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Summary

Background: To recruit leucocytes to an inflammatory site, chemokine binding to

glycosaminoglycans (GAGs) is critical. Therefore, strategies to interfere with this

interaction, aiming at the production of anti‐inflammatory agents, were developed.

These include production of modified chemokines without affinity for G protein‐
coupled receptors but with enhanced affinity for GAGs. Such modified chemokines

compete with functional chemokines for GAG binding, prevent chemokine immobi-

lization and presentation, and inhibit leucocyte migration. In addition to modified

chemokines, a GAG‐binding peptide consisting of the 30 COOH‐terminal residues of

CXCL9, that is CXCL9(74‐103), inhibited CXCL8‐ and monosodium urate crystal‐
induced neutrophil migration.

Objective: We wanted to explore whether interference with chemokine‐GAG inter-

actions by CXCL9(74‐103) reduces inflammation in neutrophil‐dependent dinitroflu-
orobenzene‐induced contact hypersensitivity.

Methods: For this study, we evaluated several inflammatory parameters, including

ear swelling and the levels of chemokines, cytokines, proteases and neutrophils in the

ears of dinitrofluorobenzene‐induced mice treated with CXCL9(74‐103) or buffer.
Results: One intravenous injection of CXCL9(74‐103), just before painting with

dinitrofluorobenzene on the ear, did not affect protein levels of the major murine

neutrophil attractant, that is CXCL6, in this contact hypersensitivity model. How-

ever, IL‐6, CXCL1, CCL2 and matrix metalloproteinase‐9 (MMP-9) protein concen-

trations and peroxidase activity in challenged ears were reduced. In addition,

intravenous injection of the CXCL9‐derived peptide led to a reduced ear swelling

response, indicating that the locally produced chemokines were hindered to attract

leucocytes. The inhibiting potential of CXCL9(74‐103) was explained by its competi-

tion for GAG binding with CXCL1, CXCL6 and CCL3 and inhibition of transendothe-

lial migration of neutrophils to CXCL6.

Conclusions and Clinical Relevance: The CXCL9(74‐103) peptide inhibited

dinitrofluorobenzene-induced infiltration of neutrophils and neutrophil‐dependent
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inflammation in ears. Therefore, CXCL9(74‐103) may be a lead molecule for the

development of therapeutic peptides or peptide derivatives that compete with func-

tional chemokines for GAG binding.
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allergic contact dermatitis, animal models, basic immunology, basic mechanisms, chemokines

1 | INTRODUCTION

Glycosaminoglycans (GAGs) are linear, negatively charged polysac-

charides consisting of repeating disaccharide subunits with molecular

weights of 10‐100 kDa.1-3 Depending on the disaccharide subunit

and the glycosidic linkage, GAGs are classified into six major classes

including heparin, heparan sulphate and chondroitin sulphate. After

synthesis, the polysaccharides are enzymatically modified resulting in

the generation of mature and functional GAGs that exert biological

functions dependent on their specific structure. An additional level

of complexity is formed by the variety in GAG length and structure

in different tissues.4 GAGs are often coupled to core proteins, form-

ing proteoglycans, which are located at the surface of almost all

eukaryotic cells. Therefore, GAGs play a major role in cell signalling

and development, cell proliferation, angiogenesis, tumour progres-

sion, metastasis and anticoagulation.5-7 In addition, GAGs are

believed to play a critical role in the migration of leucocytes from

blood vessels to sites of inflammation.8,9 During inflammation, GAGs

expressed on the endothelium interact with locally secreted

chemotactic cytokines or chemokines, which are a class of proteins

that play an important role in directional cell migration.10-13 This

chemokine‐GAG interaction is thought to occur between, for exam-

ple, sulphated domains of GAGs and basic amino acid motifs (GAG‐
binding motifs) of chemokines to ensure a high local concentration

of the produced chemokines and to prevent chemokine diffusion

and degradation, thereby creating a haptotactic gradient on the vas-

cular endothelial cells at the site of inflammation.14-19 In addition,

chemokine secretion by tumour cells has been reported to depend

on GAGs.20 Recently, it was shown that both CXCL8 (in zebrafish)

and CCL21 (in mice) form a GAG‐dependent extracellular gradient in
tissue. Destruction of these gradients abolished directional leucocyte

migration.21,22 In addition, it has been proven that chemokine‐GAG
interactions are critical for chemokine activity in vivo.23 Chemokine

variants with mutations in their GAG‐binding motifs show abrogated

GAG binding and abolished chemotactic activity in vivo, although

receptor binding and chemotactic activity in vitro are seldom

affected.23-27 In addition, chemokine variants that lost receptor bind-

ing properties and retained GAG binding competed with active

chemokines for GAG binding and inhibited leucocyte migration.28-31

Finally, mutant mice with abrogated heparan sulphate synthesis in

endothelial cells showed impaired neutrophil inflammation in various

inflammation models.32

Contact hypersensitivity (CHS), an animal model for human con-

tact dermatitis, is an inflammatory skin disease characterized by an

influx of nonspecific inflammatory cells and the secretion of cytokines

that induce a localized inflammatory reaction called delayed‐type
hypersensitivity (DTH).33 In mice, CHS is triggered by repeated expo-

