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Summary

In order to address neutrophil activation during inflammation we assessed
the expression of interleukin 1 receptor type 1 (IL-1R1) following in-vivo
extravasation. Extravasated neutrophils were collected from 11 healthy study
subjects by a skin chamber technique and compared to neutrophils in periph-
eral blood. Expression of IL-1R1 was assessed by microarray, quantitative
polymerase chain reaction (qPCR), Western blot, flow cytometry, enzyme
linked immunosorbent assay (ELISA) and immunoelectron microscopy
(iEM). IL-1R1 was induced following extravasation, demonstrated by both
gene array and qPCR. Western blot demonstrated an increased expression of
IL-1R1 in extravasated leucocytes. This was confirmed further in neutrophils
by flow cytometry and iEM that also demonstrated an increased intracellular
pool of IL-1R1 that could be mobilized by N-formyl-methionine-leucine-
phenylalanine (fMLP). Stimulation of peripheral neutrophils with IL-1
resulted in transcription of NFkB and a number of downstream chemokines
and the corresponding chemokines were also induced following in-vivo
extravasation. The present results demonstrate that IL-1R1 is induced follow-
ing extravasation and exists on the neutrophil surface, as well as in a mobile
intracellular pool. Furthermore, neutrophils express functional IL-1R1 as
demonstrated by the induction of chemokines following IL-1 stimulation.
The results indicate a potential role for IL-1 in the activation of neutrophils at
inflammatory sites.
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Introduction

Neutrophils are recruited to sites of inflammation by inter-
action with adhesion molecules and chemokines, which are
expressed on interleukin (IL)-1b- and tumour necrosis
factor (TNF)-a-activated endothelium [1]. The process of
extravasation primes the neutrophil for innate defence
mechanisms such as phagocytosis, generation of reactive
oxygen metabolites and release of anti-microbial and pro-
teolytic proteins. Neutrophils can also orchestrate the
inflammatory response through the production and release
of cytokines and chemokines [2], a process regulated partly
by nuclear factor kappa B (NF-kB) [3,4].

IL-1 is a proinflammatory cytokine that is produced early
during inflammation and participates in the acute phase
response. IL-1 binds to the IL-1 receptor type 1 (IL-1R1),
which transmits a signal to downstream targets, including
mitogen activated protein kinases (MAPK), activator protein
1 (AP-1) and NF-kB. Circulating neutrophils express 500–

900 IL-1R1 per cell [5–7], and internalization of radiola-
belled IL-1 indicates that the receptor is biologically active
[7]. Although the expression of IL-1R1 on circulating neu-
trophils increases during sepsis and by in-vitro incubation
with granulocyte macrophage colony-stimulating factor
(GM-CSF) [8], the expression on extravasated neutrophils
has not been assessed thoroughly. A minor up-regulation of
IL-1R1 following in-vivo extravasation has been shown pre-
viously by gene array [9]. However, the expression of IL-1R1
at protein level has not been assessed, and it remains unclear
whether extravasated neutrophils express IL-1R1 and, thus,
are receptive for IL-1 at local inflammatory sites.

Activation of NF-kB following in-vivo extravasation,
phagocytosis or in-vitro stimulation results in the production
and release of chemokines [3,4,9–13]. Several neutrophil-
generated chemokines have been identified that may impact
the immune response. Chemokine (C-C motif) ligand 3
(CCL3) [also known as macrophage inflammatory pro-
tein (MIP)-1a] and CCL4 (MIP-1b) are chemotactic for
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monocytes and activated lymphocytes [14], CCL20 (MIP-
3a) attracts lymphocytes [15] and chemokine (C-X-C motif)
ligand 2 (CXCL2) (MIP-2a) is chemotactic for neutrophils
and up-regulated by IL-1 and TNF-a [16]. Hence, because
neutrophils dominate in the early inflammatory reaction,
they may have a potentially important role in modulating
the succeeding inflammatory response by the production of
chemokines.

The skin chamber method is useful for studies of leuco-
cyte activation at local inflammatory sites [9,17–19]. Given
that extravasation is an important event to modulate activa-
tion and function of neutrophils and that IL-1 is a crucial
proinflammatory cytokine that can tune these events, we
aimed to investigate the expression of IL-1R1 in extravasated
neutrophils by use of the skin chamber method.

