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A B S T R A C T

This review summarizes the current data on the interleukin (IL)-17A pathway in experimental atherosclerosis
and clinical data.
IL-17A is a prominent cytokine for early T cell response produced by both innate and adaptive leukocytes. In

atherosclerosis, increased total IL-17A levels and expression in CD4+ T helper and γδ T cells have been de-
monstrated. Cytokines including IL-6 and TGFβ that increase IL-17A expression are elevated. Many other factors
such as lipids, glucose and sodium chloride concentrations as well as vitamins and arylhydrocarbon receptor
agonists that promote IL-17A expression are closely associated with cardiovascular risk in the human population.
In acute inflammation models, IL-17A mediates innate leukocyte recruitment of both neutrophils and monocytes.
In atherosclerosis, IL-17A increased aortic macrophage and T cell infiltration in most models. Secondary re-
cruitment effects via the endothelium and according to recent data also pericytes have been demonstrated. IL-17
receptor A is highly expressed on monocytes and direct effects have been reported as well. Beyond leukocyte
accumulation, IL-17A may affect other factors of plaque formation such as endothelial function, and according to
some reports, fibrous cap formation and vascular relaxation with an increase in blood pressure. Anti-IL-17A
agents are now available for clinical use. Cardiovascular side effect profiles are benign at this point.
IL-17A appears to be a differential regulator of atherosclerosis and its effects in mouse models suggest that its

modulation may have contradictory effects on plaque size and possibly stability in different patient populations.

1. Introduction

The pro-inflammatory cytokine interleukin (IL)-17A has received
major immunologic attention in the last years as a marker of a novel T
helper cell lineage, TH17 cells. Its regulation and physiologic functions
have been explored in a variety of disease models and its concentrations
associated with human pathologies. By now, there is a sizeable number
of murine and human studies investigating its role in atherosclerosis
[1–4]. This review aims to summarize the current knowledge of factors
that promote IL-17A expression in pro-atherogenic conditions and the
available data on its role in plaque development and structure. Finally,
cardiovascular data from current trials of IL-17A antagonists in humans
provide an outlook to possible clinical applications.

2. The IL-17 cytokine family, regulation, producing cell types and
receptors

The IL-17 family consists of six members in total, termed IL-17A to
F, which signal through five heteromeric receptor subunits, termed A to

E [5]. IL-17A is the best-investigated cytokine of this family and the
topic of this review. However, there are reports of IL-17F regulation in
hypertension and vascular injury [6,7]. This is interesting as IL-17F is
the closest genetic and functional homologue of IL-17A and signals
through the same main receptor unit, IL-17 receptor A (gene name:
Il17ra). Among the other IL-17 family members, IL-17C [8] and IL-17E
[9] have currently been investigated for a mechanistic role in athero-
sclerosis. IL-17 receptor A is the main IL-17A receptor subunit that is
required for signaling [5,10]. It is expressed on endothelium, smooth
muscle cells, pericytes, macrophages, and T cells [5,11,12]. In addition,
IL-17 receptor C is required for IL-17A signaling [13].

3. Regulation of IL-17A production during atherosclerosis
development in murine models

IL-17A is mainly produced by T helper cells that are termed TH17
according to this signature cytokine. Depending on health status and
location, other cell types, most notably γδT cells and innate lympho-
cytes produce significant amounts of IL-17A as summarized elsewhere
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[2,5,14]. Production by other cells such as monocytic cells and neu-
trophils is controversial [15–17]. IL-17A measurements during athero-
sclerosis development are summarized in Table 1. IL-17A was elevated
in Apoe−/− mice in comparison to wildtype C57/Bl6 mice, either on
control or high fat diet. Levels increased with age and high fat “western
diet” in Apoe−/− mice. In some instances, enhanced IL-17A expression
decreased at late atherosclerosis stages, but it was still detected as late
as after 20 weeks of high fat diet [18,19]. In addition to TH17 cells,
aortic γδT cells upregulate L-17A production in hyperlipidemic Apoe−/
− mice [7,20].

3. Molecular factors that regulate IL-17A production

3.1. Cytokines

Polarization to TH17 cells in mice is induced by combined action of
transforming growth factor beta (TGFβ), IL-6 and IL-23, the latter being
central for stabilization of the cell type and these relationships have
been reviewed [21–25]. Among other cytokines that can further pro-
mote TH17 cells are IL-1, especially in human cells, and GM-CSF
[26–28]. The TH17 defining transcription factors STAT3 and RORγt
promote TH17 signature cytokines in response to these stimuli [29]
(Fig. 1). This review addresses what has been investigated in athero-
sclerosis mouse models and proatherosclerotic conditions in vitro. In
atherosclerosis, increased IL-17A production has been accompanied by
increase of IL-6 in some reports [18,19,30]. IL-6, in addition to pro-
moting TH17 cells, is itself directly induced by IL-17A, thus suggesting
a positive feedback loop. There is currently no available experimental
data on a mechanistic role of IL-23 for atherosclerotic lesion size.
However, it appears to promote cell death in mature plaques [31].
TGFβ production is increased in atherosclerosis [32]. However, it has
multiple functions other than promotion of TH17 cells, including pro-
fibrotic action that stabilizes plaques and as a main inducer of protec-
tive regulatory T cells [26–28]. Decreased aortic IL-17A expression has

been reported in a neutrophil elastase (NE) and proteinase 3 (PR3)
deficient atherosclerotic Apoe−/− mouse model with decreased IL-1
production and smaller atherosclerotic plaques [33]. These data col-
lectively demonstrate that IL-17A-inducing cytokines are upregulated
in atherosclerosis.

3.2. Low molecular weight molecules including vitamins

Aryl hydrocarbon receptor (AhR) activation induces a marked in-
crease in TH17 cell proportion and cytokine production [34–36]
(Fig. 1). AhR activation is a risk factor for cardiovascular events in
humans [37] and mice [38]. Receptor agonists are common environ-
mental toxins [39] and part of cigarette smoke [40]. Indeed, smoking
increased TH17 polarization in a number of mouse models [41–43].
Retinol and vitamin A negatively regulate TH17 production in the gut
[44], however its role in atherosclerosis is controversial [45,46]. Vi-
tamin D suppresses TH17 differentiation [45,47,48]. Vitamin D levels
negatively correlate with cardiovascular event rate [49–51].

3.3. Lipids and lipid metabolism

Lipid metabolism, especially intracellular cholesterol, centrally
modulates TH17 pathogenicity [52,53]. De-novo lipid synthesis is im-
portant in this process [54]. The cholesterol derivate 7β, 27-dihydroxy-
cholesterol activates the TH17 master transcription factor RORγt and
thereby directly induces the production of IL-17 in CD4+ T cells and
γδT cells [55]. However, exogenous lipids also indirectly impact IL-17A
production, mostly via activation of myeloid cells (Fig. 1). Especially
modified low density lipoproteins (LDL), such as oxidized (ox)LDL, are
potent activators of human [56] and murine [57–59] macrophages and
dendritic cells. OxLDL enhances the production of IL-6 and IL-1β in
monocyte-derived dendritic cells (DC) [2,60] and oxLDL treated human
DC preferentially induce RORγt and IL-17A production in T cells,
whereas DC pretreatment with atorvastatin resulted in anti-

Table 1
Regulation of IL-17A and related T cell cytokines in atherosclerotic mouse models.

Model IL-17A IL-17A+ cell type Method of IL-17A identification IFNγ IL-6 TGFβ and
TREG cells

Ref.

