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A crucial role for TNF-a in mediating neutrophil
influx induced by endogenously generated or
exogenous chemokines, KC/CXCL1 and LIX/CXCL5

SM Vieira1,2, HP Lemos1, R Grespan1, MH Napimoga1,3, D Dal-Secco1, A Freitas1, TM Cunha1,
WA Verri Jr1, DA Souza-Junior4, MC Jamur4, KS Fernandes1, C Oliver4, JS Silva5, MM Teixeira6

and FQ Cunha1
bph_367 779..789

1Department of Pharmacology, School of Medicine of Ribeirão Preto, University of São Paulo, São Paulo, Brazil, 2Laboratory of
Pharmacology, National Institute for Research in the Amazon (INPA), Manaus, Brazil, 3Laboratory of Molecular Biology,
University of Uberaba, Uberaba, Brazil, 4Department of Cell and Molecular Biology, School of Medicine of Ribeirão Preto,
University of São Paulo, São Paulo, Brazil, 5Department of Biochemistry and Immunology, School of Medicine of Ribeirão
Preto, University of São Paulo, São Paulo, Brazil, and 6Departament of Immunopharmacology, Biochemistry and Immunology,
ICB, Federal University of Minas Gerais, Belo Horizonte, Brazil

Background and purpose: Chemokines orchestrate neutrophil recruitment to inflammatory foci. In the present study, we
evaluated the participation of three chemokines, KC/CXCL1, MIP-2/CXCL2 and LIX/CXCL5, which are ligands for chemokine
receptor 2 (CXCR2), in mediating neutrophil recruitment in immune inflammation induced by antigen in immunized mice.
Experimental approach: Neutrophil recruitment was assessed in immunized mice challenged with methylated bovine serum
albumin, KC/CXCL1, LIX/CXCL5 or tumour necrosis factor (TNF)-a. Cytokine and chemokine levels were determined in
peritoneal exudates and in supernatants of macrophages and mast cells by ELISA. CXCR2 and intercellular adhesion molecule
1 (ICAM-1) expression was determined using immunohistochemistry and confocal microscopy.
Key results: Antigen challenge induced dose- and time-dependent neutrophil recruitment and production of KC/CXCL1,
LIX/CXCL5 and TNF-a, but not MIP-2/CXCL2, in peritoneal exudates. Neutrophil recruitment was inhibited by treatment with
reparixin (CXCR1/2 antagonist), anti-KC/CXCL1, anti-LIX/CXCL5 or anti-TNF-a antibodies and in tumour necrosis factor
receptor 1-deficient mice. Intraperitoneal injection of KC/CXCL1 and LIX/CXCL5 induced dose- and time-dependent neutro-
phil recruitment and TNF-a production, which were inhibited by reparixin or anti-TNF-a treatment. Macrophages and mast
cells expressed CXCR2 receptors. Increased macrophage numbers enhanced, while cromolyn sodium (mast cell stabilizer)
diminished, LIX/CXCL5-induced neutrophil recruitment. Macrophages and mast cells from immunized mice produced TNF-a
upon LIX/CXCL5 stimulation. Methylated bovine serum albumin induced expression of ICAM-1 on mesenteric vascular
endothelium, which was inhibited by anti-TNF-a or anti-LIX/CXCL5.
Conclusion and implications: Following antigen challenge, CXCR2 ligands are produced and act on macrophages and mast
cells triggering the production of TNF-a, which synergistically contribute to neutrophil recruitment through induction of the
expression of ICAM-1.
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Introduction

Neutrophil accumulation in tissues is a characteristic of acute
inflammatory conditions, including bacterial infection and
reperfusion injury. The infiltration of neutrophils is also
known to occur and play a role in the acute phase of several
chronic inflammatory conditions, such as glomerulonephritis,
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inflammatory bowel disease, autoimmune vasculitis, dermati-
tis and rheumatoid arthritis (RA) (Weissmann and Korchak,
1984; Kasama et al., 2005; Larsen et al., 2008; Randis et al.,
2008). Experimental models of antigen-induced immune
inflammation reproduce some of the features of chronic
inflammatory diseases undergoing an acute phase (Trentham
et al., 1977; Bacon and Oppenheim, 1998; Canetti et al., 2001).

The subclass of CXC chemokines that possesses the amino
acid sequence glutamic acid-leucine-arginine (ELR+) preceding
the first cysteine residue of the CXC motif, including
KC/CXCL1 (keratinocyte-derived chemokine; CXCL1) and
LIX/CXCL5 (lipopolysaccharide-induced CXC chemokine;
CXCL5), are a major subclass of chemokines involved in the
recruitment and activation of neutrophils (Baggiolini et al.,
1989; Rollins, 1997; Bacon and Oppenheim, 1998; Luster,
1998; Smith et al., 2002; Sandler et al., 2007). The major
receptor for CXC ELR+ chemokines in mice is the chemokine
receptor 2 (CXCR2). Indeed, mice that are CXCR2-deficient or
compounds that block CXCR2 function significantly impair
neutrophil recruitment in several experimental situations
such as pancreatitis, lung injury, autoimmune thyroiditis or
arthritis (Chen et al., 2005; Bhatia and Hegde, 2007; Coelho
et al., 2008).

