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Abstract Interleukin-17A (IL-17A) is an important pro-
inflammatory cytokine that regulates leukocyte mobilization
and recruitment. To better understand how IL-17A controls
leukocyte trafficking across capillaries in the peripheral blood
circulation, we used primary human dermal microvascular
endothelial cells (HDMEC) to investigate their secretory po-
tential and barrier function when activated with IL-17A and
TNFα. Activation by TNFα and IL-17A causes phosphory-
lation of p38 as well as IκBα whereby NFκB subsequently
becomes phosphorylated, a mechanism that initiates transcrip-
tion of adhesion molecules such as E-selectin. Members of the
neutrophil-specific GRO-family chemokines were significant-
ly up-regulated upon IL-17A stimulation on the mRNA and
protein level, whereas all tested non-neutrophil-specific
chemokines remained unchanged in comparison. Moreover,
a striking synergistic effect in the induction of granulocyte
colony-stimulating factors (G-CSF) was elicited when IL-17A
was used in combination with TNFα, and IL-17Awas able to
significantly augment the levels of TNFα-induced E-selectin
and ICAM-1. In accordance with this observation, IL-17A
was able to markedly increase TNFα-induced neutrophil ad-
herence to HDMECmonolayers in an in vitro adhesion assay.

Using a trans-well migration assay with an HDMEC mono-
layer as a barrier, we here show that pre-stimulating the
endothelial cells with TNFα and IL-17A together enhances
the rate of neutrophil transmigration compared to TNFα or IL-
17A alone. These results show that IL-17A and TNFα act in
cooperation to facilitate neutrophil migration across the endo-
thelial cell barrier. In addition, the synergistic actions of IL-
17Awith TNFα to secrete G-CSF appear to be important for
mobilizing neutrophils from the bone marrow to the blood
stream.
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Introduction

The interleukin-17 (IL-17) family comprises six members, IL-
17A through IL-17F [33]. Of these, IL-17A is best described
and is believed to play an important role in regulating mono-
cyte and neutrophil recruitment during inflammatory condi-
tions [25]. IL-17A is produced primarily by Th17 cells [56]
which have been implicated in the pathogenesis of auto-
immune and inflammatory diseases in humans [24]. By bind-
ing to its trans-membrane receptor complex, consisting of the
IL-17RA and IL-17RC subunits, IL-17A affects the expres-
sion of many genes involved in inflammatory processes, but
the exact expressional pattern varies considerably depending
on cell type [35]. The IL-17 receptor is ubiquitously
expressed, and IL-17A target genes have been reported to
include a multitude of cytokines such as IL-1β, TNFα, IL-6
and granulocyte colony-stimulating factor (G-CSF) as well as
chemokines including CXCL1, CXCL8 and CXCL10. Other
regulated genes include several members of the C-C motif
family of chemokines and various anti-microbial peptides.
The expression of many non-secreted molecules such as
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ICAM-1, iNOS and COX-2 is also affected by IL-17A, further
supporting its role as a pro-inflammatory cytokine [23, 35].
Furthermore, IL-17 receptor knock-out mice have accelerated
disease progression and suffer early deaths, as a result of
impaired neutrophil recruitment, when challenged with Kleb-
siella pneumonia [55]. In patients with inflammatory bowel
disease, the numbers of IL-17A-producing T-cells and serum
levels of IL-17A correlate with disease severity [15]. More-
over, patients suffering from psoriasis have increased serum
levels of IL-17A, strongly indicating an involvement of this
molecule in auto-immunity [46]. It has also been shown that
the number of IL-17A-producing T-cells is significantly in-
creased in aged individuals compared to young healthy ones,
implicating a role for IL-17A in ageing processes [36].

The ability of IL-17A to stimulate the maturation/
mobilization as well as the recruitment of neutrophils to sites
of inflammation is heavily supported in the literature. Initially,
Fossiez et al. [13] found that IL-17A-stimulated fibroblasts
produced G-CSF and IL-8. Subsequently, Witowski et al. [50,
51] demonstrated that G-CSF and GROα derived from meso-
thelial cells caused massive peritoneal neutrophil infiltration
when IL-17A was administered as an i.p. bolus. Moreover,
Schwarzenberger et al. [42] showed that adenovirus-mediated
IL-17A over-expression caused increased levels of G-CSF
which correlated with a marked neutrophilia in mice. IL-17A
also promotes the expression of the neutrophil-specific chemo-
kine IL-8 in different cell types such as intestinal epithelial cells,
keratinocytes and airway endothelial cells [2, 10, 32, 39]. IL-
17A has likewise been reported to augment the production of
several non-neutrophil-specific cytokines, including GM-CSF,
MCP-1 and CCL20, in various cell types such as vascular
smooth muscle cells, rheumatoid synoviocytes, endothelial
cells and endometriotic stromal cells [8, 9, 13, 22, 37]. The fact
that so many cell types express the IL-17 receptor makes it
difficult to evaluate the relative contribution of each to the
inflammatory milieu. Moreover, IL-17A has been reported to
interact with other pro-inflammatory cytokines such as TNFα
and IL-1β, making it even more difficult to decipher its specific
actions [8, 9]. Thus, the exact role of IL-17A during inflamma-
tion is still unclear. We hypothesized that the effect of IL-17A is
highly dependent on the cell and/or tissue context and therefore
set out to investigate the role of this cytokine in an isolated
system of human dermal microvascular endothelial cells. Our
goal was to characterize the specific effects of IL-17A, focusing
on the interaction between IL-17A and TNFα and their role in
regulating neutrophil biology via the microvascular endotheli-
um. We also hypothesized that the effects of IL-17 alone are
small compared to those of TNFα and that the true importance
of IL-17A can only be seen in combination with TNFα. Here,
we show that in the human microvascular endothelium, IL-17
and TNFα interact in the endothelial cells by causing granulo-
cyte mobilization via adhesion molecule expression and cyto-
kine secretion.