IL-17A regulation in atherosclerosis
C57Bl/6 vs. Apoe−/− more Aorta: CD3+, CD4+,

αβTCR+, γδTCR+
Aorta mRNA, ELISA, Flow
cytometry

n.d. n.d. n.d. [7]

C57Bl/6 vs. Apoe−/− More T cells Spleen and aortic plaque mRNA
and flow cytometry, serum
ELISA, Western blot

n.d. More Less [19]
Less

C57Bl/6 vs. Apoe−/− More γδT cells Aorta and spleen flow cytometry Unchanged in γδT cells n.d. n.d. [20]
C57Bl/6 vs. Apoe−/− More CD4+ T cells Aorta mRNA, spleen flow

cytometry, ELISA
More More n.d. [18]

Apoe−/− ctrl. vs WD More Splenocytes ELISA supernatant More n.d. n.d. [6]
Apoe−/− ctrl. vs WD More CD4+ splenocytes ELISA supernatant More n.d. n.d. [105]
Regulation of mediators in IL-17A depletion or blockade
Ldlr−/−: wt vs. Il17ra−/− bone

marrow
n.d. n.d. Less More IL-10 [108]

Apoe−/− vs. Il17a−/−Apoe−/− n.d. Splenocytes ELISA supernatant Less (ELISA) n.d. n.d. [6]
Apoe−/− vs. Il17a−/−Apoe−/− n.d. More after 8 weeks (ELISA) n.d. n.d. [105]
Apoe−/− vs. Il17a−/−Apoe−/− n.d. Less (aortic mRNA) Less n.d. [59]
Apoe−/− vs. Il17a−/−Apoe−/−

vs. Il17ra−/−Apoe−/−
same CD3+ T cells Aorta mRNA and flow cytometry Less (aortic mRNA and

flow cytometry)
Less n.d. [104]

Apoe−/− Ad-Lu vs. Apoe−/− Ad-
IL-17RA

n.d. Same in plasma (ELISA) Less n.d. [7]

Apoe−/− anti-IL-17A vs. IgG
(rat)

Less n.d. ELISA serum Less (splenocyte flow
cytometry), same (thoracic
aorta mRNA)

Less n.d. [109]
less

Apoe−/− anti-IL-17A vs. IgG
(mouse)

n.d. Same (thoracic aorta
mRNA)

Less n.d. [110]

Apoe−/− anti-IL-17A vs. IgG (rat
or mouse) and Ldlr−/−: wt
vs. Il17a−/− bone marrow

Less
(mouse)

Aorta (less with mouse
antibody, same with
rat)

Western blot n.d. Less: mouse
same: Il17a−/
−

n.d. [107]

Changes of parameters refer to the respective control model, or as stated. WD =Western diet, n.d: not determined, Ad: adenovirus, Lu: luciferase.
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inflammatory IL-10 and TGFβ production [56]. Alternative modifica-
tion of LDL by human group X-secreted phospholipase A2 also favors IL-
17A or IFNγ production in T cells after DC stimulation [58]. In a murine
model, oxLDL treatment of DCs resulted in increased IL-6 expression,
and also enhanced polarization of T cells towards TH17 [57]. Beyond
LDL, unsaturated fatty acids trigger the production of IL-1β via in-
flammasome activation in human macrophages [61], and free fatty
acids also induced an array of TH17 promoting cytokines [62]. Thus,
lipids are potent direct and indirect inducers of IL-17A in T cells.

3.4. Salt and glucose

High dietary sodium chloride uptake is closely associated with
cardiovascular events [63]. High salt has been linked to TH17 polar-
ization in autoimmune disease. It induced IL-17 expression in CD4+

T cells via the p38/MAPK pathway and downstream activation of
NFAT5 and SGK1, which led to an exacerbated disease model in ex-
perimental autoimmune encephalomyelitis (EAE) [64]. However, a
direct impact of sodium chloride on TH17 polarization in athero-
sclerosis has not been determined.

Fig. 1. Modulators of IL-17A expression and vascular IL-17A target cells in atherosclerosis. The aortic wall consists of an endothelial cell (EC) layer, a tunica media with large numbers of
smooth muscle cells, and a fibroblast-rich tunica adventitia. Atherosclerotic plaques form a leukocyte–rich neointima, but macrophages, dendritic cells (DC) and lymphocytes are found in
all layers of the wall. (A-L, upper panel): Factors that modulate IL-17A expression in atherosclerosis. Macrophages (A) [61] and dendritic cells (B) [56] (C) [58] produce pro-inflammatory
cytokines such as IL-1β and IL-6 (D) [60] (E) [57] upon stimulation with modified lipids, leading to IL-17A but also IFNγ production (B, C). Cardiovascular risk factors such as
hypertension (F) [74] and nutritional factors like high sodium (G) [64] or glucose (H) [65] promote IL-17A production. Chronic kidney disease induces kynurenines (I) [97] and serum
amyloid A protein, which also contribute to TH17 response (J) [98] (K) [102]. T cell derived oxysterols also promote TH17 by directly activating transcription factor RORγt (L) [55]. (M-
R, lower panel): Putative IL-17A target cells in the vascular wall. IL-17A may modify macrophage lipid uptake (M) [110] (N) [73]. It can induce chemoattractants CCL2 and CCL20 in
macrophages (M) [110], fibroblasts (O) [127] and endothelial cells (P) [104]. Antigen presentation is enhanced by IL-17A (N, Q) [129]. Collagen production by smooth muscle cells (S)
[113] and vascular tone (R) [74] are increased by IL-17A.
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Diabetes mellitus is one of the main cardiovascular risk factors in
the western world and developing countries [63]. High glucose con-
centrations induced pro-inflammatory cytokines on Jurkat T-lympho-
cytes among them IL-6 and IL-17 [65]. TH17 frequency was also in-
creased in peripheral blood lymphocytes from diabetic patients
compared to controls [65].

4. Clinical risk factors for atherosclerosis and regulation of the IL-
17A response

4.1. Hypertension

Immune mediators of hypertension and related end-organ damage
including atherosclerosis include the IL-17A response [66,67]. In a
number of small cohort studies, IL-17A serum levels were associated
with refractory hypertension [68,69]. Inflammation-induced hy-
pertension was promoted by IL-17A in a mouse model [70]. Angio-
tensin II, that is also a prominent hypertensive agent, induces IL-17A
production in a variety of inflammatory conditions in vivo [71,72] and
can enhance TH17 polarization in vitro [73]. Angiotensin induced en-
hanced aortic leukocyte infiltration and superoxide production de-
pended on IL-17A in one [74] but not another [75] experimental setup
of hypertension, leaving open questions [67].

4.2. Chronic inflammation and autoimmune disease

Chronically elevated markers of inflammation such as C-reactive
protein (CPR) and white blood counts, in humans mostly caused by
elevated concentrations of neutrophilic granulocytes, are significant
risk factors for cardiovascular events, an association that has been re-
cognized for many decades [76–79]. IL-17A is a potent inducer of G-
CSF and thereby neutrophil counts [79].

Among chronic inflammatory conditions, psoriasis is one of the first
for which IL-17A blockade was tested and approved [80]. It carries a
significantly elevated cardiovascular risk [81]. However, a chemical
psoriasis model did not increase atherosclerotic lesion size in a mouse
model, which was not associated with increased IL-17A levels despite
significant skin lesions [82]. Cardiovascular risk is much less evident in
inflammatory bowel disease, another condition successfully treated
with blockade of the IL-17A pathway [80].

In addition to chronic inflammation, cardiovascular risk is sig-
nificantly elevated in a number of autoimmune diseases, many of which
are closely linked to the IL-17A pathway [80]. It is highly elevated in
systemic lupus erythematosus (SLE) [83]. Elevated numbers of TH17
cells have been described in this condition, however, their pathophy-
siologic role in SLE disease development at least in mouse models is still
debated [84]. In contrast, multiple sclerosis, the mouse model of which
has been closely linked to increase in the TH17 pathway in a large
number of studies, does not consistently increase atherosclerotic event
rate [85].

4.3. Chronic kidney disease

Renal impairment of any cause is a major risk factor for cardio-
vascular events and death at glomerular filtration rates of 60 ml/min or
less [86,87], which increases vascular wall inflammation in humans
[88,89] and mouse models [73,90]. An early study showed increased
serum IL-6 in chronic kidney disease [91]. Both IL-17A producing T
cells [92,93] and serum IL-17A levels [94] were elevated in small co-
horts of patients with advanced CKD. Also in animal models with de-
fined and more moderate reduction of renal function, others and we
have found up-regulation of IL-17A in inflammation [73,95]. Uremic
metabolites can also directly activate the AhR [96]. The tryptophan
metabolite kynurenine is also elevated in chronic kidney disease and
associated with cardiovascular risk [97]. In murine inflammation
models and in vitro, kynurenine induced TH17 differentiation in some

[98] (Fig. 1) but not other [99,100] experimental conditions. Also,
indoleamine-dixoygenase that produces both kynurenine and anthra-
nilic acid is protective in atherosclerosis [101]. Another possible med-
iator of TH17 induction in renal disease is the serum amyloid A protein,
which can promote IL-17A production in vitro [102] (Fig. 1). It accu-
mulates in HDL particles of patients with chronic kidney disease, pos-
sibly rendering HDL dysfunctional, enhancing the risk of cardiovascular
disease [103].