Chemokines, such as KC/CXCL1 and LIX/CXCL5, are
rapidly released under several experimental situations and
play a major role in inducing neutrophil influx. For example,
it has been shown that administration of antigen or non-
specific irritants, such as carrageenan, induce the release of
chemokines that drive neutrophil recruitment in vivo (Garcia-
Ramallo et al., 2002; Cunha et al., 2005; Coelho et al., 2008;
Grespan et al., 2008). Chemokines are also released and
induce neutrophil influx upon injection of cytokines, such as
tumour necrosis factor (TNF)-a (Tessier et al., 1997). On the
other hand, locally released chemokines may activate resi-
dent cells to release cytokines. Indeed, our previous studies
have shown that blockade of CXCR2 decreased production of
TNF-a in models of gut ischaemia and reperfusion (Souza
et al., 2004) and arthritis (Coelho et al., 2008). The present
study had three major related objectives: (i) evaluate the
ability of KC/CXCL1 and LIX/CXCL5 given exogenously or
generated endogenously in an immune peritonitis model to
drive neutrophil influx and the local production of TNF-a;
(ii) evaluate the role of chemokine-induced TNF-a for neu-
trophil recruitment; and (iii) evaluate possible cellular
sources of TNF-a and mechanisms by which TNF-a could aid
in the recruitment of neutrophils in response to chemokine
generation.

Methods

Animals
All animal care and experimental procedures were conducted
according to the guidelines of the Ethics Committee of the
School of Medicine of Ribeirão Preto, University of São Paulo,
São Paulo, Brazil. Wild-type Balb/c and C57BL/6 mice, and
tumour necrosis factor receptor (TNFR)1-deficient (p55-/-)
mice were used in this study. TNFR1-/- mice were obtained
from Jackson Laboratories (Bar Harbor, ME, USA) and main-
tained in the Faculty of Medicine of Ribeirão Preto (University

of Sao Paulo, Sao Paulo, Brazil) as previously described
(Canetti et al., 2001). The knockout mice were bred and main-
tained alongside Balb/c or C57BL/6 wild-type mice. The
genetic status of the deficient mice was confirmed by PCR
(Canetti et al., 2001). Mice were housed in standard clear
plastic cages with free access to food and water, with a 12:12 h
light/dark cycle at 21°C.

Immunization procedure
Balb/c, C57BL/6 and TNFR1-/- mice were immunized. Briefly,
on day 0 the animals received a single s.c. injection of the
protein antigen methylated bovine serum albumin (mBSA;
500 mg) in 0.2 mL of an emulsion containing 0.1 mL of saline
and 0.1 mL of complete Freund’s adjuvant. Animals received
booster injections of mBSA dissolved in incomplete Freund’s
adjuvant on days 7 and 14. Non-immunized mice were given
similar injections but without the antigen (mBSA). Twenty-
one days after the initial injection, the immunized and non-
immunized mice were challenged with mBSA (30 mg, i.p.), or
only saline in immunized mice (control).

Leukocyte recruitment
Neutrophil recruitment was assessed at the indicated times
after KC/CXCL1, LIX/CXCL5, TNF-a or mBSA i.p. challenge.
The animals were killed, and the cells present in the perito-
neal cavity were harvested with 3 mL of phosphate-buffered
saline (PBS) containing 1 mM EDTA. Total counts were per-
formed with a cell counter (COULTER® AC T; Coulter Corpo-
ration; Miami, FL, USA) and differential cell counts on
cytocentrifuge slides (Cytospin® 3; Shandon Lipshaw Inc.,
Pittsburgh, PA, USA) stained with Rosenfeld. The differential
counts were performed with a light microscope and the
results presented as the number (means � SEM) of neutro-
phils per cavity.

In experiments evaluating the blockade of neutrophil
influx by antigen or the chemokines, mice were treated 1 h
before the experiment with MK 886 (1 mg·kg-1, p.o.) or rep-
arixin (30 mg·kg-1, s.c.). Antibodies were given 30 min before
the experiments: control antibody (30 mL, i.p.), anti-TNF anti-
serum (30 mL, i.p.), anti-KC/CXCL1 (3 mg, i.p.), anti-MIP-2/
CXCL2 (3 mg, i.p.) and anti-LIX/CXCL5 (3 mg, i.p.).

Coupling of mast cell antibody to magnetic beads
A monoclonal antibody (mAb-AA4) that recognizes two
derivatives of the ganglioside GD1b was raised in rats (Guo
et al., 1989). The gangliosides are unique to the surface of
rodent mast cells (Jamur et al., 2001). mAb-AA4 was conju-
gated to tosylactivated Dynabeads (Dynal; Lake Success, NY,
USA). Briefly, equal volumes of tosylactivated Dynabeads and
mAb-AA4 were mixed. The solution was incubated for 24 h at
22°C with slow end-over-end rotation. After incubation, the
magnetic beads were collected and washed three times with
5 mL 0.01 M PBS containing 0.1% BSA. The coated beads were
resuspended and stored in PBS + 0.1% BSA at a concentration
of 30 mg·mL-1.

Mast cell separation
The peritoneal cells were incubated with antibody-coated
magnetic beads (see above; three beads per target cell) in PBS
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containing 2% BSA for 5–10 min at room temperature. After
incubation the mast cells were isolated by washing four times
with PBS containing 2% BSA and once in PBS (Jamur et al.,
1997; Jamur et al., 2005).