sure to allergens such as dinitrofluorobenzene (DNFB) or trini-

trochlorobenzene.34 After primary contact with a contact allergen, the

DTH response begins with an initial sensitization phase. During this

period, antigen‐presenting cells, such as Langerhans cells and macro-

phages, are thought to pick up the antigen and transport it to regional

lymph nodes, where especially CD4+ TH1 cells are activated. A subse-

quent exposure to the antigen induces the elicitation phase, in which

TH1 cells secrete a variety of cytokines that recruit and activate

macrophages and other nonspecific inflammatory cells. Although the

DTH response does not become apparent until on average 24 hours

after the second exposure to the antigen, mouse neutrophils already

infiltrate after 6 hours.35 Recently, it was even shown that neutrophils

are required for both the sensitization and the elicitation phase of

CHS.36,37 Both depletion and genetic deficiency of neutrophils in mice

abrogate the CHS response. In addition, blocking of granulocyte‐col-
ony‐stimulating factor (G‐CSF) results in reduced numbers of neu-

trophils as well as suppressed ear swelling responses.37 These results

indicate that neutrophils play critical roles in various phases of allergic

skin inflammation, making those cells attractive targets for the devel-

opment of future therapeutic strategies.

Because of their central role in leucocyte migration, chemokines

became potential targets for the inhibition of inflammation. In recent

years, several strategies to inhibit chemokine activity were developed.

For instance, it was demonstrated that the human CXCL9‐derived
COOH‐terminal peptide CXCL9(74‐103) binds with high affinity to

GAGs.38 CXCL9(74‐103) was able to compete with active chemokines

for GAG binding, thereby inhibiting CXCL8‐ and monosodium urate

crystal (MSU)‐induced neutrophil migration after 2‐3 hours in vivo.

Here, we report the anti‐inflammatory effect of CXCL9(74‐103) in the

CHS model. We show that a single intravenous injection of CXCL9

(74‐103) inhibited a variety of skin inflammation parameters including

ear swelling, peroxidase activity and the infiltration of neutrophils. In

addition, by this treatment, matrix metalloproteinase (MMP)‐9, cyto-
kine and chemokine levels were decreased in the affected tissue.

2 | MATERIALS AND METHODS

2.1 | Solid‐phase synthesis

The COOH‐terminal fragment of CXCL9, namely CXCL9(74‐103),
was synthesized using fluorenyl methoxycarbonyl (Fmoc) chemistry
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using an Activo‐P11 automated peptide synthesizer (Activotec, Cam-

bridge, UK), as previously described.38 Intact synthetic peptide was

purified by reversed‐phase high‐performance liquid chromatography

(RP‐HPLC) and identified by mass spectrometry (Amazon Speed ETD

ion trap, Bruker, Bremen, Germany).

2.2 | Mice and ethics statement

Female C57Bl/6 mice (8‐10 weeks old) were purchased from Janvier

Labs (Le Genest Saint Isle, France) and were used to induce CHS.

Mice were group‐housed at room temperature and received food

and water ad libitum. Mice were killed by intraperitoneal injection of

an overdose of Nembutal prior to the collection of ears.

All animal experimentation was in adherence to the international

guidelines for animal ethics and welfare and was reviewed and

approved by the Ethical Committee for Animal Care and Use of the

KU Leuven (license P019/2015).

2.3 | DNFB‐induced CHS in mice

Mice were sensitized on day 0 by applying 20 μL of 0.5% 2,4‐dini-
trofluorobenzene (DNFB; Sigma, St Louis, MO, USA) dissolved in 4:1

acetone/liquid paraffin on the shaved abdominal skin.39 As a vehicle,

20 μL of 4:1 aceton/liquid paraffin was used. Five days later, the

baseline ear thickness on the right ear was measured with a dial

thickness gauge (Baty, Albany Court, UK), after which it was chal-

lenged by epicutaneous application of 20 μL 0.5% DNFB. Simultane-

ously, mice were treated with an injection of 100 μg CXCL9(74‐103)
in 100 μL phosphate‐buffered saline (PBS) or 100 μL PBS in the tail

vein. After 24 hours, the ear thickness was measured and mice were

killed.

2.4 | Digestion of skin samples and chemokine
measurements

Ears were removed 24 hours after challenge, weighed and placed on

ice in 0.5 mL buffer containing 20 mmol/L Tris, 0.15 mol/L NaCl,

10 mmol/L CaCl2, 1% Triton X‐100 and 1 protease inhibitor cocktail

tablet (1 tablet per 10 mL extraction buffer; Roche Diagnostics, Vil-

voorde, Belgium). The biopsies were subsequently homogenized with

a Precellys tissue homogenizer (Bertin Instruments, Montigny‐le‐Bre-
tonneux, France). Homogenates were centrifuged (10 000 g at 4°C)

for 15 minutes and supernatants were kept at −20°C for further

use.