Materials and methods

Reagents

Recombinant human (rh)IL-17A and recombinant human
(rh)TNFα were obtained from R&D systems (Abingdon,
UK). Bovine fibrinogen and bovine ferricytochrome C as well
as phorbol 12-myristate 13-acetate (PMA) and N -formyl-L-
methionyl-L-leucyl-L-phenylalanine (fMLP) was from Sigma
(St. Louis, MO, USA). Calcein-AM, SYBR® Safe DNA stain
and rabbit anti-p38 (pT180/pY182) were from Invitrogen
(Carlsbad, CA, USA). Rabbit anti-IκBα binding [pSpS32/
36] and rabbit anti-NFκB binding [pS529] antibodies were
from Biosource International Inc., USA. Mouse anti-GAPDH
was from Millipore (Billerica, MA, USA). Human P-selectin/
CD62P blocking antibody, human E-selectin/CD62E
blocking antibody and isotype control antibody were from
R&D systems (Abingdon, UK). Collagen I (rat tail) was from
Becton Dickinson (Franklin Lakes, NJ, USA).

Cell lines and cell culture

Human dermal microvascular endothelial cells (HDMEC) and
human umbilical vein endothelial cells (HUVEC) were pur-
chased from Promocell (Heidelberg, Germany). The cells
were cultured in tissue-culture-treated collagen-I-coated
(50 μg/ml) flasks using basal MCDB-131 medium
supplemented with 5 % FCS, 0.4 % endothelial cell growth
supplement (ECGS), 10 ng/ml epidermal growth factor
(EGF), 1 μg/ml hydrocortisone, 200 U/ml penicillin and
50 μg/ml streptomycin. Medium and all supplements except
antibiotics were purchased from Promocell. The cells were
used until the ninth passage. For all experiments, HDMEC
and HUVEC were cultured on collagen-I-coated (50 μg/ml)
materials.

Human neutrophils were isolated fromwhole venous blood
obtained from a healthy donor by centrifugation on a discon-
tinuous density gradient of Ficoll-Hypaque with subsequent
hypotonic lysis of red blood cells. Neutrophil viability was
evaluated by trypan blue exclusion and was found to be >
95 % routinely. The percentage of isolated cells displaying a
non-neutrophil morphology was found to be less than 5 %.

RNA purification

Cells were grown until (newly) confluent in 24-well or 6-well
plates. Subsequently, their growth medium was exchanged
with fresh medium, and the cells were stimulated with cyto-
kines. Total RNA was extracted using the RNeasy® mini kit
from Qiagen (Hilden, Germany) according to the manufac-
turer's instructions.
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Quantitative real-time PCR

RNA was extracted and reverse-transcribed using the
Omniscript® mini kit from Qiagen according to the manufac-
turer's instructions. Quantitative real-time PCR (qRT-PCR)
was performed in 96-well plate format using SYBR green-
based detection on an Mx3000PTM thermal cycler from
Agilent Technologies (Santa Clara, CA, USA). Each reaction
contained 1× Brilliant® SYBR® green QPCR master mix
from Agilent Technologies. The plate was sealed and cycled
under the following conditions: 95 °C for 10 min, 40 cycles of
95 °C for 30 s (melting), 40 cycles of 55–62 °C for 60 s
(annealing) and 40 cycles of 72 °C for 60 s (elongation)
(Table 1). Each reaction was performed in triplicate. Triplicate
reactions for detection of GAPDH mRNA levels were used
for normalization between samples. Fold changes were deter-
mined from cycle threshold values using the ΔΔCT method.
Sequences of primers used were as shown in Table 1.

FACS method

The surface expression of IL-17R on HDMECs was assessed
using flow cytometry. Cultures of HDMEC were harvested
using a VERSENE chelating medium (containing EDTA,
DOW, USA) and washed in PBS with 5 % FCS and stained
with Alexa Fluor® 647 (Red A) anti-human CD217 (IL-
17RA) antibody (# 340903 Biolegend, San Diego, CA,
USA) and as a control mouse IgG1 K Isotype (Yellow A) (#
12–4714 eBioscience, San Diego, CA, USA) for 30min in the
dark at 4 °C. Data acquisition and analysis were done using a
FACSArray™ (BD Biosciences).

Western blotting

Cells were grown to 90 % confluence in tissue-culture-treated
polystyrene petri-dishes and serum-starved in serum-free bas-
al medium containing 2 % FCS for 90 min before stimulation.
After stimulation, the medium was aspirated, and all reactions
were stopped by the addition of lysis buffer. The lysates were
analysed by western blotting as described previously [12].

ELISA

Cells were grown until (newly) confluent in 24-well or 12-
well plates. Subsequently, their growth medium was ex-
changed with fresh medium, and the cells were stimulated
with cytokines.

