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Abstract 

Background  

During bacterial infections of the airways, a Th1-profiled inflammation promotes the production of 

several host defense proteins and peptides with antibacterial activities including β-defensins, ELR-

negative CXC-chemokines, and the cathelicidin LL-37. These are down-regulated by Th2 cytokines 

of the allergic response. Instead, the eosinophil-recruiting chemokines eotaxin-1/CCL11, eotaxin-

2/CCL24, and eotaxin-3/CCL26 are expressed. This study set out to investigate if these chemokines 

could serve as innate host defense molecules during allergic inflammation. 

 

Methods  

Antibacterial activities of the eotaxins were investigated using viable count assays, electron 

microscopy, and methods assessing bacterial permeabilization. Fragments generated by mast cell 

proteases were characterized and their potential antibacterial, receptor-activating, and 

lipopolysaccharide-neutralizing activities were investigated. 

 

Results  

CCL11, CCL24, and CCL26 all showed potent bactericidal activity, mediated through membrane-

disruption, against the airway pathogens Streptococcus pneumoniae, Staphylococcus aureus, Non-

typeable Haemophilus influenzae, and Pseudomonas aeruginosa. CCL26 retained bactericidal activity 

in the presence of salt at physiologic concentrations and the region holding the highest bactericidal 

activity was the cationic and amphiphatic COOH-terminus. Proteolysis of CCL26 by chymase and 
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tryptase respectively, released distinct fragments of the COOH- and NH2-terminal regions. The 

COOH-terminal fragment retained antibacterial activity while the NH2-terminal had potent LPS-

neutralizing properties in the order of CCL26 full length protein. An identical fragment to NH2-

terminal fragment generated by tryptase was obtained after incubation with supernatants from 

activated mast cells. None of the fragments activated the CCR3-receptor. 

 

Conclusions  

Taken together, the findings show that eotaxins can contribute to host defense against common airway 

pathogens and that their activities are modulated by mast cell proteases. 

 

Key words: Allergy; Bacterial infection; Eotaxins; Host defense 

 

INTRODUCTION 

During normal conditions, several arms of host defense protect our airways from infection. Effector 

molecules include constitutively produced host defense proteins and peptides (HDPs) with 

antibacterial activity. These are present in the thin periciliary liquid layer of the airways and include 

lactoferrin, lysozyme, and SLPI (1). Upon bacterial infection, a Th1 inflammatory response induces 

the expression of additional HDPs, for example the β-defensins hBD-2 and hBD-3 and the 

cathelicidin-derived peptide LL-37 (2-5). In addition, several chemokines, constitutively expressed or 

induced during Th1-profiled inflammation, have defensin-like antibacterial properties, e.g. CCL20, 

CCL28, MIG/CXCL9, CXCL17 and GCP-2/CXCL6 (6-10). 

 

During allergic asthma, high presence of eosinophils is a hallmark of the disease. This results from a 

Th2-profiled inflammatory response including release of eotaxin-1/CCL11, eotaxin-2/CCL24, and 
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eotaxin-3/CCL26 that bind and activate the seven transmembrane G-coupled CCR3 receptor present 

on eosinophils, thereby regulating eosinophil trafficking into the airways alongside with other 

chemotactic factors (11). Similar to other chemokines and defensins, eotaxin 1-3 comprise a typical 

chemokine fold, which includes a 3-stranded β-sheet and an overlying α-helix and two adjacent 

cysteine residues close to the N-terminus (12). In addition to eosinophils, mast cells are key players 

during allergic inflammation, releasing several potent molecules affecting the inflamed environment 

including histamine and proteases. Thus, the mast cell proteases chymase and tryptase may modulate 

the actions of chemokines, e.g. the eotaxins (13). 

 

There is an increased risk of pneumococcal infection in asthma and pneumococcal carriage is more 

common in asthmatic than in non-asthmatic individuals (14). In one study, more than half of patients 

with stable severe asthma were colonized with bacterial pathogens in their lower airways, 

Haemophilus influenzae, Pseudomonas aeruginosa, and Staphylococcus aureus being the most 

common bacteria (15).  

