted (RANTES, also known
as CCL5), macrophage-derived chemokine (MDC, also known as
CCL22), eotaxin (also known as CCL11), monokine induced by
IFN-y (MIG, also known as CXCL9), IFN-y-induced protein-10
(IP-10, also known as CXCL10), and interferon-inducible T-cell o
chemoattractant (ITAC, also known as CXCL11) (Table 2). The
regulation of cytokine levels through catalytic cleavage may influ-
ence their levels in tissue domains. The differential contribution
of DPP4 in the regulation of each of these cytokines is obviously
dependent on the levels of expression of DPP4, which may vary
depending on the tissues, the cells predominantly expressing the
cytokine of interest and the disease context. Additionally, circu-
lating or cell free DPP4 may also contribute to catalytic activity.
DPP4-mediated truncation of RANTES abolishes the chemotactic
activity to monocytes but not to T cells (27). Eotaxin (CCL11) isan
eosinophil chemotactic protein and has been shown to be involved
in allergic responses. DPP4 truncation of eotaxin inactivates its
chemotactic activity for eosinophils. DPP4-truncated eotaxin
(3-74) shows impaired binding and signaling through CCR3.
In addition, truncated eotaxin suppresses calcium signaling and
chemotaxis of intact eotaxin (28). DPP4 inhibition by either genetic
deletion or pharmacological inhibition, enhances eotaxin-induced
mobilization of eosinophils into the blood and recruitment into
the injury/injection site (29). MDC (CCL22) is a chemoattractant
for monocytes, dendritic cells, NK cells, and chronically activated
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TABLE 2 | Cytokine substrates of DPP4.

Substrates N terminal sequence  Consequence of cleavage

SDF-1 (34) KPVSL...2 Inactivation, truncated product
antagonize intact protein

RANTES (27) SPYSS...2 Altered target cell specificity

Eotaxin (28) GPASV...2 Inactivation, truncated product
antagonize intact protein

Erythropoietin (35)  APPRL...? Inactivation, truncated product
antagonize intact protein

G-CSF (35) TPLGP...2 Inactivation, truncated product
antagonize intact protein

GM-CSF (35) APARS.. .2 Inactivation, truncated product
antagonize intact protein

IL-3 (35) APMTQ...2 Inactivation, truncated product
antagonize intact protein

MDC (32) GPYGA...2 Altered target cell specificity

IP-10 (33) VPLSR...2 Inactivation, truncated product
antagonize intact protein

MIG (33) TPWR...2 Inactivation, truncated product
antagonize intact protein

ITAC (33) FPMFK...2 Inactivation, truncated product

antagonize intact protein

2Bold letters indicate dipeptides to be cleaved by DPP4.

T lymphocytes (30, 31). DPP4-truncated MDC displays preserved
chemotactic activity toward monocytes, but less potency toward
lymphocytes and dendritic cells (32). CXCR3 interacts with MIG
(CXCL9), IP10 (CXCL10), and ITAC (CXCL11), all of which are
targets of DPP4. Cleavage of those chemokines by DPP4 attenu-
ates their chemotactic activity, with the cleaved products serving
as endogenous antagonists for CXCR3 binding (33).

Dipeptidyl peptidase-4 is also involved in the inactivation of
multiple colony-stimulating factors (CSFs) and thus regulates
hematopoietic stem cells (HSCs) and hematopoietic progenitor
cell (HPC) function. The proliferative action of GM-CSE G-CSE
IL-3, and Erythropoietin (Epo) on HPCs is enhanced in DPP4
knockout mice or by pretreatment with a DPP4 inhibitor (35).
Catalytic inhibition of DPP4 or DPP4 deficiency promotes the
engraftment of HSCs and HPCs after bone marrow transplanta-
tion in mice (35). DPP4-truncated CSFs may suppress the activity
of their respective full-length CSF via antagonism (35).

SDF-1 and CXCR4

Stromal cell-derived factor-1 is an 8-kDa peptide that is encoded
by Cxcl12 (36). It is a chemoattractant for T lymphocytes, bone
marrow stem cells [such as HSC, endothelial progenitor cell (EPC),
and mesenchymal stem cells (MSCs)], endogenous cardiac stem
cells (CSCs), and adipose-derived regenerative cells (37-39).
There are several isoforms of SDF-1 (SDF-1a-{), resulting from
alternative splicing of its mRNA (40). Among these isoforms,
SDF-1a is the best described. SDF-1a is expressed in many tis-
sues, including bone marrow, heart, liver, kidney, thymus, spleen,
skeletal muscle, and brain (36, 40-43). In the cardiovascular
system, SDF-1la is expressed in stromal cells, endothelial cells,
and cardiomyocytes (44, 45). SDF-1 is typically inactivated by

exopeptidases, such as DPP4, matrix metalloproteinase (MMP)-
2, and -9 (34). Unlike cleavage of SDF-1 by DPP4 at position 2-3,
MMPs cleave SDF-1 at position 4-5, leading to the loss of its bind-
ing activity to CXCR4 (46). The relative contribution of each of
these peptidases in regulation of SDF-1 levels is unclear. CXCR4
is an alpha-chemokine receptor specific for SDF-1 and belongs to
a family of G-protein-coupled receptors. CXCR4 is expressed on
a range of progenitor cells (including hematopoietic, endothelial,
and CSCs) and thus is important for cell migration and organ
development during embryogenesis (39, 40, 47). Mice deficient
for either CXCR4 or SDF-1 display abnormal B-lymphocyte,
hepatic, and cardiac (ventricular septal defects) development,
and die in utero (48-50). Loss-of-function CXCR4 mutations
in humans also causes impaired neutrophil mobilization and
B-cell lymphopenia (51). In addition to CXCR4, CXCR?7 has also
been suggested to be an important receptor for SDF-1 (52, 53).
However, the relative contribution and interactions of CXCR4
and CXCR?7 is not fully elucidated. The involvement of CXCR?7
in cardiovascular disease, if any, is also not yet known (39). DPP4
may also play a more general role in regulating CSF activity and
stem cell homing (35). It was previously believed that disrup-
tion of the interaction between CXCR4 receptor expressed by
hematopoietic progenitors and SDF-1 expressed by bone marrow
stromal cells is sufficient to detach anchored progenitors from
their bone marrow niches, leading to their rapid mobilization to
the peripheral blood. AMD3100 (also termed plerixafor) inhibits
SDF-1-mediated migration in vitro by blocking the chemokine
binding to its major receptor CXCR4 (54). AMD 3100 mobilizes
immature progenitor cells from the bone marrow into the blood
and has been approved for clinical mobilization in lymphoma and
multiple myeloma patients undergoing autologous transplanta-
tion. When combined with G-CSE AMD3100 synergistically
augments mobilization of progenitor cells, with increased in vitro
migration to SDF-1 gradients and facilitates repopulation of
transplanted non-obese diabetic/severe combined immunodefi-
cient mice (55). AMD 3100 has recently been shown to directly
induce SDF-1 release from CXCR4* human bone marrow osteo-
blasts and endothelial cells, with SDF-1 release from these cells
into the circulation, representing a pivotal mechanism essential
for steady-state egress and rapid mobilization of HPCs (56).

DPP4 and SDF-1/CXCR4 Axis in
Cardiovascular Disease

SDF-1/CXCR4 and DPP4 Inhibition in Stem Cell
Homing and Engraftment

The SDF-1/CXCR4 axis has been shown to be critical in tissue
repair in multiple organ systems, including the eye, heart, kidney,
liver, brain, and skin. Specific to the heart, the SDF-1/CXCR4 axis
has been shown to be essential for cardiogenesis (57, 58). SDF-1
is now well known as a key regulator of stem cell migration to
sites of tissue injury (44, 59). SDF-1 was first identified by Askari
et al. as a key regulator of stem cell migration to ischemic cardiac
tissue (44). CD34" stem cells express the SDF-1 receptor CXCR4
athigh levels (37, 60). During myocardial infarction, SDF-1 levels
are elevated 1 h after infarction and return to baseline at day 7
and further reduced to a low level thereafter (44). Overexpression
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of SDF-1 in ischemic cardiomyopathy by either engineered cell-
based or plasmid-based approach improved cardiac function in
rats via enhancing stem cell homing and promoting revasculari-
zation of the infarct area (61, 62). Therefore, the ability to express
SDF-1 locally is believed to enhance the vasculogenic potential
of adult cardiac progenitor cells (63). However, the enhancement
of endogenous stem cell-based repair appears to be blunted due
to the short half-life of SDF-1 at the time of acute myocardial
infarction owing to its degradation by proteases (44). As a major
enzyme mediating the degradation of SDF-1, DPP4 may repre-
sent a potential target for improving stem cell homing with stem
cell-based therapy. Preservation of SDF-1 by DPP4 inhibition has
been shown to promote stem cell repopulation and homing to
ischemic tissues. DPP4 inhibitors diprotin A or Val-Pyr, enhance
chemotaxis of HSCs and HPCs and greatly increase homing and
engrafting capacity of HSCs (64, 65). Pretreatment of HSC with
DPP4 inhibitor diprotin A, enhanced their repopulation ability
in lethally irradiated mice (66). Enhancement of engraftment of
human CD34* cord blood cells with DPP4 inhibition has also
been observed in xenogeneic mouse recipients (NOD/SCID or
NOD/SCID/beta 2™!) (67, 68). Pretreating either donor cells
in vitro or recipients in vivo is able to enhance the engraftment
of stem cells (66, 69). In a lung transplantation model, systemic
DPP4 inhibition by vildagliptin increases SDF-1 levels in plasma,
spleen, and lung, accompanied by a significant increase of stem
cells in the lung grafts. DPP4 inhibitor-treated mice also shows
less alveolar edema compared with untreated recipients (70).
Liebler showed that DPP4 inhibition enhances SDF-1/CXCR4
axis and increased the retention of human bone marrow-derived
cells in the injured lungs of immune deficient mice by 30% (71).
In addition to SDF-1, DPP4 inhibition also enhances bone mar-
row engraftment by preserving G-CSF and GM-CSE Both G-CSF
and GM-CSF are substrates for DPP4, with inhibition of DPP4
promotes bone marrow engraftment not only through SDF-1 but
also CSF-dependent mechanisms (35). G-CSF and GM-CSF in
turn may also increase the expression of DPP4 on CD34" cells,
which results in their decreased responsiveness to SDF-1 (72).

SDF-1/CXCR4 and Regulation by DPP4 in
Angiogenesis

Angiogenesis and vasculogenesis are an immensely complex
process that requires the coordinated action of a multitude of
cells, transcription factors, and cytokines working in concert in
a precisely choreographed manner. It is widely believed that these
processes can be recapitulated in the adult through the participa-
tion of a progenitor cell population of which EPCs are perhaps
the best described and widely believed to be important building
blocks for the assembly of functional vasculature in adults. While
the origins of EPCs are still controversial, what is clear is that these
cells have the capacity to differentiate into mature endothelial cells
(73). Implantation of ex vivo-expanded EPC has been shown to
improve neovascularization of injured tissues in animal models
(74-76). SDF-1 plays a pivotal role in the trafficking and homing of
EPCs to ischemic tissues (77-79). SDE-1 levels increase in plasma
and ischemic tissue shortly after ischemic injury, in response to
hypoxia which upregulates HIF-la (79). HIF-la upregulates
SDEF-1, by binding to the promoter of SDF-1 and initiating its

transcription (80). Ex vivo priming with SDF-1, enhances the
proangiogenic potential of EPC as evidenced by improved blood
flow recovery when transplanted into a nude mouse model of
hind-limb ischemia (81). Disease states, such as diabetes associ-
ated with upregulation of DPP4, may represent prototypical
conditions associated with defective homing and integration
of EPC’s owing to rapid degradation of SDF-1 (82). Kanki et al.
reported that SDF-1 could be cleaved by DPP-4 in both plasma and
ischemic heart tissue (34). Shih demonstrated an improvement
in EPC number and endothelial nitric oxide synthetase (eNOS)
expression after DPP4 inhibition by MK-0626 (83).

