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IL-17A Influences Essential Functions of the
Monocyte/Macrophage Lineage and Is Involved in
Advanced Murine and Human Atherosclerosis
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Atherosclerosis is a chronic inflammatory disease. Lesion progression is primarilymediated by cells of themonocyte/macrophage lineage.

IL-17A is a proinflammatory cytokine, which modulates immune cell trafficking and is involved inflammation in (auto)immune and

infectious diseases. But the role of IL-17A still remains controversial. In the current study, we investigated effects of IL-17A on advanced

murine and human atherosclerosis, the common disease phenotype in clinical care. The 26-wk-old apolipoprotein E–deficient mice were

fed a standard chow diet and treated either with IL-17A mAb (n = 15) or irrelevant Ig (n = 10) for 16 wk. Furthermore, essential

mechanisms of IL-17A in atherogenesis were studied in vitro. Inhibition of IL-17A markedly prevented atherosclerotic lesion progres-

sion (p = 0.001) by reducing inflammatory burden and cellular infiltration (p = 0.01) and improved lesion stability (p = 0.01). In vitro

experiments showed that IL-17A plays a role in chemoattractance, monocyte adhesion, and sensitization of APCs toward pathogen-

derived TLR4 ligands. Also, IL-17A induced a unique transcriptome pattern in monocyte-derived macrophages distinct from known

macrophage types. Stimulation of human carotid plaque tissue ex vivo with IL-17A induced a proinflammatory milieu and upregulation

of molecules expressed by the IL-17A–induced macrophage subtype. In this study, we show that functional blockade of IL-17A prevents

atherosclerotic lesion progression and induces plaque stabilization in advanced lesions in apolipoprotein E–deficient mice. The under-

lying mechanisms involve reduced inflammation and distinct effects of IL-17A on monocyte/macrophage lineage. In addition, trans-

lational experiments underline the relevance for the human system. The Journal of Immunology, 2014, 193: 4344–4355.

P
rogressive atherosclerosis, the leading cause of death and
disability worldwide, may lead to rupture of vulnerable
vascular plaques, causing atherothrombosis and vessel

occlusion (1). Chronic inflammatory processes are important
mechanisms that lead to atherosclerotic lesion development and
progression (1). Recent studies have shown that plaque progres-
sion is predominantly caused by monocyte recruitment and/or
local proliferation of macrophages (2, 3), whereas plaque stabi-
lization and regression is characterized by reduced macrophage
accumulation due to predominantly reduced monocyte recruit-
ment, but also migratory egress of macrophages (4).
The proinflammatory cytokine IL-17A modulates immune cell

trafficking, mainly through induction of chemokines, thereby initi-
ating inflammation and cytokine production in several autoimmune
diseases (5, 6). IL-17A is produced by various inflammatory cells,
including T cells and macrophages, and modulates the expression
of several proinflammatory molecules (TNF-a, IL-1b, and CCL2
[MCP-1]) and matrix metalloproteinases (5, 7). Previously, our group
and others (7–11) have shown that inhibition of IL-17A influenced
atherosclerotic lesion development in mice with partially contro-
versial results. Because the highest expression rates of IL-17A were
observed in human carotid artery plaques derived from symptomatic
patients with stroke or transient ischemic attack (12, 13), IL-17A
may be linked to vulnerability of human atherosclerotic lesions.
The goal of the present work was to study the effects of IL-17A

on advanced lesion progression, the common disease phenotype in
clinical care, in apolipoprotein E–deficient (Apoe2/2) mice, additional
effects on atherogenic cells, and translation to the human system.

Materials and Methods
Animals

Male Apoe2/2 mice 26 wk of age (strain B6.129P2) on a C57BL/6J
background (n = 30) were kept within the animal care facility of the
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University of Heidelberg. Mice were fed a normal chow diet. A total of 100
mg blocking mouse IgG1 anti–IL-17A mAb, kindly provided by F. Di
Padova (3-784-9; Novartis Institutes for BioMedical Research) (n = 15), or
of isotype IgG1 (n = 10) was administered i.p. once a week for 16 wk. In
addition, 26-wk-old Apoe2/2 mice (n = 5) were used to quantify lesion
area at baseline. Housing and care of animals and all procedures were per-
formed in accordance with the guidelines and regulations of the local Animal
Care Committee (Institutional Review Board approval AZ G-41/08).

Tissue processing

For RNA isolation, aortic arches were dissected and snap-frozen as de-
scribed previously (7). We calculated the cross sectional area by taking the
mean surface area of the lesion of each section of each mouse (mm2). The
fractional stenosis was calculated by dividing the surface of the lesion area
by the surface of the vessel (including plaque area) and multiplied by 100 (%).
The maximum stenosis was analyzed by dividing the vessel area including the
lesion area by the vessel area without the lesion area of the section with the
highest grade of stenosis of each mice and multiplied by 100 (%).

Quantification of atherosclerotic lesions in the aortic root

After sacrifice, mice were perfused by cardiac puncture with 0.9% NaCl.
Afterwards, aortic root was dissected, embedded in OCT, and stored at220˚C.
For immunohistochemistry, the aortic root was serially sectioned in 5-mm
sections. A section was stained every 75 mm in the direction of the aortic
arch with Oil Red O and hemalaune, beginning from the point at which all
three aortic valve leaflets first appeared. Routinely, approximately eight
consecutive histological sections per mice, taken every 75 mm and cov-
ering the root of the aorta, were used to analyze the atherosclerotic lesion
and the vessel area. All stainings were captured under identical lighting,
microscope, camera, and PC conditions and stored as TIFFs. Slides were
analyzed using a Nikon Eclipse TE 2000-E inverted system microscope
connected to a Hewlett Packard computer with NIS-Elements AR 2.30
software (Nikon, Duesseldorf, Germany).

Formorphometric analysis of the fibrous cap, the thickness wasmeasured
in six parts of the cap. The mean thickness of the fibrous cap was calculated
for each section of each mice and compared between groups.

Immunohistochemistry and Movat pentachrome staining

Briefly, after fixation in acetone primary Abs against the following Ags were
used and titrated to optimum performance: CD3, VCAM-1 (both BD
Pharmingen), CD11c (eBioscience), a-smooth muscle actin (Dianova),
CD206 (AbD Serotec), Mac-2 (Accurate Chemie), and B220 (Affymetrix).
Isotype- and concentration-matched rat control mAb served as negative
controls. Biotinylated goat anti-rat IgG (Jackson ImmunoResearch Labo-
ratories) was used as a secondary reagent (1/100, 30 min at room tem-
perature). For plaque composition analyses, Movat pentachrome staining
was performed. A thresholding technique using computerized ImagePro
analysis was implemented for analysis of the aortic root sections.