5. Mechanistic role of IL-17A for atherosclerotic plaque size in
murine models

5.1. Genetic IL-17A and IL-17 receptor A deletion

A commonly used animal model for mechanistic atherosclerosis
studies are Apoe−/− mice. Lesion formation is mainly driven by ex-
cessive blood lipid levels, both with normal “chow” and high fat
“western type” diet. Lesion sizes in studies with in Il17a−/−Apoe−/−

mice in the aortic root and the whole aorta are summarized in Table 2.
Results range from ameliorated [59,104], unchanged [6] to increased
lesion size [105] compared to control mice. Most of these studies were
conducted on a high fat diet. Paigen diet, which also contains sodium
cholate and causes increased plaque inflammation, abolished the dif-
ference between Apoe−/− and Il17a−/−Apoe−/− mice in one study
[59]. This differs from protection of Paigen-diet-fed Il17a−/− compared
to control wildtype C57BL/6 mice, where the absence of IL-17A de-
creased both total aortic en face and aortic root lesion size [106]. In the
other most commonly studied murine atherosclerosis model, LDLr−/−

mice, absence of IL-17A has been studied after reconstitution with de-
ficient bone marrow, revealing no changes in lesion formation
[73,107].

In addition to IL-17A itself, its main receptor subunit, IL-17 receptor
A was studied in specifically gene deficient mouse models. Its deletion
in Il17ra−/−Apoe−/− mice led to a comparable decrease in lesion size
as observed in Il17a−/−Apoe−/− mice in the same study [104]. Simi-
larly, in LDLr−/− mice IL-17 receptor A deficient bone marrow sig-
nificantly reduced aortic root lesion size and also IL-6 levels [108].

5.2. Specific blockade or addition of IL-17A in atherosclerotic mouse
models

Another way to inhibit IL-17A signaling is blockade of the cytokine
with a specific neutralizing antibody. This approach has been used by
different groups [107,109–112], also with varying results (Table 2). IL-
17A blockade was protective on aortic root lesions in Apoe−/− mice in
early (4 weeks [111]) as well as late (12–16 weeks [107,109,110])
atherosclerosis, but failed protection in another model [107,112]. As an
alternative method, a soluble IL-17 decoy receptor A was expressed in
Apoe−/−mice [7]. This reduced IL-6 levels and lesion size. On the other
hand, exogenous recombinant IL-17A ameliorated disease in one bone-
marrow transplanted LDLr−/− model and one set of Apoe−/− experi-
ments [105,112], but aggravated atherosclerosis in another set of
Apoe−/− mice [111]. Beyond possible non-specific effects of the em-
ployed proteins, there is no obvious explanation for these discrepancies
to date.

5.3. IL-17A dysregulation in other genetic models of atherosclerosis with
functional results

IL-17A expression is dysregulated and considered a pathophysio-
logic mediator also in a number of other specific gene deficient ather-
osclerotic mouse models. Increased IL-17A expression was observed in a
transcription factor SOCS3-deficient LDLr−/− model. Treatment with
anti-IL-17A antibody aggravated root lesions in the absence, but not in
the presence of bone marrow SOCS3 [112]. IL-27 is a member of the IL-
6/IL-12 family and absence of signaling skews the immune response
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towards TH17. This resulted in an LDLr−/− model reconstituted with
Il27ra−/− bone marrow in increased IL-17A production and in-
flammatory cell infiltration with enhanced plaque formation [30].
CD4Cre+Smad7fl/fl bone marrow transplantation into LDLr−/− mice
resulted in larger lesions than control bone marrow, together with in-
creased IL-17A, but no change in IL-6 levels [113]. A rat anti-IL-17A
antibody reduced lesion size in these mice (Table 2). These genetic
models provide evidence of diverse impact of IL-17A on atherosclerotic
plaque development.

5.4. Role of IL-17A in models of atherosclerosis together with other disease

Il17a−/− mice on a C57/Bl6 background were protected from ac-
celerated atherosclerosis in a model of Chlamydia infection and Paigen
diet [106]. Also other pro-inflammatory cytokines such as IFNγ, CCL2
and IL-12 subunits were reduced. In Apoe−/− mice sensitized with
collagen V, atherosclerotic lesion size increased. This was accompanied
by an elevated number of aortic IL-17A producing T cells and macro-
phages [114]. However, a definite causal role for IL-17A signaling in
plaque formation in this model was not tested. CD4+ T cells from C57/
Bl6 mice on lupus-prone background increased atherosclerotic lesions
in LDLr−/−RAG−/− mice more than control cells. Reduced IL-10 re-
ceptor expression on TH17 cells was postulated as a mechanism [115].
LDLr−/− mice reconstituted with IL-17A deficient cells were protected
from an increase in lesion size and lesional inflammation in renal im-
pairment [73]. IL-17A in this model was derived from CX3CR1 ex-
pressing T cells [90]. Asthmatic chow-fed Apoe−/− mice benefit from
IL-17A blockade with a reduction in aortic lesion size. More CD68+

macrophages and less collagen were observed in asthmatic versus non-
asthmatic mice [116]. Thus, in these disease conditions with increased
IL-17A and atherosclerosis, blockade of IL-17A appeared to be bene-
ficial.

5.5. IL-17A in atherosclerotic models treated with clinically approved drugs

Digoxin is a direct antagonist of RORγt, the master transcription
factor of IL-17A, and dose-dependently decreases circulating lipids, IL-
17A, and concomitantly lesion size in Apoe−/− mice [117]. The im-
munosuppressive mycophenolate mofetil reduces expression of IL-17A
in serum and aorta and decreases atherosclerotic lesion formation in
Apoe−/− mice [118]. Pharmacologic angiotensin inhibition decreases
vulnerable plaque phenotype and valsartan indeed also decreased
aortic root lesion size, TH17 cells in spleens, serum IL-17A levels and
aortic IL-17A mRNA in Apoe−/− mice [119]. These pharmacologic
studies suggest that reduction of IL-17A may be beneficial, however,
none of the employed agents is entirely specific for this cytokine.

5.6. Mechanistic effects of other IL-17 isoforms in atherosclerotic mouse
models

Increased systemic IL-17F levels in a mouse model of dermatitis did
not increase lesion size in Apoe−/− mice [82]. Il17c−/−Apoe−/− mice
displayed a decreased aortic lesion size and inflammatory cell content.
IL-17C seems to promote the recruitment of adoptively transferred IL-
17A producing splenocytes into atherosclerotic aortas [8], in line with a
pro-atherogenic effect of IL-17A. Exogenous administration of IL-17E
into Apoe−/− mice led to an expansion of the type 2 innate lymphoid
cell population and decrease in lesion size [9]. This is in line with a
possible atheroprotective role of a TH2 response [120].

6. Role of IL-17A in modulation of the atherosclerotic lesion
structure

For the clinical outcome of atherosclerosis not only the size of the
plaque is important but also factors that influence the structure, stabi-
lity or inflammatory state. Unstable plaques are prone to rupture,

leading to thrombosis and cardiovascular events including death
[32,121]. Plaque instability is promoted by factors like decreased col-
lagen deposition, increased matrix degradation by metalloproteinases,
or imbalanced clearance of apoptotic cells. Deficiency of IL-17A had
controversial effects on SMC content and fibrous cap thickness in mouse
models (Table 2, Fig. 1). While few researchers found less αSMA or
collagen content without IL-17A [105], the majority of studies suggest
no significant differences [30,59,73,104,108,118] or even increased
plaque stability and fibrous cap thickness without IL-17A
[109,110,117]. Conversely, exogenous IL-17A disrupted the plaque
structure [111]. However, in complex gene-deficient mice, opposite
results have been observed (Table 2, [112,113]) Altered metallopro-
teinase expression was proposed as a possible mechanism of lesion
destabilization by IL-17A [110,117]. Inflammatory cell infiltration also
critically influences lesion stability and plaque rupture [32,78,122]. In
most of the reports, there was an IL-17A-dependent increase in T cell or
macrophage content in the aortic root (Table 2). Similar increases in
aortic cells were found in hypertension [6,74], which required RORγt
induced by gut microbiota [123]. Also in arterial dysfunction induced
by a model of psoriasis, IL-17A was instrumental for aortic myeloid cell
accumulation [70]. Collectively, these data suggest that IL-17A pro-
motes arterial inflammation.

7. Possible IL-17A target cells in atherosclerosis

Inflammatory leukocytes are central in plaque development [32].
IL-17A and its main receptor subunit, IL-17 receptor A, regulate mye-
loid cells including granulocytic and monocytic response in infection
and sterile inflammation [26]. Both, direct effects on myeloid leukocyte
functions and actions via resident cell types in the vasculature have
been reported [124].