In vitro assay for macrophages and mast cells
Macrophage isolation and assay. Naïve mice were treated i.p.
with 500 mL of thioglycollate (3%) and 3 days after treatment,
peritoneal macrophages were harvested with RPMI 1640
(pH 7.4). Peritoneal macrophages from immunized mice were
harvested on day 21 after immunization, without stimulation
with thioglycollate, by washing the peritoneum with RPMI
1640 containing 1 mM EDTA (3 mL, pH 7.4). Peritoneal cells
from naïve+ thioglycollate-treated or immunized mice were
cultured in 48-well culture plates for 1 h at 37°C in an atmo-
sphere of air with 5% CO2. The plates were then washed three
times with RPMI to remove the non-adherent cells. The
adherent population (95% macrophages ~5 ¥ 105 cells per
well) were incubated for 6 h at 37°C in fresh medium
(control) or in medium containing LIX/CXCL5 (100 ng·mL-1).
Subsequently, the supernatants were recovered for ELISA assay.
Cell viability was determined by the Trypan blue test (>95%).

Mast cell assay. Purified mast cells (5 ¥ 105 cells per well) were
plated in 48-well culture plates and incubated for 6 h at 37°C
in fresh medium (control) or in medium containing LIX/
CXCL5 (100 ng·mL-1). Subsequently, the plates were centri-
fuged and the supernatants recovered for ELISA assay.

ELISA for KC/CXCL1, MIP-2/CXCL2, LIX/CXCL5 and TNF-a
KC/CXCL1, MIP-2/CXCL2, LIX/CXCL5 and TNF-a levels in
the exudates from antigen-challenged immunized mice, or
TNF-a levels in the exudates from KC/CXCL1 and LIX/
CXCL5-injected mice were detected by ELISA (Taktak and Lee,
1991). Briefly, microtiter plates were coated overnight at 40C
with an immunoaffinity-purified polyclonal sheep antibody
against KC/CXCL1 (1 mg·mL-1), MIP-2/CXCL2 (1 mg·mL-1),
LIX/CXCL5 (1 mg·mL-1) or TNF-a (2 mg·mL-1). After blocking
the plates, recombinant murine KC/CXCL1, MIP-2/CXCL2,
LIX/CXCL5 or TNF-a standards were added at various dilu-
tions, and the samples were then added in duplicate and
incubated overnight at 4°C. Rabbit biotinylated immunoaf-
finity purified polyclonal antibodies (pAbs) anti-KC/CXCL1
(0.1 mg·mL-1), anti-MIP-2/CXCL2 (0.1 mg·mL-1), anti-LIX/
CXCL5 (0.1 mg·mL-1) or anti-TNF-a (1:500) were added, fol-
lowed by incubation at room temperature for 1 h. Finally,
50 mL of avidin-horseradish peroxidase (1:5000 dilution;
DAKO A/S, Glostrup, Denmark) were added to each well; after
30 min the plates were washed, and the colour reagent OPD
(200 mg per well; Sigma, St. Louis, MO, USA) was added. After
15 min, the reaction was stopped with 1 M H2SO4 and the
optical density (OD) measured at 490 nm. The results were
expressed as pg·mL-1 of KC/CXCL1, MIP-2/CXCL2, LIX/
CXCL5 and TNF-a, based on standard curves.

CXCR2 real-time PCR
Two hours after mBSA injection, the mice were terminally
anaesthetized, and the peritoneal cells were purified as

described above. The samples were collected, and total RNA
was extracted using the SV Total RNA Isolation System
(Promega Biosciences Inc., San Luis Obispo, CA, USA). The
purity of total RNA was measured with a spectrophotometer,
and the wavelength absorption ratio (260/280 nm) was
between 1.8 and 2.0 for all preparations. Reverse transcription
of total RNA to cDNA was carried out with reverse transcrip-
tion reaction (Superscript II, Gibco Life Technologies, Grand
Island, NY, USA). Real-time PCR quantitative mRNA analysis
was performed in an ABI Prism 7500 Sequence Detection
System using the SYBR-green fluorescence system (Applied
Biosystems, Warrington, UK) for quantification of amplicons.
RT-PCR was performed in a 20 mL reaction volume and carried
out with heating at 95°C (10 min), and then 40 cycles of 94°C
(1 min), 56°C (1 min) and 72°C (2 min). Melting curve analy-
sis was performed (65–95°C) in order to verify that only one
product was amplified. Samples with more than one peak were
excluded. The data were analysed with the comparative cycle
threshold (CT) method. Primer pairs for mouse GAPDH and
CXCR2 receptor were as described by Reutershan et al. (2006).

Confocal assay for CXCR2 analysis
Mast cells and macrophages were attached to poly-L-lysine-
coated chamber slides (Lab-Tek II, Nunc, Wiesbaden,
Germany), fixed with 3.7% paraformaldehyde and permeabi-
lized with 0.1% Triton. After blocking with 5% BSA, samples
were incubated with monoclonal anti-mouse CXCR2-
phycoerythrin (1:100; R&D Systems, Minneapolis, MN, USA),
rat anti-mouse AA4 or rat anti-mouse F4/80 (both 1:100; BD
Bioscience, San Jose, CA, USA) antibodies overnight at 4°C.
Subsequently, the cells were stained with secondary antibod-
ies for 45 min at room temperature (Alexa594-conjugated
anti-rabbit and Alexa488-conjugated anti-rat, both from
Molecular Probes, Karlsruhe, Germany). Nuclei were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI; 1:500).
Controls were performed in the absence of primary antibod-
ies. Images were acquired using a Leica TCS SP5 confocal
microscope and a 63¥ oil objective.