Human IL-8, CXCL10, GROα, G-CSF, E-selectin,
VCAM-1 and ICAM-1 DuoSet ELISA kits were purchased
from R&D Systems. Cell supernatant or whole cell lysate was
collected after cell stimulation and stored at −20 °C until used
for quantification. The total amount of target proteins in the
lysate from each well was normalized to the total amount of

cells by labelling with SYBR® Safe DNA stain (10.000×
concentrate diluted to 5× concentrate) added directly to the
lysis buffer. The amount of fluorescence (proportional to the
number of cells) was determined using a Synergy HT
microplate reader from BioTek® (Winooski, VT, USA).

Neutrophil adhesion assay

Neutrophil adhesion to fibrinogen

Freshly isolated human neutrophils, which had been loaded in
advance with calcein (1 μM) for 45 min at room temperature,
were added to each well (1.5×105 cells/well) of a 96-well
plate which had been pre-coated for 3 h at room temperature
using a solution of 1 mg/ml bovine fibrinogen in PBS without
Ca2+/Mg2+. Cells were allowed to adhere for 30 min in the
presence of either IL-17A or fMLF as a positive control.
Fluorescence was measured (485 nm excitation, 520 nm
emission) immediately hereafter using a Synergy HT
microplate reader from BioTek® and then measured again
after the wells had been washed twice with PBS. Neutrophil
adherence was calculated according to the equation below.

Neutrophil adhesion to HDMEC

HDMECwere grown until (newly) confluent in 24-well plates.
Subsequently, their growth medium was exchanged with fresh,
and the cells were stimulated with cytokines. Afterwards, the
cell monolayers were washed twice in adhesion buffer
(MCDB-131 medium containing antibiotics and 10 % FCS).
Then, freshly isolated human neutrophils, which had been
loaded in advance with calcein (1 μM) for 45 min at room
temperature, were added to each well (2–4×105 cells/well) and
allowed to adhere for 20 min. Fluorescence was measured
(485 nm exCitation, 520 nm emission) immediately hereafter
using a Synergy HT microplate reader from BioTek® and then
measured again after the wells had been washed twice with
PBS. Neutrophil adherence was calculated according to the
equation below. In some experiments, anti-human P-selectin,
anti-human E-selectin or isotype control antibodies were added
to the endothelial cells 1 h before the addition of neutrophils.
Immediately before adding neutrophils, unbound antibodies
were washed away by three washes in adhesion buffer.

%Neutrophil adherence ¼ ð RFU after wash−background RFUð Þ
.

RFU before wash−background RFUÞð Þ*100:

Transmigration assay

HDMECwere seeded (60,000/well) in the insert wells of 96-well
FalconTM FluoroBlokTM plates (8 μm) and allowed to reach
confluence for 48 h before they were washed twice in growth
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medium and subsequently stimulated with cytokines. After stim-
ulation, the cell monolayers were washed twice in transmigration
buffer (MCDB-131 medium containing antibiotics and 10 %
FCS). Then, freshly isolated human neutrophils, which had been
loaded in advance with calcein (1 μM) for 45 min at room
temperature, were added to each insert well (1×105 cells/well)
and allowed to transmigrate for 90 min. Fluorescence was mea-
sured (485 nm excitation, 520 nm emission) immediately here-
after using a Synergy HT microplate reader from BioTek®.
Neutrophils appearing on the endothelial cell layer after transmi-
gration were visualized using a fluorescence microscope with a
20 × 0.75 numeric aperture objective from Olympus (Japan) and
a MetaMorph Imaging system as previously described [21].

Measurements of superoxide radical generation

The ability of human neutrophils to generate superoxide anion
was assayed by the reduction of bovine ferricytochrome C.
Freshly isolated human neutrophils were re-suspended in a
modified phosphate-buffered Krebs-Ringer solution containing
1 mM glucose. The cell suspension (7.5×105 cells/ml) was
distributed in the wells of a polystyrene tissue-culture-treated
96-well plate (200μl/well) which had been pre-coated for 3 h at
room temperature using a solution of 1 mg/ml bovine

fibrinogen in PBS without Ca2+/Mg2+. Then, 20 μl of
ferricytochrome C (10 mg/ml in PBS without Ca2+/Mg2+)
was added to a final concentration of 75 μM. The cells were
allowed to adhere for 1 h prior to the addition of stimulators.
The relative amount of superoxide anion formation was mea-
sured by reading the absorbance of reduced cytochrome C at
550 nm in a Synergy HT microplate reader from BioTek® with
630 nm as reference.

Statistical evaluations

Data are presented as means ± standard deviation (SD). Statis-
tical evaluation of the results was made by a two-tailed Stu-
dent's t-test not assuming equal variance between groups. P-
values are indicated with * ≤ 0.05, ** ≤ 0.01 and *** ≤ 0.001.