Materials and methods

Study subjects

Eleven healthy study subjects, nine males and two females,
with a median age of 63 (59–67) years, were included for skin
chamber experiments, and three healthy blood donors were
included for in-vitro assays. Study subjects with known
inflammatory or infectious diseases and those given immu-
nosuppressive drugs or warfarin were excluded; median
C-reactive protein (CRP) was 1·6 (0·7–5·2) mg/l. All subjects
gave informed consent and the study was approved by the
ethical committee at the Karolinska University Hospital,
Stockholm, Sweden.

The skin chamber technique

This method has been described previously in detail [20].
Briefly, two to five skin blisters were induced on one of the
forearms by vacuum (300 mm Hg) and gentle heating
(39°C). After 14 h, the wound areas were washed with
phosphate-buffered saline (PBS) and the epidermal roofs
were removed. Sterilized plastic chambers with an open
bottom were mounted over the wounds and filled with
autologous serum containing heparin. After 10 h of incuba-
tion, the exudates were collected and the chambers were
washed with an equal volume of PBS that was added to the
collected sample. Total incubation time with the skin cham-
bers was 10 h. The samples were centrifuged, the superna-
tants were frozen and the cell pellets were dissolved in
RPMI-1640 (Hyclone Laboratories Inc., Logan, UT, USA).

Isolation of neutrophils

Skin chamber neutrophils were isolated by density centrifu-
gation for 20 min at 600 g at room temperature using Ficoll
Paque (Pharmacia Biotech, Uppsala, Sweden). The pellets,
together with a band of activated neutrophils, were collected,
pooled and washed with PBS.

Circulating neutrophils were isolated from 20 ml of cit-
rated blood (0·129 M Na-citrate) (Vacutainer; Becton Dick-
inson, Plymouth, UK). The blood was diluted 1:1 with PBS
and Ficoll Paque density centrifugation was performed for
30 min at 400 g in room temperature. The pellets were col-
lected and the erythrocytes were haemolysed by addition of
isotonic solution [154 mM NH4Cl, 10 mM KHCO3 and
0·1 mM ethylenediamine tetraacetic acid (EDTA), pH 7·2] at
4°C for 12 min. The samples were centrifuged and fresh
lysing solution was added for additional 2 min in order to
haemolyse the remaining erythrocytes. The samples were
centrifuged again and the neutrophil pellet was washed with
PBS. The purity of the neutrophil population was judged by
flow cytometry forward and side-scatter.

RNA extraction and microarray analysis

RNA was extracted from the purified neutrophils by use of
the Qiagen RNeasy kit, according to the manufacturer’s
instructions (Qiagen, Solna, Sweden). Microarrays were per-
formed according to the procedure provided by Affymetrix
(Affymetrix Inc., Santa Clara, CA, USA).

Analysis of microarray data

Affymetrix Cel files from three healthy study subjects were
normalized using GeneChip robust multi-array averaging
(GC-RMA) within GeneSpring™ software version 7·3
(Silicon Genetics, CA, USA). Global differences in gene
expression between circulating and extravasated neutrophils
were distinguished by unsupervised hierarchical cluster
analysis. Genes with an altered expression by a factor of 2 or
greater which were significant by analysis of variance
(anova) (P < 0·05) were considered differentially expressed
following extravasation.

Twenty thousand genes were compared; 1029 genes had a
higher expression and 1179 genes had a lower expression
following extravasation. To identify categories and functional
relations among genes, the web-based analysis tools Ingenuity
(Ingenuity systems, Redwood City, CA, USA) and Gencards
(http://www.genecards.org) were used. The microarray data
are accessed online at http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi with the accession number GSE35786.

Quantitative polymerase chain reaction (qPCR)
validation of gene expression

Analysis by qPCR includes seven study subjects. First-strand
cDNA was synthesized from total RNA using SuperScript II
reverse transcriptase and oligo(dT)12–18 (Invitrogen Inc.,
Carlsbad, CA, USA). Using cDNA as a template, TaqMan
gene expression assays were performed by means of the
FAM dye labelling system (Applied Biosystems, Stockholm,
Sweden). Commercially available primers (Table 1) were
used (Applied Biosystems) and the qPCR reaction was
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conducted in a total volume of 20 ml using a fast plate ther-
mocycler ABI 7900 (Applied Biosystems).