Therapeutic Applications of SDF-1 and DPP4
Inhibition-Mediated Prolongation of SDF-1
Effects in Cardiovascular Disease

Transient engineered cell-based or plasmid-based overexpres-
sion of SDF-1 in ischemic cardiomyopathy has been shown to
improve cardiac function in animal models (62). In a study that
compared the effects of SDF-1 overexpressed on MSCs alone or
mesenchymal stem cells engineered to overexpress SDF-1 (MSC-
SDF) on cardiac function in Lewis rats after acute myocardial
infarction, tail vein infusion of MSC and MSC-SDF-1, 1 day after
acute myocardial infarction, led to improved cardiac function by
echocardiography by 70.7 and 238.8%, respectively, compared
with saline controls. The beneficial effects of MSC-SDF trans-
plantation were suggested to be mediated through preservation
rather than regeneration of cardiac myocytes within the infarct
area (84). Cardiac progenitor cell and CXCR4 expression on
cardiac myocytes are required for further local trophic effects of
MSC (85). The mechanism of action of SDF-1 overexpression in
myocardial infarction and heart failure are likely multifactorial,
including both systemic and direct trophic effects. An important
effect of SDF-1 is its effect on the recruitment of CSCs to the
infarctand infarct border zone (59). Delivery of MSCs engineered
to overexpress SDF-1 at the time of acute myocardial infarction
has been shown to lead to improvement in cardiac function (61).
The myocardial repair initiated by endogenous stem cell appears
blunted because of the natural short-term expression of SDF-1 at
the time of acute myocardial infarction. In light of these effects in
regulation of SDF-1, DPP4 inhibition has been suggested to be of
potential benefit in cardiovascular diseases, such as myocardial
infarction and peripheral artrerial disease. In combination with
G-CSE, DPP4 inhibition augments myocardial regeneration
and improves cardiac function after myocardial infarction in
mice (86, 87). In combination with CXCR4 overexpression,
diprotin A treatment has shown to improve myocardial func-
tion and repair of infarcted myocardium (88). A bioengineered
protease-resistant form of SDF-1 has shown greater potency in
promoting blood flow recovery after hind-limb ischemia (89)
and improving cardiac function as well as capillary density in
the infarcted heart (34). Dual injection of G-CSF and sitagliptin
resulted in the mobilization of progenitor cells and relieved the
symptom of end-stage heart failure in a 19-month-old boy (90).
Protease-resistant forms of SDF-1 display an enhanced potency in
improving blood flow in experimental peripheral artery disease
and myocardial infarction (34, 89). It has been shown that para-
thyroid hormone treatment after myocardial infarction improves
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survival and myocardial function with potential involvement of
enhanced homing of bone marrow-derived stem cells. Huber
et al. demonstrated that parathyroid hormone serves as a DPP4
inhibitor and increases cardiac SDF-1 level, which in turn
enhances CXCR4" bone marrow-derived stem cell homing to
ischemic heart and attenuates ischemic cardiomyopathy after
infarction (91). Haverslag showed SDF-1 preservation by DPP4
inhibitor increases monocyte extravasation and thus accelerating
perfusion recovery without detrimental side effects on plaque
stability in atherosclerosis-prone ApoE~~ mice (92). Figure 1
depicts modulation of SDF-1 levels in the myocardium by DPP4
inhibition and enhancement of myocardial angiogenesis by DPP4
levels. In a porcine model of HE delivery of a plasmid SDF-1
with an endomyocardial injection catheter demonstrated safety
at doses up to 100 mg while improving cardiac function and vas-
culogenesis up to 90 days post-injection at doses of 7.5 and 30 mg
(59). In a Phase I dose escalation study with 12 months follow-up
in ischemic cardiomyopathy, 17 subjects in New York Heart
Association class IIT heart failure, with an ejection fraction <40%
on stable medical therapy, were enrolled to receive 5, 15, or 30 mg
of plasmid SDF-1 via endomyocardial injection. The primary end
points for safety and efficacy were at 1 and 4 months, respectively.
The primary safety end point was a major adverse cardiac event
while efficacy end points were changes in quality of life, New York
Heart Association (NYHA) class, 6-min walk distance, single
photon emission computed tomography, N-terminal pro-brain
natruretic peptide, and echocardiography at 4 and 12 months.
The primary safety end point was met. At 4 months, all of the
cohorts demonstrated improvements in 6-min walk distance,
quality of life, and NYHA class (93). Stromal cell-derived factor-1
plasmid treatment for patients with heart failure (STOP-HF) was
a Phase II, double-blind, randomized, placebo-controlled trial

to evaluate safety and efficacy of a single treatment of plasmid
SDF-1 delivered via endomyocardial injection to patients with
ischemic heart failure. The primary endpoint was a composite
of change in 6 min walking distance and Minnesota Living
from Heart Failure Questionnaire from baseline to 4 months
follow-up. The primary endpoint was not met (P = 0.89). For
the patients treated with pSDF-1, there was a trend toward an
improvement in left ventricular ejection fraction at 12 months
(placebo vs. 15 vs. 30 mg ALVEF: —2 vs. —0.5 vs. 1.5%, P = 0.20).
Patients in the first tertile of EF (<26%) that received 30 mg of
pSDEF-1 demonstrated a 7% increase in EF compared with a 4%
decrease in placebo (ALVEF = 11%, P = 0.01) at 12 months (94).
Although the reasons for the overall failure are currently unclear,
the differential benefit in those with advanced left ventricle
dysfunction raises the possibility of differential mechanisms that
would be operational in more advanced patients. These include
the possible overexpression of CXCR4 in cardiac myocytes in
the infarct border leading to a negative inotropic state (95). The
transient overexpression of SDF-1 in ischemic cardiomyopathy
has been shown to lead to long-term down-regulation of cardiac
myocyte CXCR4 expression, re-recruiting the contractile func-
tion of the border zone (61). Patients with greater left ventricle
dysfunction are likely to have a greater volume of myocardial
tissue under stress; therefore, a greater demonstrable response to
SDF-1 overexpression. Another important reason could be that
the upregulation of DPP4 in the border zone of the infarct or
around ischemic areas may have resulted in rapid degradation
of SDF-1 limiting the efficacy of such an approach. Since both
the Phase I and Phase II studies were performed in the absence
of DPP4 inhibition, it could be speculated that the results may
have been different if the trials had been performed either in the
presence of a DPP4 inhibitor.
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FIGURE 1 | Dipeptidyl peptidase-4 inhibition in modulation of SDF-1 and myocardial angiogenesis: expression of DPP4 increases in myocardial
infarction. Suppression of DPP4 enzymatic activities by pharmacological inhibitors preserves SDF-1, which results in an enhanced homing of CXCR4+ progenitor
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Conclusion and Future Directions

Due to the importance of SDF-1/CXCR4 axis in the stem cell and
progenitor cell survival and function, understanding this axis
and molecules that modulate their production and action will be
of utility for the treatment of cardiovascular disease. There are a
number of clinically approved drugs, including DPP4 inhibitors
and parathyroid hormone, which have the ability to enhance
SDEF-1/CXCR4 responsiveness and may improve the outcome of
cardiovascular diseases. Several recent large scale clinical trials
have indicated that unlike most other oral anti-diabetic drugs
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Dipeptidyl-peptidase 4 (DPP4) is a glycoprotein of 110kDa, which is ubiquitously
expressed on the surface of a variety of cells. This exopeptidase selectively cleaves N-
terminal dipeptides from a variety of substrates, including cytokines, growth factors, neu-
ropeptides, and the incretin hormones. Expression of DPP4 is substantially dysregulated
in a variety of disease states including inflammation, cancer, obesity, and diabetes. Since
the incretin hormones, glucagon-like peptide-1 and glucose-dependent insulinotropic
polypeptide (GIP), are major regulators of post-prandial insulin secretion, inhibition of
DPP4 by the gliptin family of drugs has gained considerable interest for the therapy of
type 2 diabetic patients. In this review, we summarize the current knowledge on the
DPP4-incretin axis and evaluate most recent findings on DPP4 inhibitors. Furthermore,
DPP4 as a type Il transmembrane protein is also known to be cleaved from the cell
membrane involving different metalloproteases in a cell-type-specific manner. Circulating,
soluble DPP4 has been identified as a new adipokine, which exerts both para- and
endocrine effects. Recently, a novel receptor for soluble DPP4 has been identified, and
data are accumulating that the adipokine-related effects of DPP4 may play an important
role in the pathogenesis of cardiovascular disease. Importantly, circulating DPP4 is
augmented in obese and type 2 diabetic subjects, and it may represent a molecular
link between obesity and vascular dysfunction. A critical evaluation of the impact of
circulating DPP4 is presented, and the potential role of DPP4 inhibition at this level is also
discussed.

Keywords: CD26/DPP4, soluble DPP4, type 2 diabetes mellitus, incretins, DPP4 inhibitors/gliptins, multifunctional
enzyme

Introduction

Dipeptidyl-peptidase (DPP) 4, which is also known as CD?26, is a ubiquitously expressed glycopro-
tein of 110 kDa, which was first characterized by Hopsu-Havu and Glenner (1). DPP4 is a type II
transmembrane protein, which is also cleaved off the membrane and released into the circulation by
a process called shedding (2, 3). The importance of DPP4 for the scientific and medical community
raised substantially since the approval of DPP4 inhibitors for the treatment of type 2 diabetes mellitus
(T2DM). These so-called gliptins increase the incretin levels and therefore prolong the post-prandial
insulin action. Since soluble DPP4 is characterized as an adipokine (4) and also correlates with
parameters of the metabolic syndrome (5), it might also be an important molecular biomarker. DPP4
is a multifunctional enzyme, which serves as a binding partner for numerous peptides, among which
are adenosine deaminase (ADA) and extracellular matrix proteins (2, 6, 7). Moreover, as a serine
protease, DPP4 cleaves numerous substrates, which further amplifies its complexity of action. Thus,
DPP4 is involved in signaling processes, immune cell activation, and its dysregulated expression and
release is associated with numerous diseases.
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DPP4 in diabetes

In the present review, we wanted to emphasize the complex
function of DPP4 with special focus on its association to T2DM.
Furthermore, we wanted to offer a different perspective of the
current view of DPP4 beyond the inhibition of its protease activity
(8-10). The first part of the present review is dealing with general
information about DPP4 and its numerous biological functions
in regard to T2DM and its treatment. The last section collects
the current knowledge about how DPP4 with its pleiotropic func-
tions, as described before, affects several organs, thereby playing a
pivotal role in the development of T2DM and its comorbidities.

General Information on DPP4
Biology of DPP4

The following part will deal with the domain architecture
and respective relevance of these domains for the functionality
of DPP4.

Dipeptidyl-peptidase 4 (EC3.4.14.5) is a type II transmembrane
protein, which groups together with fibroblast-activation protein
o (FAP), the resident cytoplasmic proteins, DPP8 and DPP9, and
the non-enzymatic members, DPP6 and DPP10, to the serine
peptidase subfamily S9B. All of these proteins share a typical
o/B hydrolase fold (2, 6). The DPP4 protein consists mainly of
4 domains: a short cytoplasmic domain (1-6), a transmembrane
domain (TMD) (7-28), a flexible stalk segment (29-39), and the
extracellular domain (40-766), which can be further separated
by a highly glycosylated region, the cysteine-rich region, and the
catalytic region (Figure 1).

As a member of the type II transmembrane proteins, DPP4
contains a typical signal peptide, which is necessary for the
targeting to the endoplasmatic reticulum and the initiation of
the translocation across the cell membrane. In contrast to the

classically secreted proteins, the signal peptide is not cleaved off,
but serves as a membrane anchor. We were able to show that the
circulating form of DPP4 (sDPP4), which lacks the cytoplasmic
domain and the transmembrane region, is cleaved off the mem-
brane of human adipocytes and smooth muscle cells in a process
called shedding by the involvement of matrix metalloproteases
(MMPs) (3).

Within the TMD, it could be shown that proline residues play
an important role for the translocation of membrane-anchored
proteins, such as DPP4. Chung and colleagues (11) studied sin-
gle proline substitution throughout the TMD of DPP4. They
were able to show that translocation and integration into the
membrane are determined by the hydrophobicity, conforma-
tion, and also the location of proline within the TMD. Further-
more, the position of proline relative to other prolines and the
location of highly hydrophobic residues within the TMD are
important for correct translocation and membrane integration
of DPP4.

In addition to the TMD, the glycosylation of DPP4 is also
important for the correct trafficking of DPP4. Carbohydrates
account for approximately 20% of the total molecular mass of
DPP4 and cause heterogeneity of this protein depending on the
location on different cell types. Two highly conserved gluta-
mate residues (205 and 206) within the glycosylated region are
essential for the activity of DPP4 (12). Interestingly, six of the
nine N-glycosylation sites are located within the glycosylated
region. These glycosylation sites are mostly conserved among
species. They are necessary for folding, stability, and intracellu-
lar trafficking (13). Other modifications like sialylation and/or
O-glycosylation have an impact on targeting DPP4 to the cell
membrane. Sialyation of DPP4 increases significantly with age,
and hypersialyation occurs in patients with HIV infection (14).

DPP4

Coo-

soluble DPP4

-

MMP-1, MMP-2,
MMP-14

NH,

FIGURE 1 | Domain structure of DPP4 [adapted from Ref. (2)].
Schematic representation of the membrane-bound DPP4 monomer. The
extent of the circulating and soluble form of DPP4 is illustrated on the left
in blue. The shedding of DPP4 from the membrane by indicated matrix
metalloproteinases is shown by a scissor symbol in red. The vertical black
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bar on the right represents the primary structure with the delineation of
the different regions. In green are interactions collected, which occur in
the indicated region of the DPP4 structure. MMP, matrix
metalloproteinase; M6P/IGFIl, mannose-6 phosphate/insulin-like growth
factor 2.
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Not only glycosylation and residues within the TMD are impor-
tant for the cellular function of DPP4 but also dimerization.
DPP4 can be found as monomer, homodimer, or even as homote-
tramer on the cell surface of cells. DPP4 needs dimerization for
enzymatic activity, and this is the predominant form of DPP4
(15). Dimerization occurs upon interaction with DPP4 itself or
with other binding partners, e.g., FAP (16, 17), and occurs via
interaction with the cysteine-rich region. Through its interaction
with several proteins, DPP4 can act also in an enzymatic activity-
independent way. Through this interaction, DPP4 is linked to
various mechanisms like immune response and tumor invasion.
The heterodimerization and interaction with different binding
partners will be discussed in a later section.

The serine in the active site of DPP4 is located in the sequence
Gly-Trp-Ser-Tyr-Gly and is part of the catalytic triad (Ser 630,
Asp 708, His 740) within the catalytic region of DPP4. DPP4 is an
exopeptidase, which cleaves dipeptides from the penultimate N-
terminal position of its substrates and thereby either inactivates
these peptides and/or generates new bioactive compounds (7).
There are numerous different DPP4 substrates known to date and
they will be addressed in a separate section within this review.