Results

Human microvascular endothelial cells express the IL-17A
receptor

Our first objective was to verify the ability of HDMEC to
signal through the IL-17A receptor. The precise molecular

Table 1 Primer sequences, annealing temperature and product sizes for the mRNA targets

Target Accession no. Sequence (5′-3′) Annealing temperature (°C) Product size (bp)

GAPDH NM_002046.3 F: GGAAGGTGAAGGTCGGAGTCAA 60 240
R: GATCTCGCTCCTGGAAGATGGT

E-selectin NM_000450.2 F: CAGCCCAGGTTGAATGCACCA 62 116
R: AGGAAGACAATTCATGTAGCCTCGCTC

IL17 RA NM_014339.5 F: ACTTTGCCCACACCCAACAAG 60 548
R: TCGCTGGTGGAACTCTTCTGG

IL17 RC NM_153460.3 F: AAGGAGACCGACTGTGACCTC 60 416/461
NM_153461.3 R: TCAGAGACATTCAGAACCAGATGC
NM_001203263.1

NM_001203264.1

NM_001203265.1

NM_032732.5

VCAM-1 NM_001078.2 F: ACCATGACCTGTTCCAGCGAGG 62 236
R: GGTCCAGGGGAGATCTCAACAGT

GRO-γ NM_002090.2 F: AGCTTGTCTCAACCCCGCATC 60 156
R: ATTTTCAGCTCTGGTAAGGGCAGGG

G-CSF NM_000759.3 F: CACCCAGAGCCCCATGAAGCT 60 211
R: GCACAGCTTGTAGGTGGCACACTC

MCP-1 NM_002982.3 F: CTCAGTGCAGAGGCTCGCGAG 60 240
R: ACAGGGTGTCTGGGGAAAGCT

M-CSF NM_000757.4 F: GGAGACCTCGTGCCAAATTA 55 128
R: TATCTCTGAAGCGCATGGTG

CXCL11 NM_005409.4 F: CATGAGTGTGAAGGGCATGGCT 61 108
R: CCAGGGCCTATGCAAAGACAGCG

CXCL10 NM_001565.2 F: CCTGCAAGCCAATTTTGTCCACGT 61 202
R: GCAGCCTCTGTGTGGTCCATCC
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composition with regards to stoichiometry and structure of the
IL-17 receptor is still unclear, but it is believed that at least two
subunits, IL-17RA and IL-17RC are necessary to make up a
functional receptor complex for signalling upon IL-17A bind-
ing [16]. By reverse transcription of total cellular RNA
followed by PCR amplification using IL-17RA and IL-
17RC transcript selective primers (intron spanning), we iden-
tified the presence of these transcripts in HDMEC (Fig. 1a). In
addition, FACS analysis revealed a low expression of IL-
17RA in unstimulated HDMEC comprising 25 % of the cell
population (Fig. 1b).

When HDMEC were stimulated with IL-17A phosphory-
lation of the MAP kinase, p38 was significantly increased
after 20 min (Fig. 1c, d). p38 phosphorylation by IL-17A
was reported previously in other cell types [3, 38, 44].

Figure 1c, d also shows the powerful effect of TNFα on p38
phosphorylation both in the presence and absence of IL-17A.
The effect is sustained over 30min and several fold larger than
the effect of IL-17A alone. TNFα is known to be a powerful
activator of NFκB, and we therefore investigated the role of
both IL-17A and TNFα in the activation process. We, at first,
determined the phosphorylation of IκBα that releases the
NFκB complex for influx into the nucleus. We found that
IκBα is phosphorylated following TNFα stimulation with and
without IL-17A after 10 min, but phosphorylation was
undetectable after 20 min. The consequence of this phosphor-
ylation is the subsequent phosphorylation of NFκB. Stimula-
tion with TNFα and TNFα + IL-17A results in a powerful
phosphorylation of NFκB after 10 min, and the effect is
detectable up to 30 min (Fig. 1c, d).

Fig. 1 Human microvascular
endothelial cells express and
signal through the IL-17A
receptor. a Agarose-gel photos
showing PCR products for IL-
17RA (548 bp) and IL-17RC
(416 bp) at the predicted band
sizes loaded next to a DNA ladder
for band size determination. b
Expression of IL-17 receptor A
(IL-17RA) on human dermal
microvascular endothelial cells
(HDMECs) as shown by surface
binding of IL-17RA antibody
(black curve) compared to control
IgG1 antibody (grey curve) using
a BD FACSArray. The mean
fluorescent intensity (MFI) is 99
for control and 689 for IL-17RA
antibody. One representative
experiment out of three. c
Western blotting showing
phosphorylation of p38 (P-p38),
IκBα (P- IκBα) and NFκB (P-
NFκB) after stimulation with IL-
17A (50 ng/ml) and TNFα
(10 ng/ml) alone or together. d
Measurements of grey values
from the Western blotting of P-
p38 and P-NFκB
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IL-17A cooperates with TNFα in the induction of G-CSF
and GRO-family chemokines

IL-17A plays an important role in recruiting monocytes and
neutrophils to sites of inflammation [45]. We therefore inves-
tigated whether IL-17A regulated the expression of CSFs
which are known to affect leukocyte mobilization and recruit-
ment by mediating their maturation and release from the bone
marrow [7].

Using qRT-PCR and ELISA, we found that IL-17A specif-
ically enhanced HDMEC expression of G-CSF on both
mRNA and protein level and that IL-17A could function in
synergy with TNFα in this effect (Fig. 2a, b). Similar results
were obtained using HUVEC as analysed by qRT-PCR (data
not shown). In marked contrast, there was no interaction
between IL-17A and TNFα on HDMEC expression of
macrophage-CSF (M-CSF) (Table 2) for which TNFα alone
was a strong inducer (data not shown).