In LDLr−/− mice, IL-17 receptor A deficient bone marrow sig-
nificantly reduced IL-6 levels and aortic root lesion size, indicating an
important role of hematopoietic cells in IL-17A signaling in athero-
sclerosis [108]. IL-17ra is highly expressed on monocytes [124–126]
and mediates their recruitment in a number of non-atherosclerotic in-
flammatory conditions [124,125,127]. Leukocytes also produce a set of
other effector molecules such as GM-CSF, IL-6, IL-1β or TNFα in re-
sponse to IL-17A [128]. IL-17A can also induce the IL-12 subunit IL-
12p70 in macrophages [124]. Lipid uptake by myeloid cells was in-
creased by IL-17A in some [110,129] but not other conditions [73], the
latter with a coinciding decrease in scavenger receptor CD36 and lipid
transporter ABCA1 (Fig. 1). IL-17A increased antigen-presenting cell
marker expression on human and murine macrophages [73] and pre-
treatment of murine macrophages with an anti-IL-17A antibody ame-
liorated OVA-specific T cell response [124]. Recombinant IL-17A in-
creased dendritic cells lipid accumulation and stimulation of T cell
proliferation [129]. While some cell culture data have to be evaluated
with caution due to lack of specificity controls, these results overall
suggest a pro-inflammatory role for IL-17A in hyperlipidemia (Fig. 1).

Endothelial changes are critical for plaque formation in athero-
sclerosis. IL-17A induced IL-6 and CCL2 production in mouse aortic
endothelial cells [106] and increased adhesion of the monocytic cell
THP-1 to human aortic endothelial cells, possibly through increased
expression of CXCL1, CXCL2, and ICAM-1 [130], monocyte adhesion to
HUVEC monolayers [110] and explanted atherosclerotic Apoe−/−

aortas [7,104] in vitro. Il17ra−/−Apoe−/− aortas contained less CCL2
and CCL20. However, adhesion of wildtype monocytes was diminished,
but still observed to IL-17A treated Il17ra−/−Apoe−/− aortas [104]. A
relatively recently defined resident vascular cell type are pericytes. In
direct comparison with endothelium, a significantly stronger response
to IL-17A was observed in this cell type [131]. IL-17A increased IL-6, IL-
8, and CXCL5 expression that in turn prompted neutrophils to produce
IL-1β and TNFα. Lastly, smooth muscle cell as a main component of the
tunica media produced pro-fibrotic collagen I and pro-collagen 1A1 in
response to IL-17A [113]. In combination, these results may indicate
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that both hematopoietic and vascular resident cells are involved in IL-
17A mediated cell recruitment.

In addition to local effects, systemic IL-17A may shape a pro-
atherosclerotic environment. In angiotensin II-induced hypertension,
IL-17A increased renal sodium reabsorption in the distal tubule cells by
regulation of sodium transporters [132,133]. Systemic deletion of IL-
17A protected from increased albuminuria in angiotensin II infusion
[132]. A very recent report on a direct effect of IL-17A on the nervous
system in the nematode Caenorhabditis elegans may open another sys-
temic avenue how IL-17A modulates cardiovascular risk factors such as
vascular tone [134].

8. Role of IL-17A in human atherosclerotic plaque structure

Immunohistological staining for IL-17A in human atherosclerotic
plaques has been reported by a number of groups. While most detected
an increase in unstable plaques [135–138], IL-17A according to im-
munohistochemisty and western blot was associated with fibrotic rather
than macrophage rich plaque areas in another study [112]. Also, mRNA
expression of the TH17 defining transcription factor RORγt was asso-
ciated with pro-fibrotic gene expression in human endarterectomy
specimens [113]. The fact that immunohistochemical staining in a
number of studies was positive in a large range of cell types without
detectable IL-17A production by other methods suggests that specificity
needs to be closely monitored for this method.

Based on flow cytometric results, TH17 frequency in peripheral
blood, either alone or in relation to T cell count, was elevated in un-
stable atherosclerosis [138–146]. However, most studies are small and
IL-17A assessment by flow cytometry requires strict negative controls,
thus larger and prospective studies should be awaited. Some studies
also used serum IL-17A ELISA, detecting up-regulation in unstable
plaques in some [140,147], but not all cohorts [148]. In this context it
is of interest that a recent gene expression analysis, thus a non-hy-
pothesis driven approach, demonstrated that sera from patients with
acute myocardial infarction up-regulated IL-17A responsive genes in
smooth muscle cells [149].

9. Effects of specific IL-17A antagonists on human atherosclerosis

Direct IL-17A blockade has now been used in a number of clinical
trials, mostly psoriasis and inflammatory bowel disease [80]. There was
no significant change in cardiovascular risk in recent metaanalyses for
either psoriasis [150] or Crohn’s disease [151]. Also for IL-23 antago-
nists, which appear to be more effective in psoriasis [80], meta-analyses
did not detect a significantly altered rate of major adverse cardiovas-
cular events [1,150,152]. However, effects in a broader population
including patients with additional cardiovascular risk factors needs to
be studied.

10. Conclusion

A large body of work conclusively shows IL-17A up-regulation in
atherosclerosis. Its pathophysiologic role according to the majority of
mechanistic studies in mouse models appears to be an increase in
plaque size and aggravation of inflammation. However, there are con-
tradictory findings. Possible reasons for this are different levels of in-
flammation and T cell polarization in the used mouse models. IL-17A
actions on both leukocytes and resident vascular cells that may mod-
ulate plaque structure have been found. In addition, IL-17A can influ-
ence systemic factors relevant in atherosclerosis development such as
renal salt excretion and neuronal activity. Clinical studies of IL-17A
blockade in populations at low cardiovascular risk have not yet de-
tected a signal regarding atherosclerotic events, however, experimental
data propose diverse effects in different patient populations.

Disclosure

The authors have no competing financial interests regarding this
work.

Acknowledgements

S.v.V. was supported by Deutsche Forschungsgemeinschaft and Else
Kröner Fresenius Stiftung.

References

[1] S. Taleb, A. Tedgui, Z. Mallat, IL-17 and Th17 cells in atherosclerosis: subtle and
contextual roles, Arterioscler., Thromb., Vasc. Biol. 35 (2) (2014) 258–264.

[2] H. Ryu, Y. Chung, Regulation of IL-17 in atherosclerosis and related auto-
immunity, Cytokine 74 (2) (2015) 219–227.

[3] G. Liuzzo, F. Trotta, D. Pedicino, Interleukin-17 in atherosclerosis and cardio-
vascular disease: the good, the bad, and the unknown, Eur. Heart J. 34 (8) (2013)
556–559.

[4] S. von Vietinghoff, K. Ley, Interleukin 17 in vascular inflammation, Cytokine
Growth Factor Rev. 21 (6) (2010) 463–469.

[5] Y. Iwakura, et al., Functional specialization of interleukin-17 family members,
Immunity 34 (2) (2011) 149–162.

[6] M.S. Madhur, et al., Role of interleukin 17 in inflammation, atherosclerosis, and
vascular function in apolipoprotein e-deficient mice, Arterioscler., Thromb., Vasc.
Biol. 31 (7) (2011) 1565–1572.

[7] E. Smith, et al., Blockade of interleukin-17A results in reduced atherosclerosis in
apolipoprotein E-deficient mice, Circulation 121 (15) (2010) 1746–1755.

[8] M.J. Butcher, T.C. Waseem, E.V. Galkina, Smooth muscle cell-derived interleukin-
17C plays an atherogenic role via the recruitment of proinflammatory interleukin-
17A+ T cells to the aorta, Arterioscler., Thromb., Vasc. Biol. 36 (8) (2016)
1496–1506.

[9] P.T. Mantani, et al., IL-25 inhibits atherosclerosis development in apolipoprotein E
deficient mice, PloS One 10 (1) (2015) e0117255.

[10] F. McAllister, et al., Role of IL-17A, IL-17F, and the IL-17 receptor in regulating
growth-related oncogene-alpha and granulocyte colony-stimulating factor in
bronchial epithelium: implications for airway inflammation in cystic fibrosis, J.
Immunol. 175 (1) (2005) 404–412.

[11] S.L. Gaffen, et al., The IL-23-IL-17 immune axis: from mechanisms to therapeutic
testing, Nat. Rev. Immunol. 14 (9) (2014) 585–600.

[12] P. Miossec, J.K. Kolls, Targeting IL-17 and TH17 cells in chronic inflammation,
Nat. Rev. Drug Discovery 11 (10) (2012) 763–776.

[13] D. Toy, et al., Cutting edge: interleukin 17 signals through a heteromeric receptor
complex, J. Immunol. 177 (1) (2006) 36–39.

[14] S.L. Gaffen, Structure and signalling in the IL-17 receptor family, Nat. Rev.
Immunol. 9 (8) (2009) 556–567.