Total protein concentrations were measured by a Pierce BCA

Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

Supernatants were analysed with DuoSet ELISA kits (R&D Systems,

Inc., Minneapolis, MN, USA) according to the manufacturer's instruc-

tions for the following murine chemokines and cytokines: CXCL1

(KC), CXCL2 (MIP‐2), CCL2 (MCP‐1), CCL3 (MIP‐1α), CXCL6 (GCP‐2),
CXCL10 (IP‐10), tumour necrosis factor‐α (TNF‐α) and interferon‐γ
(IFN‐γ).

2.5 | Determination of peroxidase activity

Peroxidase activity, as a parameter of total granulocyte infiltration,

was measured in homogenate supernatants with tetramethylben-

zidine (TMB) as a sensitive substrate for peroxidase. The conversion

of TMB supplemented with 0.004% (v/v) H2O2 was measured at

450 nm using a spectrophotometer.

2.6 | In‐gel zymography

Supernatants of ear homogenates were prepurified on gelatin‐
Sepharose beads (GE Healthcare, Little Chalfont, UK) and analysed

on 7.5% polyacrylamide gels containing 0.1% gelatin (Sigma).40 After

electrophoresis, the gels were washed two times for 20 minutes in

2.5% Triton X‐100 followed by overnight incubation in 50 mmol/L

Tris, pH 7.5, 10 mmol/L CaCl2 at 37°C. The gels were stained with

0.2% Coomassie Blue and areas of gelatinolysis were visualized as

transparent lysis zones. Quantification of zymographic bands (mouse

pro‐MMP‐9 at 105 kDa, activated MMP‐9 at 92 kDa and MMP‐2 at

72 kDa) was done by densitometry using ImageQuant TL software

(GE Healthcare).40

2.7 | Affinity measurement of CXCL9(74‐103) for
heparin by the Octet K2 system

All measurements were performed on an Octet K2 system (Pall For-

téBio, Fremont, CA, USA) with an operating temperature of 30°C.

Samples or buffer were dispensed into 96‐well microtitre plates at a

volume of 200 μL per well. Streptavidin‐coated biosensor tips (Pall

FortéBio) were prewetted with running buffer (PBS + 0.005%

Tween‐20) in order to establish a baseline prior to immobilization

with biotinylated low‐molecular‐weight heparin (LMWH; Iduron,

Manchester, UK) at a concentration of 5 μg/mL for 120 seconds at

1000 rpm. Subsequently, biosensor tips were consecutively dipped

into a serial dilution of CXCL9(74‐103) (association) and running buf-

fer (dissociation) for 300 seconds each. Afterwards, the biosensor

tips were regenerated for 15 minutes in 0.1 mol/L Glycine (pH 2).

Data were generated automatically by the Octet User software using

steady state analysis. The binding profile of each sample was sum-

marized as a nm shift, which represented the difference between

the start and end of the 300 seconds sample association and dissoci-

ation step. Affinity constants were assessed by a simple 1:1 equilib-

rium binding model.

2.8 | Competition of CXCL9(74‐103) for murine
CXCL1, CXCL6 and CCL3 binding to heparin‐coated
plates

The ability of CXCL9(74‐103) to compete for GAG binding with

either CXCL1, CXCL6 or CCL3 was evaluated on heparin‐binding
plates (BD Biosciences, Erembodegem, Belgium) as recently

described.38 In brief, heparin (Iduron; 25 μg/mL) was coated over-

night at room temperature. Dilutions of CXCL9(74‐103) combined
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with recombinant murine CXCL1, CXCL6(9‐78) or CCL3 (Peprotech,

Rocky Hill, NJ, USA) were added in duplicate and incubated for

2 hours at 37°C. Subsequently, bound chemokine was detected with

either biotinylated polyclonal rabbit antimurine CXCL6 antibody

(Peprotech), biotinylated polyclonal goat antimurine CXCL1 or CCL3

antibody (R&D Systems) and horseradish peroxidase‐labelled strepta-

vidin. Finally, the peroxidase activity was quantified at 450 nm. The

percentage inhibition of chemokine binding to GAG was calculated

as follows.

Percentage inhibition

¼ 1�

OD ðx nmol/L chemokine þ y nmol/LCXCL9 peptide)

� OD ðcontrol sampleÞ
OD ðx nmol/L chemokineÞ � OD ðcontrol sampleÞ

0
BBBBB@

1
CCCCCA

0
BBBBB@

1
CCCCCA

� 100

This binding assay was performed 2‐6 times in duplicate.

2.9 | Transendothelial migration assay

Transwell plates (HTS Transwell‐96 well plate, polycarbonate mem-

brane with 5 μm pore size, Corning, New York, NY, USA) were

coated with 1.6 μg collagen in 40 μL 0.1% acetic acid per well in the

upper compartment and incubated for 2 hours at 37°C. After incuba-

tion, wells were washed with HBSS-/‐ (120 μL/well; Thermo Fisher

Scientific) and air‐dried. Human EA.hy926 (ATCC, Manassas, VA,

USA) endothelial cells and mouse bEND3 cells (ATCC) were seeded

to a final concentration of 35 000 cells in 100 μL medium [consisting

of DMEM, 10% FBS, 4 mmol/L L‐Glutamine and 1% Penicillin/Strep-

tomycin 1:100 (all Thermo Fisher Scientific)] for the human and

mouse transwell assay, respectively. The endothelial cells were

grown in the upper wells for 2 days at 37°C with 5% CO2 with

220 μL medium in the lower wells of the transwell compartment.