The results were normalized against the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and the relative expression was calculated according to
instructions provided by Applied Biosystems.

Western blot of IL-1R1

IL-1R1 expression in the total leucocyte pool was analysed by
Western blot. Protein was prepared following cell lysis
induced by repeated freezing/thawing in a modified RIPA
buffer [50 mM Tris-HCL pH 7·5, 150 mM NaCl, 1 mM
EDTA, 0·1% Triton X-100, 1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulphonate (CHAPS)]. The
protein concentration was measured by the Pierce BCA
Protein Assay Kit (Thermo Scientific, Rockford, IL, USA)
and 24 mg of protein was loaded into precasted Novex
Tris-glycine, 12% gels (Invitrogen) and separated by electro-
phoresis. The samples were then transferred onto nitrocel-
lulose membranes (Bio-Rad Laboratories, Sundbyberg,
Sweden) by the use of semidry blot. The nitrocellulose mem-
branes were blocked in 5% milk and incubated with a rabbit
monoclonal antibody towards IL-1R1, diluted 1:1500 in 5%
milk (EP409Y) (Abcam, Cambridge, UK). Following washing
with Tris-buffered saline (TBS)-T the membrane was incu-
bated with a secondary antibody conjugated to horseradish
peroxidase (HRP), diluted 1:20 000 in TBS-T (ab6721)
(Abcam). The membranes were then washed and an HRP
substrate was added by the SuperSignal West Pico reagents
(Thermo Scientific). CL-XPosure Films (Thermo Scientific)
were then exposed to the fluorescent bands. The membranes
were stripped by a low pH buffer and reanalysed for the
expression of the GAPDH loading control by a monoclonal
antibody diluted 1:5000 in 5% milk (EPR1977Y) (Abcam).

Flow cytometry of IL-1R1 and CD66b

Expression of IL-1R1 was analysed in blood and chamber
neutrophils from three study subjects. The blood was col-

lected in tubes containing 0·129 M Na-citrate (Vacutainer;
Becton Dickinson), divided into 100 ml portions, haemoly-
sed for 5 min at 4°C by an isotonic solution (154 mM NH4Cl,
10 mM KHCO3 and 0·1 mM EDTA, pH 7·2) and then
washed with PBS. Half the samples were stimulated for
15 min at 37°C with 0·5 mM formyl-Met-Leu-Phe (fMLP)
(Sigma, St Louis, MO, US), diluted in RPMI-1640 with 5%
fetal calf serum (FCS). The remaining half of the samples
were kept on ice with RPMI-1640 and 5% FCS and are
referred to as non-stimulated. Following incubation, the leu-
cocytes were washed with PBS and stained for 30 min on
ice with a polyclonal anti-IL-1R1 phycoerythrin (PE)-
conjugated antibody (R&D Systems, Abingdon, UK). The
leucocytes were then washed and analysed by flow cytometry
(Epics Elite, Beckman Coulter Inc., Hialeah, FL, USA). The
neutrophil and monocyte populations, respectively, were
selected and the percentage of positive cells was determined
by gating against the isotype control.

CD66b, a marker for specific and gelatinase granules, was
analysed directly by staining with an anti-CD66b fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibody
(BD Biosciences, San Jose, CA, USA).

Immunoelectron microscopy (iEM) of IL-1R1

Analysis by iEM includes samples from one study subject.
Leucocytes from peripheral blood and the skin chamber
were fixated in 3% paraformaldehyde in 0·1 M phosphate
buffer. An anti-human IL-1R1 polyclonal antibody (Abcam),
diluted 1:100, was used and the protocol for iEM is described
elsewhere [21].