Determination of plasma lipid concentration and plasma cell
composition

Total serum cholesterol, high-density lipoprotein, low-density lipoprotein
(LDL) cholesterol, triglycerides, and blood counts were analyzed by the
department of clinical chemistry of the University of Heidelberg.

Real-time PCR

The RNeasy kit (Qiagen), cDNA kit (Roche Diagnostics), and Roche real-
time PCR kit with SYBR Green (Roche Diagnostics) were used as de-
scribed previously (7). Primer sequences are shown in Table I.

ELISA

Protein expression was measured in the supernatant of the ex vivo model as
well as RANTES and GM-CSF in the serum of all mice (42 wk) using
appropriate ELISAs (SABiosciences) according to the manufacturers’
instructions.

Flow cytometry

For flow cytometry, macrophages were harvested by gentle cell scraping and
labeled with the appropriate Abs (CD68, CD36, CD206, inducible NO
synthase [iNOS], CD11b, CD14, CD16, CXCL6, and CXCL1; BD Phar-
mingen) as described previously (7).

Stimulation of explanted human atherosclerotic plaque tissue

Twelve soft lipid-rich human carotid artery plaques from patients under-
going endarterectomy were obtained. Plaque tissues were cut into small

pieces (3 mm), randomly distributed into wells of a 48-well plate, and
cultured in RPMI 1640 medium at 37˚C in humidified air containing 5%
CO2. Tissue fragments of the same patient were stimulated with 10ng/ml
IL-17A, 1 mg/ml LPS, 10 ng/ml IFN-g, and 5 ng/ml TNF-a alone or in
combination for 3 and 8 h, respectively. Unstimulated plaque pieces of the
same patient’s probe served as controls.

Adhesion of human platelets and monocytes to endothelial
cells under dynamic conditions

HUVECs were isolated as described previously (7). Adhesion experiments
were performed as described previously (14).

Human macrophage polarization and gene chip experiments

For macrophage polarization, monocyte-derived macrophages were stim-
ulated with 10 ng/ml IL-17A for 18 h. Unstimulated macrophages served as
control. After 18 h RNA was isolated from macrophages using columns
including a DNAse-step followed by reverse transcription. RNAwas labeled
and hybridized to Illumina expression profiling for whole genome Bead-
ChipSentrix array (kindly provided by Hudler, German Cancer Research
Center). For blood withdrawal, patients gave written consent, and the study
was approved by the local institutional ethics committee.

Effects of IL-17A on macrophage differentiation

Human monocyte-derived macrophages were generated. To investigate the
impact of IL-17A on macrophage differentiation, isolated monocytes were
incubated either with 100 ng/ml rhM-CSF or with 10 ng/ml IL-17A or both
for 6 d. After 6 d for macrophage differentiation, RNA was either isolated
from macrophages using columns including a DNAse-step followed by
reverse transcription (all reagents from Qiagen), or cells were harvested for
flow cytometry analysis.

Effects of IL-17A on macrophage/dendritic cell–mediated
T cell activation

PBMCs were isolated from peripheral blood as described above. CD4+

T cells were isolated by positive selection according to the manufacturer’s
instructions (Miltenyi Biotec). For dendritic cell (DC) differentiation,
isolated monocytes were incubated in X-Vivo 15 (BioWhittaker) supple-
mented with 1.5% inactivated human plasma and 10 ml/ml penicillin/
streptomycin at 37˚C in a humidified air containing 5% CO2. The cells
were stimulated with 200 U/ml GM-CSF (ImmunoTools) and 1000 U/ml
IL-4 (ImmunoTools). One milliliter medium supplemented with 400 U/ml
GM-CSF and 1000 U/ml IL-4 was exchanged on day 3 and 5.

For T cell activation assays, macrophages or DCs were incubated in 96-
well round-bottom plates in RPMI 1640 supplemented with 10% FCS and
stimulated with 20 mg/ml oxidized LDL (oxLDL; Sanbio), 100 ng/ml IL-
17A (R&D Systems), or oxLDL in combination with IL-17A for 6 h. As
a negative control, RPMI 1640 was used. After 6-h preincubation, CD4+ T-
cells were added in a ratio of 1:5 and stimulated for 8 and 18 h. After
stimulation, T cells were pooled and resuspended in 400 ml MagNA Pure
Lyse-Buffer (Roche) with 10 mg/ml DTT (Roche). Subsequently, RNA
was isolated and used for cDNA synthesis.

OxLDL-induced foam cell formation

For the oxLDL uptake assay, macrophages were exposed to 10 mg/ml
DiI-labeled oxLDL (Hycultec) (in addition to 10 ng/ml IL-17A) for 4 h
at 37˚C. Subsequently, cells were washed, and fluorescence intensity was
assessed by flow cytometry (FACSCalibur; BD Biosciences). Untreated
macrophages served as negative controls.

For the foam cell formation assay, macrophages were exposed to 10–20
mg/ml oxLDL (Hycultec) (in addition to IL-17A) for 24 h at 37˚C. After
washing the cells, we performed an Oil Red O staining. For the Oil Red O
staining analysis, we used ImageJ and the plugin color deconvolution for
ImageJ (National Institutes of Health). We measured the positive stained
area in relation to the area of the cells (n = 50) for each group. Untreated
macrophages served as negative controls.

Gene chip data analysis

Local pooled error test. For statistical analysis, the open source statistical
software package R (www.r-project.org) was used including the local
pooled error (LPE) test for differential expression discovery between two
conditions (15). Gene chip data were analyzed as described previously
(16). Nonexpressed genes were excluded, followed by normalization of
data and log2 transformation to achieve normal distribution. A false dis-
covery rate (FDR) to discover probe sets differentially expressed with
FDR,0.05 (17). Heat maps were constructed using R in a way that allows
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all conditions and genes to freely cluster both in the x- (condition) and
y-axes (gene).

