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Abstract 

In this project the effect of adenylate cyclase toxin (CyaA), from the bacteria Bordetella 

pertussis, on parts of the innate immune system of a human lung epthelial cell line (VA10). 

Specially the effects on expression of antimicrobial peptides (AMPs), adherens and tight 

junctions and inflammatory genes. The CyaA toxine down-regulated inflammatory genes, 

genes; tumor necrosis factor alpha (TNFa), interleukin-1 alpha (IL1A) and interleukin-1 

beta (IL1B). The AMP human beta-defensin-2 (hBD2) was also down-regulated. All of the 

genes encoding those molecules are regulated by the NF-κB transcription factor. The toxin 

also disrupted the barrier function of the epithelial cells by both damaging the junction 

proteins and down-regulating their expression. 

Útdráttur 

Í verkefni þessu voru skoðuð áhrif adenylate cyclase toxíns (CyaA), frá bakteríunni 

Bordetella pertussis, á hluta náttúrulegs ónæmis í lungnaþekjufrumulínu úr manni (VA10). 

Sér í lagi voru skoðuð áhrif á tjáningu örverudrepandi peptíða (e. antimicrobial peptides, 

AMP), viðloðunar og þétttengi millifruma og bólgusvörunar gena. CyaA toxínið dró úr 

tjáningu bólgusvörunar gena, gena sem kóða fyrir; tumor necrosis factor alpha (TNFa), 

interleukin-1 alpha (IL1A) og interleukin-1 beta (IL1B). Einnig dró úr tjáningu 

örverudrepandi peptíðisins human beta-defensin-2 (hBD2). Genin sem kóða fyrir þessar 

sameindir eru öllum stjórnað um NF-κB umritunarþáttinn. Einnig sást að toxínið rýfur 

verndandi skil þekjunnar með því að skemma prótein beint og með því að draga úr tjáningu 

millifrumtengja próteina (e. junction proteins). 
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1 Introduction 

1.1 The Innate immune system 

Traditionally the immune system of vertebrates is divided into two parts; the innate 

immune system and the adaptive immune system. The main difference between the two 

being that the innate immune system responds immediately against infections, innate 

immunity is the first line of the hosts defence against pathogens, it is not specific but it is 

ubiquitous. The adaptive immune system responds later but is more specific, it remembers 

encounters with pathogens and that is utilised to destroy or eliminate those pathogens when 

they come in contact again (Alberts et al., 2008). 

Innate immunity consists of a few different factors; leukocytes, cytokines and barriers, 

both physical and chemical. Physical layers are for example the surface of the skin and 

intercellular junctions between epithelial cells. Chemical barriers are for example 

antimicrobial peptides (AMPs) which are vital in immunity. These barriers prevent the 

pathogen from accessing the body of the host. Leukocytes are also part of the innate 

immunity, they can kill the pathogen, ingest it and they also secrete cytokines (Alberts et 

al., 2008). 

1.1.1 Antimicrobial peptides 

As suggested by the name antimicrobial peptides (AMPs) fight foreign microbes, they are 

an important part of the immune system. Most AMPs share certain common features, such 

as, being small, they are 12-50 amino acids long, amphipathic structures. And most 

importantly, they have a crucial role in defending the host from pathogens. AMPs are non-

specific and do thus belong to the innate immune system. AMPs are divided in to several 

categories depending on their amino acid composition, size and structure. The two most 

studied families in mammals are cathelicidins and defensins. AMPs are secreted by diverse 

cell types, both some common epithelial cells as well as from cells belonging to the 

immune system (Lai & Gallo, 2009). Human beta defensins and human cathelicidin 

antimicrobial peptide (CAMP), that encodes the AMP LL-37, are known to be expressed 

by epithelial cells in the lungs (Cederlund, Gudmundsson, & Agerberth, 2011). 

AMPs are known to function both as microbe killers and as modulators of the immune 

system. Both contributing to defending the host against pathogens. The most common way 

is however through disruption of the lipid bilayer of the pathogens through its ampiphatic 

and cationic properties (Lai & Gallo, 2009). AMPs also act by modulating signals in the 

immune response, they induce production of cytokines and they also act as chemokines 

(Cederlund et al., 2011). 

1.1.2 Adherens and tight junctions 

More than 60% of the cells in vertebrates are epithelial and between them there are 

intercellular junctions (Alberts et al., 2008). The important contact of neighbouring 

epithelial cells is maintained through adherence and tight junctions. The extracellular 
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contact between the epithelial cells can comprise of a few different proteins but they all 

have similar roles. The junctions all have important roles, some concerning intracellular 

signalling and regulation of other molecules (Hartsock & Nelson, 2008). 