On the day of the assay, endothelial monolayers were stimulated

with 50 ng/mL human TNF‐α or mouse TNF‐α (Peprotech) for

4 hours at 37°C. Either human (for the assay with CXCL8) or murine

(for the assay with murine CXCL6) neutrophils were isolated from

fresh whole blood samples from healthy donors and from pooled

mice blood, respectively, via density gradient centrifugation (30 min-

utes, 500 g) using Ficoll‐PaqueTM PLUS (GE Healthcare), as previ-

ously described.41 After labelling of the neutrophils with 2 μmol/L

calcein acetoxymethyl ester (AM, Sigma 17783) for 30 minutes at

37°C, cells were washed with HBSS−/− and resuspended in HBSS+/

+ (Thermo Fisher Scientific) with 20 mmol/L HEPES (Sigma) to a final

concentration of 2.105 cells/40 μL (in each well). Dilutions of CXCL8

and murine CXCL6 were prepared and added to the lower compart-

ment and the diluted competitor CXCL9(74‐103) was added to the

upper compartment. The transmigration assay was run for 2 hours at

37°C and 5% CO2. The fluorescence intensity of migrated cells in

the lower wells was measured at 496 nm (excitation)/516 nm (emis-

sion) using the SpectraMax M3 Plate reader (Molecular Devices, San

Jose, CA, USA). Data were normalized using GraphPad software with

spontaneous migration in response to saline as 0% and maximal

migration in response to 20 nmol/L CXCL8 or CXCL6 as 100%.

2.10 | Immunofluorescence microscopy analysis

Study of histological changes was performed on 4‐μm acetone‐fixed
frozen sections. To investigate neutrophil infiltration and to determine

the effect of CXCL9(74‐103) in inflamed ears, immunofluorescent

double labelling was performed using FITC‐labelled rat anti‐mouse

CD11b antibody (Clone M1/70, eBioscience, San Diego, CA, USA) and

PE‐labelled rat anti‐mouse Ly6G antibody (Cat:551461, BD Bio-

science). Quantification of Ly6G+CD11b+ neutrophils was performed

on micrographs of ear sections of different mice (n ≥ 4/group) using

ImageJ software.

To examine the expression of MMP‐9, the sections were stained

with goat anti‐mouse MMP‐9 antibody (R&D Systems) and Alexa

647‐labelled donkey anti‐goat antibody (Life Technologies, Eugene,

OR, USA) as primary and secondary antibodies, respectively. DAPI

was used for nuclear counterstaining, and sections were coverslipped

with Prolong Gold antifade reagent (Life Technologies). Images were

taken with a Zeiss Axiovert 200M and AxioVision Rel 4.8 acquisition

software (Carl Zeiss AG, Oberkochen, Germany).

2.11 | Statistical analysis

Results are shown as mean ± SEM or median ± SEM. A standard

one‐way ANOVA test (GraphPad Prism 7, GraphPad Software, La

Jolla, CA, USA) was used to compare means from independent

groups followed by multiple comparison analysis. P ≤ 0.05 was con-

sidered statistically significant (*, P < 0.05; **, P < 0.01; ***,

P < 0.001; ****, P < 0.0001).

3 | RESULTS

3.1 | Both immunization and challenge of mice with
DNFB are necessary for ear swelling

To assess the anti‐inflammatory effects of CXCL9(74‐103) in a model

of contact hypersensitivity, we first evaluated ear swelling of mice

immunized (on the shaved abdominal skin) and/or challenged (epicu-

taneous application on one ear) with DNFB and/or vehicle. Exposure

of nonimmunized mice to DNFB challenge resulted in a limited, non-

significant increase in ear thickness (increase of 121 ± 15 μm), while

re‐exposure of immunized mice led to a significant ear swelling

response with an increase in ear thickness of 423 ± 47 μm 24 hours

after challenge (Figure 1A).

3.2 | CXCL9(74‐103) reduces ear swelling and
granulocyte infiltration in CHS

A variety of skin inflammation parameters were compared 24 hours

after the initiation of the acute DNFB‐induced CHS. The ear thick-

ness of mice treated with DNFB (immunized and challenged) was
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significantly increased compared to vehicle‐treated mice (nonimmu-

nized and nonchallenged) 24 hours after challenge (Figure 1A). Intra-

venous injection of 100 μg of CXCL9(74‐103) (Figure 1B), just

before the challenge, significantly reduced ear swelling in immunized

and challenged mice (median reduction 41%) compared to non-

treated immunized and challenged mice (Figure 1C). Even when

CXCL9(74‐103) was administered 3 hours after challenge, a signifi-

cant decrease in ear swelling was observed (median reduction 38%).