Chemokines are cytokines which act as chemoattractants
facilitating leukocyte adhesion and migration across the en-
dothelium [45]. We therefore investigated if some of the
chemokines previously reported to be regulated by IL-17A
would also be regulated in HDMEC. IL-17A caused an up-
regulation of GROα mRNA expression and protein secretion
albeit to a lesser extent than TNFα (Fig. 2c, d). However,
when the cells were challenged with IL-17A together with
TNFα, GROα production rose to levels higher than those
seen when stimulating with either alone (Fig. 2c, d). Similar

results were obtained using HUVEC as analysed by qRT-PCR
(data not shown). TNFα was also a potent inducer of GRO-γ
(CXCL3) mRNA expression which, like GROα, could be
further enhanced in combination with IL-17A (Table 2).
Among the cytokines tested in this study, IL-17A seems
specific for GRO-family chemokine secretion as levels of
other chemokines such as CXCL10, CXCL11 and MCP-1
were not affected (Fig. 2f and Table 2) albeit potently induced
by TNFα (Fig. 2f and data not shown). Interestingly, the
expression of IL-8, which has previously been reported to be
regulated by IL-17A in endothelial cells [39] and which is
similar to GRO-family chemokines in terms of structure and
function, was not significantly affected by IL-17A inHDMEC
(Fig. 2e).

IL-17A potentiates TNFα-induced E-selectin and ICAM-1
expression

Adhesion molecules such as E-selectin, ICAM-1 and VCAM-
1 on the surface of the endothelium mediate attachment and
transmigration of circulating leukocytes, facilitating their re-
cruitment to extravascular tissues [45]. We therefore investi-
gated if IL-17A could modulate the expression of these mol-
ecules. When HDMEC were challenged with TNFα in com-
bination with IL-17A, E-selectin levels were significantly
augmented between 8 and 32 h of stimulation as compared
to treatment with TNFα alone (Fig. 3a). After 32 h, levels of
E-selectin were still significantly elevated compared to

Fig. 2 IL-17A cooperates with TNFα in the induction of G-CSF and
GRO-family chemokines. a Relative mRNA levels of G-CSF in
HDMEC challenged with IL-17A (50 ng/ml), TNFα (2 ng/ml) or both
for 4 h (means of technical triplicates). b Protein levels of secreted G-CSF
from HDMEC challenged with IL-17A (50 ng/ml), TNFα (2 ng/ml) or
both for 24 h. c Relative mRNA levels of GROα in HDMEC challenged
with IL-17A (50 ng/ml), TNFα (10 ng/ml) or both for 4 h (means of
technical triplicates). d Protein levels of secreted GROα from HDMEC

challenged with IL-17A (50 ng/ml), TNFα (10 ng/ml) or both for 12 h. e
Protein levels of secreted IL-8 from HDMEC challenged with IL-17A
(50 ng/ml), TNFα (10 ng/ml) or both for 24 h. f Protein levels of secreted
CXCL10 from HDMEC challenged with IL-17A (50 ng/ml), TNFα
(10 ng/ml) or both for 24 h. CXCL10 was undetectable in the CTR-
and IL-17A-treated samples. b , d , e and f are representative of two
independent experiments
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untreated cells (in which E-selectin was undetectable) and
were approximately twofold higher in the presence of TNFα
+ IL-17A than in the presence of TNFα alone (Fig. 3a). We
measured increased mRNA expressions for E-selectin be-
tween 4 and 24 h following TNFα stimulation that was further
enhanced in the presence of IL-17 after 15–24 h (data not
shown). The fold change of mRNA for a number of proteins
as well as significance levels is shown in Table 2. These data
are consistent with the finding that IL-17 enhances E-selectin
expression in the presence of TNFα on the protein level as
shown in Fig. 3a. mRNA for the other important cell adhesion
protein P-selectin did not show any up-regulated expression
between 4 and 24 h when stimulated with TNFα with or
without IL-17A (data not shown). Furthermore, Western blot-
ting of P-selectin did not show any change in protein expres-
sion following IL-17A stimulation that is neither the full-
length nor the soluble P-selectin isoform (data not shown).

Levels of TNFα-induced VCAM-1 were unaffected except
for a slight decrease after 24 h (Fig. 3b). The results were

confirmed at the mRNA level by qRT-PCR (Table 2). Further-
more, IL-17A also augmented TNFα-induced ICAM-1 albeit
to a modest extent (Fig. 3c). Untreated HDMEC expressed
very low levels of adhesion molecules which could be mod-
ulated in the presence of IL-17A alone (data not shown).
However, these effects were negligible in terms of potency
compared to those of TNFα or TNFα + IL-17A.

It is not yet well documented how the synergistic effect
between IL-17A and TNFα takes place, but it has been
suggested that the mRNA stabilizing effects of Il-17A could
play a role. In addition, the effect of activation of enhancer
binding proteins (C/EBP) could be important as it has been
shown in relation to IL-6 synthesis [40].