 

In this study, we investigated whether the eotaxins could play a role as HDPs, exerting antibacterial 

activities, during the Th2-skewed inflammation seen in allergic asthma. We found potent bactericidal 

activity of the eotaxins, in particular of CCL26. In addition, we show that chymase and tryptase 

modulate the receptor-activating properties of CCL26. Taken together, the eotaxins may contribute to 

host defense of the airways during allergic inflammation but their activities are modulated by the mast 

cell proteases. 

 

MATERIALS AND METHODS 

Details of the methods used in this study are provided in the Supporting Information. 
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Viable Count Assay 

The procedure is described in detail in Supporting Information S1. 

 

Scanning electron microscopy 

The procedure is described in detail in Supporting Information S1. 

 

Detection of membrane permeabilization 

The procedure is described in detail in Supporting Information S1. 

 

Radial Diffusion Assay 

The procedure is described in detail in Supporting Information S1. 

 

Proteolytic cleavage of eotaxins and SDS-PAGE 

The procedure is described in detail in Supporting Information S1. 

 

Mass spectrometry 

Coomassie-stained gel bands were extracted and subjected to reversed phase HPLC separation 

followed by LC-MS/MS. Automated N-terminal sequencing was performed using a Procise 494 

instrument from Applied Biosystems. This is described in detail in Supporting Information S1. 
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Endotoxin-neutralizing effect 

The procedure is described in detail in Supporting Information S1. 

 

Calcium mobilization assay 

A murine cell line stably expressing human CCR3 was loaded with calcium-sensitive fluorophore and 

used to investigate mobilization of intracellular calcium. This is described in detail in Supporting 

Information S1. 

 

Chemotaxis assay 

The procedure is described in detail in Supporting Information S1. 

 

Statistical analysis 

Statistical significances were evaluated using Graph Pad Prism (Graph Pad software, La Jolla, CA) 

and tested using two-way analysis of variance (ANOVA). 

 

RESULTS 

Eotaxin 1-3 (CCL11, CCL24, and CCL26) exert bactericidal activity 

Eotaxin-1/CCL11, Eotaxin-2/CCL24 and Eotaxin-3/CCL26 were investigated for antibacterial 

activity against Gram-positive (i.e S. aureus and S. pneumoniae) and Gram-negative pathogens (i.e. P. 

aeruginosa and NtHi) using a viable count assay (Figure 1A). The results demonstrate a dose-

dependent killing of bacteria, which was compared to the classical cathelicidin-derived antimicrobial 

peptide, LL-37. In the case of S. aureus and P. aeruginosa, CCL24 and, in particular CCL26, showed 
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high bactericidal activity at concentrations of 0.1 µM, being approximately tenfold more potent than 

LL-37 and CCL11 (Figure 1A). The bactericidal activity of the three eotaxins against S. pneumoniae 

was similar while CCL24 and CCL26 was more active against NtHi compared to CCL11 (Figure 1A). 

The antimicrobial activity of both CCL11 and CCL24 against S. pneumoniae decreased to some 

extent in the presence of salt at a concentration similar to that likely to be present in the airway 

surface liquid (i.e. 140 mM) (16). However, CCL26 retained its bactericidal activity against S. 

pneumoniae  in the presence of salt (Figure 1B).  

 

Morphological alterations of bacteria after incubation with eotaxins 

Antimicrobial peptides are known to exert their activity through disruption of bacterial membranes 

(17). To investigate if the eotaxins have membrane-disruptive properties, the different bacterial strains 

were incubated in buffer alone, with the eotaxins (CCL11, CCL24, or CCL26), or with LL-37 (the 

latter serving as a positive control) and analyzed by scanning electron microscopy. Incubation with 

CCL11, CCL24, CCL26, and LL37 all resulted in bacterial blebbing and disruption, with concomitant 

leakage of cytoplasmic material to the extracellular environment (Figure 2). After incubation in buffer 

alone, the bacteria remained intact. 

 

Membrane-disrupting properties of CCL26 

To further investigate a possible membrane-disrupting activity of CCL26, FITC, a probe being 

impermeant in viable cells but taken up intracellularly by disrupted cells, was used (18). An increased 

uptake of FITC was observed when S. pneumoniae was incubated with CCL26 or LL37, the latter 

used as a positive control (both at 1 μM) (Figure 3A). To confirm loss of bacterial membrane integrity 

after incubation with CCL26, the entry of propidium iodide (PI) into bacteria was investigated. When 

PI is internalized, it binds DNA, emitting red fluorescence upon excitation. For this purpose, flow 

cytometry was used to detect internalization of PI following one hour of incubation with CCL26 (1 
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µM). After incubation with CCL26, significantly higher fluorescence was seen compared with 

bacteria incubated in buffer alone, further demonstrating loss of bacterial membrane integrity after 

incubation with this eotaxin (Figure 3B). 