Tight junctions major transmembrane components are claudins, occludin and adhesion 

molecules (JAMs) and at the cytoplasmic site there are the zonula occludens (ZO) proteins. 

They are the most apical junctions of the intercellular junctions in epithelial cells. Located 

closer to the basal lamina there are the adherens junctions. The major transmembrane 

component of adherens junctions being the cadherins, and cytoplasmic components the 

catenins (Hartsock & Nelson, 2008). 

1.1.3 Cytokines 

Cytokines are small, signal proteins that act as local mediators, both pro- and anti-

inflammatory. They are important in the hosts immune response, inflammation response 

and signalling between cells. Some cytokines stimulate production of IgG, IgA or IgE 

antibodies, others such as TGFB1 suppresses the activity of effector T cells, dendritic cells 

and macrophages. Cytokines are secreted by many cell types, for example T cells, mast 

cells, macrophages, dendritic cells and epithelial cells (Alberts et al., 2008). 

Bacterial toxins are known to influence the expression of cytokines. Relevant to this study 

it has been observed that CyaA causes the down-regulation of TNFa and CCL3 and up-

regulation of interleukin-6 (IL6) and interleukin-10 (IL10). That is caused by the 

conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) 

(Vojtova, Kamanova, & Sebo, 2006). 

1.2 Respiratory epithelia 

Along with the oxygen that is carried to the lungs, lots of microbes, toxicants and particles 

are brought into the respiratory system. Because of this there is need for a barrier to 

prevent the entry into circulation and the lung tissue itself. The respiratory epithelia 

consists of diverse cell types including ciliated cells, clara, neuroendocrine, basal and 

goblet cells (Crystal, Randell, Engelhardt, Voynow, & Sunday, 2008). Each of these cells 

synthesis and secrete fluids, antimicrobial peptides and mucins. The amount of chemicals 

secreted are influenced by infection. The barrier function of the epithelia is mediated by 

the cells secretory products, glycoprotein, membranes and junctional protein. Disruption of 

tight junctions is well known to increase inflammation and the permeability of the 

epithelia, contributing to the pathogenesis of respiratory infections (Whitsett & Alenghat, 

2015). 

1.3 Whooping cough and Bordetella pertussis 

Pertussis or whooping cough is a respiratory disease caused by the bacteria Bordetella 

pertussis. It is highly contagious and it is transmitted directly between humans. Symptoms 

come in three different phases. The catarrhal phase, lasting for the first couple of weeks 

displaying symptoms similar to those of common cold. Next is the paroxysmal phase 

where sever spasmodic coughing fits occur regularly and are followed by the characteristic 

whoops lending to the name of the disease. This phase can last for 1-10 weeks. The last 

phase is known as the convalescent phase and that starts when the adaptive immune system 
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begins to clear the host of bacteria. Symptoms will then gradually reduce for the next 

month, but they can be present for a longer period. In the more severe cases bacteria can 

spread in to the lungs causing fibrineous oedema, alveolar haemorrhage and necrotizing 

bronchiolitis. In the most severe cases intractable pulmanory hypertension and respiratory 

failure result in death (Melvin, Scheller, Miller, & Cotter, 2014). 

Whole-cell pertussis vaccines were first introduced in the late 1940s. Before that time it 

was widespread and affected mostly children between the ages of 1 and 9 years old. The 

introduction of vaccines rapidly reduced both incidences of the disease as well as deaths 

caused by it. In the 1990s the whole-cell pertussis vaccines were starting to get replaced by 

acellular pertussis vaccines, the reason behind that being concerns of the safety of the 

whole-cell vaccine. After that replacement an increase has been seen in the number of 

pertussis infections and deaths associated with whooping cough. Now the disease has 

become more common in both older individuals as well as infants. Recent studies have 

even shown that a single dose of the whole-cell pertussis vaccine is more effective than the 

acellular vaccine (Melvin et al., 2014). Thus it has been discussed to administrate more 

doses. Now up to five doses are administered, from the age of 2 months up until a child is 

6 years old (Clark & Bobo, 2012). However it is unclear whether waning of immunity 

against pertussis or that the immune response to the acellular pertussis vaccine is 

fundamentally different might be the cause of the re-emergence of the disease (Melvin et 

al., 2014). By estimation of the World Health Organization about 16 million pertussis cases 

occurred worldwide and 195.000 children died from pertussis in 2008 (Higgs, Higgins, 

Ross, & Mills, 2012). 