Gene set enrichment analysis. Gene set enrichment was analyzed using an
open-access software for gene set enrichment analysis (GSEA) (18) to
assess possible similarities between the IL-17A–induced gene expression
profile and the known M1 and M2 signatures. The latter were extracted
from the gene expression data of monocyte–macrophage differentiation
and polarization as published by Martinez et al. (19) (Gene Expression
Omnibus data set 2430). Using the LPE test, genes differentially expressed
between the M1 and M2 data set were identified and used as M1 and M2
gene sets, respectively. Overexpression of the M1 and M2 gene sets was
tested by GSEA in the unstimulated and IL-17A gene expression data.
GSEA calculates an enrichment score, which indicates the degree of
overrepresentation of these gene sets, and estimates its significance with
adjustment for multiple hypothesis testing.

Modified principal component analysis and hierarchical clustering. A
modified principal component analysis was performed on the previously
published M1 and M2 (19) as well as on the new IL-17A gene expression
data normalized to the unstimulated gene expression sets as described
previously (20). Briefly, a normalization step was used to avoid bias owing
to interexperimental variance. Principal component analysis was per-
formed including all genes that were significantly overexpressed (as
determined by LPE) in M1 relative to M2 and all genes that were over-
expressed in M2 relative to M1. The first principal components from each
of these analyses (independent by definition) were used to define a new
coordinate space in which IL-17A gene expression data were plotted.
Hierarchical clustering was used to determine the level of similarity be-
tween the three normalized groups (21). All genes were included in the
analysis, and the results are displayed in a dendrogram.

Microarray data has been submitted to the Gene Expression Omnibus
database under accession number GSE60824 (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE60824).

Statistical analysis

Figure data are presented as mean 6 SEM and tables as mean 6 SD. To
compare groups of animals, one-way ANOVA (Kruskal-Wallis) was used
to compare the groups. Significant differences with p # 0.05 or weak
differences with p , 0.1 were specified using Mann–Whitney U or t test,
where indicated. For adhesion assays, ANOVA test with Scheffe post hoc
analysis was applied to determine significant differences between groups.
A p value , 0.05 was considered statistically significant.

Results
Experimental study group

Based on previous dose-finding studies (7), mice in the therapy
group were treated with 100 mg anti–IL-17A mAb by i.p. injection
once a week for 16 wk. The Mab 3-784-9 was previously shown to
be sufficient to deplete IL-17A in vivo (22). Primer sequences for
the quantitative tissue PCR analysis of the thoracic aortae of mice
are presented in Table I. No animal died, and no growth retarda-
tion (body weight and height) was observed. At 42 wk of age,
serum concentrations of total cholesterol, high-density lipoprotein
and LDL cholesterol, triglycerides, and whole blood counts did
not differ between both groups (Table II).

IL-17A mAb treatment attenuated progression of advanced
atherosclerotic lesions in Apoe2/2 mice

Fig. 1A–C shows histology of representative aortic root sections
of the different groups. IL-17A mAb treatment prevented lesion
progression with a cross-sectional area of 471,359 6 42,650 mm2

(mean 6 SEM) versus 721,989 6 78,099 mm2 in control mice
(235%; p = 0.01, Fig. 1D). Fractional and maximum stenosis were
also markedly reduced in IL-17A mAb–treated as compared with
control mice (fractional stenosis: 239%; 26.9 6 7 versus 44.1 6
8%; p = 0.001; Fig. 1E; maximum stenosis: 229%; 35.15 6 8
versus 49.71 6 9%; p = 0.001; Fig. 1F). When compared with
atherosclerotic lesion formation at baseline (26-wk-old mice),
IL-17A blockade also significantly reversed fractional stenosis
(243%, p = 0.01; Fig. 1E).
By Movat pentachrome staining, we found that IL-17A inhi-

bition significantly reduced the necrotic core in atherosclerotic

plaques compared with control mice (p = 0.007; control, 38,1136
22,001 versus therapy, 22,546 6 11,080 mm2; data not shown).
Accordingly, plaque cellularity was significantly lower in the
treatment versus control group (p = 0.01; control, 897 6 255,
versus therapy, 608 6 202; data not shown).

IL-17A mAb treatment increased plaque stability in Apoe2/2

mice

Anti–IL-17A mAb treatment resulted in significantly thicker fi-
brous caps compared with controls (p = 0.008; Fig. 2A, 2B). In
addition, Movat staining showed that IL-17A mAb–treated mice
displayed markedly higher amounts of lesional collagen than
controls (66%; 32.66 6 8 versus 49.24 6 14%; p = 0.01; Fig. 2A,
2B). The results of the collagen content in the lesion were con-
firmed by two-photon confocal microscopy. Treatment with anti–
IL-17 mAb resulted in a significant increase of the collagen
content in the plaques compared with controls (p = 0.02, Fig. 2A,
2B). These findings were supported by the significantly increased
mRNA expression of connective tissue growth factor (CTGF),
which is involved in the fibrosis cascade, in IL-17A mAb–treated
versus control mice (p = 0.04; Table III). Total numbers of smooth
muscle cells did not differ between the groups (Fig. 2A, 2B).
Although apoptotic cell death by TUNEL staining was found in
both groups, the amount of TUNEL+ cells in atherosclerotic
lesions was significantly lower in the therapy group (p = 0.03;
Fig. 2A, 2B).

