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1. ABSTRACT 
 

The adenylate cyclase toxin (CyaA) is a key virulence factor of the whooping cough 

agent Bordetella pertussis. CyaA primarily penetrates CR3-expressing myeloid phagocytes 

and subverts cellular signaling by a rapid conversion of ATP to cAMP. In parallel, CyaA can 

form cation-selective pores within cellular membrane, provoking massive potassium efflux 

from cell cytosol. An enzymatically inactive adenylate cyclase toxoid (CyaA-AC-) has then 

been abundantly used as an efficient antigen delivery tool over the past 20 years.  

This work focused mainly on the mechanism of action of CyaA toxin and of its toxoid 

on dendritic cells. We studied the potency of the CyaA toxoid to act as adjuvant, its 

penetration capacity and its potential use in delivery of influenza epitopes. We show that the 

pore-forming activity and the activation of MAP kinases JNK and p38 were crucial for the 

adjuvant effects of the CyaA-AC-, which provokes maturation of dendritic cells (DC) 

independently of Toll-like receptor (TLR) or inflammasome signaling. Furthermore, such 

CyaA-AC--stimulated DC acquired the ability to induce CD8+ and CD4+ T cells responses, as 

was determined both in vitro and in vivo. We further showed that the first 371 amino acids 

are dispensable for the capacity of CyaA to deliver its AC domain with inserted epitopes into 

cytosol of DC, implicating that the role of the AC domain polypeptide in the process of 

translocation across the cytoplasmic membrane of cells is rather passive. Our CyaA toxoid 

construct with an inserted antigen from the HA2 subunit of the hemagglutinin of influenza A 

viruses then induced both humoral and cellular immune responses in mice without the need 

for any added adjuvant and the responses protected mice against challenge with both 

homologous and heterologous influenza A viruses. 

We further examined the role of the CyaA toxin in virulence of B. pertussis. We analysed 

the modulatory effects of CyaA action on TLR-activated murine and human DC. CyaA 

enhanced TLR-induced dissolution of cell adhesive contacts and chemotactic migration of 

DC in vitro, while it decreased the capacity of DC to present protein antigens and induce 

proliferation of antigen-specific CD4+ and CD8+ T cells. Manipulation of mouse DC by CyaA 

in vitro was shown to depend solely on the cAMP signaling and not on the pore-forming 

activity of the toxin. We further demonstrated in the mouse respiratory challenge model that 

the pore-forming activity of CyaA was not required for bacterial colonization. It, however, 

provoked neutrophil infiltration and the pore-forming activity importantly contributed to the 

overall pathology of lungs infected by B. pertussis. 
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2. ABSTRAKT 
 

Adenylátcyklázový toxin (CyaA) je klíčovým faktorem virulence bakterie Bordetella 

pertusis, která je původcem černého kašle. CyaA se váže na fagocyty, které exprimují na 

svém povrchu komplementový receptor 3 a poté katalyzuje rychlou přeměnu ATP na cAMP, 

které rozvrací buněčnou signalizaci. Zároveň CyaA tvoří uvnitř buněčné membrány kation-

selektivní póry, které zapříčiňují únik draslíku z buněčného cytosolu. Enzymaticky neaktivní 

forma CyaA toxinu, adenylátcyklázový toxoid (CyaA-AC-), se používá jako nástroj pro 

dopravu antigenů již 20 let.  

Tato práce se zaměřila především na studium mechanismu působení CyaA toxoidu a 

toxinu. Zkoumali jsme adjuvantní účinky CyaA toxoidu, jeho kapacitu nořit se do buněčné 

membrány a možnost jeho využití pro dopravu epitopů z chřipkového viru. Ukázali jsme, že 

pórotvorná aktivita toxoidu a následná aktivace MAP kináz JNK a p38 jsou klíčové pro 

adjuvantní účinek toxoidu CyaA-AC- a způsobují maturaci dendritických buněk (DC), 

nezávislou na signalizaci TLR drah a inflamazómu. K stimulaci dendritických buněk dochází 

dokonce i in vivo a toxoidem aktivované DC jsou pak schopné navodit CD8+ a CD4+ T 

buněčné odpovědi in vitro a in vivo. Dále jsme ukázali, že prvních 371 aminokyselin je 

postradatelných pro schopnost CyaA dopravovat vložené epitopy do buněčného cytosolu, a 

že tudíž role AC domény při procesu penetrace toxinu do buňky je spíše pasivní. Konstrukt 

CyaA toxoidu s vloženým antigenem HA2 podjednotky hemaglutininu chřipkového viru A 

navodil látkovou i buněčnou imunitní odpověď v myších bez použití dalšího adjuvans a 

ochránil je proti infekci homologním i heterologním chřipkovým virem.  