Measurement of soluble mediators

Soluble mediators were analysed with commercial enzyme-
linked immunosorbent assays (ELISAs) (Quantikine immu-
noassay; R&D Systems), according to the manufacturer’s
instructions; samples from the seven study subjects analysed
by qPCR were included. Lowest detectable value in each
analysis was IL-1a: 1·0 pg/ml; IL-1b: 1·0 pg/ml; IL-1R
antagonist (IL-1Ra): 6·26 pg/ml; soluble IL-1R2: 10·0 pg/ml;
CCL3: 10·0 pg/ml; CCL20: 0·47 pg/ml and CCL4: 11·0 pg/ml
and 4·0 pg/ml in serum and skin chamber, respectively.
Soluble IL-1R1 was analysed by a commercial ELISA from
USCN Life Science Inc. (Wuhan, China) with a lowest
detectable value of 0·048 ng/ml.

Gene expression and chemokine release following
in-vitro IL-1 stimulation

Peripheral blood from three healthy blood donors was col-
lected in tubes containing 0·129 M Na-citrate (Vacutainer;
Becton Dickinson). The neutrophils were isolated as
described previously in this paper. Two and 3 million of the
purified neutrophils were seeded per well in 12-well cell

Table 1. TaqMan gene expression probes used for quantitative poly-

merase chain reaction (qPCR).

Gene Assay ID

IL-1R1 Hs00168392_m1

IL-1RN Hs00893626_m1

IRAK1 Hs00155570_m1

NF-kB1 Hs00765730_m1

CCL3 Hs00234142_m1

CCL4 Hs99999148_m1

CCL20 Hs00355476_m1

CXCL2 Hs00236966_m1

GAPDH Hs99999905_m1

IL-R1, interleukin 1 receptor type 1; IRAK, interleukin-1 receptor

associated kinase; NF-kB, nuclear factor kappa B; CCL, chemokine (C-C

motif) ligand; CXCL, chemokine (C-X-C motif) ligand; GAPDH, glyc-

eraldehyde 3-phosphate dehydrogenase.

Extravasated neutrophil IL-1R1
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culture plates in RPMI-1640 with 10% FCS for analysis of
gene expression and chemokine release, respectively. Human
recombinant IL-1Ra (R&D Systems) was added to one well
per donor and plate and the plate was incubated for 15 min
at 37°C; the final concentration of IL-1Ra was 1 mg/ml.
Recombinant human IL-1a and IL-1b (R&D Systems) were
then added in combination, both at the final concentration
of 10 ng/ml. The plates were incubated for additional 3 or
5 h at 37°C for the analysis of gene expression and chemok-
ine release, respectively. As a control, one well per donor and
plate was incubated with RPMI-1640/FCS alone.

After 3 h of incubation, the neutrophils assessed for gene
expression were collected and washed. RLT lysing solution
(Qiagen, Solna, Sweden) was added to the wells and there-
after to the collected neutrophil pellets. Analysis by qPCR
was conducted as described previously in this paper.
Up-regulation of CCL3, CCL4, CCL20, CXCL2, NFkB1 and
GAPDH were analysed and the unstimulated sample was
used for normalization.

After 5 h of incubation, the neutrophil culture medium
was collected and frozen and the release of CCL3 and CCL4
was measured with ELISA, as described previously. The
unstimulated sample was used for normalization. Mean
recovery following 5 h of incubation was 84% and the
amount of apoptotic neutrophils, measured by annexin V
and PI, was less than 10% in all wells.

Statistics

Gene-arrays (n = 3) were normalized and analysed as
described previously in this paper. Data obtained by qPCR
and ELISA (n = 7) were analysed by Wilcoxon’s matched-
pairs test and data obtained by flow cytometry (n = 3) were
analysed by independent t-test. A P < 0·05 was considered
significant. Data from gene array, qPCR and flow cytometry
are presented as mean � standard deviation (s.d.) and data
from ELISA are presented as median and 25–75% interquar-
tile range.

Results

Quality control

In the peripheral circulation the median leucocyte count was
5·0 (3·6–6·2) 109 cells/ml with 52% (51–55%) granulocytes.
The number of leucocytes collected from the skin chamber
was 3·0 (1·5–5·1) million with 80% (77–82%) granulocytes.
The specific granule protein, CD66b, was analysed by means
of neutrophil activation in three healthy study subjects and
the mean expression was 6·0 � 1·9 mean fluorescence inten-
sity (MFI) in peripheral neutrophils and 19·6 � 4·4 MFI in
extravasated neutrophils, indicating cellular degranulation.
In addition, following extravasation, the number of apop-
totic neutrophils, evaluated by annexin V and PI staining, is
less than 10% (unpublished data).