Table I. Primer sequences

Name Sequence

mIFNg FP 59-ATGAACGCTACACACTGCATC-39
mIFNg RP 59-CCATCCTTTTGCCAGTTCCTC-39
mIL4 FP 59-ACTTGAGAGAGATCATCGGCA-39
mIL4 RP 59-AGCTCCATGAGAACACTAGAGTT-39
mIL6 FP 59-TAGTCCTTCCTACCCCAATTTCC-39
mIL6 RP 59-TTGGTCCTTAGCCACTCCTTC-39
mLCK FP 59-TGGAGAACATTGACGTGTGTG-39
mLCK RP 59-ATCCCTCATAGGTGACCAGTG-39
mCCL2 FP 59-TTAAAAACCTGGATCGGAACCAA-39
mCCL2 RP 59-GCATTAGCTTCAGATTTACGGGT-39
mTNFa FP 59-CCCTCACACTCAGATCATCTTCT-39
mTNFa RP 59-TGCTACGACGTGGGCTACAG-39
mIL21 FP 59-GGA CCC TTG TCT GTC TGG TAG-39
mIL-21 RP 59-TGT GGA GCT GAT AGA AGT TCA GG-39
mIL22 FP 59-AAC TTC CAG CAG CCG TAC AT-39
mIL-22 RP 59-GTA GGG CTG GAA CCT GTC TG-39
mCCL5 FP 59-GCT GCT TTG CCT ACC TCT CC-39
mCCL5 RP 59-TCG AGT GAC AAA CAC TGC-39
mCCL20 FP 59-CCA GTT CTG CTT TGG ATC AGC-39
mCCL20 RP 59-GCC TCT CGT ACA TAC AGA CGC-39
hICAM1 FP 59-GGCCTTATTCCTCCCTTCC-39
hICAM1 RP 59-GGCATAGCTTGGGCATATTC-39
hIL6 FP 59-AAATTCGGTACATCCTCGACGG-39
hIL6 RP 59-GGAAGGTTCAGGTTGTTTTCTGC-39
hCCL2 FP 59-ATGAAAGTCTCTGCCGCCCTTCT-39
hCCL2 RP 59-TGAGTGTTCAAGTCTTCGGAGTT-39
hTF FP 59-TACTTGGCACGGGTCTTCTC-39
hTF RP 59-TCACATTCACTTTTGTTCCCA-39
hTNFa FP 59-TCTTCTCGAACCCCGAGTGA-39
hTNFa RP 59-CCTCTGATGGCACCACCAG-39
hIFNg FP 59-TCGGTAACTGACTTGAATGTCCA-39
hIFNg RP 59-TCCTTTTTCGCTTCCCTGTTTT-39
hMMP9 FP 59-TGGCAGAGATGCGTGGAGA-39
hMMP9 RP 59-GGCAAGTCTTCCGAGTAGTTTT-39
hCol1.2 FPa 59-AAC CAA GGA TGC ACT ATG GA-39
hColl1.2 RPa 59-GCT GCC AGC ATT GAT AGT TT-39

Primer sequences (murine [m] and human [h]), forward primer (FP), and reverse
(RP) primer are shown.

aObtained from Biomol (Hamburg, Germany).
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Reduced lesional cellular infiltration and activation in
anti–IL-17A mAb–treated mice

Immunohistochemistry revealed a significant reduction of CD3+

T cells (p = 0.01) and T cell density (p = 0.04) in atherosclerotic
lesions of anti–IL-17A mAb–treated mice compared with control
mice (Fig. 3A, 3B). No differences were found between groups for
mRNA expression of LCK (lymphocyte-specific protein tyrosine
kinase, a marker of the CD4 TCR), the Th2 cytokine IL4, and the
T cell activation marker IFNg (Table III).
Lesional Mac-2+ macrophages were reduced both in total

number and numbers per lesion in IL-17A mAb–treated com-
pared with control mice (p = 0.02 and p = 0.04, respectively;
Fig. 3A, 3B). The proportion of monocyte-originated cells, in-
cluding anti-inflammatory M2 macrophages, identified by Mac-2
and CD206 staining, was similar between the groups (NS;
Fig. 3A, 3B). mRNA levels of the most potent macrophage
chemoattractant CCL2 were significantly reduced in IL-17A
mAb–treated mice (p = 0.02; Table III). Also, the grade of ac-
tivation of macrophages as determined by TNFa mRNA ex-
pression was significantly reduced compared with control mice
(p = 0.03; Table III).
In the baseline group, mean density of CD3+ T cells was 0.086

0.009 (mean 6 SD) and MAC-2+ area 28,371 6 17,623 mm2 in
atherosclerotic lesions (Fig. 3).
B cell numbers did not differ significantly between groups

(p = 0.05; controls [mean 6 SD], 0.9 6 1.1, versus therapy, 3.0 6
2.8; Fig. 3A, 3B).
Protein serum levels of RANTES and GM-CSF were signifi-

cantly reduced in anti–IL-17A mAb–treated mice compared with
controls (both p = 0.04; data not shown).

Effects of endothelial IL-17A stimulation on monocyte and
platelet adhesion and platelet rolling

Monocyte adhesion was significantly increased after IL-17A
stimulation compared with resting endothelial cells (all p ,
0.05; Fig. 4A). Because platelet adherence by IL-17A may support
the recruitment of circulating monocytes, we also investigated
rolling and firm adhesion of perfused platelets on IL-17A–stim-
ulated HUVECs and found both to be increased under high shear
conditions (versus unstimulated, all p , 0.05; Supplemental Fig.
1). Representative videos of endothelial cell–adherent platelets are
shown in Supplemental Videos 1–3.

IL-17A does not affect monocyte-derived macrophage
differentiation

Incubation of monocytes with IL-17A for 6 d did not affect
macrophage differentiation at the gene expression (data not shown)
or protein level (Table IV) compared with M-CSF.

IL-17A induces a proinflammatory transcriptome in
macrophages

The effects of IL-17A on macrophage differentiation and tran-
scriptomes were analyzed after treatment with recombinant human
IL-17A (10 ng/ml) or control for 18 h. The 222 probe sets were
significantly regulated by LPE test (FDR , 0.05; 162 up- and
60 downregulated) (Fig. 4B). A substantial number of proin-
flammatory mediators were upregulated, including cytokines
such as IL1A and IL6 or chemokines like CCL2, CCL8, CCL20,
CXCL1, CXCL2, and CXCL6. Furthermore, genes involved in
oxidative stress were induced, including several metallothioneines
(MT1M and MTE). Also, genes coding for surface receptors such
as CD14, CD163, or TLR8 were significantly upregulated. By
contrast, IL-17A at the same time induced downregulation of
several genes implicated in T cell costimulation, including CD40
and CD83 (Fig. 4C).
We compared the IL-17A–induced macrophage transcriptome

with established macrophage polarization types using previously
identified gene sets for M1 (LPS/IFN-g), M2 (IL-4) (19), and M4
(CXCL4) macrophages (20). Although the M2 and M4 gene
sets were not significantly enriched, we found a significant
overexpression of the M1 gene set consistent with the proin-
flammatory role of IL-17A and M1 macrophages (Fig. 4D, 4E).
Using the entire transcriptomes of M1, M2, and M4 macro-
phages normalized to their M-CSF–treated counterparts and
performing hierarchical clustering, IL-17A–treated macrophages
were distinct from any other macrophage polarization type
(Fig. 4D, 4E).