Také jsme zkoumali roli CyaA toxinu při infekci. CyaA manipuluje lidské a myší DC 

stimulované TLR tak, že dochází ke zvýšenému zániku buněčných adhezivních kontaktů, 

následnému zvýšení chemotaktické migrace a snížení schopnosti dendritických buněk 

předkládat bílkovinné antigeny a navodit tak proliferaci antigen-specifických CD4+ a CD8+ T 

buněk. Ukázali jsme, že CyaA manipulace myších DC in vitro je závislá výhradně na cAMP 

signalizaci, nikoli na pórotvorné aktivitě CyaA. Na myším modelu jsme dále prokázali, že 

pórotvorná aktivita CyaA není nutná pro bakteriální kolonizaci, avšak zvyšuje infiltraci 

neutrofilů a významně přispívá k plicní patologii během pertusové infekce. 
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3. ABBREVIATIONS 

 

AC   adenylate cyclase 

APC   professional antigen-presenting cell 

ATP  adenosine triphosphate 

BMDC  bone-marrow derived dendritic cells 

CR3   complement receptor 3 

CyaA (ACT) adenylate cyclase toxin 

CyaA-AC- adenylate cyclase toxoid 

cAMP  cyclic adenosin monophosphate 

DC   dendritic cell 

AEC  airway epithelial cells 

Epac   guanine exchange protein directly activated by cAMP 

FcR   Fc receptor 

FHA   filamentous hemagglutinin 

Hly   hemolysin 

ICAM-1  intracellular adhesion molecule-1 (CD54) 

LCMV  lymphocytic choriomeningitis virus 

LPS  lipopolysaccharide 

MAPK  mitogen-activated protein kinase 

MHC   major histocompatibility complex 

OVA   ovalbumin 

PAMPs  pathogen-associated molecular patterns 

PKA   protein kinase A 

PFT  pore-forming toxin 

PT  pertussis toxin 

RTX   repeat-in-toxin 

TLR  Toll-like receptors 

Treg cells  T regulatory cells 
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4. INTRODUCTION 
 

4.1 Immunity 

Immunity is a basic defence mechanism of an organism. It preserves the 

organism’s integrity by distinguishing harmful from harmless and thus protects the 

organism against a potential threat. This is the role of the immunological 

recognition which can eventually lead to an onset of effective immune response 

(immune effector functions). The immune regulation then supervises whether the 

immune response is appropriate. Additionally, it also guarantees the recognition and 

tolerance of its own cells. The protection against recurring infections is then ensured 

by the immunological memory (Murphy et al., 2008). 

Mammalian immune system consists of an innate and of an adaptive immune 

system. The innate immune response plays a major role in the first days of infection 

and is rather unspecific, whereas the adaptive immune response begins later and 

is targeted specifically against an actual threat/pathogen. The adaptive immune 

system is responsible for generation of the immunological memory (Murphy et al., 

2008). 

 

4.1.1 Airway immunity 

 Airway epithelial cells are able to specifically regulate the local immunity in the 

airway. They are the first barrier of the organism that meets various environmental 

compounds, be it potential allergens, pathogens or just harmless substances.  

 

4.1.1.1 Graded immune response 

It was proposed that there exists something like a “graded immune response“ 

(Raz, 2007), which in fact means the ability of different organs to specifically regulate 

their own immune response. Hence, each organ can sense infectious agents in a 

different way. The reason for such a regulation of local immunity is the diverse 

degree of sterility in various body compartments, which correlates with the 

distribution of microbial flora within the organism. The human body can be divided 

into three different compartments (Fig. 1). The most sterile compartment is 

represented by blood, which is very sensitive to any danger. Any microbial 
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penetration can trigger a huge immune response in blood. On the other hand there 

are specialized compartments in the body which are in a permanent contact with 

bacteria. Thus, the immune response has to be supressed there. This situation refers 

to the gut. The airway is somewhere in between. 