DPP4 Expression and Its Regulation
Dipeptidyl-peptidase 4 is ubiquitously expressed on numerous
different cell types among which are epithelial cells, fibroblasts,
and leukocyte subsets. Mechanisms that regulate DPP4 gene tran-
scription and enzymatic activity are not fully understood so far
and may be dependent on the studied cell type.

The human DPP4 gene is located on chromosome 2, spans
70kb, and consists of 26 exons (2). The DPP4 promoter region
contains consensus sites for different transcription factors like
NF«B, SP-1, EGFR, and AP-1 factor NF-1 (18). Atleast in chronic
b lymphocytic leukemia cells, it could be shown that there is
a consensus interferon y-activated sequence (GAS), which is a
binding motif for STAT1. The interferons, o, B, and 7, stimulate
STAT1a binding to this region and thus lead to an increased DPP4
expression and activity (19). Interleukin (IL) 12, which is a key
factor in differentiation of naive T-cells into the Thl subtype,
is also able to upregulate DPP4 expression. Therefore, DPP4 is
important in immune cell activation (20, 21). Our group was able
to show that release of soluble DPP4 is increased upon TNFa
stimulation and insulin in vitro (4). However, IL-12 and TNFo
also seem to play a regulatory role in translation and translocation
of DPP4. In activated lymphocytes, IL-12 upregulates DPP4 trans-
lation whereas TNFo. decreases cell surface expression, which
might be due to elevated sDPP4 release (22). Also transcription
factors, such as HIF-1o. and HNFs, target DPP4 expression (23),
which fits to the observation of our group that hypoxia induces
DPP4 release in human smooth muscle cells, which might be
mediated by MMPs (3).

Non-Enzymatic Interactions of DPP4

Through its cysteine-rich region, which is separated from the
catalytic region, DPP4 is able to interact with different proteins,
and further broadens its spectrum of activity and highlights its
multifunctional role in different processes.

Binding Partners of Membrane-Bound DPP4

The best-studied interaction in this regard is certainly the binding
of DPP4 and ADA. It was already identified in 1993 by Morrison
and colleagues (24). Importantly, the interaction of DPP4 and
ADA preserves the enzymatic function of both binding partners.
It has been shown that residues 340-343 of DPP4 are essential for
the interaction with ADA. Regulation of the DPP4/ADA inter-
action occurs, e.g., via tetramerization of DPP4 or glycosylation
at Asn281, which interferes with ADA binding (25). Also, the
HIV envelope glycoprotein, gp120, which interacts with DPP4 on
lymphocytes via its C3 region, is able to inhibit the association
with ADA (2). Upon ADA binding, activation of plasminogen-2
occurs, which raises plasmin levels. This leads to a degradation
of matrix proteins and an activation of MMP, thereby indicating
that the interaction of DPP4 and ADA might be involved in tissue
remodeling (26).

Furthermore, ADA catalyzes the irreversible deamination of
adenosine and 2’-deoxyadenosine and is therefore a crucial player
in the cellular and humoral immunity. Via interaction with CD45,
the complex of ADA and DPP4 enhances T-cell activation. Inter-
estingly, DPP4 is also able to promote T-cell proliferation inde-
pendent from ADA binding or even its enzymatic activity (27).
Zhong et al. were able to show that the interaction of DPP4 and
ADA on dendritic cells might potentiate inflammation in obe-
sity upon activation and proliferation of T-cells, which could be
competitively inhibited by exogenous sDPP4, but not by inhibit-
ing DPP4 enzymatic function (28). Furthermore, ADA activity
is elevated in T2DM patients and may serve as a marker of
inflammation and obesity (29).

Beside its role in inflammation, adenosine is also an important
player in glucose homeostasis. Already in 1988 it was shown
that, by lowering endogenous adenosine levels, ADA contributes
to a reduced insulin sensitivity of glucose transport stimulation
(30). Additionally, adenosine seems to facilitate insulin action
in adipocytes (31). Another study could show a correlation of
increased ADA activity in T2DM with fasting plasma glucose,
HbAlc, aspartate, and alanine aminotransferase (ALT). DPP4
inhibitors exert no additional effects on ADA activity despite
glycemic control or HbAlc-dependent effects (32). All these
studies emphasize that the effects of ADA/DPP4-interaction are
independent of DPP4 enzymatic activity.

Another known interaction partner of DPP4 is Caveolin-1,
which is present on antigen-presenting cells (APCs) and binds to
residues 630 and 201-211 of DPP4 expressed on T-cells. Thereby;,
an upregulation of CD68 occurs and initiates a signaling cas-
cade, which might be implicated in the pathogenesis of arthritis,
and may be relevant for other inflammatory diseases as well
(33). Intracellular signaling is also initiated by DPP4 via inter-
action with Caspase recruitment domain containing protein 11
(CARMA-1) (6).

Another well-known interaction of DPP4 is with extracellular
matrix proteins like collagen and fibronectin (34, 35). The inter-
action of DPP4 with fibronectin was revealed via nitrocellulose
binding assays in rat hepatocytes and seems to play a role in the
interaction of these cells with the ECM and with matrix assembly
(36). Interaction of DPP4 with FAPa leads to a local degradation
of ECM and thus migration and invasion of endothelial cells (37).
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Potential Receptors for sDPP4

Since DPP4 is shedded from the membrane of cells with intact
enzymatic and cysteine-rich region, it can also exert biological
functions in a paracrine or endocrine manner. These functions
might also involve intracellular signaling events in the targeted
cells. Therefore, it would be of great importance to know receptors
of sDPP4 to better understand the multiple role of sDPP4 on
different cells and in different disease conditions where serum
levels are elevated. However, there is not much known about DPP4
receptors so far.

Ikushima et al. were able to show that DPP4 needs to associate
with mannose-6 phosphate/IGF-IIR to exhibit its function as T-
cell activator. This is due to the fact that for this activation,
internalization of DPP4 is necessary, but DPP4 lacks a signal
for exocytosis. The binding with M6P/IGF-IIR occurs via M6P
residues in the carbohydrate moiety of DPP4 and the complex is
then internalized and able to exert its biological function (38).

Our group showed that at least in human vascular smooth mus-
cle cells, protease-activated receptor 2 (PAR2) might be activated
by sDPP4. We were able to show that sDPP4-mediated ERK acti-
vation and proliferation, as well as upregulation of inflammatory
cytokines could be prevented by silencing of PAR2. The same
was shown by use of a specific PAR2 antagonist. We propose
that sDPP4 acts as an activator of PAR2, since a sequence within
the cysteine-rich region of DPP4 is highly homologous to the
auto-activating tethered ligand of PAR2 (39).

Genetic Alterations of DPP4 and Predisposition
to T2DM-Associated Diseases

There are only few studies aiming to identify modifications in the
DPP4 gene and their association with T2DM. Some of these are
reviewed in the following section.

In 2009, Bouchard et al. analyzed single nucleotide polymor-
phisms (SNPs) in the DPP4 gene and searched for association
with blood pressure, lipids, and diabetes-related phenotypes in
obese individuals, to verify whether DPP4 gene polymorphisms
could explain the individual risks of obese patients to develop
metabolic complications. Three of the analyzed SNPs showed sig-
nificant association with plasma total-cholesterol levels or plasma
triglyceride level or total cholesterol level. But none of the poly-
morphisms or cardiovascular disease risk factors showed a sig-
nificant correlation with DPP4 mRNA levels in omental adipose
tissue. Therefore, the authors concluded that, at least in their
studied group, DPP4 gene polymorphisms seem to be unrelated to
the inter-individual risk of developing obesity-related metabolic
complications (40).

In another study, visceral adipose tissue DNA of 92 severely
obese, non-diabetic female patients was analyzed for methylation
rate in the DPP4-promoter CpG island and compared between
different DPP4 polymorphisms. These cytosine- and guanine-rich
regions are prone to epigenetic modification like methylation,
and thus inactivate or activate transcription of certain genes.
Different methylation levels of the DPP4 gene were identified in
three DPP4 SNPs. Interestingly, the methylation level was nega-
tively associated with DPP4 mRNA abundance and positively with
plasma total/HDL-cholesterol ratio. These observations suggest
that plasma lipid profile is improved by a higher methylation

status of the investigated CpGs (41). Two years later, the same
group analyzed DPP4 gene methylation levels between obese sub-
jects with and without the metabolic syndrome in visceral adipose
tissue. They observed no significant difference in the percentage
of methylation levels of the CpGs within or near the second exon
of the DPP4 gene between non-diabetic severely obese subjects
with or without metabolic syndrome. However, they were able
to show a correlation between plasma cholesterol levels and the
percentage of methylation when the subjects were classified into
quartiles (42). This further underpins a link between epigenetic
modification of the DPP4 gene and plasma lipid metabolism.

Aghili et al. analyzed 875 patients with angiographically docu-
mented coronary artery disease (CAD), and divided them in two
subgroups dependent of their myocardial infarction (MI) status.
By a genome-wide association study, loci, which predispose to
MI, were assessed and associated with SNPs in the DPP4 gene.
They found that polymorphisms in the DPP4 gene increase the
risk of MI and progression of atherosclerosis in terms of plaque
stability in patients with already existing CAD. Especially, one
SNP was identified in both dominant and additive inheritance
modes, which associates with low plasma DPP4 levels and which
may increase the risk of MI in CAD patients (43).

Dyslipidemia, which is characterized by excessive lipids in the
blood, is a common feature of T2DM. The status of this risk factor
is quantifiable by the measurement of apolipoprotein B (ApoB)
in the blood. In a very recent study by Baileys and colleagues,
they aimed to identify novel SNPs associated with ApoB level.
Especially in South Asians, who tend to develop risk factors for
T2DM and MI at younger ages and lower BMI, they found an
association of a DPP4 SNP with ApoB level (44).

The DPP4 Deficiency in Animal Models

To date, there are several studies dealing with the question, which
role DPP4 plays in vivo. Animal models are useful tools to study
the involvement of DPP4 in different organs. Upon triggering
different diseases like insulin resistance (IR) or ML, it is possible
to understand the role of DPP4 in these comorbidities of T2DM.

DPP4 Deficiency in Rats

A major part of the literature is dealing rather with DPP4-KO in
rats than in mice. Most research groups work with the F344/DuCrj
(DPP4-deficient) strain. Rats developing IR due to high-fat diet
(HFD) feeding showed improved HOMA-IR values and blood
glucose levels in oral glucose tolerance test (0GTT) and more
active glucagon-like peptide-1 (GLP-1) and insulin in plasma
(45). The same improved glucose tolerance with increased GLP-
1 and leptin levels was found in DPP4-depleted Dark Agouti
rats with diet-induced obesity (46). Another research group also
found improvement in serum lipid profile despite increased vis-
ceral fat. They also performed insulin tolerance tests (ITT) in
addition to GTT and saw an increased phosphorylation of Akt
and reduced expression of gluconeogenic genes, concluding that
DPP4-KO improved insulin sensitivity. Furthermore, the KO rats
showed increased adipocyte maturation by increased expression
of genes involved in triglyceride uptake and in PPARY expression
and increased adiponectin and leptin levels. In addition, adipose
tissue is less inflamed illustrated by lower TNFa, IL-6, PAI1, and
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CCL7 levels (47). The observed effects were attributed to elevated
glucose-dependent insulinotropic polypeptide (GIP) levels in the
KO rats. Furthermore, the same group could also show attenuated
liver damage under HFD challenge in the KO rats due to improved
bile secretory function. They postulate that the enhanced export
of bile acids out of hepatocytes and a reduction of bile acid
synthesis via inhibition of CYP7A1, which converts cholesterol
to bile acids, were mediated by increased GLP-1 in DPP4-KO
rats (48). Interestingly, at least Yasuda and colleagues also saw
a significant reduced food intake in the KO rats irrespective of
the diet (45), which might be due to changed receptor specificity
of neuropeptide Y (NPY), which was shown to be more potent
in KO rats to influence food intake and feeding motivation (49).
Although several independent working groups saw increased NPY
levels in KO rats (49-51), the effect on food intake is controver-
sial (45, 50). When diabetes is induced via streptozotocin (STZ)
treatment in F344/DuCrj-DPP4-deficient rats, onset of hyper-
glycemia was delayed, but KO rats showed impaired creatinine
clearance and more severe dyslipidemia, which might be caused by
a dysregulated expression of factors involved in steroid and lipid
metabolism (52, 53). The authors concluded that DPP4 might be
responsible for preservation of renal function. Another effect of
the whole-body KO of DPP4 in rats is induction of behavioral
changes like a blunted stress phenotype (46, 51) and also effects
on the immune-regulatory system like blunted NK cell and T-cell
function and differential leukocyte subset composition or altered
cytokine levels (46, 47).

DPP4 Deficiency in Mice

Most of the observations already described in deficient rats are
also true in whole-body DPP4-KO mice. Marguet et al. showed
enhanced glucose tolerance, lower plasma glucose, and higher
plasma insulin and GLP-1 after a 15 min oral glucose load without
further characterizing the diet, age, or sex of the used C57BL/6
DPP4-KO mice (54). Conarello and colleagues found less weight-
gain independent of the diet, and marked hypertrophy in the
HFD-fed KO mice in epididymal white (eWAT) and brown adi-
pose tissue (BAT). Importantly, they admitted that the reduction
in caloric intake accounted for ~70% of the observed changes
in bodyweight. Although they still observed differences in the
bodyweight between KO and WT when they used pair-feeding,
they carried out their further analysis in ad libitum fed mice and
it is therefore difficult to judge the influence of DPP4 irrespective
of bodyweight. However, they found improved insulin sensitivity
and islet morphology, and improved liver biology in respect to
lipid content and marker gene expression (55). The observation
that DPP4 might be involved in the immune-regulatory system
was also investigated in DPP4-KO mice, which were treated with
pokeweed mitogen that stimulates growth and proliferation of B-
cells. DPP4 seems to be involved in maturation and migration
of immune cells, cytokine secretion, and percentages of spleen
lymphocytes (56).