Two goals are important in light of the situation of pertussis; the development of a 

treatment to reduce morbidity and mortality and the development of an safe and effective 

vaccine, that can provide long lasting immunity. It is thus of importance to study the 

mechanisms by which the bacteria causes whooping cough. The bacteria is known to have 

several virulence factors, the pertussis toxin, dermonecrotic toxin, adenylate cyclase toxin 

(CyaA) and more factors that all aid in immune evasion (Melvin et al., 2014). 

1.3.1 The CyaA toxin 

The adenylate cyclase toxin (CyaA) has two functional domains that contribute to 

intoxicating cells. A C-terminal domain containing the repeat in toxin (RTX) repeat, the 

main characteristic of the toxin family it belongs to, the repeat in toxin family, a family of 

pore-forming bacteria toxins. An RTX is a glycine and aspartate rich repeat located in a C-

terminal. The C-terminal mediates the binding of the molecule to target cells and the 

forming of cation-selective pores in the membranes. The other domain is the N-terminal 

domain, it is the adenylate cyclase and it converts ATP to cAMP. The effects the toxin has 

on different cell types is a combination of these effects due to the fact that CyaA has 

multiple conformations (Melvin et al., 2014).  

It has been shown that CyaA induces production of interleukin (IL6) and that it aids to the 

adhesion of the bacteria to ciliated mucosa, this has been observed in tracheal epithelial 

cells (Vojtova et al., 2006). CyaA is also known to affect expression of other cytokines as 

well. Studies have also shown that CyaA deficient bacteria were cleared faster than wild 

type bacteria. That is evidence that CyaA is important for the bacteria to resist neutrophil-

mediated clearance (Melvin et al., 2014). Studies have also shown that it aids to the 

adhesion of the bacteria to ciliated mucosa (Vojtova et al., 2006). CyaA has been shown to 
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be one of the few virulence factors well conserved in all species of the pathogenic 

Bordetella. These findings suggest that CyaA might be usable as an antigen in vaccine 

development (Melvin et al., 2014). 
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2 The aim of this project 

The aim of this project was to study the effects of CyaA toxin, from Bordetella pertussis, 

on the innate immunity of a cultured bronchial epithelial cell line (VA10). The components 

to be analysed were AMPs, adherens and tight junction complexes and also inflammatory 

gene (cytokines) expression. 
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3 Methods 

3.1 Air-liquid interface 

The epithelial cell line VA10 was used in this project it was maintained in air-liquid 

interface (ALI). ALI is a cell culture of differentiated VA10 cells on a permeable 

membrane lying on top of medium, the apical layer being subjected to air. This system is 

used to simulate the pseudostratified epithelia. VA10 cells have been reported to form a 

functional, polarized stratified layer when cultured in ALI, and they express tight junction 

complexes (Halldorsson et al., 2010). 

VA10 cell line was placed on collagen coated filters (Corning Inc) which were placed in 

wells and cultured with Bronchial Epithelial Cell Basal Medium (+penicillin/streptomycin, 

2.5 mL in 500 mL of medium) under and over cells and stored at 37°C and 5% CO2. The 

medium was replaced every two days. When cells had reached confluency the medium on 

top of the filter, on the apical side, was removed, making the system air-liquid. Cells were 

then cultured for another week when the medium type was changed to Dulbecco's modified 

eagle medium (DMEM) + 2% ultroser G (+penicillin/streptomycin) to stimulate the 

differentiation of the cells. 

3.2 Applying toxin on cells 

The toxin, CyaA, was applied basolaterally to the air-liquid system, the concentration of 

CyaA in the basal medium was 500 ng/mL. Cultures used as controls were treated with 

TUC buffer (7 M Urea, 2 M thiourea and 4% CHAPS) instead of the CyaA in the same 

volume as the toxin and basolaterally as well. 

3.3 Measuring transepithelial electrical 

resistance 

Transepithelial electrical resistance (TEER) was measured using a EMD Millipore 

Millicelle-ERS Volt-Om Meter. Electrodes were placed apically and basolaterally during 

measurements. 

3.4 Measuring gene expression 

Gene expression of the cells was measured using real-time PCR. 