 

Fig. 1: Organ specific regulation of immune response. Sensitivity of different body 

compartments to microbial contact. Microbial recognition within the innate immune system is 

achieved by the use of PRRs that are also found on epithelial cells. However, PRRs in 

general are not able to discriminate pathogenic from non-pathogenic microbes. Thus, pattern 

recognition must be modulated and regulated in an organ specific manner, especially within 

non-sterile compartments. It is proposed that PRR sensitivity is organ specifically-regulated. 

An important control variable is microbial load at a given anatomical site. PRR (pathogen 

recognition receptor) (Mayer & Dalpke, 2007). 

 

Differential regulation of immune response is achieved through modulation of 

the sensitivity to pathogen associated molecular patterns (PAMPs). PAMPs are 

recognized mainly through toll-like receptors (TLRs). There are about ten TLRs which 

can be stimulated by certain bacterial components, i. e. LPS, flagellin etc. Upon 

stimulation, the TLRs are responsible for activation of signaling pathways that 

activate induction of immune response. There are several proposed mechanisms of 

regulation of TLR sensitivity such as restriction of apical TLR expression (TLRs are 

intracellular and only after an activation they are exposed on cell surface) and 
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absence of co-receptors needed for proper interaction or presence of inhibitory 

signaling molecules (Mayer & Dalpke, 2007). 

 

4.1.1.2 Airway anatomy 

Human airways are defined as the upper respiratory tract and the lower 

respiratory tract. The upper respiratory tract comprises the nasal passages, the 

paranasal sinuses and the pharynx. The lower respiratory tract begins at the larynx, 

continues to the trachea and divides into the two main bronchi until they eventually 

reach the alveoli (Fig. 2a). 

The luminal surface of the airways is lined by a layer of respiratory epithelial 

cells - the so called pseudostratified columnar epithelium that can be seen in Fig. 2b. 

The pseudostratified columnar epithelial cells are a special type of cells that look like 

if there are more cell layers but in fact there is only one layer. It consists of ciliated 

and goblet cells which produce mucus and together they are responsible for the 

mechanism of the mucociliary clearance. 

a)                                              b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Anatomical organization of the respiratory system. a) The respiratory tract is 

divided into the upper and lower airways. The upper airways includes the nose and nasal 

passages, paranasal sinuses, the pharynx, and the portion of the larynx above the vocal 

cords. The lower airways includes the portion of the larynx below the vocal cords, trachea, 



13 

 

bronchi and bronchioles. The lungs include the respiratory bronchioles, alveolar ducts, 

alveolar sacs, and alveoli; from (https://en.wikipedia.org/wiki/Respiratory_tract). b) Airways 

are lined by the ciliated pseudostratified columnar epithelium with ciliated, goblet and basal 

cells. The ciliated cells are columnar epithelial cells with ciliary modification, goblet cells are 

columnar epithelial cells producing airway mucus and basal cells are small cuboidal cells 

endowed with the capacity to differentiate into other cell types in case of epithelium injury; 

from (http://academic.pg.cc.md.us/~mhubley/a&p/205/labimages.htm; https://quizlet.com/11 

44313/dit-respiratory-day-13-flash-cards/). 

 

4.1.1.3 Innate and adaptive immunity of the airways 

The respiratory tract is continuously exposed to the inhaled air, which may 

contain potentially pathogenic microorganisms. Therefore the airway epithelial cells 

have several mechanisms of prevention of bacterial infections. 

 The first line of the innate immunity defence in the respiratory tract is the 

physical removal of pathogens by mucociliary clearance and cough. Mucociliary 

clearance describes the self-clearing mechanism of the airway. Cilia are the hair-

shaped structures on the surface of respiratory epithelial cells (ciliated cells), which 

are surrounded by a thin fluid film of mucus secreted mainly by the goblet cells (non-

ciliated cells). The cilia co-ordinately move the mucus in the direction towards the 

pharynx. Thereby the mucus, including some foreign particles or microorganisms, is 

transported to the mouth, where it can be either swallowed or coughed off (Diamond 

et al., 2000). 