All these studies have in common that they use whole-body
KO animals. The disadvantage here is that one cannot distinguish
between direct effects of the KO and side effects caused, for exam-
ple, by different immune cell status or decreased caloric intake.

To really decipher the role of DPP4 in different tissues and their
crosstalk with other target tissues, it is of great importance to study
tissue-specific KO models.

Because of this and because we were the first to describe DPP4
as a novel adipokine linked to parameters of the metabolic syn-
drome (4), we decided to develop an adipose tissue-specific KO
mouse model. The AT-specific DPP4-KO mouse was generated
using a Cre-lox strategy under control of the aP2 promoter on
the C57BL/6] background. Interestingly, we found out that KO
mice gained significantly more weight, fat, and lean mass under
HFD with no effect on energy expenditure or food intake. How-
ever, KO mice showed improved HOMA-IR and lower fasting
insulin. The observations that within AT, KO mice display a shift
toward significantly more smaller adipocytes, and an increased
expression of M2 macrophage marker genes points toward a ben-
eficial role of DPP4 deletion in adipose tissue remodeling during
HED (57, 58).

Enzymatic Function of DPP4

Dipeptidyl-peptidase 4 exerts its enzymatic action by clipping
dipeptides from the penultimate position of its substrates. The
active center, which is housed in an internal cavity, is surrounded
by the B-propeller domain and the catalytic domain. Inhibitors
and substrates enter/leave the active center by a so-called “side
opening” (59, 60). The following section deals with known sub-
strates of DPP4 in respect of T2DM, and with DPP4 as a drug
target for T2DM treatment, which will include current knowledge
on DPP4 inhibitors and the impact of DPP4 on organs involved in
complications of T2DM.

DPP4 Substrates

In theory, numerous peptides are potential DPP4 substrates since
they contain the cleavable amino acid sequence at their penul-
timate position, but not for all of them it could be shown that
DPP4 is able to cleave them in vivo. There seems to be a size
limitation at least for cytokines, where DPP4 is more prone to
cleave substrates of around 24 amino acids (aa) length. Fur-
thermore, the substrate recognition is also dependent on the aa
sequence around the penultimate position (61, 62). It turned
out to be difficult to find physiological targets of DPP4 in the
literature, reasons of that are excellently summarized in a recent
review by Mulvihill and Drucker (6). We decided to focus here
on the (potential) substrates of DPP4, which might play a role
in T2DM or its complications. The list of DPP4 substrates men-
tioned here is not fully complete and aims to highlight the impor-
tance of DPP4 in T2DM also beyond its well-known incretin
effect.

Incretin Hormones

The incretin hormones account for approximately 50% of the
insulin secretion after meal intake and are secreted from the gut
within minutes after the meal intake. Through binding to distinct
receptors on beta cells in the pancreas, they stimulate insulin
secretion and suppress glucagon release depending on the blood
glucose level. Most potent in their glucose-lowering action are
glucagon-like peptide 1 (GLP-1) and GIP. Both peptides belong
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to the same glucagon peptide superfamily and share significant aa
character.

Glucagon-like peptide-1 is secreted from L-cells of the gut
into the bloodstream. Upon binding to G-protein-coupled recep-
tors on the beta cells, intracellular cAMP level is elevated and
the protein kinases, Epacl and 2, are activated, which leads to
an increase of insulin secretion. Furthermore, GLP-1 enhances
beta-cell mass by mediating proliferation and differentiation and
inhibiting apoptosis (8). By inhibiting gastric emptying, GLP-1
also improves blood sugar excursion, delays food absorption, and
is therefore a regulator of satiety and appetite also through the
hypothalamus (63).

Glucose-dependent insulinotropic polypeptide is a 42 aa pep-
tide, which mainly originates from enteroendocrine K cells (64).
Subjects with diabetes or impaired glucose tolerance show sig-
nificantly reduced levels of meal-stimulated circulating GIP and
the levels are negatively correlated with the severity of IR in
the patients (65, 66). GIP has, in contrast to GLP-1, no effect
on glucagon secretion, but also regulates fat metabolism in
adipocytes (67).

Since inhibition of DPP4 due to genetic deletion or use of DPP4
inhibitors was shown to elevate GLP-1/GIP levels in numerous
studies, this effect is the main focus of developing therapeutic
targets for treatment of T2DM. There are numerous reviews,
which focus on DPP4- and GLP-1-mediated effects, and this topic
will not be further discussed here.

Stromal Cell-Derived Factor-10/CXCL12

Stromal cell-derived factor-1 (SDF-1) is a chemokine that pro-
motes angiogenesis and attracts endothelial progenitor cells (EPC)
by binding to its receptor C-X-C motif chemokine receptor type
4 (CXCR4). SDF-1 is thus discussed in the literature as important
mediator of cardioprotective effects addressed to the use of DPP4
inhibitors (further discussed in “DPP4 Substrates: SDF-1- and
BNP-Dependent Effects of DPP4 Inhibitors”). It is a well-known
physiological target of DPP4 (68, 69). SDF-10. also plays a role in
diabetes itself by protecting stem-cell-derived insulin-producing
cells from glucotoxicity under high glucose conditions (70) or
promoting pancreatic beta-cell survival in mice via Akt activation
(71). Furthermore, it was shown that some genetic variants of
SDEF-1o are associated with late stage complications in T2DM
patients (72, 73).

NPY and PYY

Neuropeptide Y and peptide YY are members of the polypeptide
family. They are highly expressed in the hypothalamus but are also
present in peripheral tissues like islets. NPY regulates energy bal-
ance, memory, and learning, while PYY reduces appetite, inhibits
gastric motility, and increases water and electrolyte absorption
in the colon (74). Both NPY and PYY play a role in beta-
cell survival and in glucose homeostasis (74). NPY is able to
suppress insulin secretion acutely (75). Both polypeptides have
in common that DPP4 truncation shifts their receptor speci-
ficity and thus alters their biological role in different cellular
processes. In vitro experiments in adipocytes could show that
DPP4 inhibition has an impact on lipid metabolism mediated by
NPY (76, 77).

Substance P

Substance P is a physiological target of DPP4, which is sequentially
converted to SP (3-11) and SP (5-11) in vivo in F344-DPP4-
positive rats (78). SP is a neurotransmitter and modulator, which
is involved in neurogenic inflammation. Serum levels in diabetes
are controversially discussed with one study showing a decrease
in diabetic patients (79), and another one showing an increase in
fasting blood samples with correlation to diabetic risk factors like
BMI and blood pressure (80). This discrepancy in serum levels
could be addressed to the fact that it is not always stated which
form of SP (full length versus truncated) is measured. However,
SP was shown to promote IR in vitro in human preadipocytes
by interacting with proteins that are involved in the inhibitory
phosphorylation of IRS-1. Furthermore, SP can directly inhibit
insulin-dependent glucose metabolism in rat adipocytes (81). SP
also promotes diabetic corneal wound healing, as shown by Yang
and colleagues (82).

Brain Natriuretic Peptide

Brain natriuretic peptide is responsible for vasodilation, natriure-
sis, and suppresses renin secretion. It is so far only a predicted
DPP4 substrate, which was cleaved in vitro by DPP4 to BNP
(3-32). This truncation was inhibited by a DPP4 inhibitor in a
dose-dependent manner (83). Truncated forms of BNP with lower
enzymatic activity are discussed as an indicator of heart failure
severity. In 2013, dos Santos et al. could show an improved cardiac
performance in sitagliptin-treated rats, which they attributed to
increased levels of active BNP (84).

Pituitary Adenylate Cyclase-Activating Polypeptide
Pituitary adenylate cyclase-activating polypeptide (PACAP) is
very rapidly degraded by DPP4 to the fragments (3-27), (5-27),
and (6-27). These fragments lack PACAPs insulinotropic ability,
but are no feasible treatment options for T2DM because of their
actions on glucose homeostasis and glucagon secretion (85). Sev-
eral studies have shown that PACAP is a powerful stimulator of
insulin secretion, which enhances glucose uptake in adipocytes
and augments antilipolytic action of insulin (86, 87). After DPP4-
inhibitor treatment in mice, PACAP-induced insulin secretion
was enhanced (88). However, a proof that PACAP also plays a role
in humans is lacking so far.

Regulated on Activation, Normal T-Cell Expressed
and Secreted/CCL5

Regulated on activation, normal T-cell expressed and secreted
(RANTES) recruits leukocytes into inflammatory sites and is
cleaved by DPP4 to RANTES (3-68). Due to this truncation,
RANTES (3-68) is not able anymore to increase cytosolic calcium
concentrations and to induce chemotaxis of human monocytes
in vitro. This is explained by a shift in receptor subtype-specificity
toward enhanced activation of CC-motif-chemokin-receptor 5
(CCR5) (89). Elevated serum levels of RANTES in T2DM are
associated with post-prandial hyperglycemia (90). Interestingly,
RANTES and its receptor CCR5 are important mediators of
obesity-induced inflammation, which was shown in CCR5-KO
mice (91). Levels of RANTES and CCR5 were reduced in adipose
tissue of obese patients upon exercise (92). RANTES reduces
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glucose-stimulated GLP-1 secretion in vitro and in vivo in mice,
by acting most probably through the intestinal glucose transporter
SGLT1 (93).

Eotaxin/CCL11

Eotaxin mediates mobilization of eosinophils into the blood-
stream, which was shown to be increased in DPP4-deficient F344
rats (94). DPP4 cleaves eotaxin to eotaxin (3-74). However, there
was no significant correlation of eotaxin seen in patients with
T2DM or impaired glucose tolerance in the KORA cohort (95).

DPP4 as a Drug Target for the Treatment of T2DM
Deactivation of DPP4 Enzymatic Activity

DPP4 inhibitors

Major DPP4 substrates are the so-called incretin hormones, which
are key regulators of post-prandial insulin release. DPP4 inhibi-
tion leads to greater bioavailability of these proteins and therefore
prolongs the half-life of insulin action. The majority of effects
seen upon DPP4-inhibitor treatment are ascribed to an increase
in GLP-1 levels. Because of this, DPP4 became a major target for
the treatment of T2DM. This section deals with the most recent
knowledge around DPP4 inhibitors, their mode of action - if
known - and the newest developments in the inhibition of DPP4
enzymatic activity. There are numerous modifications and poten-
tial optimizations of the five so far approved gliptins reported.
However, most of them are not in clinical trials yet and not much
is known about their advantage in a head to head comparison to
established gliptins. Therefore, we decided to focus on the most
recent data on approved gliptins in this review. The data are also
summarized in Table 1.

Dipeptidyl-peptidase 4 inhibitors lower DPP4 activity by
70-90%. They do not pass the blood-brain barrier and have
no direct effect on satiety or on altering gastric emptying
(8). The benefit for diabetes therapy clearly is their indiffer-
ence on bodyweight gain and the low risk of hypoglycemia.
There are five gliptins approved so far for clinical use, namely
sitagliptin, vildagliptin, saxagliptin, linagliptin, and alogliptin.
Three more gliptins, teneligliptin, anagliptin, and trelagliptin are
only approved in the Japanese and Korean market. Despite the
same mode of action, the different gliptins diverge in their phar-
macodynamic and pharmacokinetic properties, which might be
clinically relevant for some patients (9, 96). The peptide mimetic
compounds, vilda-, saxa, and teneligliptin, were identified by

TABLE 1 | Summarized properties of gliptins.

replacement experiments of peptide-based substrates, whereas the
non-peptide mimetic compounds, sita, alo-, and linagliptin, were
derived from initially found inhibitors of random screenings. The
diverse chemical structures also explain the unique binding modes
of the inhibitors to DPP4 (10).