Neutrophils were isolated by density centrifugation and
the purity was judged by flow cytometry forward and side-
scatter. The median percentage of neutrophils purified from
blood was 99·3% (98·7–99·5%) and from the skin chambers
95·7% (95·0–96·0%). Lineage-specific genes from other cells
than neutrophils were not detected (Table 2), indicating a
pure neutrophil population. The purified RNA had a median
optical density ratio 260:280 of 1·87 (1·85–1·89).

Expression of IL-1R1

Neutrophil gene expression following extravasation was
assessed by gene array (n = 3) and qPCR (n = 7) and the
expression of IL-1R1, interleukin-1 receptor antagonist (IL-
1RN) and interleukin-1 receptor associated kinase 1 (IRAK1)
is presented in Fig. 1a. IL-1R1 was up-regulated significantly
by a factor of 20 assessed by gene array and by a factor of 10
assessed with qPCR, P < 0·05, for both assessments. Minor
alterations were seen in IL-1RN and IRAK1.

Protein expression of IL-1R1 was assessed by Western
blot (n = 1), flow cytometry (n = 3) and immunoelectron
microscopy (iEM) (n = 1) and soluble IL-1R1 was assessed by
ELISA (n = 7). IL-1R1 was first analysed using Western blot
of a protein extract from the total leucocyte pool, collected
from peripheral blood and the skin chamber. An intense
band corresponding to IL-1R1 was detected from extrava-
sated leucocytes (Fig. 1b). From circulating leucocytes, a
weak band could be detected only after a long film exposure
(data not presented). In order to discriminate the expression
of IL-1R1 on neutrophils from that on other leucocytes, the
expression was assessed further by flow cytometry (Fig. 1c).
Flow cytometry indicated a low expression on circulating
neutrophils that could be induced significantly following
fMLP stimulation, P = 0·021. Following extravasation, the
percentage of neutrophils that had a detectable expression of
IL-1R1 increased (P = 0·016) and the expression could be
induced further by fMLP (P = 0·005). A similar expression
pattern was detected on monocytes, P = not significant (n.s.),

Table 2. Gene-array on lineage specific genes in purified neutrophils.

Lineage-specific

gene Cell type

Detectable

transcript

G-CSFR Neutrophils Yes

IL-5RA Eosinophils/basophils No

M-CSFR Monocytes/macrophages No

TCR T lymphocytes No

FGFR1 Fibroblasts No

FGFR2 Fibroblasts/epidermal cells No

EGFR Epidermal cells No

VEGFR Endothelial cells No

VCAM1 Endothelial cells No

G-CSFR, granulocyte colony-stimulating factor receptor; IL, inter-

leukin; TCR, T cell receptor; FGFR, fibroblast growth factor receptor;

EGFR, epidermal growth factor receptor; VEGFR, vascular endothelial

growth factor receptor; VCAM, vascular cell adhesion molecule.
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between neutrophils and monocytes. Mean expression on
circulating monocytes was 2·0 � 0·5% and following fMLP
stimulation 10·2 � 4·2%. On extravasated monocytes,
corresponding numbers were 30·1 � 15·8% at rest and
26·0 � 11·1% following fMLP stimulation. The increased
expression of IL-1R1 on extravasated neutrophils was con-
firmed with iEM, which demonstrated an increased expres-
sion of IL-1R1 both at the cell surface as well as intracellularly
in extravasated neutrophils (Fig. 1e) compared to circulating
neutrophils (Fig. 1d). In order to quantify the expression of
IL-1R1, the number of receptors was counted and the results
are expressed as the median number of IL-1R1 in relation to
the mm2 of cytoplasm. In neutrophils from blood, eight sec-
tions were calculated and the concentration of IL-1R1 was
0·79 (0·62–1·44) IL-1R1/mm2. In neutrophils from the skin
chamber, 13 sections were calculated and the corresponding
number was 4·27 (2·83–5·00) IL-1R1/mm2, P = 0·017,
between blood and chamber samples, analysed by Wilcoxon’s
matched-pairs test. As IL-1R1 is cleaved from the surface into
a soluble form as part of its regulation, soluble IL-1R1 was
analysed in serum and in chamber fluid by ELISA. The con-
centration of soluble IL-1R1 was 0·34 (0·26–0·48) ng/ml
in serum and 5·36 (5·08–7·08) ng/ml in chamber fluid,
P = 0·028.