Immunofluorescence assay for intercellular adhesion molecule 1
(ICAM-1)/CD54
An immunofluorescence assay was used to analyse the level of
ICAM-1 expression on mouse mesenteric venules, 2 h after
mBSA injection. For this, mice were treated for 30 min with
anti-LIX/CXCL5 (3 mg, i.p.) or anti-TNF-a subsequently
stimulated with saline or mBSA (30 mg, i.p.) for 2 h. Frozen
mesenteric tissue sections (5 mm) were fixed with paraformal-
dehyde (4%) in a wet chamber at room temperature. The
slides were incubated with PBS containing 1% bovine serum
albumin (PBS-BSA), and then slices were incubated for 1 h
with fluorescein isocyanate (FITC)-conjugated anti-mouse
CD54/ICAM-1 mAb (1:200; BD Pharmingen, San Jose, CA,
USA) in PBS-BSA. The results of qualitative analysis are
expressed as fluorescence intensity of stained venules (mag-
nification ¥100) present in the fluorescence microscopic field.
All images were captured using identical camera settings: time
of exposure, brightness, contrast and sharpness, and an
appropriate white balance set according to the fluorescence
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filter and acquired and analysed by Image-Pro Plus 4.0 (Media
Cybernetics). The mean fluorescence density was determined
from a linear measurement of stained venules fluorescence of
at least five randomly chosen fields of each slide, performed in
triplicate were analysed.

Neutrophil chemotaxis
Bone marrow neutrophils were purified as previously described
(Pinho et al., 2007). A modified Boyden chamber assay was
performed using a 48-well microchamber (Neuro Probe, Gaith-
ersburg, MD, USA). The stimuli and negative control were
added to the lower chambers. A 5 mm pore polycarbonate
membrane (Neuro Probe) was placed between the upper and
lower chambers, and 5 ¥ 104 cells were added to the top cham-
bers. Cells were allowed to migrate into the membrane for 1 h
at 37°C with 5% CO2. Following incubation, the membrane
was washed in PBS to remove non-adherent cells before being
fixed in methanol and stained using the Diff-Quik system
(Dade Behring, Deerfield, IL, USA). Each well-associated mem-
brane area was scored using light microscopy to count the
intact cells present in five random fields. The results are
expressed as the number of neutrophils per field.

Statistical analysis
The data are reported as means � SEM, and the number of
animals per group was five. The means from different treat-
ments were compared by ANOVA. When statistical significances
were identified, individual comparisons were subsequently
tested with Bonferroni’s t-test for unpaired values. Statistical
significance was set at P < 0.05. The experiments were repeated
two or three times, with similar results

Materials
The pAbs anti-KC/CXCL1, anti-MIP-2/CXCL2 and anti-LIX/
CXCL5 for in vivo assays were purchased from Peprotech Inc.
Recombinant murine LIX/CXCL5, KC/CXCL1 and MIP-2/
CXCL2 or TNF-a, pAbs anti-LIX/CXCL5, anti-KC/CXCL1,
anti-MIP-2/CXCL2 or anti-TNF-a and the biotinylated affinity
pAbs anti-LIX/CXCL5, anti-KC/CXCL1, anti-MIP-2/CXCL2 or
anti-TNF-a for ELISA assay were purchased from R&D Systems.
The sheep anti-mouse TNF-a and control sera were gifts from
Dr S Poole (National Institute for Biological Standards
and Control, NIBSC, London, UK). Cromolyn sodium salt,
thioglycollate, mBSA, complete Freund’s adjuvant and
incomplete Freund’s adjuvant were purchased from Sigma.
MK 886 (inhibitor of FLAP, 5-lipoxygenase activating protein)
was obtained from Biomol. Reparixin (CXCR1/2 antagonist)
was a kind gift from Dr Riccardo Bertini (Dompè Pharmaceu-
ticals, L’Aquila, Italy).

Results

Dose- and time-dependent neutrophil recruitment
Intraperitoneal challenge of immunized mice with antigen
(mBSA) induced a significant dose- and time-dependent neu-
trophil recruitment when compared with that induced by

saline in immunized mice or by antigen in non-immunized
mice (Figure 1). Neutrophil recruitment was already signifi-
cant at 4 h, peaked at 6 h, declining thereafter to reach base-
line levels at 24 h after antigen challenge (Figures 1B). For the
next series of experiments, immunized mice received an injec-
tion of 30 mg of mBSA and neutrophil influx evaluated 6 h
after challenge.

KC/CXCL1, LIX/CXCL5 and TNF-a mediate neutrophil
recruitment induced by immune peritonitis
Neutrophil recruitment induced by injection of mBSA in
immunized mice was inhibited by neutralizing anti-KC/
CXCL1 or anti-LIX/CXCL5, but not with anti-MIP-2/CXCL2,
antibodies (Figure 2A). Consistent with their functional role,
levels of KC/CXCL1 and LIX/CXCL5, but not of MIP-2/
CXCL2, were detectable in the peritoneal cavity of antigen-
challenged mice. Levels of KC/CXCL1 and LIX/CXCL5 were
elevated at 1 h and 2 h after challenge and dropped to base-
line at 4 h (Figure 2C).