Elevated E-selectin levels by IL-17A correlate with increased
leukocyte adhesion

E-selectin is crucial in the binding of leukocyte to the endo-
thelium, and studies have shown that neutrophilic cells bind to

Table 2 qRT-PCR data for HDMEC challenged with TNFα (2 ng/ml) or
a combination of TNFα and IL-17A (100 ng/ml) for 24 h. The data
represent mean values of triplicate samples. The results are representative

of three independent experiments. Fold changes were calculated as (TNF
+ IL-17 / TNF) = 2ΔΔCT, representing the effect of IL-17A on TNFα
challenged cells. NS means not significant (p> 0.05)

Transcript Average CT (±SD) ΔCT normalized to GAPDH (±SD) ΔΔCT Fold change

24 h of stimulation TNF TNF + IL-17 TNF TNF + IL-17 TNF − (TNF+IL-17) (TNF + IL-17) / TNF

G-CSF 34.17 (0.07) 26.88 (0.23) 15.36 (0.16) 7.99 (0.17) 7.37 166 (P<0.001)

M-CSF 28.69 (0.14) 28.39 (0.29) 11.30 (0.17) 11.21 (0.09) -0.09 0.94 (NS)

GRO-γ 28.11 (0.30) 26.39 (0.19) 10.79 (0.42) 9.25 (0.21) 1.53 2.89 (P=0.01)

CXCL10 22.99 (0.42) 23.04 (0.12) 5.66 (0.33) 5.88 (0.16) -0.22 0.86 (NS)

CXCL11 24.24 (0.35) 24.16 (0.08) 6.92 (0.23) 7.02 (0.20) -0.11 0.93 (NS)

MCP-1 17.32 (0.35) 16.86 (0.10) 0.08 (0.22) 0.31 (0.19) 0.23 1.18 (NS)

E-selectin 26.80 (0.14) 25.78 (0.04) 10.21 (0.15) 9.20 (0.03) 1.01 2.02 (P<0.01)

VCAM-1 25.86 (0.04) 26.21 (0.11) 9.32 (0.08) 9.63 (0.13) -0.31 0.80 (P=0.05)

Fig. 3 IL-17A modulates TNFα-induced E-selectin and ICAM-1 ex-
pression. a ELISA data showing cell-associated (lysate) protein levels of
E-selectin in HDMECwhen challengedwith TNFα (2 ng/ml) or TNFα in
combination with IL-17A (100 ng/ml) for 2–32 h. The effect of IL-17A
was statistically significant at all time-points (P <0.05) except at “4 h”. b

Same as in a only for VCAM-1 protein. The effect of IL-17A was
statistically significant at all time-points (P <0.05) except at “4” and
“32 h”. c Same as in a only for ICAM-1 protein. The effect of IL-17A
was only statistically significant at “24 h” (P<0.05). a , b and c are
representative of two independent experiments
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endothelial cells in an E-selectin dependent manner [5, 30,
47]. We therefore investigated if the potentiating effect of IL-
17A on TNFα-induced E-selectin expression correlated with
increased neutrophil adhesion. After 30 h of stimulation, the
effect of TNFα + IL-17A was maximal relative to TNFα
alone, and we therefore chose to investigate adhesion at this
time-point. Figure 4a, b shows that IL-17A is able to signifi-
cantly augment TNFα-stimulated adhesion of neutrophils to
an HDMEC monolayer in a manner which mirrored the ob-
served effect on E-selectin expression (Fig. 3a). The design of
the experiments was such that neutrophils were at no point
exposed to IL-17A or TNFα and the adhesion therefore solely
reflects the change in expression pattern and behaviour of the
endothelial cells. To investigate the specificity of the
E-selectin effect on adhesion, we applied E-selectin and
P-selectin blocking antibodies to HDMEC monolayers pre-
treated with either IL-17A, TNFα or both for 24 h. E-selectin
or P-selectin blocking antibodies were added 1 h before the
addition of neutrophils. The data reveal that the E-selectin
antibody significantly reduces the binding of neutrophils to
the endothelial cells when pre-stimulated with TNFα or
TNFα + IL-17A. P-selectin antibodies had no effects on
adhesion. These data reveal that E-selectin expression plays

a dominant role in the neutrophil adhesion and thus is one of
the important factors for controlling the rate of passage across
the endothelial cell layer as seen in Fig. 4c.

IL-17A causes increased neutrophil transmigration across an
endothelial cell layer

Migration of neutrophils across the capillary wall is an impor-
tant part of the inflammatory process that occurs after leuko-
cytes have attached to the endothelium. E-selectin is essential
in this context because it mediates the capturing of circulating
leukocytes, causing them to roll along the endothelium. This,
in turn, triggers integrins on their surface to interact with
ICAM-1 and/or VCAM-1 resulting in a firm adherence [49].
We therefore hypothesized that IL-17A would be able to
augment TNFα-stimulated transmigration of neutrophils.
The passage of neutrophils across the endothelium was
assayed using a trans-well migration-based experimental set-
up with confluent HDMEC layers as a barrier on both sides of
the insert wells. The endothelial cells were pre-stimulated, and
the stimulators were subsequently removed by washing prior
to the addition of neutrophils to the insert wells. When
HDMEC had been challenged with TNFα, the number of

Fig. 4 IL-17A modulates TNFα-induced neutrophil adhesion and trans-
migration. a ELISA data showing cell-associated (lysate) protein levels
of E-selectin in HDMEC when challenged with IL-17A (50 ng/ml),
TNFα (1 ng/ml) or both for 24 h. b Relative number of neutrophils
adhering to a confluent HDMEC monolayer pre-treated with either IL-
17A (100 ng/ml), TNFα (2 ng/ml) or both for 30 h. c Relative number of
neutrophils that had transmigrated through a confluent HDMEC mono-
layer pre-treated with either IL-17A (100 ng/ml), TNFα (2 ng/ml) or both