Moreover, a broad spectrum of agents with antibacterial, antifungal or 

antiviral activities such as lysozyme, lactoferrin, antimicrobial peptides (defensins, 

cathelicidins, collectins, pentraxins, LL-37), secretory leukocyte protease inhibitor 

(SLPI), serum amyloid A (SAA), nitric oxide, reactive oxygen species or 

prostaglandins are present in the mucus. These antimicrobial products are secreted 

both constitutively and inducibly by the epithelial cells and act through different 

mechanisms depending on their character: enzymes, permeabilizing antimicrobial 

peptides, opsonins, protease inhibitors, small toxic molecules, or binding/neutralizing 

macromolecules. The production of these substances by the airway epithelial cells is 

induced upon stimulation of their PRRs (Diamond et al., 2000; Kato & Schleimer, 

2007).  

https://en.wikipedia.org/wiki/Respiratory_tract
http://academic.pg.cc.md.us/~mhubley/a&p/205/labimages.htm
https://quizlet.com/11%2044313/
https://quizlet.com/11%2044313/
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 In the case of infection, phagocytic cells are recruited to the site of 

infection due to chemoattractants produced by airway epithelium (Diamond et al., 

2000; Kato & Schleimer, 2007). Moreover, epithelial cells have the ability to up-

regulate the expression of surface molecule like ICAM-1, which acts as a ligand for 

the integrin CD11a/CD18 present on neutrophils, monocytes, lymphocytes and 

eosinophils, promoting thus interaction and transmigration (Diamond et al., 2000). In 

order to keep a balanced immune response, the airway epithelial cells produce also 

molecules like the cytokines IL-10 and TGF-ß, prostaglandin PGE2 and the soluble 

cytokine receptor antagonist sTNFR1, which have rather anti-inflammatory effects 

and thus significantly modify the final shape of the immune response (Kato & 

Schleimer, 2007). 

 However, the airway epithelial cells can also modulate the adaptive immune 

response. It was reported that they can modulate the phenotype of matured DC by 

interacting with them and thus altering their T cell stimulatory and response-

polarizing capacity, which results in the manipulation of T cells response (Schleimer 

et al., 2007). Additionally, the airway epithelial cells can also directly modulate the 

effector T cell functions by production or expression of molecules that interferes with 

T cell activities (Kato & Schleimer, 2007). 
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a) 

 

b) 

 

Fig. 3: The immune responses of airway epithelial cells. a) Signaling via PAMPs and 

DAMPs in respiratory epithelial cells and the downstream host defence responses. 

PAMPs derived from commensal microbes or respiratory pathogens and DAMPs generated 
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from cell stress and/or death, within both the conducting airways and alveoli, are recognized 

via membrane-associated or cytosolic PRRs expressed in respiratory epithelial cells. The 

binding of ligands to these receptors results in the activation of epithelial cell–intrinsic 

signaling pathways (via MAPK, IRFs, reactive oxygen species (ROS) and NF-κB) and 

subsequent production of cytokines, chemokines and antimicrobial proteins that recruit and 

activate cells of the innate and adaptive immune systems and regulate the barrier function. 

These same recognition pathways in epithelial cells can stimulate autophagy, phagocytosis 

and the clearance of necrotic cells and of pathogens and thus further influence the local 

inflammatory responses. Adopted from (Whitsett & Alenghat, 2015). b) Cellular responses 

of the airway epithelium to infection. Viruses and bacteria bind to cellular receptors such 

as intercellular adhesion molecule 1 (ICAM-1) and sialic acid residues, and platelet-activating 

factor (PAF) and mannose-6-phosphate receptors, respectively. This enables the pathogens 

to internalize and/or replicate in airway epithelial cells. This induces the production of innate 

immune defensins and the stimulation of extracellular and intracellular innate immune 

receptors (TLRs, RLRs, NLRs). This leads to the generation of pro-inflammatory innate and 

adaptive immune responses and the production of interferons (IFNs). Adopted from 

(Hallstrand et al., 2014). 

 

4.1.2 Dendritic cells 

Dendritic cells (DC) were first found in the mouse spleen and characterized by 

Steinman and Cohn (Steinman & Cohn, 1973). DC are well known to be the key 

players of immunity, serving as a bridge between innate and adaptive immune 

responses. DC are not only the initiators and potent stimulators of the immune 

response, but importantly, also induce self-tolerance. 

 

4.1.2.1 Maturation of dendritic cells 

Immature DC stay as sentinels in the periphery tissues, capturing and 

processing antigens into the MHC peptide complexes. After sensing pathogen or 

other danger, they undergo a process of maturation (Fig. 4). This is a very complex 

process during which DC up-regulate their co-stimulatory molecules (CD80, CD86, 

CD40 and CD54), down-regulate antigen uptake, enhance antigen processing and 

presentation and start producing inflammatory cytokines (TNF-α, IL-1 and IL-12). 