Levels of TNF-a also increased after antigen challenge of
immunized mice. Indeed, significant levels TNF-a were

Figure 1 Antigen (methylated bovine serum albumin, mBSA) chal-
lenge in immunized (IM) mice induces dose- and time-dependent
neutrophil recruitment to the peritoneal cavity. (A) mBSA was
injected at the indicated doses into the peritoneal cavity of non-
immunized (NI) or IM mice, and neutrophil recruitment was deter-
mined 6 h later. Neutrophil recruitment was also evaluated when
saline was injected into IM mice (control). (B) Time dependence of
the neutrophil recruitment in IM mice challenged with saline or
mBSA. Data are means � SEM (n = 5). *P < 0.05 when compared with
control mice (ANOVA followed by the Bonferroni test).
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detected at 2 h and were still significant at 4 h after challenge
(Figure 2C). Consistent with the detection of TNF-a, neutral-
ization of TNF-a with antibodies (Figure 2A) or experiments
in TNFR1-deficient mice (Figure 2B) showed marked decreases
in neutrophil influx.

Treatment with the CXCR1/2 receptor blocker, reparixin,
greatly reduced neutrophil influx (Figure 2A). Interestingly,
treatment with reparixin significantly decreased the produc-
tion of TNF-a in the peritoneal cavity, suggesting that activa-
tion of CXCR1/2 was relevant for the local production of this
cytokine (Figure 2D). The 5-lipoxygenase inhibitor, MK 886,
failed to modify neutrophil recruitment in response to mBSA
challenge of immunized mice (Figure 2A).

Neutrophil recruitment induced by KC/CXCL1 and LIX/CXCL5
depends on the local production of TNF-a.
A series of experiments were then conducted to examine
further the ability of KC/CXCL1 and LIX/CXCL5 to induce

TNF-a. As seen in Figure 3, the i.p. injection of KC/CXCL1 or
LIX/CXCL5 induced a dose- and time-dependent influx of
neutrophils. Neutrophil influx was optimal at the doses of
3 ng per cavity of KC/CXCL1 or 30 ng per cavity of LIX/
CXCL5 and maximal at 4 h after administration of the
chemokine (Figure 3).

Neutrophil influx induced by KC/CXCL1 or LIX/CXCL5
was greatly reduced by the administration of reparixin
(Figure 4A). Moreover, treatment with anti-TNF-a (Figure 4A)
or experiments in TNFR1-/- mice (Figure 4B) showed that
TNF-a was essential for KC/CXCL1- or LIX/CXCL5-induced
neutrophil influx. However, as expected, anti-LIX/CXCL5
and anti-KC/CXCL1 exhibited only marginal effects upon
KC/CXCL1- and LIX/CXCL5-induced neutrophil recruitment
(Figure 4A). Consistent with the dependence of TNF-a on
KC/CXCL1- and LIX/CXCL5-induced neutrophil recruitment,
both chemokines induced a rapid production of TNF-a in the
peritoneal cavity of mice. TNF-a production peaked at 1 h
after administration of the chemokines and decreased mark-
edly thereafter (Figure 4C).

The i.p. injection of TNF-a also induced a marked influx of
neutrophils. TNF-a-induced neutrophil influx was indepen-
dent of the local production of KC/CXCL1 or LIX/CXCL5, as
seen by the lack of effect of neutralizing antibody against
these chemokines (Figure 4A). Moreover, treatment of mice
with reparixin failed to alter TNF-a-induced neutrophil influx
(Figure 4A). The treatments of the mice with neutralizing
antibodies against MIP-2/CXCL2 also did not affect LIX/
CXCL5- or TNF-a-induced neutrophil migration (data not
shown in figures).

Macrophages and mast cells express CXCR2 and release TNF-a
upon LIX/CXCL5 activation
Next, we investigated whether resident macrophages and
mast cells could respond to LIX/CXCL5 and influence neu-
trophil recruitment. We did not test KC/CXCL1 in this set of

Figure 2 Methylated bovine serum albumin (mBSA) challenge-
induced neutrophil recruitment depends on tumour necrosis factor
(TNF)-a, KC/CXCL1 and LIX/CXCL5, and time-dependent produc-
tion of KC/CXCL1, LIX/CXCL5 and TNF-a in the peritoneal exudates.
Reparixin reduced TNF-a levels in mBSA-challenged immunized (IM)
mice. (A) IM mice were treated, 1 h before challenge, with MK 886
(inhibitor of 5-lipoxygenase activating protein; MK; 1 mg·kg-1, p.o.)
or reparixin (CXCR1/2 antagonist; RPRX; 30 mg·kg-1, s.c.), or 30 min
before with control antibody (anti-CS; 30 mL, i.p.), anti-TNF antise-
rum (anti-TNF-a; 30 mL, i.p.), chemokine antibodies, anti-KC/CXCL1
(anti-KC; 3 mg, i.p.), anti-MIP-2/CXCL2 (anti-MIP-2; 3 mg, i.p.) and
anti-LIX/CXCL5 (anti-LIX; 3 mg, i.p.) and then challenged with mBSA
(30 mg, i.p.). (B) Wild-type or tumour necrosis factor receptor
(TNFR)1-/- mice were challenged with mBSA (30 mg, i.p.). Neutrophil
recruitment was evaluated 6 h after mBSA or saline i.p. injection. (C)
The concentrations of KC/CXCL1, MIP-2/CXCL2, LIX/CXCL5 and
TNF-a were determined 1, 2 and 4 h after challenge with mBSA
(30 mg, i.p.) in IM and in non-immunized (NI) mice or saline in IM
mice (C; control). (D) Animals were treated 1 h before challenge with
reparixin (RPRX; 30 mg·kg-1, s.c.) or saline, and the concentrations of
TNF-a was determined 2 h after challenge with mBSA (30 mg, i.p.) in
IM and NI mice or saline in IM mice (C; control). Data are means �
SEM (n = 5). *P < 0.05 when compared with control group; #P < 0.05
when compared with IM group after mBSA challenge. (ANOVA fol-
lowed by the Bonferroni test).
�
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experiment because the previous experiments demonstrated
that it acts by mechanism similar to LIX/CXCL5. Initial
experiments using confocal microscopy showed that both
macrophages and mast cells from the peritoneal cavity of
mice expressed CXCR2, 92% � 5 and 69% � 3 respectively.
Indeed, both F4/80+ macrophages and AA4+ mast cells har-
vested from the peritoneal cavity of mice co-expressed CXCR2
(Figure 5A,B). Both mast cells and macrophages in culture also
produced TNF-a when stimulated in vitro with LIX/CXCL5
(Figure 5D).