IL-17A does not affect lipid uptake and macrophage foam cell
formation

To assess a possible additive effect of IL-17A and oxLDL on DC-
and macrophage-dependent activation of T cells, we studied
oxLDL uptake and macrophage foam cell formation. Oil Red O
staining did not reveal changes in oxLDL uptake after 24-h in-
cubation with IL-17A or control (Fig. 5A, 5B). Similarly, flow
cytometry did not show any changes of DiI-oxLDL uptake in
macrophages treated with IL-17A or control (Fig. 5C).

IL-17A induces proinflammatory mediators in cocultures of
oxLDL-treated macrophages or DCs with CD4+ T cells

oxLDL is a potent autoantigen and, like LPS, binds to TLR4 (23). If
macrophages were primed with oxLDL for 6 h before coculture
with CD4+ T cells, T cell proliferation genes were significantly
upregulated as compared with cocultures with untreated macro-
phages or T cells alone (8 h in Fig. 5D; 18 h, not shown). Addition
of 100 ng/ml IL-17A to cocultures induced marked mRNA up-
regulation of genes attributed to the Th1 cell linage (T-box21

Table II. Blood and baseline parameters

Parameter
Baseline (6 SD)

(n = 5)
Control (6 SD)

(n = 10)
IL-17 mAb (6 SD)

(n = 15) p Value

Leukocytes (nl) 4.51 6 3 4.04 6 2 4.97 6 2 NS
Erythrocytes (pl) 6.73 6 2 6.02 6 1 6.98 6 1 NS
Hemoglobin (g/dl) 10.55 6 3 9.58 6 2 11.28 6 1 NS
Thrombocytes (nl) 577.40 6 587 581.10 6 300 553.10 6 459 NS
Triglycerides (mg/dl) 80.47 6 124 98.50 6 100 67.73 6 38 NS
Total cholesterol (mg/dl) 203.82 6 122 201.00 6 158 195.91 6 129 NS
LDL cholesterol (mg/dl) 208.76 6 163 216.87 6 127 196.0 6 115 NS
Body weight (g) 32.11 6 5 37.8 6 5 33.16 6 4 NS
Height (cm) 9.0 6 1 9.3 6 0.6 9.18 6 0.5 NS

Body weight and height, lipid profile, and hematological parameters were measured on the day of tissue harvesting (42 wk)
of IL-17 mAb–treated mice and controls.
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[T-bet]) or genes associated with T cell activation (IL2 and IFNg,
Fig. 5D; CD40L, data not shown). Furthermore, genes coding for
cytokines of the IL-17A pathway (IL21 and IL27) and IL10, but
not FOXP3 were upregulated after 8 h and also to a lesser degree
at 18 h (data not shown). No change was seen for the Th2 lineage

genes GATA3 (data not shown) and IL4 (data not shown). DCs
showed a mark higher grade of activation than macrophages;
only the transcription factors FOXP3 and GATA3 displayed
higher expression levels in T cells, cocultured with macrophages
(data not shown).

FIGURE 1. Effects of IL-17A mAb treatment on atherosclerotic plaques in Apoe2/2 mice. Representative Oil Red O immunohistostainings (original

magnification 34) from aortic root of control [n = 10; (A)]; IL-17A mAb-treated mice [n = 15; (B)] and baseline [n 5 5; (C)] are shown. (D–F) Mor-

phometric quantification of cross-sectional area (mm2), fractional stenosis (%), and maximum stenosis (%) of late-stage atherosclerotic lesions were

compared. Results are shown as dot plots displaying mean.

FIGURE 2. Plaque morphology of the aortic root of Apoe2/2 mice. (A) Plaque stability was assessed by quantification of the fibrous cap (mm),

collagen content per plaque area (Movat pentachrome staining, original magnification 34, and two-photon microscopy, original magnification 340) as

well as total number of smooth muscle cells (SMA; original magnification 340) and apoptotic cells (TUNEL; original magnification 34) in the lesion.

(B) Quantitative analysis of lesion composition of IL-17A mAb–treated (n = 12–15) and control animals (n = 8–10). Results are presented as dot plots

displaying mean.

4348 IL-17A IN HUMAN AND MURINE LATE-STAGE ATHEROSCLEROSIS



Proinflammatory and plaque-destabilizing effects in
IL-17A–stimulated human atherosclerotic lesions

To address the effects of IL-17A on human atherosclerotic lesions,
we exposed plaque cultures to rIL-17A. Treatment with IL-17A
induced mRNA upregulation of various proinflammatory media-
tors after 3 and 8 h (Fig. 6A, 6B), including the chemokine MCP-1
(CCL2) (p = 0.0006 after 8 h) and the plaque-destabilizing matrix
metalloprotease MMP9 (p = 0.01 after 8 h; Fig. 6A). In addition,
IL-17A induced mRNA expression of the proinflammatory cyto-
kine TNFa (p = 0.01 after 3 h and p = 0.004 after 8 h) and the
adhesion molecule ICAM1 (p , 0.005 after 3 h and p = 0.01 after

8 h) and IL6 (p = 0.002 after 8 h; Fig. 6B). By analyzing the mRNA
levels of collagen type 1, we found a significant downregulation in

the therapy versus control group (p = 0.007; Fig. 6A).
IL-17A–induced effects were even more pronounced at the protein

level (Table V). IL-6, TNF-a, G-CSF, and TGF-b were significantly

upregulated in supernatant, whereas IFN-g was unchanged (Table V).
To confirm the in vitro effects of IL-17A on macrophage po-

larization ex vivo, we measured molecules predominantly expressed

by IL-17A–polarized macrophages and found increased CXCL1

(p = 0.03; Fig. 6A), CXCL2, and CXCL6 (both p = 0.04) mRNA

expression levels after 3 and 8 h (data not shown).

Table III. Quantitative tissue PCR results for different cytokines, chemokines, CTGF, and kinase LCK
from the thoracic aorta

Variable
Control DCT

(6 SD) (n = 10)
IL-17 mAb-Treated
DCT (6 SD) (n = 15) p Value

IL4 346.71 6 292 308.91 6 199 NS
IL6 161.9 6 83 100.8 6 46 0.04
IL21 29.66 6 17 27.75 6 8 NS
IL22 214.65 6 97 226.69 6 82 NS
IFNg 70.02 6 31.14 115.5 6 96.12 NS
TNFa 51.02 6 26 42.15 6 15 0.03
CCL2 (MCP-1) 257.75 6 94 210.60 6 50 0.02
CCL20 (MIP-3a) 116.74 6 73 112.22 6 44 NS
CTGF 80.29 6 80.29 138.0 6 69.54 0.04
LCK 53.00 6 34 47.69 6 19 NS

Data are normalized to b-actin and expressed as cDNA copies/1000 b-actin copies.