Treatment with CXCL9(74‐103) did not influence ear swelling in

mice that were nonimmunized and challenged. To assess the infiltra-

tion of granulocytes in the ear, the peroxidase activity in ear homo-

genates was measured. Re‐exposure of immunized mice to DNFB

challenge resulted in a significant increase in peroxidase activity (Fig-

ure 1D). As most of the granulocytes are neutrophils, it can be sug-

gested that this peroxidase activity was predominantly the result of

the infiltration of neutrophils. Intravenous injection of CXCL9(74‐

103) inhibited the infiltration of granulocytes (decrease in peroxidase

activity) (Figure 1D). Treatment with CXCL9(74-103) did not affect

ear thickness or peroxidase activity in healthy mice (data not

shown).

3.3 | Reduced in vivo infiltration of neutrophils
upon treatment with CXCL9(74‐103)

The infiltration of neutrophils was visualized with the use of

immunofluorescence microscopy (Figure 2A‐C). Staining for CD11b

and Ly6G revealed that ears immunized and challenged with DNFB

are indeed characterized by an infiltration of CD11b+Ly6G+ neu-

trophils (indicated by arrowheads). This neutrophil infiltration was

significantly reduced by a single intravenous injection of 100 μg of

CXCL9(74‐103) from 132 ± 22 to 2.4 ± 5.7 neutrophils/mm2

(mean ± SEM) (Figure 2D).

F IGURE 1 Ear swelling during CHS response and effect of treatment with CXCL9(74‐103). A, Mice were sensitized with 0.5% DNFB in 4:1
acetone/paraffin (I) or 4:1 acetone/paraffin (N‐I) and were challenged with 0.5% DNFB in 4:1 acetone/paraffin (C) or 4:1 acetone/paraffin (N‐C)
5 d after sensitization. The ear swelling in μm 24 h after challenge is depicted and compared with the I/C group. The graph shows the
mean ± SEM from 4 to 9 individual mice per group of two independent experiments. B, The amino acid sequence of the human CXCL9‐
derived COOH‐terminal peptide CXCL9(74‐103) is shown. For clarity, basic amino acids were marked in red, and GAG‐binding motifs were
underlined. C, Mice were intravenously treated with 100 μg CXCL9(74‐103) or PBS. Treatment with the peptide was given either
simultaneously with the challenge (treated) or 3 h after the challenge (treated after 3 h). The percentage median reduction in ear swelling
compared to the I/C group is shown. Each dot represents one individual mouse (n ≥ 6) of two to four independent experiments. D, Mice were
sensitized with 0.5% DNFB in 4:1 acetone/paraffin or 4:1 acetone/paraffin (control) and were challenged with 0.5% DNFB in 4:1 acetone/
paraffin or 4:1 acetone/paraffin (control) 5 d after sensitization. Simultaneously with the challenge, mice were injected intravenously with
100 μg of CXCL9(74‐103) or PBS (buffer). The median peroxidase activity in arbitrary units 24 h after challenge is depicted. Each dot
represents one individual mouse (n ≥ 6) of 4 independent experiments. I, immunized; C, challenged; N‐I, nonimmunized; N‐C, nonchallenged;
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001
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3.4 | The tissue levels of MMP‐9 are reduced upon
treatment with CXCL9(74‐103) in CHS

An important consequence of a local influx of neutrophils is the

release of proteolytic enzymes, such as MMPs. MMPs are involved

in the remodelling of the extracellular matrix and possibly contribute

to tissue damage and the CHS response.42 In‐gel zymography of tis-

sue extracts revealed up‐regulation of gelatinase B (MMP‐9) in the

affected skin of DNFB‐treated mice, which was strongly decreased

upon intravenous injection of 100 μg of CXCL9(74‐103) (Figure 3A,

B). Correspondingly, immunofluorescent staining showed more

MMP‐9 in ear sections upon re‐exposure to DNFB (Figure 3C).

Again, simultaneous treatment with CXCL9(74‐103) at the DNFB re‐
exposure reduced this MMP‐9 expression. In contrast, no significant

differences in the production of gelatinase A (MMP‐2) were

observed (Figure 3A,B).

3.5 | Differential impact on inflammatory cytokines
and chemokines

Upon treatment with CXCL9(74‐103), a clear difference in the ear

swelling response was observed. Therefore, the local inflammatory

reaction in the tissue was evaluated in further detail. Homogenates of

ear tissue were analysed for their content of selected cytokines and

chemokines important in CHS at 24 hours after local challenge (Fig-

ure 4). Corresponding to the increase in ear thickness and the infiltra-

tion of granulocytes, the total protein concentration was elevated

significantly 24 hours after re‐exposure to DNFB (Figure 4A). IFN‐γ,
IL‐1β and CXCL10 in ear homogenates were below the detection lim-

its of the ELISAs (detection limits were 31.5, 15.6 and 62.5 pg/mL,

respectively) (data not shown). No change in TNF‐α protein concentra-

tion was detected (Figure 4B). An increase in the production of IL‐6,
CXCL1, CXCL6, CCL2 and CCL3 protein was observed when mice

were re‐exposed to DNFB (Figure 4C,D,F,G,H). Interestingly, the level

of the neutrophil chemoattractant CXCL6 was increased to a much

higher extent (19.7-fold change) than the two other murine neutrophil

attractants (less than 4-fold change for CXCL1 and CXCL2) in the

immunized and challenged ears, suggesting an important role for

CXCL6 in DNFB‐induced CHS. In contrast, no increased production of

CXCL2 was observed by ELISA (Figure 4E). Simultaneous injection of

CXCL9(74-103) significantly reduced the expression of IL‐6, CXCL1
and CCL2 and resulted in a decrease in total protein (Figure 4A,C,D,

G). Although the production of CCL3 and CXCL6 was elevated after

re‐exposure to DNFB, the effect of CXCL9(74‐103) on these chemoki-

nes was not significant at 24 hours.