To examine the relevance of these resident cells for TNF-a
production in vivo, we used pharmacological approaches

(Ribeiro et al., 1991). The number of macrophages in the
peritoneal cavity was increased by 2.3-fold by the treatment
with thioglycollate (data not shown). Injection of LIX/CXCL5
in the peritoneal cavity of mice, which previously received
thioglycollate, induced neutrophil migration that was twice
that observed in the peritoneal cavity of control mice
(Figure 5C). On the other hand, the previous injection of
thioglycollate did not alter neutrophil recruitment induced

Figure 3 KC/CXCL1 and LIX/CXCL5 induce dose- and time-
dependent neutrophil recruitment into peritoneal cavities of mice.
(A,B) Saline (control), (A) KC/CXCL1 (KC; 0.1, 0.3, 1 or 3 ng) or (B)
LIX/CXCL5 (LIX; 1, 3, 10 or 30 ng) were injected into the peritoneal
cavity of mice and 4 h later, neutrophil recruitment was evaluated.
(C) Time-dependent neutrophil recruitment after KC/CXCL1 (KC;
3 ng, i.p.) or LIX/CXCL5 (LIX; 30 ng, i.p.) injection. Data are means
� SEM (n = 5). *P < 0.05 when compared with control mice (ANOVA
followed by the Bonferroni test).

Saline

*

*

*

*

*

*

*

*

*

#

#

#

#

#

#

C57BL6

TNFR1-/-

KC (3 ng; i.p.)

LIX (30 ng; i.p.)

anti-CS

anti-LIX

anti-TNF-α

anti-TNF-α

T
N

F
-α

0.0

T
N

F
-α

 (
p
g

⋅m
L

–
1
)

1.5

Saline 1 h 2 h 4 h

3.0 4.5

B

A

C

L
IX

K
C

RPRX

RPTX

anti-CS

anti-CS

anti-KC

anti-KC

anti-LIX

RPRX

Saline

LIX

400

300

200

100

0

KC

Neutrophils × 106 per cavity

Figure 4 KC/CXCL1 and LIX/CXCL5 induce neutrophil recruitment
via tumour necrosis factor (TNF)-a. (A) Mice were treated, 1 h before
challenge, with reparixin (RPRX; 30 mg·kg-1, s.c.), or 30 min before
challenge, with control antibody (anti-CS; 30 mL, i.p.), anti-TNF anti-
serum (anti-TNF-a; 30 mL, i.p.), antibody anti-KC/CXCL1 (anti-KC;
3 mg, i.p.), antibody anti-LIX/CXCL5 (anti-LIX; 3 mg, i.p.) and then
challenged with KC/CXCL1 (KC; 3 ng), LIX/CXCL5 (LIX; 30 ng) or
TNF-a (40 ng) i.p. Neutrophil recruitment was evaluated 4 h after
challenge in treated groups. (B) Wild-type or tumour necrosis factor
receptor (TNFR)1-/- mice were challenged with KC/CXCL5 (KC; 3 ng,
i.p.) or LIX/CXCL5 (LIX; 30 ng, i.p.), and 4 h later the neutrophil
recruitment was estimated in mice. Neutrophil recruitment was also
evaluated when saline was injected into mice (control). (C) The
concentrations of TNF-a were determined 1, 2 and 4 h after chal-
lenge i.p. with saline, KC/CXCL1 (KC; 3 ng) or LIX/CXCL5 (LIX;
30 ng) in mice. Data are means � SEM (n = 5). *P < 0.05 when
compared with control group; #P < 0.05 when compared with
group injected with cytokines or chemokines. (ANOVA followed by the
Bonferroni test).

Role of CXCR2 ligands in neutrophil recruitment
784 SM Vieira et al

British Journal of Pharmacology (2009) 158 779–789



by fMLP (data not shown). To examine the role of mast cells,
animals were treated with the mast cell-stabilizing agent, cro-
molyn sodium. This treatment greatly reduced LIX/CXCL5-
induced neutrophil recruitment (Figure 5C).

TNF-a controls ICAM-1 expression in immune peritonitis
Next, we examined whether expression of cell adhesion mol-
ecules could account for the ability of TNF-a to facilitate
neutrophil influx induced by chemokines. As seen in Figure 6,
the injection of antigen in immunized mice induced a signifi-
cant up-regulation of ICAM-1 expression on the endothelium
of mesenteric vessels when compared with i.p. injection of
saline. Pretreatment of mice with anti-TNF-a significantly
decreased the enhanced expression of ICAM-1 on the vascular
endothelium (Figure 6). In agreement with the ability of LIX/