FIGURE 3. Cellular composition in atherosclerotic lesions of Apoe2/2 mice. (A) Representative photomicrographs of immunohistochemistry stainings

of T cells (CD3, original magnification 340), Mac-2+ cells (original magnification 340), CD206+ cells (original magnification 340), and B cells (B220;

original magnification 340). (B) Quantitative analysis of plaque inflammation are presented in 42-wk-old Apoe2/2 mice with (n = 12–15) and without IL-

17A mAb treatment (n = 8–10) (as well as 26-wk-old baseline mice, n = 4 to 5). Results are presented as dot plots displaying mean.
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Synergistic effects of IL-17A in addition to LPS in the plaque
microenvironment

In the presence of LPS, IL-17A stimulation induced .5-fold higher
TNFa mRNA expression and 55% higher ICAM1 mRNA expression

compared with IL-17A alone (Fig. 6B). No synergistic effect of IL-

17AandLPSwas seen for IL6 (Fig. 6B), IFNg,TF,MCP-1 (CCL2), and

MMP9 (data not shown). Interestingly, no additive effects were seen

for IL-17A in addition to TNF-a and IFN-g (Supplemental Fig. 2).

FIGURE 4. IL-17A polarizes macrophages toward a distinct proinflammatory transcriptome. (A) Adhesion of monocytes to endothelial cells under static

conditions. HUVEC monolayers were pretreated with IL-17A or TNF-a, and monocytes were added for additional 30 min at 37˚C in a humidified 5% CO2/

95% air mixture. Nonadherent cells were removed by washing twice with PBS. Adherent monocytes were quantitated by direct phase-contrast microscopy.

Mean6 SEM of nine independent static adhesion assay experiments. *Versus unstimulated HUVECs, all p , 0.05. (B) Heat map of genes regulated by IL-

17A (10 ng/ml for 18 h) as determined by LPE analysis (FDR , 0.05). (C) Expression of selected proinflammatory cytokines, chemokines, surface

receptors, and costimulatory molecules significantly regulated by IL-17A (*p , 0.05, †p , 0.01, ‡p , 0.001). (D) GSEA assessing overexpression of

predefined gene sets based on transcriptomic analyses of M1 (LPS and IFN-g), M2 (IL-4), or M4 (CXCL4) macrophages. (E) Hierarchical clustering of IL-

17A–treated macrophages and M1 (LPS and IFN-g), M2 (IL-4), or M4 (CXCL4) macrophages.
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Discussion
IL-17A plays a central role in various autoimmune diseases.
This has led to IL-17A as a targeted biologic therapy and is
currently tested in phase 2 and 3 studies for the treatment of
psoriasis and rheumatoid arthritis. Atherosclerosis as a chronic
(auto)immune disease is influenced by IL-17A inhibition as well
(5, 7, 8, 11).
The current study demonstrates that blocking IL-17Awith anti–

IL-17A mAb prevents progression of advanced late-stage athero-
sclerotic lesions in Apoe2/2 mice. The underlying mechanisms
include reduced inflammatory cellular infiltration (monocyte-
originated cells and T cells) with attenuation of tissue activa-
tion. In addition, blocking IL-17A resulted in reduced plaque
vulnerability. In vitro, IL-17A induces adhesion of human
monocytes and adhesion and rolling of platelets on endothelial
cells and polarizes macrophages toward a distinct proin-
flammatory macrophage subtype. IL-17A sensitized human mac-
rophages and DCs, as well as the TLR4 ligand oxLDL in vitro,
induced upregulation of proinflammatory, prothrombotic, and
plaque-destabilizing molecules in human plaques ex vivo, and
potentiated LPS-dependent upregulation of various inflammatory
mediators. Thus, IL-17A appears to be an important player in not
only murine, but also in human atherosclerosis.
Atherosclerosis and its consequences (i.e., myocardial in-

farction and stroke) remain the major cause of morbidity and
mortality in Western countries. Several studies have investigated
the role of IL-17A in the development of atherosclerosis with
partially controversial results (7–11, 24–26), which are at least
partially based on the study design, neutralizing Ab versus bone
marrow transfer experiments, on the type of diet, and on the
location of the analysis of the atherosclerotic lesion. By contrast,
the current study evaluated the role of IL-17A on advanced
atherosclerotic lesions and its potential impact as a therapeutic
target. In contrast to early lesions, advanced atherosclerosis is
the common disease phenotype in clinical care, as coronary,
cerebral, or peripheral artery disease is usually diagnosed at
a stage at which lesions have already developed and progressed.
As shown, IL-17A mAb treatment prevents the progression of
advanced atherosclerotic lesions and induced plaque stability in
mice, mainly by downregulating the inflammatory compound.
Thus, IL-17A influences not only early, but also advanced ath-
erosclerotic lesions. Notably, the results only refer to the aortic
sinus and cannot be transferred to other vessel regions like the
innominate artery.
Plaque vulnerability is the initial step to plaque rupture, which

is followed by a vessel occlusion, leading to a myocardial in-
farction or stroke. The role of IL-17A in plaque vulnerability in
the early phase of atherosclerosis has been stated by four groups.
In vivo, our group and others found that direct inhibition by anti–
IL-17A mAb treatment or Apoe2/2/IL-17A2/2 mice resulted in
a stabilization of atherosclerotic plaque (7, 24), whereas indirect
inhibition of IL-17A over inhibition of suppressor of cytokine

signaling 3 or Smad7 led to plaque vulnerability (10, 11).
Okamoto et al. (27) reported that in IL-17A2/2 mice, CTGF
mRNA expression was reduced, and in vitro, a murine skin fi-
broblast cell line showed an IL-17A–dependent increase of
TGF-b, CTGF, and collagen. The current study supports the hy-
pothesis of IL-17A as a plaque-destabilizing molecule. We found
that in progressed atherosclerosis, IL-17A inhibition in Apoe2/2