[15] J.L. Werner, et al., Neutrophils produce interleukin 17A (IL-17A) in a dectin-1- and
IL-23-dependent manner during invasive fungal infection, Infect. Immun. 79 (10)
(2011) 3966–3977.

[16] P.R. Taylor, et al., Activation of neutrophils by autocrine IL-17A-IL-17RC inter-
actions during fungal infection is regulated by IL-6, IL-23, RORgammat and dectin-
2, Nat. Immunol. 15 (2) (2014) 143–151.

[17] E. Smith, et al., T-lineage cells require the thymus but not VDJ recombination to
produce IL-17A and regulate granulopoiesis in vivo, J. Immunol. 183 (9) (2009)
5685–5693.

[18] U.S. Jeon, et al., The enhanced expression of IL-17-secreting T cells during the
early progression of atherosclerosis in ApoE-deficient mice fed on a western-type
diet, Exp. Mol. Med. 47 (2015) e163.

[19] J.J. Xie, et al., The Th17/Treg functional imbalance during atherogenesis in ApoE
(-/-) mice, Cytokine 49 (2) (2010) 185–193.

[20] D.M. Vu, et al., gammadeltaT cells are prevalent in the proximal aorta and drive
nascent atherosclerotic lesion progression and neutrophilia in hypercholester-
olemic mice, PloS One 9 (10) (2014) e109416.

[21] C.L. Langrish, et al., IL-23 drives a pathogenic T cell population that induces au-
toimmune inflammation, J. Exp. Med. 201 (2) (2005) 233–240.

[22] E. Bettelli, et al., Reciprocal developmental pathways for the generation of pa-
thogenic effector TH17 and regulatory T cells, Nature 441 (7090) (2006) 235–238.

[23] P.R. Mangan, et al., Transforming growth factor-beta induces development of the
T(H)17 lineage, Nature 441 (7090) (2006) 231–234.

[24] M. Veldhoen, et al., TGFbeta in the context of an inflammatory cytokine milieu
supports de novo differentiation of IL-17-producing T cells, Immunity 24 (2)
(2006) 179–189.

[25] M. Veldhoen, Interleukin 17 is a chief orchestrator of immunity, Nat. Immunol. 18
(6) (2017) 612–621.

[26] R. Basu, R.D. Hatton, C.T. Weaver, The Th17 family: flexibility follows function,
Immunol. Rev. 252 (1) (2013) 89–103.

[27] P. Muranski, N.P. Restifo, Essentials of Th17 cell commitment and plasticity, Blood
121 (13) (2013) 2402–2414.

[28] L.A. Zuniga, et al., Th17 cell development: from the cradle to the grave, Immunol.
Rev. 252 (1) (2013) 78–88.

[29] M. Ciofani, et al., A validated regulatory network for Th17 cell specification, Cell
151 (2) (2012) 289–303.

J. Nordlohne, S. von Vietinghoff Cytokine 122 (2019) 154089

7

http://refhub.elsevier.com/S1043-4666(17)30188-6/h0005
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0005
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0010
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0010
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0015
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0015
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0015
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0020
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0020
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0025
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0025
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0030
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0030
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0030
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0035
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0035
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0040
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0040
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0040
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0040
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0045
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0045
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0050
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0050
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0050
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0050
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0055
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0055
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0060
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0060
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0065
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0065
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0070
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0070
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0075
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0075
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0075
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0080
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0080
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0080
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0085
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0085
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0085
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0090
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0090
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0090
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0095
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0095
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0100
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0100
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0100
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0105
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0105
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0110
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0110
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0115
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0115
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0120
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0120
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0120
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0125
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0125
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0130
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0130
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0135
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0135
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0140
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0140
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0145
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0145


[30] E.K. Koltsova, et al., Interleukin-27 receptor limits atherosclerosis in Ldlr-/- mice,
Circ. Res. 111 (10) (2012) 1274–1285.

[31] M. Subramanian, E. Thorp, I. Tabas, Identification of a non-growth factor role for
GM-CSF in advanced atherosclerosis: promotion of macrophage apoptosis and
plaque necrosis through IL-23 signaling, Circ. Res. 116 (2) (2015) e13–e24.

[32] J.L. Witztum, A.H. Lichtman, The influence of innate and adaptive immune re-
sponses on atherosclerosis, Ann. Rev. Pathol. 9 (2014) 73–102.

[33] A. Warnatsch, et al., Inflammation. Neutrophil extracellular traps license macro-
phages for cytokine production in atherosclerosis, Science 349 (6245) (2015)
316–320.

[34] A. Kimura, et al., Aryl hydrocarbon receptor regulates Stat1 activation and par-
ticipates in the development of Th17 cells, Proc. Natl. Acad. Sci. U. S. A. 105 (28)
(2008) 9721–9726.

[35] M. Veldhoen, et al., The aryl hydrocarbon receptor links TH17-cell-mediated au-
toimmunity to environmental toxins, Nature 453 (7191) (2008) 106–109.

[36] F.J. Quintana, et al., Control of T(reg) and T(H)17 cell differentiation by the aryl
hydrocarbon receptor, Nature 453 (7191) (2008) 65–71.

[37] L.M. Reynolds, et al., DNA methylation of the aryl hydrocarbon receptor repressor
associations with cigarette smoking and subclinical atherosclerosis, Circ.
Cardiovasc. Genet. 8 (5) (2015) 707–716.

[38] D. Wu, et al., Activation of aryl hydrocarbon receptor induces vascular in-
flammation and promotes atherosclerosis in apolipoprotein E-/- mice,
Arterioscler., Thromb., Vasc. Biol. 31 (6) (2011) 1260–1267.

[39] O. Sorg, AhR signalling and dioxin toxicity, Toxicol. Lett. 230 (2) (2014) 225–233.
[40] M. Kitamura, A. Kasai, Cigarette smoke as a trigger for the dioxin receptor-

mediated signaling pathway, Cancer Lett. 252 (2) (2007) 184–194.
[41] O.J. Harrison, et al., Airway infiltration of CD4+ CCR6+ Th17 type cells asso-

ciated with chronic cigarette smoke induced airspace enlargement, Immunol. Lett.
121 (1) (2008) 13–21.

[42] M. Shan, et al., Cigarette smoke induction of osteopontin (SPP1) mediates T(H)17
inflammation in human and experimental emphysema. Sci. Translational Med.
4(117) (2012) 117ra9.

[43] F. Qiu, et al., Impacts of cigarette smoking on immune responsiveness: Up and
down or upside down? Oncotarget 8 (1) (2017) 268–284.

[44] D. Mucida, Y. Park, H. Cheroutre, From the diet to the nucleus: vitamin A and TGF-
beta join efforts at the mucosal interface of the intestine, Semin. Immunol. 21 (1)
(2009) 14–21.

[45] J.R. Mora, M. Iwata, U.H. von Andrian, Vitamin effects on the immune system:
vitamins A and D take centre stage, Nat. Rev. Immunol. 8 (9) (2008) 685–698.

[46] E.J. Rhee, S. Nallamshetty, J. Plutzky, Retinoid metabolism and its effects on the
vasculature, Biochim. biophys. Acta 1821 (1) (2012) 230–240.

[47] S. Joshi, et al., 1,25-dihydroxyvitamin D(3) ameliorates Th17 autoimmunity via
transcriptional modulation of interleukin-17A, Mol. Cell. Biol. 31 (17) (2011)
3653–3669.

[48] M. Zeitelhofer, et al., Functional genomics analysis of vitamin D effects on CD4+
T cells in vivo in experimental autoimmune encephalomyelitis, Proc. Natl. Acad.
Sci. U. S. A. (2017).

[49] G. Muscogiuri, et al., Vitamin D and cardiovascular disease: From atherosclerosis
to myocardial infarction and stroke, Int. J. Cardiol. 230 (2017) 577–584.

[50] T.J. Wang, Vitamin D and cardiovascular disease, Ann. Rev. Med. 67 (2016)
261–272.

[51] A.H. Daraghmeh, et al., Evidence for the vitamin D hypothesis: The NHANES III
extended mortality follow-up, Atherosclerosis 255 (2016) 96–101.

[52] J.T. Gaublomme, et al., Single-cell genomics unveils critical regulators of Th17 cell
pathogenicity, Cell 163 (6) (2015) 1400–1412.

[53] C. Wang, et al., CD5L/AIM regulates lipid biosynthesis and restrains Th17 cell
pathogenicity, Cell 163 (6) (2015) 1413–1427.

[54] L. Berod, et al., De novo fatty acid synthesis controls the fate between regulatory T
and T helper 17 cells, Nat. Med. 20 (11) (2014) 1327–1333.