Furthermore, the DC start expressing chemokine receptors (CCR7) which enable 
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them to migrate to the secondary lymphoid tissue towards the homing chemokines. 

Finally, all these transformations give DC the ability to prime naïve T lymphocytes 

(Banchereau & Steinman, 1998).  

Upon activation, the DC travel to the lymphoid tissue, where they stimulate 

naïve T lymphocytes. In order to do this, DC increase expression of the surface 

receptor CCR7. This allows them to migrate towards homing chemokines CCL19 and 

CCL21, which attract DC to the lymph nodes (Alvarez et al., 2008). However, this is 

sometimes not sufficient, as it was shown that another stimulus, such as 

prostaglandin E (PGE2), is required for activation of the CCR7 receptor (Scandella et 

al., 2002; Scandella et al., 2004). 

 

Fig. 4: Model of dendritic cell activation - DC as a bridge between innate and adaptive 

immunity. DC can be activated by various stranger or danger molecules, which result in DC 

maturation and migration to the lymph node. DC are present in all tissues, where they 

continuously sample antigens from the surrounding environment. There are two models of 

DC activation – the stranger and the danger model. According to the stranger model 

(Janeway), DC can recognize pathogens by pathogen-associated molecular patterns 

(PAMPs), which can activate the pattern-recognition receptors (PRRs). Whereas in the 

danger model (Matzinger), stressed or dying cells release danger signals – damage-

associated molecular patterns (DAMPs), which then activate their corresponding receptors 

on DC. In both cases, DC are activated (enhancement of co-stimulatory molecules) and 

migrate to the lymphoid tissue, where they present antigens on MHC molecules and 

stimulate T cells. (TCR, T-cell receptor) (Kono & Rock, 2008) 
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The activation of DC can be induced by a large variety of stimuli: microbial 

products, endogenous (danger) signals and feedback signals from cells of the 

immune system (cytokines or direct contact with T cells) (Macagno et al., 2007). 

However, also other stimuli such as cAMP elevation (Garay et al., 2010), Ca2+ and K+ 

ion signaling (Matzner et al., 2008; Shumilina et al., 2011), contact sensitizers 

(Kagatani et al., 2010), or mechanical stress (Jiang et al., 2007) were shown to have 

the capacity to activate DC. Depending on the type of stimuli, the maturation state of 

DC can vary and lead to development of immunogenic DC or tolerogenic DC 

(Mellman, 2013). Subsequently, this specific state of DC maturation then shapes the 

resulting adaptive immune response. Different arrays of cytokines released by the 

differentially matured dendritic cells play an important role in determining T-cell 

outcomes. The production of IL-12 promotes the development of Th1 cells, whereas 

the production of IL-4 favours the development of Th2 cells and the production of IL-

23 results in the development of Th17 cells. Transforming growth factor-β1 (TGFβ1) 

promotes the development of Treg cells, IL-10 induces Tr1 cells, and IL-6 also 

contributes to Th17 cell development (Romagnani, 2005). 

. 
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Fig. 5: Stimulatory and regulatory DC in health and disease. DC are a plastic lineage 

able to process and integrate signals from the microenvironment. Under pro-inflammatory 

conditions, stimulatory DC promote an effective immune response by stimulating T cell 

proliferation and shaping T cell responses toward Th1, Th2, or Th17 phenotypes. This crucial 

role allows the immune system to clear pathogens and keep transformed cells in check. 

Nevertheless, uncontrolled DC activation can lead to tolerance ablation, fostering the 

development of autoimmune diseases like rheumatoid arthritis. Under a tolerogenic 

environment, DC acquire regulatory functions, suppressing T cell activation and proliferation 

and providing signals that enable Treg and Tr1 differentiation and expansion. This function 

maintains tolerance in organs to a variety of harmless antigens, like the gut. However, 

regulatory DC function can be exploited by tumors and pathogens leading to tumor 

progression and chronic infection. Adopted from (Schmidt et al., 2012). 