RNA was first isolated from cells via the NucleoSpin® RNA kit. The Nanodrop technique 

was then used to measure the purity and concentration of the RNA. Measured 

concentration was then used to normalise the concentration of cDNA that was synthesized 

from the RNA using RevertAid® first strand cDNA synthesis kit from Thermo Scientific. 

Normalized cDNA was then loaded, along with SYBR green reagent and water, in a 96 

well plate. Plates were then run on qRT PCR machines. 
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Primers used were from Integrated DNA technologies, IDT (CAMP, hBD2, IL-10, IL-6, 

TNF, ZO-1, Occludin, Claudin 1, TGFB1, RANTES, IL1a, IL1b, CXCL8, LTF, LZY, 

SLPI) and TAG Copenhagen (hBD1). Abbreviations are explained in the list on page ix. 

3.5 Protein isolation and western blotting 

Supernatants from VA10 ALI cultures were collected at; 1, 6 and 24 hours after treatment 

with CyaA, the controls after 24 hours with TUC. Samples were acidified using 1.5 μL of 

Trifluoroacetic acid (TFA). 

Proteins were extracted using an Oasis sample extraction. To activate them they where 

flushed with 1 mL 100% Acetonitrile three sets of 1 mL 0.1% TFA. The next step was not 

started before all the liquid had flowed through. The acidified sample was then loaded on 

the column and washed with 1 mL of 0.1% TFA. Then again with 1 mL of 20% 

Acetonitrile 0.1% TFA. Flow through was discarded. Next two washes of 80% ACN 0.1% 

TFA were performed and flow through was collected. Samples were then flash freezed in 

liquid nitrogen and stored at -80°C. Samples where then lysophilized (freeze dried) for 12 

hours. 

The NuPAGE Bis-Tris minigels 4-10% from Novex were used for western blotting, 

electrophoresis were performed in MES buffer. Samples were prepaired by adding distilled 

water (dH2O, 13 μL), NuPAGE LDS buffer 4x (5 μL) and Mercaptoethanol (2 μL) in that 

order. Samples were then spun down using a short pulse, heated for 10 minutes at 70°C 

and then allowed to cool down at room temperature. 

Samples where then loaded to the gels (20 μL), 8 μL of Spectra Multicolor Broad Range 

Protein Ladder from Thermo Scientific was loaded to one well. Gels were run at 200 V for 

approximately 45 minutes, electrophoresis was stopped before the first dye, bromophenol 

blue reached the lower end of the gel. Proteins in the gels were then transferred to 

polyvinyliden difluoride (PVDF) membranes. That was performed after the Per Invitrogen 

Protocol for Novex Xcel Blot Wet Transfer. Transfer was run at 25 V for 1 hour. 

Membrane was then washed with 0.05% Tween PBS, blocked with 3% milk solution in 

0.05% Tween PBS. Next a primary antibody for the protein was added in milk solution in 

Tween PBS (1:2000). Membrane was then washed with three rounds of 0.05% Tween 

PBS. A secondary antibody was then added. Membrane was then washed with 3 rounds 

0.05% Tween PBS and once with dH2O. Lastly a detection reagent was added to the 

membrane and photos taken using a Image Quant machine from GE Healthcare. 

3.6 Statistical analysis 

All results were distributed normally and represented as means and standards error of 

means. Paired two tailed Student's t-test was used when comparing two groups. A P equal 

to, or greater than 0.05 was not considered statistically significant. P-value below 0.05 was 

considered statistically significant. All statistical analysis were performed using the Prism 

6 software (Graph Pad, USA). 
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4 Results 

4.1 The effect of CyaA on TEER in VA10 cells 

First TEER was measured from three different cultures in duplicates at each time, every 

hour from 0-5 hours, and then again at 18 and 24 hours (figure 1). Samples were treated 

with 500 ng/mL of CyaA. 

 

Figure 1. The effect of the CyaA Bordetella pertussis toxin on transepithelial electrical 

resistance (TEER) on polarised VA10 bronchial epithelial cell line. Cells were incubated 

with 500 ng/mL of the CyaA toxin applied basolaterally up to 24 hours. Data was collected 

from an experiment performed in triplicate and each measurement was performed in 

duplicates. Asterisks (**** = P<0.0001) indicate significant difference from the control. 

Error bars may be hidden by the symbols.  

 

CyaA caused a decrease in TEER of VA10 ALI cells (figure 1). After 4 hours of 

incubation the decreas in TEER was significant. After 18 hours the TEER was abolished. 