3.6 | Mechanism of action of CXCL9(74‐103) in
inhibiting neutrophil migration

CXCL9(74‐103) was recently shown to interact with high affinity with

GAGs and to compete with human chemokines for GAG binding.38

Using the Octet K2 system, the affinity (KD value) of CXCL9(74‐103)
for low molecular weight heparin (LMWH) was determined to be

970 ± 205 nmol/L (Figure 5A). In view of the high production levels of

murine CXCL6 in DNFB‐treated mice (Figure 4), the ability of the

CXCL9‐derived peptide to compete with this neutrophil chemoattrac-

tant for GAG binding was evaluated. As evidenced in Figure 5B,

CXCL9(74‐103) clearly competed for binding to heparin with CXCL6

(9‐78), a highly potent natural isoform of murine CXCL6.43 A 2‐fold
molar excess of the CXCL9 peptide compared to CXCL6(9‐78) already
resulted in a 50% reduction of CXCL6(9‐78) binding to heparin. If the

molar concentration of CXCL9(74‐103) exceeded the concentration of

CXCL6(9‐78) by a factor 20, CXCL6(9‐78) binding to heparin was

reduced by more than 80%. Furthermore, CXCL9(74‐103) competed

with murine CXCL1 for binding to heparin as well (Figure 5C). A 60%

reduction of CXCL1 binding to heparin was observed at a 10‐fold
molar excess of the CXCL9‐derived peptide. A 100‐fold molar excess

of CXCL9(74‐103) resulted in an 80% decrease of binding of CXCL1

to heparin. In addition, competition of CXCL9(74‐103) with murine

CCL3 for binding to heparin was detected (Figure 5D). A 100‐fold
molar excess of the peptide led to a reduction of 50% of CCL3 binding

to heparin. In addition, the effect of the CXCL9‐derived peptide on the

transendothelial migration of neutrophils in response to CXCL6(9‐78)
was investigated. Both addition of a 3‐ and 0.3‐fold molar excess of

CXCL9(74‐103) compared to CXCL6 to the neutrophils resulted in a

significant inhibition of neutrophil migration across the endothelial

layer in response to 20 nmol/L CXCL6 (Figure 6A). As CXCL8, which

does not exist in mice, is as CXCL6 in mice the most potent human

neutrophil attractant, the effect of CXCL9(74‐103) on the

transendothelial migration of neutrophils in response to CXCL8 was

assessed. A three times lower molar amount of CXCL9(74‐103)
(6 nmol/L) significantly inhibited the migration of neutrophils across

the endothelium in response to 20 nmol/L CXCL8 (Figure 6B). In con-

trast, the lower doses tested [i.e 2 nmol/L (0.1‐fold molar excess) and

0.6 nmol/L (0.03‐fold molar excess)] were not able to significantly inhi-

bit the CXCL8‐induced transendothelial migration of neutrophils.

4 | DISCUSSION

CXCL9(74‐103) has recently been shown to be an effective inhibitor

of MSU crystal‐induced gout in mice. In this inflammation model, the

named peptide was able to reduce CXCR2‐dependent neutrophil

migration to the knee joint 3 hours after injection of the MSU crys-

tals.38 As the CXCL9‐derived peptide binds with high affinity to GAGs,

competes with active chemokines for GAG binding in vitro and does

not signal through CXCR3 (the GPCR for intact CXCL9), it can be sta-

ted that the inhibitory effect is GAG‐ and not receptor‐mediated. This

strategy for the inhibition of inflammation is comparable to the

recently developed CellJammer and NOX A12 aptamer approaches

and is an alternative method for small molecule chemokine receptor

antagonists to inhibit chemokine function.41,44-50 In the CellJammer

and NOX A12 approaches, chemokine mutants with increased GAG‐
binding affinity and abrogated GPCR signalling or aptamers that mask

the GAG‐binding site of a chemokine are used, respectively. This

results in antagonists which potently compete with active chemokines
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F IGURE 2 Immunofluorescent staining and quantification of neutrophils in ear sections. A, B, C Representative photomicrographs of
CD11b and Ly6G stained ear sections of control (A) and DNFB‐challenged mice treated with buffer (B) or CXCL9(74‐103) (C) were shown
(×20). Arrowheads indicate CD11b+Ly6G+ neutrophils in the merged figures. Scale bar = 50 μm. (D) Ly6G+CD11b+ cells were quantified on
photomicrographs (×20) of CD11b and Ly6G stained ear sections of control or DNFB‐challenged mice treated with buffer or CXCL9(74‐103).
For each group, micrographs were taken of ear sections of different mice (n ≥ 4 mice/group). The box plot shows minimum, first quartile,
median, third quartile and maximum. ****, P < 0.0001
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for GAG binding. Another approach which was suggested is the use of