for 30 h. a , b and c are representative of two independent experiments. d
Relative number of neutrophils adhering to a confluent HDMEC mono-
layer pre-treated with either IL-17A (100 ng/ml), TNFα (2 ng/ml) or both
for 24 h. The cells were pre-treated with 25 μg/ml E-selectin or 1 μg/ml
P-selectin blocking antibodies for 1 h before the addition of neutrophils. e
Photos of transmigrated neutrophils from c revealing the shape changes
induced by TNFα with IL-17A
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transmigrating neutrophils rose significantly above control,
and this effect could be further enhanced when TNFα had
been present together with IL-17A (Fig. 4c). When neutro-
phils were visualized after passage, they appeared round and
were loosely attached to the barrier in control and IL-17A-
stimulated conditions. When TNFα alone or in combination
with IL-17A had been present, neutrophils (clearly) changed
morphology after passage and adhered firmly to the endothe-
lial surface with a large surface area (Fig. 4e). Thus, under
conditions of potentiated E-selectin expression by IL-17A and
TNFα in combination, we observed an enhanced transmigra-
tion of neutrophils across a confluent HDMEC layer.

IL-17A does not directly affect neutrophil activation

In the adhesion and migration experiments, neutrophils were
not exposed to TNFα or IL-17A. In this way, we could
investigate the endothelial cell-mediated effect on neutrophil
adhesion and migration without interference from potential
activating effects of IL-17A directly on the neutrophils. To
investigate if IL-17A had such a direct effect, we established a
monoculture adhesion assay in which the neutrophils were
allowed to adhere to a fibrinogen substratum in the presence
of IL-17A. Several cytokines including IL-8 and TNFα have
previously been reported to induce and/or potentiate/prime
neutrophil activation as measured by their ability to adhere
to matrix proteins and/or generate superoxide radicals [11, 20,
53]. However, IL-17A was not able to induce adherence or
generation of superoxide in neutrophils, nor was it able to
prime/augment the effect of PMA and fMLP (Fig. 5a, b).

Discussion

In this study, we report that IL-17A in synchrony with TNFα
potently induces endothelial cells to secrete chemokines im-
portant for mobilization and recruitment of neutrophils and

up-regulates proteins that serve as binding sites during their
passage through the endothelial barrier.

Stimulation of HDMEC with IL-17A caused enhanced p38
phosphorylation, which, however, was much smaller than that
observed in the presence of TNFα (Fig. 1c, d). TNFα with and
without IL-17A caused phosphorylation of IκBα and subse-
quently phosphorylation of NFκB that has a binding site in the
human E-selectin gene [41]. This is consistent with the augment-
ed E-selectin synthesis observed on the protein level (Fig. 3a).

Expression of E-selectin and P-selectin

The inducible expression of P-selectin and E-selectin is regu-
lating inflammation, but their expression is mediated through
different pathways. In human endothelial cells, E-selectin is
encoded by the SELE gene that requires binding of NFκB
and the activating transcription factor -2 (ATF-2) [29]. E-
selectin is not stored in vesicles in the cell, but mRNA is
translated and protein is transported to the cell surface. In
human endothelial cells, P-selectin is upon thrombin and hista-
mine stimulationmobilized from storage granules to the plasma
membrane. However, mRNA synthesis for P-selectin in human
endothelial cells is encoded by the Selp gene that lacks binding
sites for NFκB and ATF-2, and mRNA synthesis is not activat-
ed by TNFα but by IL-4 [54].We found that E-selectin mRNA
is increased several fold between 4 and 16 h with TNFα + IL-
17A compared to unstimulated cells and that P-selectin mRNA
is not increased, which are all consistent with the finding that
different pathways are involved in their expressions. It is thus
important to note that caution should be taken in comparing
inflammatory mouse and human models due to the fact that P-
selectin is expressed differently as pointed out by Liu et al. [29].

Secretion of chemokines

Endothelial stimulation with IL-17A caused a significant rise
in the production of G-CSF and GROα consistent with

Fig. 5 IL-17A does not directly affect neutrophil adherence and function.
a Data showing neutrophil adherence to a fibrinogen substratum when
challenged with IL-17A (50 ng/ml) or fMLP (1 μM) for 30 min. b Data

showing neutrophil superoxide radical generation, as measured by reduc-
tion of ferricytochrome C, when challenged with IL-17A (50 ng/ml),
fMLP (1 μM), PMA (10 ng/ml) or combinations of these
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previous observations in other cell types [13, 51]. IL-17A also
caused an up-regulation of GRO-γ as shown by qRT-PCR
(Table 2), a chemokine which is believed to have effects
similar to GROα, i.e. function as a chemoattractant and a
maturation factor specific for neutrophils [1, 14, 48]. Interest-
ingly, we show that IL-8, another neutrophil-specific chemo-
kine, is not significantly regulated by IL-17A in HDMEC,
although this has been reported to be the case in human lung
microvascular endothelial cells [39]. Neutrophils possess two
receptors for IL-8 (CXCR1 and CXCR2), whereas GRO-
family chemokines can only bind CXCR2 [1]. It has been
shown that IL-8 efficiently triggers all aspects of neutrophil
activation including shape change, chemotaxis, granule re-
lease and respiratory burst, i.e. generation of reactive oxygen
species [4]. GRO-family chemokines, however, are signifi-
cantly weaker activators of neutrophils in terms of both effi-
ciency and efficacy when compared to IL-8 [17, 26]. It is
possible that IL-17A regulates neutrophil recruitment and
subsequent activation by orchestrating a local chemokine
environment, the composition of which differs depending on
the nature of the tissue and/or organ affected. Thus, appropri-
ate attraction and activation of neutrophils in the lungs, by
virtue of the respiratory microvascular endothelium, may re-
quire a distinct chemokine profile different from that of the
dermal microvascular endothelium reflecting dissimilarities
between the two tissues in terms of architecture, cellular
environment and external exposure. The differences in
neutrophil-activating properties between IL-8 and GRO-
family chemokines could be of central importance in this
context and would provide an adequate explanation as to
why IL-17A seems to mediate cytokine expression profiles
that differ between cell types. In support of this notion, we
observed that IL-17A had no effect on the expression of non-
neutrophil-specific chemokines such as CXCL10, CXCL11
and MCP-1 in HDMEC, although IL-17A has been reported
to modulate both basal and TNFα-induced expression of these
chemokines in other cell types [27, 34].