CXCL5 to induce TNF-a production (see Figure 4C) and LIX/
CXCL5 receptor antagonist to reduce mBSA-induced TNF-a
production (Figure 2D), administration of anti-LIX/CXCL5
reduced the expression of ICAM-1 on the vascular endothe-
lium induced by mBSA (Figure 6). We also examined whether,
besides inducing expression of adhesion molecules, TNF-a
also induces neutrophil chemotaxis. We found that TNF-a,
over a range of concentrations (10-8-10-4 M), induced similar
increase (~3.3-fold) in neutrophil locomotion, compared with
RPMI (RPMI = 10 � 4; TNF-a; 10-4M = 38 � 4 neutrophils per
microscopy field, n = 8), which was not reduced by addition of
TNF-a into both microchamber compartments (upper and
lower). As control, we observed that, under the same experi-
mental conditions, KC/CXCL1 (10-6 M) induced neutrophil
chemotaxis (65 � 4 neutrophils per microscopy field, n = 8),
which was completely inhibited by simultaneous addition of
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KC/CXCL1 into both upper and lower chamber compart-
ments. These findings suggest that the observed increase in
the neutrophil locomotion induced by TNF-a is not due to
chemotaxis, but due to chemokinesis

Discussion and conclusions

The influx of neutrophils in tissues is thought to be relevant
to the pathophysiology of several acute and chronic inflam-
matory diseases, including reperfusion injury, arthritis and
inflammatory bowel disease. In the present study we have
investigated the ability of chemokines to induce TNF-a pro-
duction and the role of TNF-a for chemokine-induced neu-
trophil influx in vivo. Our major findings can be summarized
as follows: (i) the chemokines KC/CXCL1 and LIX/CXCL5
and the chemokine receptor CXCR1/2 were crucial for neu-
trophil recruitment after the i.p. injection of antigen in
immunized mice; (ii) the local production of KC/CXCL1 and
LIX/CXCL5 in response to antigen preceded TNF-a produc-
tion, and injection of exogenous KC/CXCL1 and LIX/CXCL5
induced TNF-a production; (iii) blockade of CXCR1/2 during
antigen challenge or anti-KC/CXCL1 or anti-LIX/CXCL5
treatments prevented neutrophil influx and local TNF-a pro-
duction; (iv) peritoneal resident mast cells and macrophages
expressed CXCR2 and responded to LIX/CXCL5 by producing
TNF-a; and (v) the expression of ICAM-1 was enhanced after
antigen challenge, an effect that was prevented by anti-TNF-a
or anti-LIX/CXCL5 antibodies.

In our present experiments, we used a model of delayed-
type hypersensitivity (DTH) with mBSA as antigen. DTH type
I is an inflammatory reaction mediated by effector memory T

lymphocytes that infiltrate the site of injection of an antigen
against, which the immune system has been primed (Hadden,
1994). We observed that, 21 days after the first immunization,
challenge with mBSA induced a dose- and time-dependent
neutrophil recruitment that was inhibited by treatment with
reparixin, anti-TNF-a, anti-KC/CXCL1 or anti-LIX/CXCL5,
showing the importance of CXCR1/2 and TNF-a in this
inflammatory process.

Angiogenesis, the growth of new blood vessels, is vital to
the ingress of inflammatory leukocytes in RA synovial tissue
and to the growth and proliferation of RA pannus, and ENA-
78/CXCL5 is an important contributor to the angiogenic
activity found in the inflamed RA joint (Koch et al., 2001). In
addition our group has demonstrated high levels of GRO-a/
CXCL1 and ENA-78/CXCL5 in joint synovial fluid of RA
patients (Grespan et al., 2008). Another study demonstrated
that smokers with stable chronic obstructive pulmonary
disease have a chronic inflammation with a further increase
of neutrophils and various inflammatory mediators including
ENA-78/CXCL5 and its receptor CXCR2 (Papi et al., 2006).
Other relevant studies showed that GRO-a/CXCL1 and ENA-
78/CXCL5, acting through CXCR2, are involved in the
inflammatory process of many diseases such acute coronary
syndrome, prostate and pancreatic cancer, idiopathic pulmo-
nary fibrosis, colorectal adenoma and carcinoma, type 2 dia-
betic nephropathy and RA (Begley et al., 2008; Frick et al.,
2008; Higurashi et al., 2008; Rubie et al., 2008; Smith et al.,
2008). Our report shows that KC/CXCL1 and LIX/CXCL5, but
not MIP-2/CXCL2, are relevant and work via CXCR2 to
induce inflammatory responses. The blockade of CXCR1/2 by
reparixin evidenced the importance of CXCR2. CXCR1 has
been described recently in mice and is a functional receptor

Figure 6 Effects of anti-LIX/CXCL5 and anti-TNF-a on mBSA-induced ICAM-1 expression in the mesenteric microcirculation. ICAM-1
expression in the microcirculation in mesenteric tissues was determined by fluorescent immunohistochemical staining using anti-ICAM-1-
specific mAb conjugated with FITC (A–D). (A) Immunofluorescence staining for ICAM-1 in PBS i.p. injected animals. (B) Mice treated with PBS
(0.2 mL, s.c.) and then injected with mBSA (30 mg per cavity). (C) Mice treated with anti-LIX/CXCL5 (anti-LIX; 3 mg, i.p., 30 min before) and
then injected with mBSA. (D) Mice treated with anti-TNF-a (4 mg, i.p., 30 min before) and then injected with mBSA. Panels show images
representative of at least three independent experiments. In addition, the endothelial fluorescence intensity was quantified. Data represent
mean � SD from three independent experiments. *P < 0.05 when compared with control group; #P < 0.05 when compared with immunized
group after mBSA challenge. (ANOVA followed by the Bonferroni test). ICAM-1, intercellular adhesion molecule 1; mBSA, methylated bovine
serum albumin; PBS, phosphate-buffered saline; TNF, tumour necrosis factor.
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for GCP-2/CXCL6 and interleukin-8/CXCL8 (Fu et al., 2005;
Moepps et al., 2006). CXCR1 does not bind to nor is activated
by murine or human GRO-a/CXCL1 and human GRO-b-g/
CXCL2-3, ENA-78/CXCL5 and NAP-2/CXCL7 (Fan et al.,
2007). Altogether, these data reinforce that CXCR2 is the
crucial receptor to trigger responses by KC/CXCL1 and LIX/
CXCL5 in mice.