[55] P. Soroosh, et al., Oxysterols are agonist ligands of RORgammat and drive Th17
cell differentiation, Proc. Natl. Acad. Sci. U. S. A. 111 (33) (2014) 12163–12168.

[56] J. Frostegard, et al., Oxidized Low-Density Lipoprotein (OxLDL)-treated dendritic
cells promote activation of T cells in human atherosclerotic plaque and blood,
which is repressed by statins: microRNA let-7c Is integral to the effect. J. Am.
Heart Assoc., 5(9) (2016).

[57] H. Lim, et al., Proatherogenic conditions promote autoimmune T helper 17 cell
responses in vivo, Immunity 40 (1) (2014) 153–165.

[58] A. Liu, et al., Induction of dendritic cell-mediated T-cell activation by modified but
not native low-density lipoprotein in humans and inhibition by annexin a5: in-
volvement of heat shock proteins, Arterioscler., Thromb., Vasc. Biol. 35 (1) (2015)
197–205.

[59] F. Usui, et al., Interleukin-17 deficiency reduced vascular inflammation and de-
velopment of atherosclerosis in Western diet-induced apoE-deficient mice,
Biochem. Biophys. Res. Commun. 420 (1) (2012) 72–77.

[60] T. Nickel, et al., oxLDL uptake by dendritic cells induces upregulation of sca-
venger-receptors, maturation and differentiation, Atherosclerosis 205 (2) (2009)
442–450.

[61] L. L'Homme, et al., Unsaturated fatty acids prevent activation of NLRP3 in-
flammasome in human monocytes/macrophages, J. Lipid Res. 54 (11) (2013)
2998–3008.

[62] K. Stelzner, et al., Free fatty acids sensitize dendritic cells to amplify TH1/TH17-
immune responses, Eur. J. Immunol. 46 (8) (2016) 2043–2053.

[63] D.M. Lloyd-Jones, et al., Defining and setting national goals for cardiovascular
health promotion and disease reduction: the American Heart Association's stra-
tegic Impact Goal through 2020 and beyond, Circulation 121 (4) (2010) 586–613.

[64] M. Kleinewietfeld, et al., Sodium chloride drives autoimmune disease by the

induction of pathogenic TH17 cells, Nature 496 (7446) (2013) 518–522.
[65] P. Kumar, K. Natarajan, N. Shanmugam, High glucose driven expression of pro-

inflammatory cytokine and chemokine genes in lymphocytes: molecular me-
chanisms of IL-17 family gene expression, Cell. Signalling 26 (3) (2014) 528–539.

[66] W.G. McMaster, et al., Inflammation, immunity, and hypertensive end-organ da-
mage, Circ. Res. 116 (6) (2015) 1022–1033.

[67] U. Wenzel, et al., Immune mechanisms in arterial hypertension, J. Am. Soc.
Nephrol.: JASN 27 (3) (2016) 677–686.

[68] Z. Wang, et al., Association of interleukin 17/angiotensin II with refractory hy-
pertension risk in hemodialysis patients, Afr. Health Sci. 16 (3) (2016) 766–771.

[69] W. Yao, et al., Elevated serum level of interleukin 17 in a population with pre-
hypertension, J. Clin. Hypertens. 17 (10) (2015) 770–774.

[70] S. Karbach, et al., Interleukin 17 drives vascular inflammation, endothelial dys-
function, and arterial hypertension in psoriasis-like skin disease, Arterioscler.,
Thromb., Vasc. Biol. 34 (12) (2014) 2658–2668.

[71] M. Platten, et al., Blocking angiotensin-converting enzyme induces potent reg-
ulatory T cells and modulates TH1- and TH17-mediated autoimmunity, Proc. Natl.
Acad. Sci. U. S. A. 106 (35) (2009) 14948–14953.

[72] J. Stegbauer, et al., Role of the renin-angiotensin system in autoimmune in-
flammation of the central nervous system, Proc. Natl. Acad. Sci. U. S. A. 106 (35)
(2009) 14942–14947.

[73] S. Ge, et al., Increased atherosclerotic lesion formation and vascular leukocyte
accumulation in renal impairment are mediated by interleukin-17A, Circ. Res. 113
(8) (2013) 965–974.

[74] M.S. Madhur, et al., Interleukin 17 promotes angiotensin II-induced hypertension
and vascular dysfunction, Hypertension 55 (2) (2010) 500–507.

[75] C.F. Krebs, et al., Deficiency of the interleukin 17/23 axis accelerates renal injury
in mice with deoxycorticosterone acetate+angiotensin II-induced hypertension,
Hypertension 63 (3) (2013) 565–571.

[76] D.W. Brown, et al., Associations between white blood cell count and risk for
cerebrovascular disease mortality: NHANES II mortality study, 1976–1992, Annals
of epidemiology 14 (6) (2004) 425–430.

[77] K.L. Margolis, et al., Leukocyte count as a predictor of cardiovascular events and
mortality in postmenopausal women: the Women's Health Initiative Observational
Study, Arch. Intern. Med. 165 (5) (2005) 500–508.

[78] P. Libby, M. Nahrendorf, F.K. Swirski, Leukocytes link local and systemic in-
flammation in ischemic cardiovascular disease: an expanded “cardiovascular
continuum”, J. Am. Coll. Cardiol. 67 (9) (2016) 1091–1103.

[79] S. von Vietinghoff, K. Ley, Homeostatic regulation of blood neutrophil counts, J.
Immunol. 181 (8) (2008) 5183–5188.

[80] P.R. Burkett, G. Meyer zu Horste, V.K. Kuchroo, Pouring fuel on the fire: Th17
cells, the environment, and autoimmunity, J. Clin. Investigat. 125 (6) (2015)
2211–2219.

[81] K.M. Yim, A.W. Armstrong, Updates on cardiovascular comorbidities associated
with psoriatic diseases: epidemiology and mechanisms, Rheumatol. Int. 37 (1)
(2017) 97–105.

[82] M. Madsen, et al., Effect of 12-O-tetradecanoylphorbol-13-acetate-induced psor-
iasis-like skin lesions on systemic inflammation and atherosclerosis in hypercho-
lesterolaemic apolipoprotein E deficient mice, BMC Dermatol. 16 (1) (2016) 9.

[83] A.A. Bengtsson, L. Ronnblom, Systemic lupus erythematosus: still a challenge for
physicians, J. Intern. Med. 281 (1) (2017) 52–64.

[84] N. Rother, J. van der Vlag, Disturbed T cell signaling and altered Th17 and reg-
ulatory T cell subsets in the pathogenesis of systemic lupus erythematosus,
Frontiers Immunol. 6 (2015) 610.

[85] T.B. Kaplan, A.L. Berkowitz, M.A. Samuels, Cardiovascular dysfunction in multiple
sclerosis, Neurologist 20 (6) (2015) 108–114.

[86] C.A. Herzog, et al., Cardiovascular disease in chronic kidney disease. A clinical
update from Kidney Disease: Improving Global Outcomes (KDIGO), Kidney Int. 80
(6) (2011) 572–586.

[87] M. van der Velde, et al., Lower estimated glomerular filtration rate and higher
albuminuria are associated with all-cause and cardiovascular mortality. A colla-
borative meta-analysis of high-risk population cohorts, Kidney Int. 79 (12) (2011)
1341–1352.

[88] T. Nakano, et al., Chronic kidney disease is associated with neovascularization and
intraplaque hemorrhage in coronary atherosclerosis in elders: results from the
Hisayama study, Kidney Int. 84 (2) (2013) 373–380.

[89] R.A. Takx, et al., Increased arterial inflammation in individuals with stage 3
chronic kidney disease, Eur. J. Nucl. Med. Mol. Imaging (2015).

[90] L. Dong, et al., T Cell CX3CR1 mediates excess atherosclerotic inflammation in
renal impairment, J. Am. Soc. Nephrol. 27 (6) (2016) 1753–1764.

[91] C. Zoccali, G. Tripepi, F. Mallamaci, Dissecting inflammation in ESRD: do cyto-
kines and C-reactive protein have a complementary prognostic value for mortality
in dialysis patients? J. Am. Soc. Nephrol.: JASN 17 (12 Suppl 3) (2006)
S169–S173.

[92] D. Chen, et al., Treg/Th17 functional disequilibrium in Chinese uremia on he-
modialysis: a link between calcification and cardiovascular disease, Ren. Fail. 34
(6) (2012) 697–702.

[93] J. Zhang, et al., Regulatory T cells/T-helper cell 17 functional imbalance in ur-
aemic patients on maintenance haemodialysis: a pivotal link between microin-
flammation and adverse cardiovascular events, Nephrology (Carlton) 15 (1)
(2010) 33–41.