 

Subsets of DC 

 Both murine and human DC can be divided according to their phenotype and 

function to two main categories: conventional DC (plus inflammatory DC derived from 

circulating monocytes) and plasmacytoid DC. The conventional DC are located in 

peripheral tissues (skin and mucosal surfaces) where they take up antigens, upon 

stimulation migrate to afferent lymph nodes and prime naïve T lymphocytes. On the 

other hand, the plasmacytoid DC accumulate mainly in the blood and the lymphoid 

tissue and their task is to respond to bacteria and viruses by Type I interferon 

production. In Fig. 6 is a scheme of four major subsets and functional specialization 

of DC which can be found in mice and humans. 
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Fig. 6: Major subsets of DC in mouse and human.  Human and mouse DC subsets can be 

aligned into four major subsets irrespective of their location in secondary lymphoid tissues or 

in the parenchyma of non-lymphoid organs. The precursors that are found in the blood and 

give rise to the four major DC subsets are shown. Alternative markers or names used to 

identify those subsets are also indicated, as well as the proposed conserved functional 

specialization of these subsets (Dalod et al., 2014). 

 

4.1.3 Vaccination 

Vaccination is considered as one of the greatest public health achievements of 

the twentieth century and it has contributed to a dramatic decline in mortality from 

infectious diseases. In the past, vaccines have been developed empirically, without 

or with only minimal understanding of immunological mechanisms that act in vaccine 

efficacy. Currently, we are trying to design vaccines rationally, using our improved 

immunological knowledge.  

There are two types of vaccines. Live attenuated vaccines comprise 

weakened forms of the pathogens (example vaccines: chicken pox, rubella, measles, 

mumps). The immunity induced by these types of vaccines is similar to post-

infectious immunity and thus it is usually quite effective and conferring long-lasting 

protection. The second type are subunit vaccines, consisting of only a specific part of 



21 

 

the pathogen (example vaccines: pertussis, diphtheria, tetanus, hepatitis B) 

(Pulendran & Ahmed, 2011). 

 

4.1.3.1 Role and mechanism of various adjuvants 

The acellular vaccines usually contain some adjuvant, a specific substance, 

which has the ability to potentiate (augment) the induced immune response. 

However, another effect of the adjuvant is that it also shapes the type of the immune 

response, often towards a different type of immune response than would occur 

during the natural course of infection.  

Until now, only few adjuvants have been licensed for general use in humans. 

They are listed in the Table 1, together with their mechanism of action and type of the 

immune response they activate. 

 

Table 1: Immune activation by adjuvants (Coffman et al., 2010; Pulendran & Ahmed, 

2011) 

Adjuvant Mechanism of action Type of immune response 

Alum (aluminium salt) Caspase-1 and NLRP3 

inflammasome activation in 

DCs 

Th2, Ab (+Th1 in humans) 

AS04 (a combination 

adjuvant composed of 

monophosphoryl lipid A (a 

TLR4 ligand) adsorbed to 

alum) 

TLR4 and inflammasome 

activation 

Th1, Ab 

MF59 and AS03 (squalene-

in-water emulsion) 

Unknown; probably 

enhanced uptake by APCs; 

tissue inflammation 

Th1+Th2, Ab 

Some of possible new adjuvants 

Flagellin-protein fusions Activates TLR5 and 

inflammasome components 

Th1 and Th2 

TLR7 and TLR8 ligands TLR7 ligands Th1, Ab 

CpG DNA TLR9 ligand Th1, Ab 

 

 Despite the extensive use of these adjuvants, little is known about their exact 

mechanism of action or their potential toxic effects. Further studies need to be 

conducted to find specific adjuvants that induce desirable immune responses and 

ideally create a lifelong memory. 
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4.2 Bacterial toxins 

Bacterial toxins are important virulence factors produced by bacteria. They have 

the ability to promote infection directly by damaging host tissues or by manipulating 

host immune responses. Various bacterial toxins have different mechanisms of 

toxicity. Pore-forming toxins form pores within cellular membrane, disrupt ion 

homeostasis and eventually can cause the lysis of a cell. Other toxins manipulate 

important cellular signaling pathways, for example by elevating cAMP, a key second 

messenger molecule. Yet other toxins block protein synthesis and thus trigger host 

cell apoptosis.  

Many bacterial toxins then have an interesting potential as useful tools for 

research. Even more important, toxins can be valuably used in the field of medicine 

(Adkins et al., 2012). 