Concentrations of IL-1a, IL-1b, IL-1R antagonist and
soluble IL-1R2

The concentrations of IL-1a, IL-1b, IL-1Ra and soluble
IL-1R2 were measured in serum and in skin chamber fluid
by ELISA. IL-1a and IL-1b were below detection level in

serum and are therefore not presented. In the chamber fluid,
the concentrations of IL-1a and IL-1b were: 57·9 (42·7–
115·6) pg/ml and 200·3 (51·2–382·8) pg/ml, respectively. The
level of IL-1Ra was 185·4 (132·9–380·1) pg/ml in serum and
11 735·8 (8211·6–30727·2) pg/ml in the chamber fluid,
P = 0·018. The ratio between IL-1Ra and IL-1a in the skin
chamber fluid was 189 (112–462) and the corresponding
ratio to IL-1b was 132 (53–204). The concentration of
soluble IL-1R2 was 11·1 (10·1–13·2) ng/ml in serum and 16·0
(13·8–17·6) ng/ml in chamber fluid, P = 0·018.

Chemokine expression following IL-1 stimulation
or extravasation

In order to confirm a functional response by IL-1R1, in-vitro
IL-1 stimulations of purified neutrophils were performed,
assessing the expression of a number of chemokines regu-
lated by the IL-1R1/NF-kB axis. IL-1 stimulation induced
the transcription of CCL3, CCL4, CCL20, CXCL2 and NFkB1
in purified neutrophils and the effect was blocked by pre-
treatment with IL-1Ra (Fig. 2a). Furthermore, the release of
CCL3 and CCL4 into the cell culture medium was detected
by ELISA after 5 h of stimulation with IL-1 (Fig. 2b). Data
are presented as the ratio between IL-1 stimulated cells
and non-stimulated cells, with or without pretreatment
with IL-1Ra (n = 3). Up-regulation of the corresponding
chemokine genes was also observed in neutrophils following
extravasation, assessed by gene array (n = 3) and qPCR
(n = 7). Figure 2c shows the increased expression of NFkB1,
CCL3, CCL4, CCL20 and CXCL2 in extravasated neutrophils
compared to that in circulating neutrophils, P < 0·05, for all

Fig. 1. Expression of interleukin 1 receptor

type 1 (IL-1R1) on neutrophils from blood

and chamber exudate. (a) Gene expression

analysed by gene array and quantitative

polymerase chain reaction (qPCR). The figure

shows changes in gene expression between

extravasated and circulating neutrophils,

expressed as mean � standard deviation (s.d.).

(b) The expression of IL-1R1 in circulating and

extravasated leucocytes assessed by Western

blot. (c) Expression of IL-1R1 assessed by flow

cytometry. Data by flow cytometry is viewed as

the percentage of IL-1R1-positive neutrophils in

the peripheral circulation and in the skin

chamber, at basal expression and following

additional in-vitro N-formyl-methionine-

leucine-phenylalanine (fMLP) stimulation,

presented as mean � s.d. Independent t-test

was used for comparison between groups. (d,e)

Expression of IL-1R1 in peripheral and

extravasated neutrophils, respectively, assessed

by immunoelectron microscopy (iEM).
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markers. In addition, concentrations of CCL3, CCL4 and
CCL20, assessed by ELISA (n = 7), were all significantly
higher in the skin chamber fluid compared to in serum
(Fig. 2d).

Discussion

In the present study, we demonstrate transcription of IL-1R1
in human neutrophils following extravasation. In addition,
expression of IL-1R1 increased following in-vivo extravasa-
tion and IL-1R1 could be mobilized further from an intra-
cellular pool to the cell surface by fMLP. A functional
response by IL-1R1 was demonstrated by the transcription
and release of chemokines following in-vitro IL-1
stimulation. In addition, the corresponding chemokines
were transcribed following extravasation and high concen-
trations were assayed in the skin chamber fluid.