 

Mapping of the bactericidal activity in CCL26 

As shown in Figure 1, CCL26 had the most potent bactericidal activity at physiological salt 

concentration. To delineate the regions of CCL26 that harbors the antimicrobial activity, a radial 

diffusion assay was used (Figure 4). Overlapping 20-mer synthetic peptides derived from the CCL26 

full length protein were screened for antimicrobial activity against P. aeruginosa and S. aureus. The 

results show potent antimicrobial activity by the fragments derived from the cationic COOH-terminal 

domain of the peptide (Figure 3). 

 

Processing of CCL26 by mast cell proteases 

Mast cells are important effector cells during allergic inflammation and release the serine proteases 

chymase and tryptase, having the capacity to modulate host defense effector functions (13). To 

investigate whether the eotaxins are proteolytically cleaved or degraded by these proteases, the 

chemokines were incubated with chymase and typtase for 18 hours, respectively. Thereafter, the 

generated peptides were separated on Tris-Tricine gels and stained with Coomassie staining. 

Digestion by chymase and tryptase each yielded one distinct fragment (Figure 5A). The chymase-

derived fragment contained 25 amino acids (TTK25) and spanned the amphiphatic COOH-terminal. 

The tryptase-derived fragment contained 35 amino acids (GSD35) and was derived from the NH2-

terminal including the anti-parallel β-strands (Figure 4A). When comparing the biophysical 

properties, TTK25 has a higher net charge (+9) and pI (10.8) compared with GSD35 (net charge of +2 

and pI 8.6) (Table 1). 
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To investigate degradation of CCL26 in a more physiological context, supernatants from degranulated 

in vitro derived mast cells were incubated with this chemokine (Figure 5A). This resulted in a distinct 

fragment identical with an NH2-terminal sequence. A combination of N-terminal sequencing and 

MS/MS showed the fragment to be identical to the tryptase-generated GSD35 fragment but appearing 

slightly smaller on SDS-PAGE. A serine-protease inhibitor (Pefabloc SC) inhibited generation of the 

fragment. 

 

To compare the antibacterial activity of full-length CCL26 and the fragments (TTK25 and GSD35), 

dose-response experiments were performed using the viable counts assay (Figure 5B). TTK25 had an 

antibacterial activity in the order of full-length CCL26 except at 0.5 µM against S. pneumoniae, 

where it showed lower activity. GSD35 showed weak antibacterial activity against both S. 

pneumoniae and NtHi. This is in line with the mapping experiments shown in Figure 4. 

 

A few HDPs have LPS-neutralizing capacity (19). To investigate if this is the case for CCL26 and the 

protease-derived fragments, LPS from P. aeruginosa and a monocytic cell-line with an NF-kappaB 

sensitive reporter gene was used. Interestingly, GSD35 showed high LPS-neutralizing activity in the 

order of full length CCL26 while TTK25 had no significant effect (all at 10 µM) (Figure 5C). In 

addition, both CCL11 and CCL24 displayed neutralizing activity in the order of CCL26 and GSD35. 

 

CCR3-activation 

The eotaxins bind and activate CCR3, resulting in cellular activation, e.g. chemotaxis of eosinophils 

(11). Intracellular signaling of CCR3 includes increases in intracellular calcium concentrations. To 

investigate whether GSD35 or TTK25 affect CCR3-signaling, a transfected cell-line stably expressing 

CCR3 was loaded with the calcium-sensitive probe Fluo-4 and Fura red and followed by stimulation 

with CCL11, CCL24, and CCL26 (all at 100 nM) that all induced mobilization of calcium (Figure 6). 
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In contrast, neither GSD35 nor TTK25 had any activity at the same concentrations (Figure 6). Nor did 

co-incubation with GSD 35 or TTK25 interfere with the CCR3-signaling induced by full CCL11, 

CCL24, or CCL26 (not shown). Furthermore, chemotaxis experiments with primary eosinophils, 

using full-length CCL26 and the fragments TTK25 and GSD35, showed that the fragments lacked 

chemotactic activity (Figure 6B). 