GAGs or GAG-mimetics.1,51 These could specifically target a chemo-

kine of choice, inhibiting its interaction with endogenous GAGs and

preventing its natural function. However, very few GAG fragments

have been developed for therapeutic use, mostly because the synthe-

sis of such fragments is difficult. We used a natural chemokine‐derived
peptide of 30 amino acids which contains 16 positive amino acids and

two GAG‐binding motifs of the type XBBXBX (Lys75‐Lys78) and

XBBBXXBX (Lys85‐Lys90). B represents a basic and X represents any

nonbasic amino acid.52 Because the synthesis of such a peptide is

easier than the synthesis of GAG mimetics, we suggest that this pep-

tide‐based approach is favourable. Through competition with active

chemokines for GAG binding, the peptide was able to inhibit chemo-

kine presentation on the endothelium, thereby preventing attraction

of leucocytes, such as neutrophils.38 However, shortening the length

of the CXCL9(74‐103) peptide gradually from the NH2‐terminus was

shown to decrease the affinity for heparin and the capacity to com-

pete with CXCL8 for GAG binding. Moreover, CXCL9(86‐103) was

unable to inhibit chemotactic activity of CXCL8 in vivo.38,53 In addi-

tion, it was shown that shortening CXCL9(74‐103) at the COOH‐ter-
minus increases the specificity for particular GAGs.54 This indicates a

certain degree of specificity for different GAGs due to a reduced spec-

trum of GAG binding.

Here, we corroborate in the CHS model that neutrophils are cru-

cial for DTH responses.33,36,37,55 It seems that neutrophils, attracted

by mast cell‐derived mediators, are required for the activation and

migration of dendritic cells (DCs) and the subsequent priming of T

cells in the lymph nodes. Inhibition of neutrophil migration could

therefore lead to a reduced DTH response. Previously, it was

described that both depletion and genetic deficiency of neutrophils

in mice abrogate the CHS response.36,55 We show that a single

intravenous injection of 100 μg CXCL9(74‐103), just before the chal-

lenge with the hapten DNFB on the ear of immunized mice, reduced

the ear swelling, MMP‐9 production and peroxidase activity after

24 hours. As neutrophils are the major source of MMP‐9 and peroxi-

dases, such as myeloperoxidase, it can be stated that less neutrophils

infiltrated the ears.56,57 Neutrophil collagenase (MMP‐8) and MMP‐9
are released from neutrophil granules to degrade collagen, a major

component of the basement membrane and connective tissue, and

to facilitate neutrophil extravasation.58 In addition, in humans, MMP‐
9 was shown to potentiate CXCL8, the most potent human neu-

trophil chemotactic chemokine, in a positive feedback loop.59 In the

mouse, MMP‐9 also potentiates CXCL6,60 the predominant chemo-

kine in the present model. As with other examples of inflammatory

disease,58,61 the constitutively expressed gelatinase A (MMP‐2)
remained unaffected as only a trend of increase could be observed

upon re‐exposure of immunized mice to DNFB challenge, whereas

MMP‐9 was significantly increased by the DTH reaction.

No IL‐1β, IFN‐γ or CXCL10 protein production was detected. This

suggests that either the protein levels in the ear were too low to be

F IGURE 3 Reduced MMP‐9 levels in ears from mice treated with CXCL9(74‐103). A Ear homogenates of mice immunized and challenged
with 0.5% DNFB in 4:1 acetone/paraffin or 4:1 acetone/paraffin (control) were analysed on polyacrylamide gels containing gelatin. Mice were
treated with CXCL9(74‐103) or buffer at the time of challenge and were killed 24 h later. The fold change of MMP‐9 and MMP‐2 was
calculated by quantification of zymographic bands on a densitometer.40 Bar graphs show median ± SEM of 4 independent experiments. B, A
representative image from a zymography gel illustrates gelatinolysis as transparent lysis zones. Each lane represents the gelatinase levels in an
individual ear homogenate [lanes 1‐4: 0.5% DNFB immunized and challenged mice, lanes 5‐10: 0.5% DNFB immunized and challenged mice
treated with a single intravenous injection of CXCL9(74‐103)]. C, Representative photomicrographs of MMP‐9‐immunostained ear sections of
control and DNFB‐challenged mice treated with CXCL9(74‐103) or buffer are shown (×20). Nuclei were stained with DAPI (blue), and MMP‐9
was stained with goat anti‐mouse MMP‐9 antibody and donkey anti‐goat Alexa 647 antibody (pink). Scale bar = 50 μm. *, P < 0.05
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detected or that these cytokines and chemokines were not produced