The six inhibitors have been classified into three classes
depending on their different binding modes in the DPP4 active
center (10). Class 1 contains vilda- and saxagliptin, which only
bind to the S1 and S2 subsites and form a covalent bond with
the nitrile group of their cyanopyrrolidine moiety and Ser630 of
DPP4. Saxagliptin has a fivefold higher activity in blocking DPP4
than vildagliptin. Group 2 contains alo- and linagliptin, which
also interact with the S1’ subsite or even in case of linagliptin
with the S2” subsite. The uracil rings of both gliptins induce a
conformational change in the Tyr547 of the S1” subsite. Because
of the additional interaction of linagliptin with S2’ subsite, it
has an eightfold higher activity than alogliptin. The third class
has the highest inhibitory function toward DPP4, because both
sita- and teneligliptin interact with the S2-extensive subsite of
the DPP4 active center, and an increasing number of interactions
seems to increase the potency of the gliptin (10). Teneligliptin,
which is only approved for T2DM treatment in the Japanese and
Korean market so far, also has a unique structure characterized
by a J-shape and an anchor-lock domain, which explains the
strong inhibitory function and the low ICso value of this drug
[for review, see Ref. (97)]. The binding of the DPP4 S2-extensive
subsite of some inhibitors also guarantees a high specificity toward
DPP4 since other close-related peptidases like DPP8, DPP9, and
FAP lack this subsite. All DPP4 inhibitors have in common that
they build salt bridges with Glu-residues in the S2 subsite (10).
At least for sitagliptin, it is also known that it lowers the level
of free fatty acids (FFA) and thereby also comprises insulin-
sensitizing properties (98). Furthermore, sitagliptin was shown to
have potent anti-inflammatory properties by suppressing expres-
sion of pro-inflammatory genes in mouse and humans (98, 99).
In patients with renal impairment, which is a very common
complication of T2DM, sitagliptin is more suitable than sulfony-
lureas (100). Anagliptin, which is only approved since 2012 in the
Japanese market, seems to have serum lipid-lowering and anti-
atherogenic actions as well, which makes it unique among the
gliptins approved so far (101, 102). Anagliptin has an IC50 of
3.3nM and its main excretion route is renal elimination (101,
103). However, since this gliptin is only on the market since 2012,

Inhibitor Approved since Binding mode Kind of inhibition Route of excretion IC50 value Reference
Sitagliptin 2006 FDA S1, S2, and S2 Competitive inhibition Mostly renal route 19nM (10, 98-100)
extensive subsites

Vildagliptin 2007 European Only S1 and S2 subsite Substrate—enzyme blocker Mostly renal route 62nM (10, 209)
medicines agency

Saxagliptin 2009 FDA Only S1 and S2 subsite Substrate—enzyme blocker Mostly renal route 50nM (10, 209)

Linagliptin 2011 FDA S1, 82, and S1/ subsites - Through biliary route 1nM (10)

Alogliptin 2013 FDA S1, 82, and S1” subsites Competitive inhibition Mostly renal route 24nM (8, 10)

Teneligliptin 2012 Japan S1, 82, and S2 Very potent because of unique anchor- Mostly renal route 0.37nM 97)
2014 Korea extensive subsites lock domain and J-shape of molecule
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comparative head-to-head trials and data on the long-term use
are missing at the moment. Shinjo and colleagues demonstrated
that anagliptin exerts anti-inflammatory effects on macrophages
and adipocytes in vitro and on inflamed mouse livers in vivo.
In this very recent study, anagliptin was more potent in its anti-
inflammatory actions than sitagliptin (104). To improve the qual-
ity of life of T2DM patients, development of novel agents now
is more and more focused on long-acting agents. There are two
more gliptins, which only have to be applied once weekly, namely
SYR-472 (trelagliptin) and MK-3102 (omarigliptin) (105, 106).
Trelagliptin is approved in Japan since 2015.

Although some authors claim that DPP4 inhibitors are only
beneficial in early stages of diabetes, this could be rebutted by
the work of Kumar and Gupta (107). They could show beneficial
effects of three gliptins (sita-, saxa-, and vildagliptin) in lower-
ing HbAlc also in patients with longstanding T2DM for more
than 10 years. Thus, DPP4 inhibition also plays an important role
irrespective of the duration of diabetes.

What has to be mentioned in respect of the beneficial roles
of DPP4 inhibitors is that more and more studies about their
beneficial pleiotropic effects are upcoming, which are also dis-
cussed in the following section of this review dealing with different
organs. There are reports that gliptins themselves have effects
on lipid profile and blood pressure as well as on inflammatory
processes (108). In addition to the incretins, there are some DPP4
substrates, like SDF-1c, which might explain potential cardio-
protective effects, which are discussed for gliptins. However, car-
diovascular outcomes are still widely debated and controversially
evidenced. Ongoing long-term studies will further shed light on
the respective role of DPP4i beyond glucose homeostasis. Fur-
thermore, one has to keep in mind that also DPP4 has direct
effects independent of its enzymatic activity, like activation of
downstream signaling events upon receptor binding, which are
not well understood so far. Which role DPP4 inhibition plays
on T2D relevant organs/comorbidities will be the topic of the
following sections.

Alternative modes of DPP4 inhibition
Very recently, Pang and colleagues published a different strategy to
inhibit DPP4 activity. They used DPP4-targeted immune therapy
by vaccines in a C57BL/6] mouse model and were able to show
comparable effects like in treatments with gliptins regarding GLP-
1 plasma levels and post-prandial glucose excursion and insulin
sensitivity in HFD-fed mice. Furthermore, they observed no side
effects on immune cell activation by the DPP4 vaccine. An advan-
tage of this method is the long-lasting effect of the vaccine in the
mouse model, which could, if transferable to human patients, be
a convenient alternative to the daily intake of gliptins (109).
Further research in developing alternatives toward Gliptins
especially for long-acting medications would be an interesting
new approach to improve lifestyle of patients.

Incretin-Based Therapies: Comparing

DPP4i and GLP-1 Analogs

It is well accepted that incretin-based therapies are able to lower
blood glucose levels and are therefore a treatment option for
T2DM. There are mainly two approaches to target the incretin

system (1) via inhibiting the enzymatic action of DPP4 and
thereby upregulating GLP-1 levels physiologically and (2) via
increasing GLP-1 levels pharmacologically. While GLP-1 receptor
agonists (GLP-1-RA) directly target GLP-1, GLP-1-independent
effects are also possible with the use of DPP4 inhibitors (DPP4i).
These drugs might also affect the level of other DPP4 substrates
and might therefore have a more complex mode of action.

However, there have been a lot of attempts to compare the
effects of GLP-1-RA versus DPP4i in clinical studies. The results of
these head-to-head comparisons are summarized in many current
reviews (110-114). Most of these comparative studies agree that
GLP-1 analogs are more effective in respect of glycemic con-
trol. Both incretin-based therapies are equally potent in lowering
blood pressure and total cholesterol (110). Furthermore, both have
the advantage of low incidence of hypoglycemia (110, 111). The
results for body-weight lowering effects of DPP4i are heteroge-
neous throughout the studies (113), whereas beneficial effects
on body-weight are well accepted for GLP-1-RA (110-112, 114).
Therefore, some authors tend to prefer GLP-1-RA over the use of
DPP4i (112). However, one should be aware of the fact, that GLP-
1-RA have a higher incidence of gastrointestinal adverse events
like nausea (110, 112, 114), which might be disadvantageous for
elderly people who may be more prone to these side effects (114).

Furthermore, there are reports that DPP4i might also have car-
dioprotective effects (113), which will also shortly be discussed in
section “Effect of DPP4 Inhibition on the Cardiovascular System”
of this review. Despite the clear beneficial effects of incretin-based
therapies, there are also concerns reported in respect of the risk for
long-term complications like pancreatitis (115). These potential
risks might, however, outweigh the benefits. These controversial
discussions are well summarized by the reviews of Nauck and
Butler (115, 116).

To really assess which medication is of more importance always
depends on the special patient characteristic.

Impact of DPP4 on T2DM-Relevant Organs
and Associated Comorbidities

Dipeptidyl-peptidase 4 inhibitors exert glucose regulatory actions
by prolonging the effects of GLP-1 and GIP, ultimately increas-
ing glucose-mediated insulin secretion and suppressing glucagon
secretion (117). Beside the glucose-lowering properties of DPP4
inhibitors, emerging evidence suggests that incretin-based ther-
apies may also have a positive impact on inflammation, cardio-
vascular and hepatic health, sleep, and the central nervous system
(118). However, the underlying mechanisms of these effects can-
not be fully explained by lower blood glucose levels or increased
GLP-1 bioavailability or signaling, and has to be further eluci-
dated. Thus, the next section is focused on the role of DPP4 action
in T2DM-relevant organs and associated comorbidities.

Adipose Tissue

Adipose tissue is the primary storage organ for excess energy.
While the role of adipose tissue as a central source of energy
has been recognized for centuries, in the past decade, it has
become increasingly clear that adipose tissue also displays char-
acteristics of an endocrine organ releasing a number of adipose
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tissue-specific factors, known as adipokines. During the progres-
sion of obesity, the ability of adipocytes to function as endocrine
cells and to secrete multiple biologically active proteins is affected
(119). Thus, adipose tissue has been shown to be a central driver of
T2DM progression, establishing and maintaining a chronic state
of low-level inflammation (120).

DPP4 Expression and Release Within Adipose Tissue
Recently, we showed that DPP4 is highly expressed in human
primary adipocytes (4). Furthermore, DPP4 expression in adipose
tissue is increased in obese compared to lean individuals in both
subcutaneous and visceral adipose tissue (4, 5). Interestingly,
visceral fat of obese patients exhibits the highest DPP4 level.
According to the increased expression, we could identify sDPP4
as a novel adipokine released from primary human adipocytes.
In vitro, the DPP4 release increased substantially during fat cell
differentiation, and comparison with preadipocytes and adipose
tissue, macrophages showed that adipocytes most likely represent
the major source of DPP4 released from the intact organ to the
circulation. Furthermore, the release of sDPP4 was elevated in
adipose tissue explants of obese patients compared to lean controls
and correlates with various classical markers of the metabolic syn-
drome, namely BMI, waist circumference, plasma triglycerides,
and HOMA as an index of IR, as well as with fat cell volume and
the adipokine leptin (4, 5).

How DPP4 expression affects adipocyte homeostasis can only
be speculated. DPP4 might be involved in adipose tissue lipolysis.
DPP4 recruits ADA, a monomeric enzyme catalyzing deamina-
tion of adenosine to inosine and ammonia (121, 122). It has been
shown that DPP4-bound ADA has a 1000-fold greater activity
than free ADA (123), which in turn may modulate the well-
established antilipolytic effects of adenosine. Moreover, DPP4
is a strong inhibitor of the antilipolytic activity of NPY (76),
which is one of the best peptide substrates of the enzyme (89). In
this regard, Rosmaninho-Salgadoa and colleagues demonstrated
that DPP4 stimulates lipid accumulation and PPAR-y expression
through cleavage of NPY suggesting that sDPP4 might stimulate
adipocyte differentiation (77). However, it is noteworthy that the
authors of this study were using tremendously high and non-
physiological concentrations of sDPP4. On the contrary, a recent
published study showed that DPP4 expression was strongly upreg-
ulated during adipocyte dedifferentiation in vitro. Hence, the
authors concluded that DPP4 might be a major component in
adipose tissue remodeling and cell plasticity (124). Nevertheless,
enhanced abundance of DPP4 within adipose tissue of obese
subjects may be involved in adipose tissue remodeling and sub-
stantially augments the lipolytic activity of enlarged adipocytes
(57, 58).

Moreover, dendritic cells and macrophages resident in visceral
adipose depots exhibit an increased DPP4 expression in response
to inflammation or in the obese state (28). Since it is known that
DPP4 exerts immunomodulating properties, Zhong et al. showed
that membrane-bound DPP4 is co-localized with membrane-
bound ADA on human dendritic cells resulting in an increased T-
cell proliferation (28). Thus, it can be speculated that DPP4 might
also play an important role in the chronic low-grade inflammation
taking place in obesity and T2DM.

Adipose Tissue as Relevant Source of Circulating
DPP4

Serum levels of sDPP4 are altered in many pathophysiologic
conditions, including different types of cancer, allergic asthma,
or hepatitis C (7). Our group was the first analyzing circulat-
ing sDPP4 in the context of obesity and the metabolic syn-
drome. DPP4 serum levels of morbidly obese men are elevated
compared with lean controls and significantly correlated with
BMI, the size of adipocytes in subcutaneous and visceral fat,
and the adipocyte hormones adiponectin (negatively) and leptin.
These data suggest that sDPP4 is related not only to increased
body weight but also to other important parameters of adipose
tissue physiology. In addition, sDPP4 release and serum con-
centration can be reversed to normal levels by surgery-induced
weight loss (4). Thus, in obesity, both circulating levels of sDPP4
and sDPP4 release by adipose tissue are increased and correlate
strongly with the metabolic syndrome but can be reduced to
control levels by substantial weight loss. Thus, indicating that
enlargement of visceral adipocytes in obesity may substantially
contribute to the augmented level of circulating sDPP4 in obese
patients.

Endocrine Effects of Soluble DPP4

Although there is clear evidence that increased circulating levels of
sDPP4 are associated with hallmarks of obesity and type diabetes,
such as whole-body IR, elevated BMI, and adipocyte hypertrophy,
there are only few studies investigating the endocrine effects of
sDPP4. We were the first showing that DPP4 consistently impairs
insulin signaling at the level of Akt in primary human adipocytes
(4). Enzymatic activity of sDPP4 appears to be involved in this
process; however, since this work was done in vitro, it is most
unlikely that the sDPP4-induced impairment of insulin action
is due to an increased bioavailability of any DPP4 substrate. It
might rather be that DPP4 inhibitors may also affect the binding
properties of sDPP4 to its receptors, namely M6P/IGFII receptor
(38) or PAR2 (39). For the latter, it is not only known that PAR2
signaling induces IR in adipocytes (125), but PAR2 might also be
a substantial contributor to inflammatory and metabolic dysfunc-
tion (126). Although there is a hint that circulating sDPP4 itself
might affect adipose tissue function, the exact mechanism has to
be further investigated.

Impact of DPP4 Inhibition on Adipose Tissue

To further investigate the role of DPP4 in adipose tissue, several
studies with DPP4 inhibitors were conducted. Interestingly, the
administration of the DPP4-inhibitior des-fluoro-sitagliptin ame-
liorates linoleic acid-induced adipose tissue hypertrophy in -cell-
specific glucokinase haploinsufficient mice, a model of non-obese
T2DM (127). Moreover, des-fluoro-sitagliptin protects against
linoleic acid-induced adipose tissue inflammation illustrated by
CD8™T T-cell infiltration. Due to the loss of GLP-1 receptors in
adipose tissue, the authors exclude the involvement of GLP-1 and
claim that the observed effects are due to the huge variety of
DPP4 substrates. Thus, DPP4 inhibition might have pleiotropic
effects in adipose tissue. A similar outcome has been observed
in C57BL/6 mice fed a HFD. After linagliptin treatment, a sig-
nificantly lower expression of the macrophage marker F4/80 was
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found compared with vehicle treatment. In line with these data,
the authors demonstrated an increased insulin sensitivity after
linagliptin treatment suggesting that DPP4 and adipose tissue
inflammation play a pivotal role in the induction of IR. In 3T3-
L1 cells, a murine predipocyte cell line, Rosmaninho-Salgado
et al. demonstrated that the DPP4-inhibitor vildagliptin reduces
lipid accumulation by inhibiting adipogenesis, without affecting
lipolysis through NPY cleavage and subsequent NPY Y2 receptor
activation (77).