 

4.2.1 Pore-forming toxins 

One of the most important groups of bacterial toxins are the pore-forming 

toxins (PFTs). This group comprises approximately 25 % of all known bacterial 

protein toxins. Although they are quite diverse proteins and the group is rather 

heterogenic, PFTs share similar mechanisms of the action. According to their name, 

they use an evolutionary ancient, but still very effective strategy: by compromising 

the permeability barrier of host cells membranes, these toxins significantly interfere 

with ion homeostasis of host cells (Linhartova et al., 2010). Nevertheless, hosts have 

developed efficient strategies to overcome this kind of bacterial attack, eliciting a 

robust transcriptional response. So we can speak about the general host cell 

response to PFTs (Bischofberger et al., 2012; Huffman et al., 2004; Kao et al., 2011; 

Los et al., 2013). 

 

4.2.1.1 Host cell response to PFTs 

The disruption of membrane integrity causes osmotic stress. Especially critical 

is the role of disruption of potassium homeostasis by excessive K+ efflux and 

intracellular K+ depletion, which can lead to apoptosis (Yu, 2003). Not surprisingly, 

the toxicity of PFTs is dose-dependent. At high concentrations of PFTs, the cells 
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cannot stand the high pore-forming activity within their plasma membrane and die 

quickly, whereas for low sublytic PFT concentrations, host cells have developed 

efficient strategies to counteract pore-formation. The key mechanism consists in the 

activation of mitogen-activated protein kinases (MAPKs) (Cancino-Rodezno et al., 

2010; Porta et al., 2011; Kao et al., 2011). MAPK family is a group of highly 

conserved proline-directed, protein-serine/threonine kinases, which are activated by 

stress and control host systems involved in cell survival, proliferation and adaptation 

(Krishna & Narang, 2008). While ERK1/2 is considered to be the extracellular signal-

regulated kinase, JNK and p38 are mainly stress-activated protein kinases. The p38 

and JNK pathways play an important role in immunity (Cargnello & Roux, 2011; Dong 

et al., 2002). Interestingly, it was shown that loss of cellular potassium specifically 

triggers p38 phosphorylation (Kloft et al., 2009). This is now considered to be the 

conserved host response in nematodes, insects and mammals (Porta et al., 2011).  

Yet another supporting data from genomic studies (microarray analysis), 

performed on the nematode Caenorhabditis elegans, revealed that the Cry5B toxin 

from Bacillus thuringiensis up-regulates p38 and JNK mRNA levels (or to be exact, 

their equivalent) (Huffman et al., 2004). Moreover, the elimination of either of these 

MAPK pathways resulted in hypersensitivity to low chronic dose or high brief dose of 

this toxin (Huffman et al., 2004). Even though the Cry toxin targets nematodes and 

insects (de Maagd et al., 2003), similar behaviour was observed also on mammalian 

baby hamster kidney cells treated with aerolysin (Huffman et al., 2004). This might 

reflect a general form of host strategy of coping with PFTs. Although the importance 

of p38 activation during the defence against PFTs was already shown earlier 

(Huffman et al., 2004; Husmann et al., 2006; Bischof et al., 2008; Cancino-Rodezno  

et al., 2010), Kao recently pointed out that it is dominantly the JNK pathway that 

regulates the transcriptionally-induced defences. The main actor in this play appears 

to be the downstream regulator AP-1, an ancient transcription factor, which is 

conserved from worms to humans (Kao et al., 2011).  

Many of these cellular responses to PFTs include the immune signaling. 

MAPK p38 activates the IRE-1 pathway that influences the immune response via NF-

κB activity (Xu et al., 2005). Furthermore, the IRE-1 pathway participates in 

phospholipid biogenesis that helps membrane restoration. It was reported that mRNA 

for the major neutrophil chemokine IL-8 (KC) accumulated upon p38 activation 

mediated by PFT(s) like vaginolysin (VLY) and (PLY) (Gelber et al., 2008; Ratner et 



24 

 

al., 2006), while anthrax lethal toxin (LeTx) down-regulates expression of IL-8 (Chow 

et al., 2010). Furthermore, streptolysin O (SLO) is able to induce production of 

several inflammatory mediators such as TNF-α, IL-13, IL-4, IL-6, MCP-1 and GM-

CSF (Stassen et al., 2003). 

 

The schematic representation of selected response pathways to PFT attack 

are depicted in Fig. 7. It is noteworthy that calcium and potassium act as the major 

regulators of cellular response to PFTs. As a consequence of drop in potassium 

level, the cell might respond by autophagy, arrest of global translation, formation of 

lipid droplets, activation of MAPK kinases, histone H3 dephosphorylation and 

activation of caspases 1 and 2, respectively. On the other hand, the rise in cytosolic 

calcium concentration can lead to rapid restoration of membrane integrity, plasma 

membrane fusion of secretory vesicles, activation of calpain and inhibition of 

mitochondrial function (Bischofberger et al., 2012). 