This shows that CyaA can disrupt the integrity of VA10 ALI cells in a time dependant 

manner. 
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4.2 The effect of CyaA on adherens and tight 

junctions in VA10 cells 

To assess if CyaA had effect on the epithelial barrier the mRNA levels and apparent 

protein expression of adherens and tight junction proteins were measured after treatment 

with toxin, 500 ng/mL of CyaA, on the basolateral side. 

On the western blot (figure 2A) it can be seen that the amount of occludin, tight junction 

protein 1 (ZO-1), junctional adhesion factor alpha (JAMA) and claudin 1 goes significantly 

down. There was no effect on claudin-4 and E-cadherin. Poly (ADP-ribose) polymerase 1 

(PARP1), which is involved in junction derangement through deranging ZO-1, and 

(GAPDH), which initiates apoptosis, were not effected. 

The mRNA expression of ZO-1 and Claudin 1 can be seen going down after 24 hours but 

there was no significant change in the expression of occludin (figure 2B). 

 

 

Figure 2. The effect of CyaA on adherens and tight junctions. (A) The effect of CyaA on the 

cellular levels of the adherens and tight junctional complexes; occludin, ZO-1, JAMA, 

claudin 1, claudin4 and E-cadherin and PARP1 and GAPDH. (B) The effect of the CyaA 

Bordetella pertussis toxin on mRNA expression of the adherens and tight junctional 

proteins; ZO-1, occludin and claudin in polarised VA10 bronchial epithelial cells. Cells 

were incubated with 500 ng/mL of the CyaA toxin applied basolaterally up to 24 hours. 

Control was treated with TUC buffer. Asterisks (* = P<0.05; ****=P<0.0001) indicate 

significant difference from results of the untreated control cells, ns (ns = P>0.05) indicates 

that data is not significantly different from results of the untreated control. 

A B 
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4.3 The effect of CyaA on AMP gene expression 

in VA10 cells 

To assess the effect on AMPs, the expression of AMP genes was measured. The effect on 

the polypeptides; lysozyme (LZY), lactoferrin (LTF) and secretory leukocyte peptidase 

inhibitor (SLPI) was also studied. The expression levels of CAMP and LZY were up-

regulated significantly, CAMP in the first hour and LZY after 24 hours (figure 3). SLPI 

showed no changes in expression. hBD1 was raised significantly after 24 hours. LTF was 

increased in the first hour but after 24 hours it was down-regulated. hBD2 was down-

regulated significantly after 1 hour and regulation stayed the same for the whole duration 

of the experiment. 
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Figure 3.The effect of CyaA toxin treatment on the expression of antimicrobial peptide 

gene expression in VA10 bronchial epithelial cells. Cells were incubated with 500 ng/mL 

of the CyaA toxin applied basolaterally up to 24 hours. The control was treated with TUC 

buffer. mRNA encoding the peptides (hBD1 and hBD2) and polypeptide (SLPI) were 

measured. mRNA of corresponding genes was measured (CAMP, LTF and LZY). Asterisks 

(* = P<0.05; **=P<0.01; ***=P<0.001; ****=P<0.0001) indicate significant difference 

from results of the untreated control cells, ns (ns = P>0.05) indicates that data is not 

significantly different from results of the untreated control. 
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4.4 The effect of CyaA on inflammatory gene 

expression in VA10 cells 

 Figure 4. Description on page 14 
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Figure 4.The effect of CyaA treatment on the expression of inflammatory gene expression 

in VA10 bronchial epithelial cells. Cells were incubated with 500 ng/mL of the CyaA toxin 

applied basolaterally up to 24 hours. The control was treated with TUC buffer. mRNA 

encoding corresponding proteins was measured. Asterisks (* = P<0.05; **=P<0.01; 

***=P<0.001; ****=P<0.0001) indicate significant difference from results of the 

untreated control cells, ns (ns = P>0.05) indicates that data is not significantly different 

from results of the untreated control. 

The expression of immflammatory genes encoding cytokines (figure 4) was studied. 

Results show that the expression of IL6 was raised in the first 6 hours but at 24 hours it 

was back to normal. IL10 and IL1A also went up but at 24 hours the expression had gone 

down. There was measured a slight increase in the expression of TGFB1 at 24 hours. The 

effects on RANTES were not significant. The expression of IL1B, TNFa, and CXCL8 was 

however down-regulated. 
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5 Discussions 

In this project it was shown that the CyaA toxin causes down-regulation in VA10 bronchial 

epithelial cells, of human beta defensins 2 (hBD2), junction proteins and inflammatory 

genes. 