With the recognition that adult humans also have BAT, an
organ with substantial capacity to dissipate energy, BAT gained
considerable interest as a novel target to treat or prevent obesity
and its associated diseases. In 2013, the group around Shimasaki
was the first reporting that des-fluoro-sitagliptin attenuated body
adiposity, without affecting food intake, in C57BL/6 mice with
diet-induced obesity (128). The increase in energy expenditure
could be explained by enhanced levels of PPAR-a, PGC-1, and
uncoupling protein-1 (UCP-1) in BAT as well as elevated lev-
els of proopiomelanocortin in the hypothalamus. The beneficial
effects of des-fluoro-sitagliptin on energy expenditure could only
partly be ascribed to increased GLP-1 levels and have to be
further validated. Shortly afterward, Fukuda-Tsuru et al. could
confirm these data in the same animal model by administra-
tion of teneligliptin (129). Moreover, in this study, teneligliptin
also reduces fat mass and suppresses HFD-induced adipocyte
hypertrophy.

Collectively, there is clear evidence that DPP4 expression
and release by adipose tissue play a key role in obesity and
T2DM-associated processes, such as inflammation, adipocyte
hypertrophy, and IR. However, the underlying mechanism of
these beneficial effects is not fully understood and remains unclear
in most of the publications.

Pancreatic Islets

[3-cells play a central role in the etiology of T2DM. Due to failure of
B-cell sensitivity to glucose and loss of B-cell mass, insulin secre-
tion of these cells is not sufficient to counter balance IR, finally
leading to T2DM. Although DPP4 inhibitors are now widely used
for glycemic control, many debates are ongoing about their exact
mode of action and their beneficial effects on pancreatic B cells.

Regulation of DPP4 Expression Within Pancreatic
Islets

Interestingly, within the pancreatic islets, DPP4 localization dif-
fers between species. Islets of rodents showed a near-exclusive
expression of DPP4 in B cells, with little expression in a-cells. In
contrast, human and pig islets express DPP4 almost exclusively
in o cells (130, 131). The species difference in the localization of
DPP4 expression, and the possible physiological consequence of
that difference, is unclear. Moreover, in a recent published study,
it has been demonstrated that DPP4 activity was detectable in
the conditioned medium of human islets suggesting that DPP4
is released from human islets as well (132). Under pathological
conditions, islets of obese mice chronically fed a HFD that exhibit
an increased DPP4 activity. The contrary was found in human
islets from type 2 diabetic donors, showing a decreased DPP4
activity (131).

Impact of DPP4 Inhibition on Pancreatic Islets
Accumulating in vitro and pre-clinical data show that DPP4 inhi-
bition has beneficial effects on T2DM induced B-cell dysfunction
and apoptosis. Omar and colleagues demonstrated that DPP4
is not only present and active in mouse and human islets, but
inhibition of islet DPP4 activity also has a direct stimulatory
effect on insulin secretion, which is GLP-1 dependent (131). The
same effect could be observed with a 2-week des-fluoro-sitagliptin
treatment leading to increased insulin exocytosis by B cells from
db/db diabetic mice (133). Furthermore, it could be shown that
DPP4 inhibition is clearly associated with significantly increased
[-cell mass and function in several models of T2DM (134-136).
These beneficial effects were associated with the transcriptional
activation of anti-apoptotic and pro-survival genes, as well as the
suppression of pro-apoptotic genes in B cells (137). Additionally,
Shah and collaborators showed that the DPP4-inhibitor linagliptin
protects isolated human islets from gluco-, lipo-, and cytokine-
toxicity (132). Accordingly, Akarte et al. reported anti-oxidative
properties of vildagliptin shown by a dose-dependent decrease
in nitric oxide concentrations in both serum and pancreatic
homogenates of vildagliptin-treated diabetic rats (138).

Beside these pre-clinical and in vitro studies, only few are
known about the beneficial effect of DPP4 inhibitors on [ cells in
human. In the short-term, 12-weeks vildagliptin treatment leads
to a small increase in the capacity for insulin secretion (139).
Treatment with vildagliptin over a longer period of time could
also confirm an increased B-cell function in humans as a result
of improved sensitivity of B cells to glucose (140, 141). However,
this effect was not maintained after washout period, indicating
that this increased capacity was not a disease modifying effect on
beta cell mass and/or function. In the SAVOR-TIMI 53 trial, which
was originally performed to assess the cardiovascular safety of
saxagliptin, Leibowitz and colleagues recently reported that DPP4
inhibition may attenuate the progression of diabetes (142). This
was evidenced by a decreased requirement for intensification of
treatment associated with better preservation of glycemic control,
as well as better sustained f-cell function as reflected in the fasting
HOMA-2f during the 2-year follow-up period.

The exact mechanism how DPP4 inhibitors augment insulin
secretion and increase B-cell mass in vitro and in vivo is still not
fully understood, since not all these effects could be explained by
elevated GLP-1 level or improved glycemic control associated with
less glucotoxicity.

Liver

Non-alcoholic fatty liver disease (NAFLD) describes a disorder
with excessive deposition of fat within the liver with increasing
prevalence in parallel to obesity and diabetes, which are major
risk factors for NAFLD (143). Indeed, NAFLD is now the most
common cause of chronic liver disease (144) and is present in
one-quarter to one-half of diabetes patients (145). In the obese
state, elevated triglyceride degradation in adipose tissue causes
an increased hepatic uptake of fatty acids leading to fat accu-
mulation within the tissue. Furthermore, reactive oxygen species
(ROS), produced during lipid oxidation, are assumed to induce
hepatocyte death and inflammatory reactions. Liver cirrhosis can
be defined as the end stage of chronic liver diseases and is caused
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by progressive fibrosis. This process is characterized by excessive
accumulation of ECM and activated hepatic stellate cells (146,
147) that ultimately results in nodular regeneration with loss of
function (148).

Regulation of DPP4 Expression in the Liver

Although DPP4 exhibits a widespread organ distribution, the
liver is one of the organs that highly expresses DPP4 (149). In
the healthy human liver, intense staining for DPP4 was found in
hepatic acinar zones 2 and 3, but not in zone 1. This heterogeneous
lobular distribution suggests that DPP4 might be involved in
the regulation of hepatic metabolism (150). Furthermore, mRNA
expression levels of DPP4 were significantly increased in NAFLD
livers compared to that in control livers (151). In accordance to
that, DPP4 expression levels of NAFLD patients were negatively
correlated with HOMA-IR and BMI, and positively correlated
with total cholesterol levels, but not with ALT, lactate dehydro-
genase (LDH), or triglyceride levels. Moreover, under conditions
of high glucose, DPP4 expression was increased in HepG2 cells.
However, other nutritional conditions, such as high insulin or the
presence of fatty acids and cholesterol, did not affect DPP4 expres-
sion in these cells. Thus, the authors claim that enhanced DPP4
expression in NAFLD liver may rather be associated with IR than
triglyceride accumulation and may promote the progression of
liver disease via subsequent deteriorations in glucose metabolism.
How increased DPP4 expression might affect liver function is still
unknown. There are only a few hints that DPP4 might play arole in
fibronectin-mediated interaction of hepatocytes with extracellular
matrix (2, 36, 152). Beside DPP4 expression, there is only indirect
evidence that hepatocytes also release DPP4 to the circulation,
which will be further discussed in the next section.

Serum Level of DPP4 in Liver Disease

As previously discussed, hepatic DPP4 mRNA expression level in
the livers is significantly higher in patients with NAFLD compared
to healthy subjects (151). This upregulation of hepatic DPP4
expression is thought to be responsible for elevated DPP4 serum
level in patients with liver disease (153-155). In line with this
observation, serum DPP4 activity can be correlated with hep-
atic steatosis and NAFLD grading (156). Similarly, in patients
with NAFLD, DPP4 activity in serum correlates with markers of
liver damage, such as serum gamma-glutamyltranspeptidase and
ALT levels, but do not correlate with fasting blood glucose levels
and HbA1c values (156, 157). Thus, hepatic DPP4 expression in
NAFLD may be directly associated with increased DPP4 serum
level and may be involved in hepatic lipogenesis and liver injury.

Impact of DPP4 Inhibition on Liver Function

Since DPP4 inhibitors are widely used in clinical practice, this
drug was also investigated as a potential new therapeutic strategy
against the development of liver fibrosis and steatosis. Kaji and
collaborators demonstrated that sitagliptin markedly inhibits liver
fibrosis development in rats via suppression of hepatic stellate
cell proliferation and collagen synthesis (158). These suppressive
effects were associated with dephosphorylation of ERK1/2, p38,
and Smad2/3 in the hepatic stellate cells. Additionally, hepatic
steatosis could be prevented in several different animal models

by DPP4 inhibition (127, 159, 160). Shirakawa and colleagues
studied the effects of sitagliptin in glucokinase + diabetic mice
with diet-induced hepatic steatosis (127). Here, sitagliptin pre-
vented fatty liver in both wild-type and glucokinase + mice paral-
leled by decreased expression of sterol regulatory element-binding
protein-1c, stearoyl-CoA desaturase-1, and fatty acid synthase,
and increased expression of peroxisome proliferator-activated
receptor-o in the liver. Furthermore, in a mouse model of non-
alcoholic steatohepatitis, further studies indicated that linagliptin
improves insulin sensitivity and hepatic steatosis in mice with
diet-induced obesity (161) and ameliorates liver inflammation
(162). The underlying mechanism of these beneficial effects has
been further investigated by Ohyama et al. in 0b/ob mice (163).
The novel DPP4-inhibitor MK-0626 attenuates hepatic steatosis
by enhancing AMPK activity, inhibiting hepatic lipogenic gene
expression, increasing triglyceride secretion from liver, and ele-
vating serum adiponectin levels.

Clinical data are very limited; however, several non-
randomized trials conducted in small groups of diabetic
patients demonstrated that DPP4 inhibitors improved the levels
of liver transaminases and liver fat (164-166). Accordingly,
Iwasaki et al. found a decrease in ballooning and non-alcoholic
steatohepatitis scores in post-treatment liver biopsies (165, 166).
Recently, in a comprehensive retrospective review of 459 type
2 diabetic patients, treated with DPP4-inhibitors, it was shown
that DPP4 inhibitors improved the abnormality of the liver
transaminases AST and ALT independent of HbAlc and body
weight (167). Again in the majority of publications, the authors
postulate that these beneficial actions were mediated through
potentiation of direct GLP-1 actions on hepatocytes; however,
it seems unlikely that hepatocytes express the canonical GLP-1
receptor (168).

In conclusion, accumulating studies indicate that DPP4
inhibitors are clinically useful for patients with T2DM accom-
panied by liver dysfunction based on fatty liver, and that DPP4
inhibition affects liver function regardless of diabetic status and
obesity.

Cardiovascular System

Cardiovascular complications (CVD) are common in patients
with T2DM and a major cause of mortality (169). Atheroscle-
rosis is the dominant cause of CVD and usually develops many
years before any clinical symptoms are manifested. The underly-
ing pathogenesis of atherosclerosis involves an imbalanced lipid
metabolism and a maladaptive immune response entailing a
chronic low-grade inflammation of the arterial wall. Endothe-
lial cells and intimal smooth muscle cells represent the major
cell types of the artery wall preserving vessel wall homeosta-
sis. Together with leukocytes, they are the major players in the
development of this disease. Beside atherosclerosis, T2DM also
exacerbates heart failure associated with diastolic heart failure and
coronary microangiopathy (170-172).

Regulation of DPP4 Expression and Release

in Vascular Cells

Dipeptidyl-peptidase 4 is expressed in both microvascular
endothelial cells of different human tissues, such as liver, spleen,
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lung, brain, heart (170, 172), and in human vascular smooth
muscle cells (3). Under conditions of high glucose, DPP4 expres-
sion and activity were increased in human glomerular endothelial
cells (173). Additionally, in STZ-induced diabetic rats, activity of
membrane-bound DPP4 was increased, thereby reducing cardiac
SDF-1 concentrations and causing impaired angiogenesis (174).
Also hypoxia has been shown to regulate DPP4 expression in
vascular cells. Regarding endothelial cells, there are conflicting
data on the influence of hypoxia on DPP4 expression. In human
microvascular endothelial cells as well as human umbilical vein
endothelial cells, Eltzschig and colleagues showed that hypoxia
increased DPP4 mRNA and protein level (175), whereas another
study by Shigeta et al. observed a decreased protein level of DPP4
under hypoxic conditions in the same cells (174). However, in
human vascular smooth muscle cells, we observed an increased
DPP4 expression in response to hypoxia (3). In this particular
study, we could also show that DPP4 is released from human
vascular smooth muscle cells. However, only very little is known
about the physiological role of the membrane-bound DPP4 within
the vasculature. There is only one study showing that DPP4
forms a complex with ADA capable of degrading extracellular
adenosine to inosine in endothelial cells. Increased inosine levels
in turn are known to induce vasoconstriction due to mast cell
degranulation (176).