[94] B.H. Chung, et al., Increased interleukin-17 producing effector memory T cells in
the end-stage renal disease patients, Immunol. Lett. 141 (2) (2012) 181–189.

[95] P. Mehrotra, et al., Th-17 cell activation in response to high salt following acute
kidney injury is associated with progressive fibrosis and attenuated by AT-1R
antagonism, Kidney Int. 88 (4) (2015) 776–784.

J. Nordlohne, S. von Vietinghoff Cytokine 122 (2019) 154089

8

http://refhub.elsevier.com/S1043-4666(17)30188-6/h0150
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0150
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0155
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0155
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0155
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0160
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0160
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0165
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0165
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0165
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0170
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0170
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0170
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0175
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0175
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0180
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0180
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0185
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0185
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0185
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0190
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0190
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0190
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0195
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0200
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0200
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0205
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0205
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0205
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0215
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0215
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0220
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0220
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0220
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0225
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0225
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0230
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0230
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0235
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0235
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0235
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0240
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0240
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0240
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0245
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0245
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0250
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0250
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0255
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0255
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0260
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0260
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0265
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0265
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0270
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0270
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0275
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0275
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0285
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0285
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0290
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0290
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0290
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0290
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0295
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0295
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0295
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0300
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0300
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0300
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0305
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0305
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0305
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0310
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0310
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0315
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0315
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0315
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0320
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0320
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0325
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0325
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0325
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0330
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0330
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0335
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0335
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0340
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0340
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0345
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0345
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0350
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0350
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0350
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0355
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0355
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0355
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0360
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0360
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0360
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0365
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0365
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0365
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0370
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0370
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0375
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0375
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0375
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0380
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0380
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0380
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0385
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0385
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0385
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0390
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0390
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0390
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0395
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0395
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0400
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0400
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0400
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0405
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0405
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0405
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0410
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0410
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0410
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0415
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0415
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0420
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0420
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0420
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0425
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0425
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0430
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0430
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0430
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0435
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0435
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0435
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0435
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0440
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0440
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0440
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0445
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0445
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0450
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0450
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0455
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0455
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0455
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0455
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0460
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0460
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0460
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0465
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0465
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0465
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0465
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0470
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0470
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0475
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0475
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0475


[96] M. Sallee, et al., The aryl hydrocarbon receptor-activating effect of uremic toxins
from tryptophan metabolism: a new concept to understand cardiovascular com-
plications of chronic kidney disease, Toxins 6 (3) (2014) 934–949.

[97] Q. Wang, et al., Tryptophan-kynurenine pathway is dysregulated in inflammation,
and immune activation, Frontiers Biosci. 20 (2015) 1116–1143.

[98] G.L. Stephens, et al., Kynurenine 3-monooxygenase mediates inhibition of Th17
differentiation via catabolism of endogenous aryl hydrocarbon receptor ligands,
Eur. J. Immunol. 43 (7) (2013) 1727–1734.

[99] G. Criado, et al., Indoleamine 2,3 dioxygenase-mediated tryptophan catabolism
regulates accumulation of Th1/Th17 cells in the joint in collagen-induced ar-
thritis, Arthritis Rheumatism 60 (5) (2009) 1342–1351.

[100] D. Favre, et al., Tryptophan catabolism by indoleamine 2,3-dioxygenase 1 alters
the balance of TH17 to regulatory T cells in HIV disease. Sci. Translational Med.
2(32) (2010) 32ra36.

[101] J.E. Cole, et al., Indoleamine 2,3-dioxygenase-1 is protective in atherosclerosis and
its metabolites provide new opportunities for drug development, Proc. Natl. Acad.
Sci. U. S. A. 112 (42) (2015) 13033–13038.

[102] T. Sano, et al., An IL-23R/IL-22 circuit regulates epithelial serum amyloid a to
promote local effector Th17 responses, Cell 163 (2) (2015) 381–393.

[103] S. Zewinger, et al., Serum amyloid A: high-density lipoproteins interaction and
cardiovascular risk, Eur. Heart J. 36 (43) (2015) 3007–3016.

[104] M.J. Butcher, et al., The IL-17A/IL-17RA axis plays a proatherogenic role via the
regulation of aortic myeloid cell recruitment, Circ. Res. 110 (5) (2012) 675–687.

[105] K. Danzaki, et al., Interleukin-17A deficiency accelerates unstable atherosclerotic
plaque formation in apolipoprotein E-deficient mice, Arterioscler., Thromb., Vasc.
Biol. 32 (2) (2011) 273–280.

[106] S. Chen, et al., IL-17A is proatherogenic in high-fat diet-induced and Chlamydia
pneumoniae infection-accelerated atherosclerosis in mice, J. Immunol. 185 (9)
(2010) 5619–5627.

[107] X. Cheng, et al., Inhibition of IL-17A in atherosclerosis, Atherosclerosis 215 (2)
(2011) 471–474.

[108] T. van Es, et al., Attenuated atherosclerosis upon IL-17R signaling disruption in
LDLr deficient mice, Biochem. Biophys. Res. Commun. 388 (2) (2009) 261–265.

[109] C. Erbel, et al., Inhibition of IL-17A attenuates atherosclerotic lesion development
in apoE-deficient mice, J. Immunol. 183 (12) (2009) 8167–8175.

[110] C. Erbel, et al., IL-17A influences essential functions of the monocyte/macrophage
lineage and is involved in advanced murine and human atherosclerosis, J.
Immunol. 193 (9) (2014) 4344–4355.

[111] Q. Gao, et al., A critical function of Th17 proinflammatory cells in the develop-
ment of atherosclerotic plaque in mice, J. Immunol. 185 (10) (2010) 5820–5827.

[112] S. Taleb, et al., Loss of SOCS3 expression in T cells reveals a regulatory role for
interleukin-17 in atherosclerosis, J. Exp. Med. 206 (10) (2009) 2067–2077.

[113] A. Gistera, et al., Transforming growth factor-beta signaling in T cells promotes
stabilization of atherosclerotic plaques through an interleukin-17-dependent
pathway. Sci. Translational Med. 5(196) (2013) 196ra100.

[114] M.L. Dart, et al., Interleukin-17-dependent autoimmunity to collagen type V in
atherosclerosis, Circ. Res. 107 (9) (2010) 1106–1116.

[115] A.J. Wilhelm, et al., Dysregulated CD4+ T cells from SLE-susceptible mice are
sufficient to accelerate atherosclerosis in LDLr-/- mice, Ann. Rheumatic Diseases
74 (4) (2015) 778–785.

[116] L. Wang, et al., Allergic asthma accelerates atherosclerosis dependent on Th2 and
Th17 in apolipoprotein E deficient mice, J. Mol. Cell. Cardiol. 72 (2014) 20–27.

[117] H. Shi, et al., Digoxin reduces atherosclerosis in apolipoprotein E-deficient mice,
Br. J. Pharmacol. 173 (9) (2016) 1517–1528.

[118] S. von Vietinghoff, et al., Mycophenolate mofetil decreases atherosclerotic lesion
size by depression of aortic T-lymphocyte and interleukin-17-mediated macro-
phage accumulation, J. Am. Coll. Cardiol. 57 (21) (2011) 2194–2204.

[119] K. Meng, et al., Valsartan attenuates atherosclerosis via upregulating the Th2
immune response in prolonged angiotensin II-treated ApoE(-/-) mice, Mol. Med.
21 (2015) 143–153.

[120] F. Ilhan, S.T. Kalkanli, Atherosclerosis and the role of immune cells, World J. Clin.
Cases 3 (4) (2015) 345–352.

[121] C. Weber, H. Noels, Atherosclerosis: current pathogenesis and therapeutic options,
Nat. Med. 17 (11) (2011) 1410–1422.

[122] E.K. Koltsova, C.C. Hedrick, K. Ley, Myeloid cells in atherosclerosis: a delicate
balance of anti-inflammatory and proinflammatory mechanisms, Curr. Opin.
Lipidol. 24 (5) (2013) 371–380.

[123] S.H. Karbach, et al., Gut microbiota promote angiotensin II-induced arterial hy-
pertension and vascular dysfunction. J. Am. Heart Assoc. 5(9) (2016).

[124] J.G. Barin, et al., Macrophages participate in IL-17-mediated inflammation, Eur. J.
Immunol. 42 (3) (2012) 726–736.

[125] S. Ge, et al., Interleukin 17 receptor A modulates monocyte subsets and macro-
phage generation in vivo, PloS One 9 (1) (2014) e85461.