CyaA disrupts the integrity of the barrier function of the VA10 bronchial epithelial cells, 

evidenced by decrease of TEER and reduced levels of adherens and tight junction proteins.  

mRNA expression of occludin does not go down but the western blots showed lowered 

levels of occludin so it seems like the toxin might be degrading or denaturing the protein in 

some ways. Further testing is however needed to draw further conclusions.  

Interestingly the cytokines TNFa, IL1A and IL1B, that all activate the NF-κB transcription 

factor (Alberts et al., 2008) were down-regulated by CyaA. Human beta defensin 2 (hBD2) 

expression was also down-regulated and a likely explanation for that is because hBD2 is 

activated via the NF-κB transcription factor (Whitsett & Alenghat, 2015). That could be a 

reason to inspect the effects of activating the NF-κB pathway in infected cells. What effect 

would increased levels of HBD2 have on the infection? Interestingly the AMPs CAMP and 

hBD1 were not down-regulated but up-regulated so it seems like they are not affected by 

CyaA but may have been increased by the stress on the cells caused by the toxin. 

mRNA expression of lactoferrin (LTF) went up over that of the untreated but after 24 

hours it was down-regulated. Might be caused by LTF being downstream of a molecule 

down-regulated or effected by CyaA causing a delay in the down-regulation. 

Other exciting steps would be to experiment with "fresh" human epithelial lung cells. Most 

of our understanding of Bordetella pertussis virulence only comes from culture models and 

infected mice. How relevant that information is to the infection in a live host is not fully 

known. Also experimenting with the effects of the bacteria itself secreting the toxin and 

knocking down the expression of other virulence factors to get a clearer function of the 

toxin. 

It is important to understand the mechanisms by which Bordetella pertussis causes 

diseases, it is important to the development of therapeutic agents, treatments and vaccines, 

to hinder further epidemic cycles of pertussis which might be imminent. 





17 

References 

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., & Walter, P. (2008). Molecular 

Biology of The Cell. (M. Anderson & S. Granum, Eds.) (5th ed.). New York: Garland 

Science.  

Cederlund, A., Gudmundsson, G. H., & Agerberth, B. (2011). Antimicrobial peptides 

important in innate immunity. FEBS Journal, 278, 3942–3951.  

Clark, T. a., & Bobo, N. (2012). CDC Update on Pertussis Surveillance and Tdap Vaccine 

Recommendations. NASN School Nurse, 27(6), 297–300.  

Crystal, R. G., Randell, S. H., Engelhardt, J. F., Voynow, J., & Sunday, M. E. (2008). 

Airway epithelial cells: current concepts and challenges. Proceedings of the American 

Thoracic Society, 5(7), 772–777. 

Halldorsson, S., Gudjonsson, T., Gottfredsson, M., Singh, P. K., Gudmundsson, G. H., & 

Baldursson, O. (2010). Azithromycin maintains airway epithelial integrity during 

Pseudomonas aeruginosa infection. American Journal of Respiratory Cell and 

Molecular Biology, 42, 62–68.  

Hartsock, A., & Nelson, W. J. (2008). Adherens and tight junctions: Structure, function 

and connections to the actin cytoskeleton. Biochimica et Biophysica Acta - 

Biomembranes, 1778(3), 660–669. 

Higgs, R., Higgins, S. C., Ross, P. J., & Mills, K. H. G. (2012). Immunity to the respiratory 

pathogen Bordetella pertussis. Mucosal Immunology, 5(5), 485–500.  

Lai, Y., & Gallo, R. L. (2009). AMPed up immunity: how antimicrobial peptides have 

multiple roles in immune defense. Trends in Immunology, 30(3), 131–141.  

Melvin, J. a, Scheller, E. V, Miller, J. F., & Cotter, P. a. (2014). Bordetella pertussis 

pathogenesis: current and future challenges. Nature Reviews. Microbiology, 12(4), 

274–288.  

Vojtova, J., Kamanova, J., & Sebo, P. (2006). Bordetella adenylate cyclase toxin: A swift 

saboteur of host defense. Current Opinion in Microbiology, 9, 69–75.  

Whitsett, J. a, & Alenghat, T. (2015). Respiratory epithelial cells orchestrate pulmonary 

innate immunity. Nature, 16(1), 27–35. 





19 

 