Effect of DPP4 Inhibition on the
Cardiovascular System
In several in vitro and pre-clinical studies, DPP4 inhibitors have
been shown to exert important protective effects on the cardio-
vascular system. In this regard, it has been shown that DPP4
inhibitors decrease myocardial infarct size, stabilize the cardiac
electrophysiological state during myocardial ischemia, reduce
ischemia/reperfusion injury, and prevent left ventricular remod-
eling following MI (177, 178). Additionally, DPP4 inhibitors also
exert vascular protective properties, including anti-inflammatory
and anti-atherosclerotic effects and the ability to induce vascular
relaxation (179, 180). To confirm cardiovascular safety or even
protection of DPP4 inhibitors in humans, several cardiovascular
outcome studies were conducted. However, several clinical trials,
namely SAVOR-TIMI 53, EXAMINE, or VIVIDD in patients
with established cardiovascular disease failed to confirm a cardio-
protective effect (181-183). Even an increased cardiovascular risk
for DPP4 inhibitors was discussed, since in the SAVOR-TIMI 53
trial, a significant increased hospitalization due to heart failure in
the saxagliptin-treated group was observed. However, in the most
recent published outcome study TECOS, the authors could show
that among patients with T2DM and established cardiovascular
disease, sitagliptin did not appear to increase the risk of major
adverse cardiovascular events, hospitalization for heart failure, or
other adverse events (184). As sDPP4 is an adipokine upregulated
in obesity and T2DM that triggers IR and metabolic complica-
tions (4, 5), it might be speculated that the beneficial effects of
DPP4 inhibitors would be higher in those early phases of the
metabolic disorders previous to the development of established
cardiovascular disease.

However, whether these beneficial effects observed in pre-
clinical settings are due to increased levels of different DPP4

substrates or inhibition of direct effects of DPP4 remains unclear
and will be assessed in more detail in the following section.

DPP4 Substrates: GLP-1 Dependent Effects of

DPP4 Inhibitors

Since several studies have identified a role for GLP-1 recep-
tor (GLP-1R) signaling in DPP4-dependent cardioprotection,
it is suggested that GLP-1 itself has favorable cardiovascular
effects. Indeed, mRNA transcripts of the GLP-1R have been
detected in the heart of rodents (185, 186) and humans (187).
Furthermore, GLP-1R has also been localized to mouse aortic
smooth muscle and endothelial cells, as well as monocytes and
macrophages (188).

Regarding MI and heart failure, pre-clinical studies have
demonstrated that DPP4-deficient rats subjected to 45min of
ischemia with 2 h or reperfusion exhibited cardioprotection illus-
trated by reduced infarct size, improved cardiac performance, and
reduced levels of BNP compared to control rats (189). These ben-
eficial effects could be partially reversed by co-administration of
the GLP-1R antagonist exendin (9-39). Accordingly, administra-
tion of exendin (9-39) reversed the sitagliptin-induced improve-
ment in ventricular function in Sprague Dawley rats with tran-
sient cardiac ischemia (190). Additionally, in a rat model of
chronic heart failure, GLP-1 analogs were able to improve cardiac
function and morphology, with a concomitant amelioration of
hyperglycemia and hyperinsulinemia (191).

Regarding the vascular system, continuous infusion of the
GLP-1 analog exendin-4 reduced monocyte adhesion to aortic
endothelial cells, associated with a reduction in atherosclerotic
lesion size in non-diabetic C57BL/6 and ApoE~'~ mice. Further-
more, treatment for 1 h with exendin-4 reduced the expression of
the pro-inflammatory cytokines, TNFo and MCP-1, in response
to lipopolysaccharide (LPS) (188). In addition, exendin-4 stim-
ulates proliferation of human coronary artery endothelial cells
through endothelial nitric oxide synthase (eNOS)-, protein kinase
A (PKA)-, and PI3K/Akt-dependent pathways (192, 193). Accord-
ingly, in humans, preliminary data confirm the ability of GLP-1 to
protect from high glucose-induced endothelial dysfunction in the
post-meal phase (194). In a model of vascular injury, it has been
shown that continuous infusion of exendin-4 reduces neointimal
formation at 4 weeks after injury without altering body weight or
various metabolic parameters (195). From in vitro studies, Goto
etal. suggest that this effect was mediated by the ability of GLP-1 to
suppress platelet-derived growth factor (PDGF)-induced prolifer-
ation of vascular smooth muscle cells. In contrast, in a pre-clinical
study, combining HFD and STZ treatment in ApoE ™'~ failed to
detect evidence for GLP-1R-dependent reduction of lesion size in
the thoracic or abdominal aorta (168). The authors discuss that
the duration of treatment, the dose of the GLP-1 agonist, or the
age of mice might be responsible for the lack of anti-atherogenic
activity in this study.

However, in patients with heart failure, pilot studies also suggest
cardioprotection by GLP-1 infusion (196, 197). Accordingly, a
large retrospective analysis indicates that patients treated with the
GLP-1 analog exenatide had a significant 20% reduction of CVD
events compared with patients on other glucose-lowering agents
(198). Nevertheless, studies showing cardiovascular protective
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FIGURE 2 | Schematic overview of the impact of soluble DPP4 and
DPP4 inhibitors on T2DM-relevant organs/tissues. In the upper panel,
direct effects of soluble DPP4 (in red) on different organs/tissues are

DPP4-
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presented (gray boxes). The lower panel shows known effects of DPP4
inhibitors (in green) in these particular organs/tissues (gray boxes). SMC,
smooth muscle cells.

effects of GLP-1 were carried out using either native GLP-1 or
recombinant GLP-1 analogs at high concentrations or in a way
that induced supraphysiological GLP-1 signaling. Considering
that DPP4 inhibition restores GLP-1 signaling within the phys-
iological range, beneficial effects of DPP4 inhibitors might be
different to those of GLP-1 analogs.

DPP4 Substrates: SDF-1- and BNP-Dependent
Effects of DPP4 Inhibitors

But beside GLP-1, there are further substrates of DPP4, which
might play a role in the favorable cardiovascular effects of DPP4
inhibitors. Two of the most promising candidates are SDF-1o.
and brain natriuretic peptide (BNP). As already mentioned in
section “Stromal Cell-Derived Factor-10t/CXCL12,” SDF-1 is a
chemokine promoting stem-cell homing of EPCs by binding to
its receptor C-X-C motif chemokine receptor type 4 (CXCR4).
EPCs are derived from the bone marrow and are known to pro-
mote vascular repair and neoangiogenesis. When vascular dam-
age occurs, local growth factors and cytokines signal the bone
marrow to release EPC targeted to the injured sites. EPC then
differentiate into mature endothelial cells and assist in the recon-
struction of the vasculature (199). In mice, genetic deletion or
pharmacologic inhibition of DPP4 is able to increase the homing
of CXCR4+ EPC at sites of myocardial damage, resulting in a
reduced cardiac remodeling and improved heart function and
survival (200). In a human study, Fadini et al. demonstrated that

type 2 diabetic patients receiving a 4-week course of therapy with
the DPP4-inhibitor sitagliptin show increased SDF-10. plasma
concentrations and circulating EPC levels (199). Additionally,
SDEF-1 engineered to be resistant to DPP4 cleavage, and delivered
by nanofibers, improves blood flow in a model of peripheral artery
disease (201). Collectively, these studies implicate a rationale to
use DPP4 inhibitors for vascular repair through stimulation of
EPC and neovascularization.

Brain natriuretic peptide, another substrate of DPP4, plays an
important role in regulating body fluid homeostasis and vascular
tone through binding and subsequent activation of the cGMP-
coupled natriuretic peptide receptor type A (NPR-A) (202).
BNP is secreted predominantly by ventricular cardiomyocytes in
response to increased wall stress. Thus, elevated BNP is a sensitive
marker of heart failure and appears to play a role in cardiac
remodeling and healing after acute MI (203-205). DPP4 cleavage
of the physiologically active BNP (1-32) to BNP (3-32) effectively
lowers plasma cGMP levels, reduces diuresis and natriuresis, and
inhibits vasodilatation (83, 202).

Endocrine Effects of Soluble DPP4 on Cardiovascular
Homeostasis

Although it is well established that serum levels of sDPP4 are
altered in several pathological conditions and that sDPP4 is
released from vascular cells, only a minor part of research has
focused on potential endocrine effects of this proteolytic enzyme.
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Considering that DPP4 is discussed in immunomodulation,
it might be speculated that the inhibition of DPP4 modulates
responses occurring within early or late atherosclerotic lesions.
In low-density lipoprotein receptor-deficient (LDLR™'™) mice,
Shah et al. could demonstrate that exogenously injected DPP4
increases monocyte migration in vivo (180). Although these
pro-migratory properties of DPP4 could be completely inhib-
ited by sitagliptin, the underlying mechanism of these effects
remains unclear. Moreover, the combined treatment of sDPP4
and LPS leads to increased expression and secretion of the pro-
inflammatory cytokines, TNFo and IL-6. This upregulation was
achieved by elevated levels of ERK, c-Fos, NF-xB p65, NF-kB
p50, and CUXI, all factors known to bind to the promotor
of TNFo and IL-6 (180). In accordance to that, Ikushima and
collaborators observed that sDPP4 binds to the M6P/IGF-IIR
resulting in enhanced transendothelial T cell migration (206). In
a further study, sDPP4 binding to M6P/IGF-IIR leads to elevated
ROS levels in HUVECs. In both studies, binding of DPP4 to
this particular receptor was completely prevented by a DPP4
inhibitor (207).

In human vascular smooth muscle cells, we could show that
sDPP4 activates the MAPK and NF-«xB signaling cascade resulting
in pro-atherogenic changes in human vascular smooth muscle
cells illustrated by an increased proliferation, the induction of
iNOS and elevated expression, and secretion of pro-inflammatory
cytokines (39). Additionally, we observed that all these detrimen-
tal effects of sDPP4 were PAR2 mediated, since both a PAR2
antagonist and PAR?2 silencing completely prevented the sDPP4-
induced effects. In collaboration with the group of Sinchez-Ferrer,
we further showed that sDPP4 exhibits direct effects on vascu-
lar function illustrated by vascular reactivity of murine mesen-
teric arteries (208). sDPP4 impaired the endothelium-dependent
relaxation to acetylcholine in a concentration-dependent man-
ner by up to 75%, without modifying endothelium-independent
relaxation to sodium nitroprusside. Again, enzymatic activity
of DPP4 appears to be involved in this process. Similarly,
the cyclooxygenase inhibitor indomethacin and the thrombox-
ane A2 receptor antagonist SQ29548 abrogated the impairing
action of DPP4. These data suggest that DPP4 directly impairs
endothelium-dependent relaxation through a mechanism that
involves cyclooxygenase activation, and likely the release of a vaso-
constrictor prostanoid. Since sDPP4 has been reported not only
to contribute to monocyte migration and macrophage-mediated
inflammatory reactions but also stimulates the proliferation of
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The role of dipeptidyl peptidase - 4
inhibitors in diabetic kidney disease

Usha Panchapakesan ™ and Carol Pollock

Renal Research Group, Kolling Institute of Medical Research, Royal North Shore Hospital, University of Sydney, Sydney, NSW,
Australia

Despite major advances in the understanding of the molecular mechanisms that underpin
the development of diabetic kidney disease, current best practice still leaves a significant
proportion of patients with end-stage kidney disease requiring renal replacement therapy.
This is on a background of an increasing diabetes epidemic worldwide. Although kidney
failure is a major cause of morbidity the main cause of death remains cardiovascular
in nature. Hence, diabetic therapies which are both “cardio-renal” protective seem
the logical way forward. In this review, we discuss the dipeptidyl peptidase 4 (DPP4)
inhibitors (DPP4inh), which are glucose-lowering agents used clinically and their role in
diabetic kidney disease with specific focus on renoprotection and surrogate markers of
cardiovascular disease. We highlight the novel pleiotropic effects of DPP4 that make it an
attractive additional target to combat the fibrotic and inflammatory pathways in diabetic
kidney disease and also discuss the current literature on the cardiovascular safety profile
of DPP4inh. Clearly, these observed renoprotective effects will need to be confirmed by
clinical trials to determine whether they translate into beneficial effects to patients with
diabetes.

Keywords: dipeptidyl peptidase 4, diabetic kidney disease, fibrosis, inflammation, renoprotection

The Incretin System

Under physiological conditions, blood glucose is tightly regulated by a number of mechanisms
including the incretin system of hormones that are secreted in response to a meal. Glucagon like pep-
tide 1 (GLP-1) and gastrointestinal peptide (GIP) are released from the gut and regulate postprandial
glucose excursions. Proglucagon is secreted by the intestinal mucosa and is subsequently cleaved
to GLP-1, which acts on the GLP-1 receptor in the pancreas in a glucose-dependent manner and
functions to stimulate pancreatic insulin release and suppress glucagon secretion with the net effect
of regulating postprandial glucose (1). The half-life of GLP-1 is very short (minutes) as it is rapidly
degraded by dipeptidyl-peptidase 4 (DPP4). DPP4 cleaves two amino acids at the amino terminal
end of peptides that have a proline (or less commonly an alanine) at the penultimate position (2).
Hence GLP-1 (7-36) amide is cleaved to GLP-1 (9-36) amide, which is the major circulating form.
GLP-1 (9-36) does not have insulinotropic effects.