mice leads to marked plaque stability and increases CTGF ex-
pression in the thoracic aorta. The underlying reasons of the
discrepant results are primarily due to a different type of mice,
stage of atherosclerotic lesion progression, and IL-17A inhibi-
tory treatment used in the studies mentioned above. Thus, the
current study identifies the impact of IL-17A in plaque vulner-
ability in late-stage atherosclerosis; however, additional studies
are needed to further evaluate the underlying reasons of the
controversial results.
Based on the potent effects of IL-17A on murine early and

advanced atherosclerotic lesions, we further intended to evaluate
the role of IL-17A on human lesions. Previous studies from our
group and others have demonstrated expression of IL-17A in
human atherosclerotic lesions (11, 12). IL-17A tissue release is
more abundant in patients with ischemic symptoms and compli-
cated lesions, but interestingly independent of the standard coro-
nary artery disease medication (13). IL-9, known to facilitate Th17
cell expansion and to stimulate production of IL-17, is increased
systemically and locally in patients with carotid and coronary
atherosclerosis and increased IL-17 release in PBMCs from
patients with unstable angina (28). Focusing on the cellular origin,
predominantly macrophages, but also T cells, mast cells, and
B cells, express IL-17A (12, 13). Furthermore, a recent study
showed that higher numbers of IL-17A– and IFN-g–expressing
T cells are present in peripheral blood of patients with severe
myocardial infarction compared with those with stable coronary
artery disease. Moreover, cultured lesional human T cells express
IL-17A and IFN-g after polyclonal stimulation compared with
T cells extracted from nondiseased vessels (29), and an unstable
angina patient presented elevated levels of plasma IL-17A and the
Th17-related cytokines IL-6 and IL-23 (30). In contrast, IL-17A
induced collagen production by human vascular smooth muscle
cells, and retinoic acid–related orphan receptor gt mRNA was
associated with collagen type I and a-smooth muscle actin mRNA
expression in human atherosclerotic plaques (11). In addition, one
clinical study showed that low serum levels of IL-17 might be
associated with a higher risk of major cardiovascular events (31).
The current study supports the hypothesis of IL-17A to be involved
in the inflammatory milieu and plaque instability in atherosclerotic
lesions. IL-17A stimulation of human plaque fragments induced
a proinflammatory, prothrombotic, plaque-destabilizing, and cell-
attracting response. Because of the reported synergistic effects of
IL-17A, TNF-a, IFN-g, and LPS (7, 29, 32), we investigated
a possible additive effect on the inflammatory milieu in cultured
human carotid plaques. Only IL-17A in addition to LPS showed

Table IV. Flow cytometry results for monocyte-derived macrophage differentiation in vitro

Parameter Unstimulated Percent Total IL-17 Percent Total M-CSF Percent Total M-CSF + IL-17 Percent Total

CD68/CD36/CD206+ 3.93 6 2.7 4.45 6 3.7 12.67 6 9.8 8.31 6 4.1
CD68/CD36/CD2062 0.40 6 0.3 0.08 6 0.04 3.22 6 2.7 1.41 6 0.8
CD68/CD36/iNOS+ 3.40 6 2.5 2.00 6 1.7 8.74 6 5.6 7.27 6 6.7
CD68/CD36/iNOS2 0.68 6 0.9 0.17 6 0.1 8.18 6 4.5 3.44 6 2.4
CD11b/CD14+/CD16+ 2.35 6 1.6 1.13 6 0.9 12.59 6 8.3 8.83 6 6.3
CD11b/CD14+/CD162 5.28 6 4.7 1.38 6 1.0 20.53 6 11 17.84 6 13
CD11b/CD142/CD16+ 0.00 6 0.0 0.02 6 0.01 0.03 6 0.01 0.02 6 0.01

Data are shown as mean 6 SD.
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additive proinflammatory effects on the plaque microenvironment.
Interestingly, the activation of the inflammatory milieu by IL-17A
was more substantial than IFN-g or TNF-a alone. The explanation
for the discrepant results might be on the basis of different study
protocols, including the type of cells and analytic methods used in
the studies listed above. In conclusion, the data clearly identify IL-
17A as an independent and effective proinflammatory modulator
in human plaque microenvironment that may promote plaque in-
stability and plaque rupture; however, further studies are necessary
to evaluate the relevance of the findings in the clinical setting.
Because IL-17A is prominently involved in early and advanced

atherosclerotic lesion formations, we further evaluated the un-
derlying mechanisms by analyzing the impact of IL-17A on
monocytes and monocyte-derived cells, which are known to play
a major role during disease development and progression (4, 33,
34). Previous studies have convincingly shown that migratory
egress of monocyte-derived cells is a major step (35), but reduc-
tion of monocyte recruitment seems to be even more important in
reducing plaque monocyte-originated cells burden (4). We already
showed that IL-17A inhibition reduces lesional chemokine ex-

pression (CCL5) in early atherosclerotic lesions and IL-17A
induces expression of adhesion molecules on endothelial cells
(VCAM-1) (5, 7). Further analysis was done by Butcher et al. (25)
showing a downregulation of various chemokines in IL17A2/2

Apoe2/2 as well as in IL-17RA2/2Apoe2/2 mice in early ath-
erosclerotic lesions. The current study demonstrates a downregu-
lation of CCL2 mRNA transcripts and serum protein level of
CCL5 in anti–IL-17A mAb–treated mice in advanced athero-
sclerotic lesions and the upregulation of various chemokines in IL-
17A–polarized macrophages in vitro. Moreover, Butcher et al.
(25) found that IL-17RA is involved in monocyte recruitment. The
current manuscript underlines the finding by showing that IL-17A
directly influenced monocyte adherence. We further show that
there is also an indirect pathway to support the recruitment of
circulating monocytes by inducing platelet adhesion. Thus, IL-
17A is involved in leukocyte recruitment, and this may repre-
sent one mechanism by which IL-17A inhibition reduces cellular
content and prevents lesion progression.
During atherogenesis, blood monocytes adhere to the activated

endothelium, transmigrate into the subendothelial space, and dif-

FIGURE 5. Effects of IL-17A on monocytes and monocyte-derived cells. (A and B) Foam cell formation assay. (A) Representative photomicrographs of

monocyte-derived macrophages incubated with oxLDL in addition to IL-17A in different concentrations are shown (original magnification 320). Rep-

resentative Oil Red O staining of different groups are shown: no oxLDL (control), oxLDL, and oxLDL plus IL-17A. (B) Data are given as mean 6 SEM of

five independent experiments. (C) oxLDL uptake assay. Flow cytometry analysis of DiI-labeled oxLDL uptake (in addition to IL-17A incubation) of

monocyte-derived macrophages: solid green line (oxLDL) and dotted pink line (oxLDL+IL-17A). Histogram represents one out of three independent

experiments. (D) For T cell activation assays, macrophages or DCs were incubated in 96-well round-bottom plates and stimulated with oxLDL (Sanbio), IL-

17A (R&D Systems), or oxLDL in combination with IL-17A. After 6-h preincubation, CD4+ T cells were added in a ratio of 1:5 and stimulated for 8 h.