 

DISCUSSION 

In this study, we show that eotaxin-1/CCL11, eotaxin-2/CCL24, and eotaxin-3/CCL26 have potent 

bactericidal activity against several important bacterial airway pathogens. We also show that the 

effect, at least in part, is mediated through disruption of bacterial membranes. In the case of CCL26, 

the antibacterial activity is localized to the COOH-terminal region of the molecule. The mast cell 

proteases chymase and tryptase cleave off distinct fragments where the NH2-terminal fragment 

GSD35 has potent LPS-neutralizing activity in the order of the full length CCL26 while the COOH-

terminal fragment TTK25 retain bactericidal activity. 

 

Several chemokines possess defensin-like antibacterial activity, e.g. MIG/CXCL9, CCL20, and 

CCL28 (6-8). Some of these are constitutively expressed, e.g. CCL28 while transcription of 

MIG/CXCL9 is induced by the prototypic Th1 cytokine IFN-γ (20). The expression of eotaxins are 

induced by IL-4 during allergic inflammation, where CCL11 may be expressed during an earlier 

phase while CCL24 and CCL26 are expressed during the late allergic response which is characterized 

by an influx of eosinophils (21). To our knowledge, this is the first report demonstrating antibacterial 

activity of chemokines expressed during a Th2 skewed inflammatory response. 

 

It is interesting that CCL26 retain its bactericidal in the presence of salt, while many other AMPs, for 

example β-defensins are salt-sensitive (3). The concentration of sodium chloride in the periciliary 
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liquid has been a matter of debate but recently experimental data suggested it to be close to that of 

plasma, i.e. around 140 mM (16). The eotaxins have very similar structures even though their primary 

sequences are quite different (Supporting Information Supplemental Figure 1). Since cationicity is an 

important feature, reflecting the antibacterial activity of many HDPs, this may explain the higher 

activity of CCL26 since it has the highest pI and net charge of the eotaxins (Supporting Information 

Table 1). 

 

Can the eotaxins reach bactericidal levels in vivo? The depth of the PCL covering the airway 

epithelium is around 4 µm (22). Thus, the liquid compartment wherein HDPs and eotaxins are 

dissolved is minute and micromolar concentrations exerting bactericidal activity are likely to be 

present as demonstrated for other antibacterial chemokines in vivo  (i.e. midkine at 3 µM and 

BRAK/CXCL14 at 9 µM) (23).  

 

Recent studies have shown an association between asthma and susceptibility to respiratory pathogens. 

Among the bacterial microorganisms involved, S. pneumoniae is the most common pathogen and the 

risk of invasive pneumococcal disease (IPD) is increased in asthma (24-26). There are conflicting 

reports as whether allergic airway inflammation per se increases the vulnerability to acquire airway 

infection. In a mice model using P. aeruginosa, allergic inflammation impaired airway host defense 

against this bacterium while in a model using S. pneumoniae, no increased susceptibility was 

observed (27, 28). In individuals suffering from asthma, other factors are likely to contribute, for 

example treatment with inhaled corticosteroids that doubles the risk of pneumonia in asthma (29). 

 

There is an obvious redundancy having three chemokines that exclusively activate CCR3. However, 

CCL26 has the highest CCR3-activating activity of the eotaxins, and CCL24 and CCL26 but not 

CCL11 increase with asthma severity (21, 30). 
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In this study, we show that both CCL26 and the fragment GSD35 have LPS-neutralizing properties. 

To our knowledge, this is the first demonstration of this property in a chemokine. LPS has since long 

been recognized as an enhancer of allergic inflammation in asthma and CCL26 may also modulate the 

allergic inflammatory response in this aspect (31). In a previous study, it was demonstrated that 

tryptase abrogated the chemotactic properties of CCL11 (32). We found that chymase completely 

degraded CCL11 while no or minute proteolytic activity was observed for CCL24. In our hands, 

neither CCL11 nor CCL24 was affected by tryptase (Supplemental Figure 2). Further supporting 

biological relevance of our findings is an animal study where mice were challenged with house dust 

mite (HDM) extract to induce allergic airway inflammation. Animals deficient in mouse mast cell 

protease 4 (mMCP4; the murine counterpart to human chymase) had a more pronounced eosinophilia 

in bronchoalveolar fluid compared with wild type mice (33). In this study, it was shown that chymase 

degrades the Th2-promoting cytokine IL-33. However, effects on eotaxins are also possible.  