[126] H. Xiong, et al., Innate lymphocyte/Ly6C(hi) monocyte crosstalk promotes kleb-
siella pneumoniae clearance, Cell 165 (3) (2016) 679–689.

[127] S. Shahrara, et al., IL-17-mediated monocyte migration occurs partially through
CC chemokine ligand 2/monocyte chemoattractant protein-1 induction, J.
Immunol. 184 (8) (2010) 4479–4487.

[128] R.M. Onishi, S.L. Gaffen, Interleukin-17 and its target genes: mechanisms of in-
terleukin-17 function in disease, Immunology 129 (3) (2010) 311–321.

[129] G. Salvatore, et al., Human monocyte-derived dendritic cells turn into foamy
dendritic cells with IL-17A, J. Lipid Res. 56 (6) (2015) 1110–1122.

[130] J. Mai, et al., Interleukin-17A promotes aortic endothelial cell activation via
transcriptionally and post-translationally activating p38 mitogen-activated protein
kinase (MAPK) pathway, J. Biol. Chem. 291 (10) (2016) 4939–4954.

[131] R. Liu, et al., IL-17 promotes neutrophil-mediated immunity by activating mi-
crovascular pericytes and not endothelium, J. Immunol. 197 (6) (2016)
2400–2408.

[132] A.E. Norlander, et al., Interleukin-17A regulates renal sodium transporters and
renal injury in angiotensin II-induced hypertension, Hypertension 68 (1) (2016)
167–174.

[133] N.V. Kamat, et al., Renal transporter activation during angiotensin-II hypertension
is blunted in interferon-gamma-/- and interleukin-17A−/− mice, Hypertension
65 (3) (2015) 569–576.

[134] C. Chen, et al., IL-17 is a neuromodulator of caenorhabditis elegans sensory re-
sponses, Nature 542 (7639) (2017) 43–48.

[135] O.J. de Boer, et al., Differential expression of interleukin-17 family cytokines in
intact and complicated human atherosclerotic plaques. J. Pathol. (2009) n/a–n/a.

[136] R.E. Eid, et al., Interleukin-17 and interferon-gamma are produced concomitantly
by human coronary artery-infiltrating T cells and act synergistically on vascular
smooth muscle cells, Circulation 119 (10) (2009) 1424–1432.

[137] C. Erbel, et al., Expression of IL-17A in human atherosclerotic lesions is associated
with increased inflammation and plaque vulnerability, Basic Res. Cardiol. 106 (1)
(2011) 125–134.

[138] F. Del Porto, et al., Regulatory T CD4 + CD25+ lymphocytes increase in symp-
tomatic carotid artery stenosis, Ann. Med. (2016) 1–8.

[139] A.V. Potekhina, et al., Treg/Th17 balance in stable CAD patients with different
stages of coronary atherosclerosis, Atherosclerosis 238 (1) (2015) 17–21.

[140] Z.D. Liu, et al., Increased Th17 cell frequency concomitant with decreased
Foxp3+ Treg cell frequency in the peripheral circulation of patients with carotid
artery plaques. Inflammation Res.: Official J. Eur. Histamine Res. Soc. 61(10)
(2012) 1155–1165.

[141] Z. Zhao, et al., Activation of Th17/Th1 and Th1, but not Th17, is associated with
the acute cardiac event in patients with acute coronary syndrome, Atherosclerosis
217 (2) (2011) 518–524.

[142] R. Yao, et al., The altered expression of inflammation-related microRNAs with
microRNA-155 expression correlates with Th17 differentiation in patients with
acute coronary syndrome, Cell. Mol. Immunol. 8 (6) (2011) 486–495.

[143] X. Cheng, et al., The Th17/Treg imbalance in patients with acute coronary syn-
drome, Clin. Immunol. 127 (1) (2008) 89–97.

[144] Q. Li, et al., The role of oxidized low-density lipoprotein in breaking peripheral
Th17/Treg balance in patients with acute coronary syndrome, Biochem. Biophys.
Res. Commun. 394 (3) (2010) 836–842.

[145] L. Zhang, et al., Elevated frequencies of circulating Th22 cell in addition to Th17
cell and Th17/Th1 cell in patients with acute coronary syndrome, PloS One 8 (12)
(2013) e71466.

[146] Q. Li, et al., Distinct different sensitivity of Treg and Th17 cells to Fas-mediated
apoptosis signaling in patients with acute coronary syndrome, Int. J. Clin. Exp.
Pathol. 6 (2) (2013) 297–307.

[147] J. Liang, et al., Myeloperoxidase (MPO) and interleukin-17 (IL-17) plasma levels
are increased in patients with acute coronary syndromes, J. Int. Med. Res. 37 (3)
(2009) 862–866.

[148] T. Simon, et al., Circulating levels of interleukin-17 and cardiovascular outcomes
in patients with acute myocardial infarction, Eur. Heart J. 34 (8) (2013) 570–577.

[149] G. Cimmino, et al., Upregulation of TH/IL-17 pathway-related genes in human
coronary endothelial cells stimulated with serum of patients with acute coronary
syndromes, Frontiers Cardiovasc. Med. 4 (2017) 1.

[150] W. Rungapiromnan, et al., Impact of biologic therapies on risk of major adverse
cardiovascular events in patients with psoriasis: systematic review and meta-
analysis of randomised controlled trials, Br. J. Dermatol. (2016).

[151] R. Khanna, et al., Anti-IL-12/23p40 antibodies for induction of remission in
Crohn's disease. The Cochrane Database Systematic Rev., 5 (2015) CD007572.

[152] C. Ryan, et al., Association between biologic therapies for chronic plaque psoriasis
and cardiovascular events: a meta-analysis of randomized controlled trials, JAMA
306 (8) (2011) 864–871.

J. Nordlohne, S. von Vietinghoff Cytokine 122 (2019) 154089

9

http://refhub.elsevier.com/S1043-4666(17)30188-6/h0480
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0480
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0480
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0485
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0485
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0490
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0490
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0490
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0495
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0495
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0495
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0505
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0505
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0505
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0510
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0510
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0515
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0515
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0520
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0520
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0525
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0525
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0525
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0530
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0530
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0530
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0535
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0535
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0540
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0540
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0545
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0545
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0550
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0550
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0550
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0555
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0555
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0560
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0560
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0570
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0570
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0575
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0575
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0575
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0580
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0580
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0585
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0585
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0590
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0590
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0590
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0595
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0595
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0595
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0600
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0600
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0605
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0605
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0610
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0610
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0610
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0620
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0620
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0625
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0625
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0630
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0630
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0635
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0635
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0635
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0640
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0640
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0645
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0645
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0650
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0650
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0650
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0655
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0655
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0655
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0660
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0660
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0660
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0665
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0665
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0665
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0670
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0670
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0680
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0680
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0680
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0685
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0685
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0685
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0690
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0690
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0695
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0695
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0705
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0705
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0705
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0710
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0710
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0710
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0715
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0715
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0720
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0720
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0720
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0725
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0725
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0725
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0730
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0730
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0730
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0735
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0735
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0735
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0740
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0740
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0745
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0745
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0745
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0750
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0750
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0750
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0760
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0760
http://refhub.elsevier.com/S1043-4666(17)30188-6/h0760

	Interleukin 17A in atherosclerosis – Regulation and pathophysiologic effector function
	Introduction
	The IL-17 cytokine family, regulation, producing cell types and receptors
	Regulation of IL-17A production during atherosclerosis development in murine models
	Molecular factors that regulate IL-17A production
	Cytokines
	Low molecular weight molecules including vitamins
	Lipids and lipid metabolism
	Salt and glucose

	Clinical risk factors for atherosclerosis and regulation of the IL-17A response
	Hypertension
	Chronic inflammation and autoimmune disease
	Chronic kidney disease

	Mechanistic role of IL-17A for atherosclerotic plaque size in murine models
	Genetic IL-17A and IL-17 receptor A deletion
	Specific blockade or addition of IL-17A in atherosclerotic mouse models
	IL-17A dysregulation in other genetic models of atherosclerosis with functional results
	Role of IL-17A in models of atherosclerosis together with other disease
	IL-17A in atherosclerotic models treated with clinically approved drugs
	Mechanistic effects of other IL-17 isoforms in atherosclerotic mouse models

	Role of IL-17A in modulation of the atherosclerotic lesion structure
	Possible IL-17A target cells in atherosclerosis
	Role of IL-17A in human atherosclerotic plaque structure
	Effects of specific IL-17A antagonists on human atherosclerosis
	Conclusion
	Disclosure
	Acknowledgements
	References