yet. Challenging the ears resulted in high IL‐6 concentrations. In addi-

tion, a decrease in IL‐6 was measured at the protein level upon treat-

ment of mice with the CXCL9 peptide. Locally, IL‐6 is predominantly

produced by macrophages,62 confirming the importance of these cells

in DTH. In contrast to the reduced IL‐6 level, treatment with the

CXCL9 peptide hardly affected local concentrations of the chemokine

CXCL6. This was in‐line with the idea that chemokines were still pro-

duced in the ears by nonleucocytic tissue cells, but bound less effi-

ciently to GAGs due to competition with the CXCL9 peptide. In

support of this mechanism of action, we showed that the CXCL9‐
derived peptide had high affinity for GAGs and competed for GAG

binding with CXCL1, CCL3 and with the most prominent neutrophil‐
attracting murine chemokine in the ears, that is CXCL6. In comparison

to competition with CXCL8 binding to heparin performed before,

equimolar concentrations of the CXCL9 peptide already inhibited

CXCL6 binding to heparin by approximately 50% (to inhibit CXCL8

binding to heparin by 50% at least a 10‐fold molar excess of the pep-

tide was needed).38 To clarify the mode of action, we showed that

the CXCL9(74‐103) peptide is able to inhibit the migration of neu-

trophils across the endothelium. In this transendothelial migration

assay, GAGs are important coreceptors of chemokines, which are

essential for the migration of the neutrophils across the endothelial

monolayer. Reduced GAG binding of chemokines resulted in reduced

migration of leucocytes to the site of inflammation and prevented

additional cytokine and chemokine production by the infiltrating and

activated leucocytes. This mechanism also explains why delivery of

CXCL9 peptide is still beneficial 3 hours after DNFB application on

the ears. Indeed, the peptide inhibits chemokine‐GAG binding and

thus chemokine activity, but not chemokine production.

F IGURE 4 Chemokine and cytokine protein levels in ear homogenates after DNFB challenge. Mice were sensitized (day 0) and challenged
(day 5) with 4:1 acetone/paraffin (control) or 0.5% DNFB in 4:1 acetone/paraffin as described. Just before epicutaneous application of DNFB
solution on the right ear, mice were injected with CXCL9(74‐103) or buffer (PBS). Homogenates of ear tissue were prepared 24 h after
challenge and analysed by ELISA for their content of a number of selected cytokines and chemokines. Shown are the concentrations of total
proteins (A), TNF‐α (B), IL‐6 (C), CXCL1 (D), CXCL2 (E), CXCL6 (F), CCL2 (G) and CCL3 (H). The bar graphs show the mean (± SEM)
concentration from ≥8 individual mice from 4 independent experiments. *, P < 0.05; **, P < 0.01
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Immunofluorescent staining and quantification clearly showed

reduced infiltration of neutrophils in the ear upon intravenous treat-

ment with CXCL9(74‐103). We also analysed the presence of IFN‐γ‐

producing T lymphocytes by immunofluorescence analysis. In corre-

spondence with the ELISA data, no IFN‐γ was detected (data not

shown). Also, a reduced expression of the neutrophil attractant

F IGURE 5 The mode of action of CXCL9(74‐103) on inhibition of neutrophil migration. A, The affinity of CXCL9(74‐103) for LMWH was
determined by an Octet K2 system. The binding profile of each sample (from top to bottom: 200‐3.125 μg/mL in a 1:2 dilution series) was
summarized as a nm shift, and affinity constants were assessed by a simple 1:1 equilibrium binding model. The baseline starts at 0 s until 60 s.
The association and dissociation were measured consecutively for 300 s. B, C, D, Competition between CXCL9(74‐103) and either CXCL6(9‐
78) (B), CXCL1 (C) or CCL3 (D) for heparin binding was performed. Dilutions of the respective chemokine were added to heparin, immobilized
on 96‐well plates, in the presence/absence of the indicated excess of CXCL9(74‐103). Bound chemokine was detected using biotinylated
antimurine CXCL6 (B), CXCL1 (C) or CCL3 (D) antibodies. The mean ± SEM percentage inhibition of binding of the respective chemokine to
heparin is indicated on the y‐axis [n = 4 (B); n = 8 (C); n ≥ 6 (D)]

F IGURE 6 In vitro transendothelial migration of neutrophils. The migration (normalized mean ± SEM) of mouse and human neutrophils in
response to CXCL6 (A) and CXCL8 (B), respectively, in the presence/absence of CXCL9(74‐103), was evaluated using a transendothelial
migration assay. **, P < 0.01
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CXCL1 and the monocyte attractant CCL2 in the ear homogenate

was observed, which may be due to reduced production by infiltrat-

ing cells. As the CXCL9(74‐103) peptide also competes with CCL3

for binding to GAGs, albeit with lower efficiency, we cannot exclude

that also the influx of other leucocytes might be altered and may

have an additional beneficial effect resulting in reduced ear swelling.

In view of the efficacy of the CXCL9 peptide in different models

of inflammation, including CHS and gout, we conclude that CXCL9

(74‐103) might be a lead molecule for the development of therapeu-

tic peptides or derivatives that compete with functional chemokines

for GAG binding. Peptides are generally seen as molecules with a

very short half‐life. However, binding of the CXCL9(74‐103) peptide
to endothelial GAGs likely stabilized the molecule and allowed it to

remain active during 24 hours after intravenous injection.
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