 

Both chymase and tryptase are serine-proteases, chymase cleaving after aromatic amino acids, i.e. 

phenylalanine (F), tyrosine (Y), and tryptophane (W), while tryptase cleaves after arginine (R) and 

lysine (K) residues. The TTK25 fragment generated by chymase is indeed generated through cleavage 

of CCL26 after arginines. The GSD35 fragment is generated by cleavage after a phenylalanine, 

consistent with the specificity of the enzyme, but after a lysine in its COOH-terminus. However, an 

absolute specificity for serine-proteases has been questioned and this can also be the case for chymase 

and tryptase of mast cells (34).  The fragment generated by supernatants from degranulated mast cells 

was identical to GSD35, deduced from a combination of N-terminal sequencing and MS/MS but 

appeared slightly smaller on SDS-PAGE. It is likely to have biological properties similar to that of 

GSD35. 

 

The current findings suggest that the eotaxins, in addition to recruiting and activating eosinophils, 

may play several roles in innate host defense of the airways during allergic inflammation. 
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Figure Legends 

Figure 1. Bactericidal activity of eotaxins.  

(A) The bactericidal activity of eotaxin-1/CCL11, eotaxin-2/CCL24, eotaxin-3/CCL26, and the 

classical antibacterial peptide LL-37 against Streptococcus pneumoniae and Non-typeable 

Haemophilus influnzae (NtHi) was investigated by means of a viable count assay. Briefly, bacteria 

were grown to mid-logarithmic phase and incubated for 60 min with CCL11, CCL24, CCL26, and 

LL-37 respectively at the indicated concentrations or in buffer alone. Antibacterial activity was 

quantified by making serial dilutions of the cultures followed by plating on agar plates. Following 

overnight incubation, the % killing of peptides was determined by comparing the number of colony 

forming units remaining on the plate after peptide exposure versus the cultures incubated in buffer 

alone.  

(B) Furthermore, the ability of CCL11, CCL24, and CCL26 respectively to kill bacteria was 

investigated in the presence of sodium chloride (140 mM) using the same procedure as described 
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above. The data shown represent the mean, ±SD from three separate experiments. Statistical 

significance was determined using two-way ANOVA, ** P<0.01. 

 

Figure 2. Morphological changes of bacteria caused by the eotaxins.  

Gram-positive (i.e. S. pneumoniae or S. aureus) and Gram-negative (i.e. NtHi or P. aeruginosa) were 

incubated in buffer alone or with CCL11, CCL24, CCL26, and LL-37 respectively at 1 μM for one 

hour at 37oC. Parts of the samples were processed for scanning electron microscopy (SEM) and the 

other part was used in viable count assay to confirm bacterial killing. Intact bacteria are seen after 

incubation in buffer alone while incubation with CCL11, CCL24, CCL26, and LL-37 all cause 

blebbing, protrusions, and leakage of intracellular contents. Bar=100 nm. 

 

Figure 3. Permeabilizing effect of eotaxin as measured by uptake of vital dyes. (A) S. pneumoniae 

was incubated in buffer alone, with CCL26 or with LL37 (1 μM) for one hour at 37°C. The ability of 

CCL26 to permeabilize the membrane was assessed using FITC, a cell impermeant probe, followed 

by fluorescence microscopy. After incubation in buffer alone, scarce bacteria have lost their integrity 

allowing entrance of FITC while after incubation with CCL26 and LL37 respectively, a large number 

of bacteria have lost their integrity and become fluorescent. 

(B), The bacterial internalization of propidium iodide (PI) was investigated. S. pneumoniae was 

incubated in buffer alone or with CCL26 (1 µM). Parts of the bacterial solution were used for viable 

counts to confirm killing and parts were used for flow cytometry. In permeabilized bacteria, PI was 

internalized and bound to DNA, resulting in red fluorescence. The data shown represent mean and SD 

of three separate experiments. Statistical significance was determined using two-way ANOVA, ** 

P<0.01. 
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Figure 4. Mapping of regions with antibacterial activity in CCL26.  