The skin chamber method is well established, and has
been used previously to study gene expression in extrava-
sated neutrophils. In line with the present study, Theilgaard-
Mönch et al. demonstrated up-regulation of IL-1R1, IL-1b
and CCL3 in neutrophils following extravasation [9]. In the
present study, a more pronounced up-regulation of IL-1R1
was detected following extravasation. Using gene array, the
expression increased 20-fold and using qPCR a 10-fold

up-regulation was detected, both indicating that IL-1R1 is
transcribed in neutrophils following extravasation.

Increased expression of IL-1R1 in extravasated leucocytes
was first confirmed by Western blot. A strong induction of
IL-1R1 was detected following extravasation while only a
weak band could be detected from circulating leucocytes,
indicating translation of IL-1R1 following extravasation. As
approximately 80% of the chamber leucocytes were neutro-
phils the remaining 20%, which were mainly monocytes,
could have influenced the result. However, flow cytometry
indicated a similar expression of IL-1R1 in neutrophils and
monocytes which limits a potential skewing of the results by
present monocytes. The number of IL-1R on circulating
human neutrophils has been estimated previously as 500–
900 receptors per cell [5–7], and this relatively low number
of receptors may be difficult to detect by conventional
immunofluorescence flow cytometry [22]. In line with this
notion, we report a low expression of IL-1R1 on circulating
neutrophils assessed by flow cytometry. However, the expres-
sion increased significantly following extravasation, and
could be induced further by the bacterial-related molecule
fMLP. Mobilization of additional IL-1R1 following extrava-
sation and the encounter of a bacterial-related stimuli pro-
vides an interesting link for neutrophil activation in vivo.
The expression of IL-1R1 on circulating and extravasated
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Fig. 2. Chemokine expression following interleukin (IL)-1 stimulation and extravasation. (a) Induction of the CCL3, CCL4, CCL20, CXCL2 and

NFkB1 genes following 3 h of in-vitro stimulation with IL-1, assessed by quantitative polymerase chain reaction (qPCR). The expression pattern is

normalized to cells incubated with cell culture medium alone. (b) Release of CCL3 and CCL4 following 5 h of in-vitro IL-1 incubation in relation to

the release following incubation with cell culturing medium alone, assessed by enzyme-linked immunosorbent assay (ELISA). Triangles refer to

samples challenged with IL-1 in presence of interleukin-1 receptor antagonist (IL-1Ra) and circles refer to samples treated with IL-1 alone. (c)

Up-regulation of the CCL3, CCL4, CCL20, CXCL2 and NFkB1 genes following in-vitro extravasation assessed by gene array and qPCR, presented as

mean � standard deviation. P < 0·05 for all markers, analysed by analysis of variance (anova) (gene array) and Wilcoxon’s matched-pairs test

(qPCR). (d) Concentrations of CCL3, CCL4 and CCL20 in serum and in the chamber exudate, assessed by ELISA and presented as median and

interquartile range, analysed by Wilcoxon’s matched-pairs test.
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neutrophils was confirmed further by iEM that demon-
strated an increased IL-1R1 on extravasated neutrophils,
both at the cell surface and intracellularly. Together, these
data indicate that IL-1R1 is expressed at the cell surface of
neutrophils and that it can be mobilized from an intracellu-
lar compartment following fMLP stimulation. In addition, as
part of the regulation, IL-1R1 is cleaved into a soluble form
during inflammation, creating a balance between soluble
and cell bound receptors. An increased concentration of
sIL-1R1 was detected at the interstitial site compared to in
serum, which further confirms an increased expression of
IL-1R1 at the local inflammatory site.