Neutrophil adhesion

Selectins (P-selectin and E-selectin) are the first adhesion
molecules to interact with circulating leukocytes and allow
leukocyte chemokine receptors to engage their ligands
presented on the endothelium surface. This, in turn, triggers
a more firm adhesion facilitated by ICAM-1 and VCAM-1. E-
selectin is a “promiscuous” molecule in the sense that it can
interact with all major types of leukocytes [6, 18, 28]. Which
of these are then allowed to adhere firmly and subsequently
extravasate is determined by the specific nature of the
chemokines presented (neutrophil recruiting, e.g. GROα, or
non-neutrophil recruiting, e.g. CXCL10). VCAM-1, however,
can only interact with non-neutrophil leukocytes as its counter
receptor VLA-4α is not expressed on human neutrophils but

is expressed on human eosinophils and basophils [6]. We
found that in HDMEC, IL-17A only affects the expression
of cytokines specifically involved in controlling neutrophil
recruitment. Furthermore, an investigation of HDMEC adhe-
sion molecule expression revealed that IL-17A does not aug-
ment TNFα-induced VCAM-1 (Fig. 3b). These data are con-
sistent with IL-17A being neutrophil specific since these cells
cannot engage VCAM-1. In fact, our data show that on both
the mRNA and protein levels, VCAM-1 is slightly down-
regulated after 24 h of stimulation (Table 2). In contrast, we
here show that IL-17A significantly potentiates TNFα-
stimulated E-selectin expression, whereas levels of ICAM-1
are only slightly augmented in comparison. Taken together,
our results are in agreement with the notion that in HDMEC,
IL-17A only regulates factors controlling neutrophil biology.

It has previously been shown that E-selectin levels in
HDMEC directly correlate with the number of adhering neu-
trophilic cells [43]. Moreover, both E-selectin and ICAM-1
are necessary for cytokine-stimulated transmigration of neu-
trophils to occur, as shown by studies using blocking antibod-
ies directed against these adhesion molecules [31, 52]. We
here show that the IL-17A-mediated potentiation of TNFα-
induced E-selectin expression correlates with an equally in-
creased ability of human neutrophils to adhere to an HDMEC
monolayer (Fig. 4a, b). Furthermore, our data revealed a
significant increase in neutrophil passage albeit not to an
extent which matched its effect on neutrophil adhesion. It
was recently shown in a mouse endothelial cell model that
IL-17A and TNFα act in a synergistic manner to induce an
endothelial cell activation and that neutrophil migration is
mediated by its CXCR2 expression [19]. We found that a P-
selectin-specific antibody did not affect the adherence of
neutrophils to endothelial cell monolayer after 24-h stimula-
tion with TNFα + IL-17A contrary to the effect of an antibody
against E-selectin (Fig. 4d). We interpret this finding as being
due to the high E-selectin expression on the endothelial cell
surface compared to P-selectin. Cells had not been exposed to
agonists such as thrombin or histamine that promotes transfer
of P-selectin to the plasma membrane.

We have used a static system (no simulation of blood flow)
to assay the transmigration potential of neutrophils resting on
a confluent monolayer of HDMEC. Therefore, initial estab-
lishment of contact between neutrophils and endothelial cells
did not, to the same extent, depend on E-selectin-mediated
“stickiness” as it does in vivo. Given that neutrophil transmi-
gration downstream of E-selectin depends on ICAM-1 and
given that IL-17A only had a modest effect on the expression
of this protein as compared to E-selectin, our system could not
be expected to reveal the true potential of IL-17A in the
recruitment of neutrophils as could be expected under
in vivo conditions.

We found that IL-17A alone had no effect on neutrophil
activation as measured by their ability to adhere to a
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fibrinogen substratum and their generation of superoxide rad-
icals. These data are in agreement with the finding that only
IL-17RA is present on neutrophils. We could not detect ex-
pression of IL-17RC transcripts using reverse-transcribed
neutrophil total RNA, despite the fact that the IL-17RC-
specific primers used were designed to allow amplification
of all known splice variants. An IL-17RA transcript was,
however, readily detectable.

The cooperative and synergistic actions on TNFα-induced
secretion of neutrophil-specific cytokines, together with the
ability to prolong TNFα-induced E-selectin expression as
shown here, are likely to be mechanisms by which IL-17A
causes an enhanced recruitment of neutrophils to sites of
inflammation. Thus, we have shown that IL-17A controls
mediators of leukocyte trafficking in a highly specific and
selective manner via the microvascular endothelium in inter-
action with TNFα. The importance of IL-17A is thus seen
when cellular effects are studied in cooperation with other pro-
inflammatory cytokines.
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