(A) Synthetic 20-mer peptides, stepwise covering full-length CCL26 were synthesized (the sequences 

are shown on the left) and used in a radial diffusion assay (RDA) with P. aeruginosa and S. aureus, 

respectively. Clear zones around the wells were measured, reflecting the antimicrobial activity of the 

amino acid fragment. The highest antibacterial activity was seen in the COOH-terminal region of 

CCL26 where also a high positive net charge and µHrel (relative hydrophobicity) are found. The data 

shown represent mean and SD from three separate experiments. The sequence of full length CCL26 is 

shown (bottom) and the distribution of charged amino acids and antibacterial activity are indicated. 

 

Figure 5. Processing of CCL26 by mast cells proteases.  

(A) To investigate if the serine-proteases, released by mast cells during allergic inflammation, will 

cleave CCL26, incubation with the respective enzyme (chymase and tryptase) was performed for 18 

hours at 37oC, followed by separation using SDS-PAGE. Both chymase and tryptase generated 

distinct fragments from CCL26. The fragments were analyzed by mass spectrometry and NH2-

terminal sequencing and a 35 amino acid fragment was derived from the NH2-terminal region 

(GSD35; orange in the model of the full length protein) by tryptase and a 25 amino acid fragment 

from the COOH-terminus (TTK25; green in the model of the full length protein) was generated by 

chymase. Proteolytic digest with supernatant of degranulated mast cells released a fragment identical 

to GSD35 (N-terminal sequencing combined with MS/MS) but appearing slightly smaller on SDS-

PAGE (arrowhead). Preincubation of mast cell supernatant with Pefabloc SC (broad spectrum serine 

protease inhibitor) resulted in disappearance of the fragment. Putative cleavage sites for chymase 

(red) and tryptase (blue) are indicated in the full-length sequence of CCL26. 

(B) The bactericidal activity of TTK25 and GSD35 was compared with the full length CCL26 using a 

viable count assay. TTK25 and GSD35 were incubated with S. pneumoniae or NtHi for one hour 

followed by viable counts. In both cases, TTK25 displayed a dose dependent bactericidal activity in 
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the order of full length CCL26 compared with GSD35. The results shown represent mean and SD of 

three separate experiments.  

(C) The LPS-neutralizing activity of the full length CCL26 and the fragments respectively, was 

investigated using a monocytic cell-line (THP-1) transfected with a NF-kappaB responsive element 

where activation results in production of alkaline phosphatase (ALP). LPS of P. aeruginosa (final 

concentration 100 ng/ml) was preincubated for 20 minutes in medium alone or with full length 

CCL26, GSD35, and TTK25 (all at a final concentration of 10 µM) followed by incubation with the 

cell-line for 24 hours. The ALP-activity was used as readout and the response to LPS alone at 100 

ng/ml was set to 100%. Both full length CCL26 and GSD35 significantly reduced NF-kappaB 

activation, GSD35 having potency in the order of CCL26. TTK25 displayed a non-significant 

reduction of NF-kappaB activation. CCL11 and CCL24 both displayed LPS-neutralizing activity in 

the order of CCL26 and GSD35. The data represent mean and SD from three separate experiments. 

Statistical significance was determined using two-way ANOVA, ** P<0.01. 

 

Figure 6: Receptor-interacting properties of TTK-25 and GSD-35.   

(A) A murine cell line stably expressing human CCR3 were loaded with the calcium-sensitive probe 

Fluo-4 and Fura-red, thereafter stimulated with CCL11, CCL24, and CCL26 respectively (all at 100 

nM). Each chemokine elicited a similar mobilization of intracellular calcium. One representative out 

of three experiments is shown. 

The CCL26-derived fragments TTK25 and GSD35 (each at 100 nM) did not induce detectable 

mobilization of intracellular calcium. One representative out of three experiments is shown. Nor did 

the fragments interfere with the receptor-activating properties of CCL11, CCL24, or CCL26 when 

coincubated (not shown). 

(B) Eosinophils, purified by negative magnetic selection, were allowed to migrate in response to 

increasing concentrations of CCL26, GSD35, or TTK25. The chemotactic response is expressed as a 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

ratio of the migration observed in response to buffer alone (chemotactic index). The data represent 

mean and SD from three separate experiments. 
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