IL-1 provokes a biological response at low IL-1R1 occu-
pancy and the IL-1 axis is therefore tuned at several levels.
Mechanisms for regulation include enzymatic processing of
precursor proteins, high concentrations of IL-1Ra and the
decoy receptor IL-1R2, as well as regulation of the signal
transduction by an IL-1 receptor accessory protein [23]. The
biological response by IL-1 can be blocked in vitro by a
100-fold excess of IL-1Ra [24]. Neutrophils have been shown
to produce high concentrations of IL-1Ra [25,26], and it is
interesting to speculate that a consecutive production of
IL-1Ra by neutrophils might be one way of regulating the
IL-1 axis at the inflammatory site. In line with this, we found
a strong up-regulation of IL-1RN, assessed by qPCR. The
kinetics of IL-1 and IL-1Ra have been studied by inducing
endotoxaemia in humans, demonstrating a rise in plasma
IL-1Ra which reached a peak concentration, 100-fold greater
than IL-1b, 1–2 h after the peak of IL-1b [27]. In the current
paper we add information and demonstrate that, at a local
aseptic inflammatory site in vivo, IL-1a, IL-1b and IL-1Ra
are produced at high concentrations and IL-1Ra is produced
at more than 100 times higher than the concentrations of
IL-1a and IL-1b.

Signal transduction from IL-1R1 results in nuclear mobi-
lization and activation of NF-kB [11,28] and the IL-1R1/
NF-kB axis plays an important role in the induction of
CCL3, CCL4 and CXCL2 [12,13]. In the present paper, a
biological response by IL-1R1 was confirmed by in-vitro IL-1
stimulation of peripheral neutrophils, which resulted in
up-regulation of NFkB and expression of chemokine genes
and the corresponding proteins. Inhibition by IL-1Ra veri-
fied an IL-1R1-specific response. Significant up-regulations
of CCL3, CCL4, CCL20 and CXCL2 were also detected
in extravasated neutrophils compared to circulating
neutrophils. However, although activation via IL-1 can
stimulate production of these chemokines, it is uncertain
whether the observed up-regulation is induced by the
extravasation process per se or by IL-1R1 engagement. It is
intriguing to speculate that the increased expression of
IL-1R1 following extravasation provides a mechanism for
sensitizing the extravasated neutrophil towards the IL-1 axis.
The concentrations of CCL3, CCL4 and CCL20 were also
increased significantly at protein levels in the skin chamber
fluid compared to in serum. The data should, however, be

interpreted by caution, because the inflammatory milieu in
the skin chamber is influenced by both infiltrated leucocytes
and residual cells.

It is likely that the increased expression of IL-1R1 on
extravasated neutrophils represents newly synthesized
receptors. The present data, which show transcription of
IL-1R1 following extravasation as well as a higher IL-1R1
expression, assessed by Western blot, iEM, ELISA and flow
cytometry, suggest that IL-1R1 is synthesized following
extravasation. In addition, the response towards fMLP indi-
cates an interesting link between inflammation and neutro-
phil encounter of bacterial stimuli. An increased expression
of IL-1R1 at the local inflammatory site might impact neu-
trophil receptiveness towards the inflammatory milieu and
thereby tune the succeeding transcriptional programme of
the transformed tissue-dwelling neutrophil. It is also inter-
esting to note that the commonly accepted view that neutro-
phils have a life span of less than 1 day has been challenged
recently by Pillay and co-workers [29], and that an increased
life span induced by extravasation and by T lymphocytes has
been reported [30]. These observations, together with the
current data, suggest that neutrophils might also be impor-
tant modulators of the proinflammatory milieu at time-
points beyond degranulation. Previously, a direct link
between neutrophil secretion products and monocyte
recruitment has been proposed [31]. In the current paper we
propose that neutrophils also may provide a link to subse-
quent recruitment of mononuclear cells at time-points
beyond degranulation as a consequence of the increased
production of chemokines.

In conclusion, in the present paper we demonstrate that
neutrophils express IL-1R1 and that IL-1R1 is induced fol-
lowing extravasation and exists in a mobile intracellular
compartment. In addition, neutrophils respond to in-vitro
IL-1 stimulation by up-regulation of chemokines, both at
gene and protein levels, and the same chemokine genes are
also up-regulated in neutrophils following extravasation. We
therefore propose that extravasated neutrophils are trans-
formed into chemokine-producing cells and that IL-1 may
constitute an important stimulus. Hence, neutrophils that
dominate during the early inflammatory reaction may have
an immunomodulatory role and tune the inflammatory
response towards subsequent recruitment of mononuclear
cells.
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