Dipeptidyl peptidase 4 inhibitors (DPP4inh) are novel oral diabetic agents used to lower blood
glucose in patients with type 2 diabetes mellitus. They inhibit DPP4, which degrades GLP-1 resulting
in raised endogenous GLP-1. They promote insulin release and inhibit glucagon secretion, causing
lower blood glucose. Favorable aspects of DPP4inh in comparison to other diabetic agents include
its oral formulation, reduced risk of hypoglycemia and lack of weight gain. In addition, DPP4inh
have benefits beyond glucose lowering as DPP4 cleaves a host of peptides/substrates in addition to
GLP-1, resulting in a broad range of altered biological functions.
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In this review, we focus on the pleiotropic properties of DPP4
beyond glucose lowering with specific reference to renoprotection
and cardiovascular aspects. This is summarized in Figure 1. The
clinical relevance of this is the fact that up to a third of patients with
diabetes suffers renal complications with the main cause of mor-
tality being cardiovascular in origin. Hence, continued inquiry
into mechanisms of renal failure in patients with diabetes that will
lead to examination of novel strategies to limit cardiovascular and
renal disease is the logical step forward.

DPP4 - A Multifunctional Protein

DPP4 is a 110-kDa type 11 integral membrane glycoprotein and
is expressed ubiquitously in most organs and cell types. DPP4
exists in both a soluble and membrane bound form, both of
which are capable of proteolytic activity. The soluble form in the
circulation is thought to arise from shedding of the membrane
bound DPP4 and is the target for DPP4inh as hypoglycemic agents
in clinical use (1). Identified substrates include GLP-1, regulated
on activation, normal T cell expressed and secreted (RANTES),
which is relevant in renal disease (3, 4), brain natriuretic peptide
1-32 (5, 6), neuropeptide Y (7), high mobility group protein 1
(HMGB1) (8), and Substance P (9). More recently, aggregates
of amyloid beta peptides (pathological hallmarks of Alzheimers
disease) have also been identified as substrates of DPP4 (10).
Many substrates have been identified as being pharmacological
substrates (cleaved in vitro) but are not cleaved in vivo. Hence,
this proteolytic effect can either lead to a gain in function, a
loss of function or have no functional significance. An example
of the physiological relevance of these non-GLP-1 substrates is
highlighted by DPP4 truncation of certain chemokines, colony-
stimulating factors, and interleukins, which have recently been
linked to regulation of hematopoietic stem/progenitor cells where
DPP4inh has been shown to enhance engraftment of cord blood
in patients with hematological malignancies (11, 12).

The membrane bound form of DPP4, expressed on the sur-
face of many cell types including kidney tubular cells, endothe-
lial cells and T cells, is of major interest with respect to the
pleiotropic actions of DPP4. Membrane-bound DPP4 also exerts
non-enzymatic actions by virtue of co-localizing with other
membrane proteins and modulating their intrinsic actions (2,
13). DPP4 is known to interact with adenosine deaminase (14),
caveolin 1 (15, 16), cation independent mannose 6 phosphate

Antioxidant \ / Anti-inflammatory
DPP4inh
Improved / l \ ; i
endothelial Antifibrotic
dysfunction Glucose
lowering
FIGURE 1 | This is a schematic diagram summarizing the glucose
lowering and pleiotropic effects of DPP4 inhibition, which may be
relevant in cardiorenal protection.

receptor (CIM6PR) (also known as insulin growth factor recep-
tor 2) (17, 18), and glypican 3 (19). Interestingly, it has been rec-
ognized that DPP4 interacts with human coronavirus-EMC spike
protein and acts as a receptor for this virus, which provides new
knowledge to facilitate the direction of interventional strategies in
related respiratory illness (20).

DPP4 and the Kidney

The proteolytic functions of DPP4 in the kidney have been
described using liquid chromatography mass spectrometry-based
peptidomics, where kidney tissue from DPP4™/* and DPP4~/~
mice were compared. This revealed 10 peptides regulated by
DPP4 in vivo (21, 22). Further studies with brush border mem-
branes showed that aminopeptidase activity is required to gen-
erate DPP4 substrates. This suggests that DPP4 is involved in
the extracellular catabolism of proteins in the kidney, specifically
the degradation/catabolism of proline-containing peptides (23).
As DPP4 is present on the brush border (apical side) of kidney
proximal tubular cells, DPP4 inhibition is likely to alter the degra-
dation/regulation of peptides in the lumen and thus influence the
tubular cell structure or function in diabetes. Identifying the func-
tionally relevant renal substrates of DPP4 will help us understand
and anticipate long-term effects of DPP4 inhibition on the kidney
in patients with diabetes. The tools required to validate identified
substrates are limited given that specific antibodies must be able
to distinguish between cleaved and non-cleaved peptides, which
differ by only two amino acids at the N-terminal end.

Transforming growth factor beta 1 (TGFB1) is a major driver
of fibrosis in diabetic kidney disease. We have reported that
linagliptin, a DPP4inh, reduces high glucose-induced active
TGFP1 in human kidney proximal tubular cells (24) with a down-
stream reduction in phosphorylated smad2 and fibronectin tran-
scription and expression. As high-glucose-induced total secreted
TGFB1 was unchanged by linagliptin, we postulated that the
mechanism was related to interference with the conversion from
latent to active TGFB1. TGFP1 is secreted in a latent form and
requires a complex interplay of soluble signaling molecules in the
activation process, which releases it from the latency associated
peptide (LAP) (25). Once released from the LAP, the unbound
TGFP1 can then bind to its receptor to initiate cell signaling via
the Smad pathway. In pursuing this further, we showed that that
the interaction between CIM6PR and DPP4 is “switched on” by
high glucose, and hence is maximally modulated by linagliptin
in this environment. In the presence of excess M6P, the CIM6PR
binding sites become saturated, resulting in the reduction in
CIM6PR/DPP4 interaction, which would imply that the interac-
tion is occurring through a M6P residue on the DPP4 molecule.
The fact that linagliptin also reduced this interaction, suggests a
M6P-mediated mechanism, which is independent of GLP-1 as our
in vitro system is lacking in GLP-1 (unpublished data). This novel
finding adds to the body of knowledge that DPP4 inhibition can
exert antifibrotic effects through its non-proteolytic properties.
This is discussed further below with respect to endothelial cell
dysfunction.

In interpreting preclinical studies, it is important to appre-
ciate the confounding aspects of concomitant glucose lowering
by DPP4inh. There are two studies, which have looked at the
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effect of DPP4inh (using vildagliptin and sitagliptin) on the dia-
betic animal kidney and both show renoprotection. However,
the HbAlc (hemoglobin A1C) in the DPP4inh-treated diabetic
animals was lower than in the diabetic-control animals (26, 27).
So in both these in vivo studies, it is difficult to conclude that the
renal effects of DPP4inh lie above and beyond glucose lowering.

Kanasaki and colleagues investigate the antifibrotic properties
of linagliptin in a Type 1 model of diabetic nephropathy and
showed that after 4 weeks, linagliptin ameliorated diabetic kid-
ney fibrosis, an observation that occurred in association with
the inhibition of endothelial-mesenchymal transition (EndMT)
and the restoration of microRNA29s (28). An insulin-deficient
model of diabetes enables evaluation of the effects of the DPP4inh
independent of glycemic control as DPP4inh will not have a sig-
nificant hypoglycemic effect due to the lack of a significant insulin
response mediated by GLP-1. As a result, the new findings provide
information regarding renal benefit of linagliptin independent of
glycemic control.

The antifibrotic properties of DPP4inh have also been shown
in other models of kidney fibrosis such as the unilateral ureteral
obstruction (UUO) model (29). In this TGFB-driven model,
LC15-0444 (a DPP4inh) reduced inflammatory and fibrotic mark-
ers such as levels of phosphorylated Smad2/3, TGFp1, toll-like
receptor 4, HMGBI1, NADPH oxidase 4, and nuclear factor kappa
B. However, this study lacked specific mechanistic data to explain
the findings.

There is also experimental evidence to suggest that DPP4 is
involved in the advanced glycation end product - receptor axis,
which is highly relevant in diabetic kidney disease. Both DPP4
deficiency and linagliptin reduced renal damage in animal models
of Type 1 diabetic nephropathy (30, 31). The mechanism proposed
was related to reducing endothelial cell oxidative stress.

Likewise, DPP4inh has been explored in animal models of obe-
sity, insulin resistance, and renal disease. The DPP4inh MK0626
was shown to reduce obesity-induced renal injury (MK0626) and
attenuated filtration barrier injury and oxidant stress in the zucker
obese rat (linagliptin) (32, 33).

Endothelial dysfunction is an inherent aspect of diabetic kidney
disease. Shi et al. demonstrated that in endothelial cells, DPP4 and
integrin 1 physically interacted. DPP4-associated endothelial to
mesenchymal transition was inhibited by integrin B1 deletion. In
addition, DPP4 or integrin B1 deficiency resulted in the inhibition
of TGFP2-stimulated heterodimer formation of TGFP receptors.
Along with this, the interaction between DPP4 and integrin 1
induced vascular endothelial growth factor receptor (VEGF-R) 1
expression with the concomitant suppression of VEGF-R2 levels
(34). Importantly, linagliptin was able to reduce the TGFP2 physi-
cal interaction between integrin and DPP4. These results indicate
that the non-proteolytic interaction between DPP4 and integrin
B1 is relevant in diabetic kidney fibrosis.

Mechanistic studies designed to delineate whether effects on
glucose-induced endothelial impairment are related or indepen-
dent of GLP-1/GLP-1R showed that in addition to GLP-1 receptor
effects, DPP4inh with linagliptin exerted direct effects on rat
mesenteric vessels independent of any glucose lowering effect.
The mechanism was shown to be related to its antioxidant effect
through direct radical scavenging (35).

DPP4 inhibitors also exert anti-inflammatory effects. This has
been demonstrated in a non-diabetic animal model of glomerular
injury where alogliptin reduced macrophage infiltration (36) and
likewise in a type 1 diabetic nephropathy model where PKF275-
055 reduced macrophage infiltration and nuclear factor kappa B
activity (37).

It is increasingly evident that although DPP4inh have simi-
lar capacity to improve glucose control they have very different
pharmacokinetic and pharmacodynamic profiles as they bind to
different sites on DPP4 (38). All DPP4 inhibitors can block the
enzymatic (i.e., cleaving) property of DPP4 but may differ in
their ability to influence the co-stimulatory/receptor properties
of DPP4 (2). The mode of clearance of DPP4 inhibitors may also
be relevant (39). DPP4 is highly expressed on the luminal aspect
of the proximal tubular brush border which implies that drugs
which are preferentially filtered by the kidney have better access
to tubular DPP4.

In summary, preclinical studies suggests that DPP4inh offer
renoprotection above and beyond glucose lowering through its
proteolytic, protein—protein interaction, and antioxidant proper-
ties. Given the increased cardiovascular risk in this population,
it would be highly desirable to have a glucose-lowering drug,
which also offers cardiovascular benefit in addition to reno-
protection. Regulatory agencies now mandate that new diabetic
agents undergo cardiovascular assessment prior to marketing. The
agreed-on primary endpoint for cardiovascular safety analyses is
Major Adverse Cardiovascular Events Plus (MACE-plus), defined
as a composite endpoint consisting of the following adjudicated
events: cardiovascular death, non-fatal myocardial infarction,
non-fatal stroke, and hospitalization for unstable angina (40). The
next section summarizes major clinical trials in this area with
cardiovascular and renal endpoints.

Cardiovascular Aspects

Clinical trials evaluating both cardiovascular and renal end-
points have commenced with the CARMELINA study, which
will include more than 8,000 adults with Type 2 Diabetes and
linagliptin (ClinicalTrials.gov Identifier: NCT01897532). The pri-
mary endpoint will be time to the first occurrence of either
cardiovascular death (including fatal stroke and fatal myocardial
infarction); non-fatal myocardial infarction; non-fatal stroke; or
hospitalization for unstable angina pectoris. The renal outcome
will be measured as a composite of renal death, sustained end-
stage renal disease and sustained decrease of >50% eGFR.
Although DPP4inh have offered some promise with pre-clinical
studies and post hoc analyses of clinical trials suggesting a pos-
itive cardiovascular risk profile, a recent randomized placebo
controlled trial (SAVOR-TIMI 53) published in the New Eng-
land Journal of Medicine by Scirica et al. showed no change
in ischemic events but higher hospitalizations for heart failure
with saxagliptin. This study enrolled 16,492 patients with type
2 diabetes with a history of, or were at risk for, cardiovascu-
lar events and followed up for a median of 2.1years (41). The
EXAMINE study evaluated alogliptin use in patients with type 2
diabetes after acute coronary syndromes showed that there was
no increase in the rates of MACE-plus (42). This randomized
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placebo-controlled trial involved 5,380 patients and had a median
follow up of 18 months. The US Food and Drug Administra-
tion (FDA) independent advisory committee recently voted that
the cardiovascular safety profile of these two drugs could be
managed by updating the drugs’ labels (43). Recently, a large
multicentre clinical trial TECOS (Sitagliptin on Cardiovascular
Outcome Study) where 14,671 patients with established cardio-
vascular disease and Type 2 diabetes were randomized to receive
either saxagliptin or placebo (in addition to their usual therapy)
showed no increase in the risk of MACE-plus, hospitalization for
heart failure, or other adverse events (44). Another large multicen-
tre trial with linagliptin CAROLINA (Cardiovascular Outcome
Study of Linagliptin Versus Glimepiride in Patients with Type 2
Diabetes) is currently in progress (44). As DPP4inh raise GLP-1,
it is also important to take into account the cardiovascular profile
of GLP-1 analogs. In a large retrospective analysis by Best et al.,
patients treated with the GLP1 analog exenatide were shown to
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