One of the most important cytokines in inflammatory pro-
cesses is TNF-a, which is an important target for the treatment
of patients with RA. We observed that the blockade of CXCR2
by reparixin was able to reduce TNF-a production by resident
cells. In another set of experiments, we observed that anti-
TNF-a was capable of inhibiting KC/CXCL1- or LIX/CXCL5-
induced neutrophil recruitment, and KC/CXCL1 and LIX/
CXCL5 greatly induced production of TNF-a. On the other
hand, reparixin, anti-KC/CXCL1 or anti-LIX/CXCL5 antibody
failed to reduce neutrophil recruitment induced by TNF-a.
These results show that KC/CXCL1 and LIX/CXCL5 drive
TNF-a production in the system and that TNF-a release plays
a relevant role in driving neutrophil influx.

Mast cells and macrophages are resident tissue cells thought
to play an important role in the development of inflamma-
tory reactions. Indeed, several studies highlight the impor-
tance of macrophages and mast cell-derived TNF-a in driving
tissue inflammation (Sandler et al., 2007; Reuter et al., 2008).
CXCR2 may be expressed on the surface of mast cells and
macrophages and the triggering of this receptor induced the
release of TNF-a (Mercer-Jones et al., 1999; Biedermann et al.,
2000; Inamura et al., 2002; Oliveira et al., 2008). Indeed, there
is evidence that LIX/CXCL5, acting on CXCR2, induces the
activation of nuclear factor kappa B, which is related to the
further induction of cytokine production (Chandrasekar
et al., 2003). In our experiments, peritoneal macrophages and
mast cells expressed CXCR2 and when stimulated with LIX/
CXCL5 released TNF-a. To investigate the relevance of these
cell types for neutrophil recruitment, we used pharmacologi-
cal strategies to increase macrophage numbers and reduce
mast cell function (Ribeiro et al., 1997; Ginsburg and Baldwin,
2004). Our results showed that an increase of macrophage
numbers in the peritoneal cavity increased neutrophil recruit-
ment induced by LIX/CXCL5. On the other hand, stabiliza-
tion of mast cells reduced the ability of LIX/CXCL5 to induce
neutrophil recruitment. Altogether, these results argue for an
important role of resident peritoneal mast cells and macroph-
ages in driving LIX/CXCL5-induced TNF-a production and
neutrophil recruitment.

Because TNF-a was essential for endogenous or exogenous
LIX/CXCL5-induced neutrophil influx, a series of experi-
ments were carried out to understand how TNF-a would par-
ticipate in the cascade of events leading to neutrophil influx.
In agreement with earlier studies, (Smith et al., 1991; Drost
and MacNee, 2002; Onnheim et al., 2008), we found that
TNF-a did not induce neutrophil chemotaxis in vitro.
However, as seen in Figure 6, TNF-a was crucial for the
enhanced expression of ICAM-1 induced by antigen challenge
of immunized mice. ICAM-1 (CD54) mediates vascular
endothelium/neutrophil adhesion, a crucial step that pre-
cedes neutrophil extravasation (Engelhardt and Wolburg,
2004). Although ICAM-1 may be constitutively expressed on
endothelial cells, its expression can be enhanced by cytokines

and at sites of inflammation (Anderson et al., 1996; Ho et al.,
2008). The fact that TNF-a does not induce neutrophil
chemotaxis is in apparent contradiction with the demonstra-
tion that i.p. administration of TNF-a induces neutrophil
recruitment (Canetti et al., 2001). A possible explanation for
this contradiction is that exogenous TNF-a induces adhesion
molecule expression, as described in the present study, and,
the release of other mediators that are able to induce the
neutrophil locomotion. For example, it has been shown that
TNF-a induces LTB4 and PAF production, and these
eicosanoids are involved in neutrophil recruitment (Canetti
et al., 2001; Belanger et al., 2008; Gountopoulou et al., 2008).

Together the results of the present study suggest that LIX/
CXCL5 appears to have at least two major functions in the
neutrophil influx after antigen challenge of immunized mice
(Figure 7): (i) KC/CXCL1 and LIX/CXCL5 stimulate TNF-a
production by CXCR2-expressing tissue resident cells, includ-
ing macrophages and mast cells, and the TNF-a production
drives ICAM-1 expression on endothelial cells; and (ii)
KC/CXCL1 and LIX/CXCL5 may also bind to CXCR2 on
neutrophils and mediate their consequent adhesion and
recruitment into tissues. These two actions of KC/CXCL1 and
LIX/CXCL5 cooperate to promote neutrophil recruitment.
Therefore, targeting KC/CXCL1 or LIX/CXCL5 or its
CXCR1/2 receptors could be an alternative pharmacological
approach for the treatment of inflammatory diseases display-
ing enhanced TNF-a and neutrophil recruitment.
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