Expression of activation-associated cytokines and transcription factors in CD4+ T cells was measured (see Materials and Methods for details). Repre-

sentative analysis of T-box21 (T-bet), IL2, and IFNg are shown.
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ferentiate toward macrophages, DCs, or foam cells (1). As
monocytes and monocyte-derived cells play a major role during
atherogenesis and plaque destabilization (35), we thoroughly
studied macrophage differentiation, specific macrophages tran-
scriptome induced by IL-17A, and foam cell formation (19, 20). A
recent study showed that IL-17A induced a monocyte-derived
macrophage differentiation (36). The current study clearly shows
that IL-17A has no effect on macrophage differentiation or foam
cell formation. These contradictory findings may be due to dif-
ferent study protocols and IL-17A concentrations.
But using unbiased statistics as well as methods informed by

current knowledge on macrophage polarization, we found that IL-
17A induces a specific macrophage transcriptome that is charac-
terized by upregulation of a large number of proinflammatory genes
coding for cytokines and various chemokines implicated in ath-
erogenesis like IL6 or CCL2, as well as genes involved in oxi-
dative stress such as metallothioneines. Interestingly, although
being predominantly proinflammatory, the IL-17A–induced mac-
rophage transcriptome showed similarities with the proin-
flammatory M1 macrophages but, at the same time, display
characteristics that are in clear contradiction with the classical M1
polarization. Thus, upregulation of the hemoglobin scavenger re-
ceptor CD163 is usually associated with M2 polarization (19).

These findings were supported by an upregulation of chemokines
predominantly expressed by the IL-17A–induced macrophage
subtype compared with M1, M2, and M4 within cultured plaque
tissue samples. Taken together, these findings clearly show that
IL-17A induces proinflammatory processes in human macro-
phages through induction of a specific macrophage phenotype,
which may be associated with the proatherosclerotic effects of IL-
17A. Furthermore, these data add to several studies published over
the past years showing that atherosclerotic plaque macrophages do
not represent a uniform entity but are composed of various subsets
with distinct phenotypic and functional characteristics. Although
Bouhlel et al. have demonstrated the presence of both gene tran-
scripts associated with M1 and M2 polarization in human ath-
erosclerotic plaques (37), other groups including ourselves have
shown that further macrophage phenotypes can be identified
within the arterial wall in atherosclerotic patients (20, 38). It is
very likely that IL-17A also affects macrophages within athero-
sclerotic plaques. Further experiments are needed to specifically
study how these effects specifically promote plaque progression or
destabilization.
Apart from LPS, autoantigen oxLDLs found in the plaque en-

vironment are also candidates for TLR4-dependent activation of
lesional monocyte-derived macrophages and DCs (39, 40). TLR4

FIGURE 6. (Synergistic) effects of IL-17A stimulation on the inflammatory milieu in human carotid plaque tissues. Pieces of lipid-rich plaque tissue

were stimulated with 10 ng/ml IL-17A, LPS (1 mg/ml), TNF-a (5 ng/ml), IFN-g (10 ng/ml), or combined and compared with an unstimulated part of the

plaque (n = 5–12, respectively). Transcripts of MCP-1 (CCL2) and MMP9 after 8 h, CXCL1 and collagen type 1 after 3 h (A), as well as TNFa and IL6 (B)

after 8 h and ICAM1 after 3 h (B) were measured by quantitative RT-PCR and adjusted to b-actin copies. *p = 0.02 versus LPS-stimulated plaques, †p = 0.04

versus IL-17A–stimulated plaque tissue, and ‡p , 0.01versus unstimulated plaque pieces.

Table V. Quantitative supernatant ELISA results for different cytokines and chemokines from plaque culture
experiments

Variable (pg/ml) Unstimulated (n = 10) IL-17A (n = 10) LPS (n = 10)
p Value Unstimulated

versus IL-17A

IL-2 0 0 0 NS
IL-4 0 0 0 NS
IL-5 0 0 0 NS
IL-6 3.3 35.1 33 ,0.0001
IL-10 0 0.3 0 NS
IL-12 0.3 0.4 0.5 NS
IL-13 0 0.1 3 NS
IFN-g 0 0 4.7 NS
TGF-b 17 46.8 143 0.02
TNF-a 2.7 20.47 113 ,0.0001
MCP-1 (CCL2) 1363 6886 5598 0.004
G-CSF 0 6.4 3.8 0.01

Data are shown as mean 6 SD in picograms per milliliter.
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is known to play a major role in plaque inflammatory activation.
Methe et al. (41) showed that circulating monocytes during acute
coronary syndrome overexpress TLR4, and TLR4-lacking Apoe2/2

mice showed reduced atherosclerotic lesions (42). The current study
shows that IL-17A sensitizes APC, cocultured with T cells, toward
pathogen-derived TLR4 ligand oxLDL by upregulating various
molecules of the Th1- and IL-17–expressing Th cell lineage, but not
markers of the Th2 lineage. These effects do not derive from an IL-
17A–dependent increased oxLDL uptake of macrophages. The
in vitro findings were supported by an additive effect of IL-17A to
LPS on cultured plaque tissue samples. Thus, IL-17A is also in-
volved in Ag uptake–dependent immune response, a major step in
atherogenesis and plaque instability.
In summary, IL-17A appears to be centrally involved in ad-

vanced atherosclerosis, most likely via proinflammatory changes at
multiple levels such as chemoattraction, cell rolling and adhesion,
cell activation/polarization, and sensitization of Ag presentation in
the inflammatory cascade of atherosclerosis. Together with pre-
vious studies of our group and others, the current study underlines
IL-17A as an independent important proatherogenic cytokine and
warrants further experimental and clinical studies of this cytokine.
Consequently, blocking IL-17A could be an attractive therapeutic
approach for the prevention of atherosclerotic lesion progression.
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