 

Fig. 7: Schematic representation of selected response pathways to PFT action. The 

described pathways have been reported but do not necessarily apply to all PFTs. Calcium 

entry through the pore may lead to the calcium dependent formation of membrane blebs that 

may initially be isolated from the rest of the cell by an annexin plug. If membrane repair fails 

in the blebs, the membrane domain can be shed off the cell. Calcium entry may also trigger 

the fusion of secretory lysosomes that contain acid sphingomyelinase (ASM). Upon 

secretion, ASM cleaves the head groups of sphingomyelin and phosphatidyl choline, which in 

turns triggers endocytosis, leading to uptake of the PFTs. Efflux of ATP through the pore may 
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lead to the activation of P2X channels, which in turn leads to opening of the pannexin 

channels, allowing massive potassium efflux. Adopted from (Bischofberger et al., 2012). 

 

4.2.2 Bacterial toxins in antigen delivery and immunotherapy  

Bacterial toxins have been extensively studied for almost a century now. Their 

mechanism of action helped to elucidate many processes within the cell. Due to the 

better understanding of their behavior, toxins can now be wisely manipulated to act 

for beneficially purpose. Over the last 30 years, bacterial toxins and their mutated 

variants have been exploited as vectors for antigen delivery, as adjuvants, or in 

immunotherapy of various infectious, malignant and autoimmune diseases.  

 Several toxins were reported to have the capacity to deliver antigens into host 

cells for antigenic presentation and stimulation of specific T cell responses. The 

examples comprise Bordetella pertussis adenylate cyclase toxin, Bacillus anthracis 

lethal and edema toxins, Shigella dysenteriae shiga toxin, Escherichia coli shiga-like 

toxin and the effector proteins of the type III secretion system of Yersinia or 

Salmonella. 

Some bacterial toxins have the potential to act as adjuvants and stimulate 

mucosal and/or systemic immune responses (e.g. Vibrio cholera cholera toxin, 

Escherichia coli heat-labile enterotoxin, Bordetella pertussis pertussis toxin or the 

Cry1A protein of Bacillus thuringiensis). Other toxins were shown to be effective in 

immunotherapy such as the Corynebacterium diphtheriae diphtheria toxin and 

Pseudomonas aeruginosa exotoxin A. 

 

Below are listed only a few examples of bacterial toxins exhibiting an interesting 

potential of practical use: 

 

Anthrax toxins of Bacillus anthracis: B. anthracis is the causative agent of 

anthrax. There are three components of anthrax toxins: protective antigen (PA), 

lethal factor (LF) and edema factor (EF). PA plus LF in combination form the lethal 

toxin which causes death of experimental animals (H. Smith & Keppie, 1954), 

whereas PA plus EF form the edema toxin, which increases cellular cAMP levels and 

can cause skin edema (Leppla, 1982; Stanley & Smith, 1963). PA binds to its 

receptors, the tumor endothelium marker 8 and the capillary morphogenesis protein 
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2, both of which are expressed also on the surface of antigen presenting cells 

(Bradley et al., 2001; Scobie et al., 2003). Then, PA is cleaved, oligomerizes into 

heptameric pores, binds LF or EF and the complex is endocytosed (Klimpel et al., 

1992; Gupta et al., 2001; Kumar et al., 2001). With the help of PA, the LF and EF 

subunits are able to translocate from the endosomes into cell cytosol (Milne et al., 

1993; Guidi-Rontani et al., 2000). While EF is an adenylate cyclase (Leppla, 1982), 

the toxicity of LF lies in its ability to cleave MAPK kinases (Duesbery et al., 1998).  

Modified LF and modified LF/EF with PA were, indeed, exploited as a potential 

antigen delivery system. This was shown to successfully generate T cell responses in 

many settings (Chandra et al., 2007; Adkins et al., 2012). It is noteworthy that mice 

immunized with LF/EF - PA constructs bearing antigens from L. monocytogenes, or 

LCMV, were protected against lethal challenge (Ballard et al., 1996; Doling et al., 

1999). The enzymatically active ET was shown to act as an adjuvant for co-

administered antigens (Duverger et al., 2006; Maldonado-Arocho et al., 2009). In 

addition, PA with LF were exploited for cancer immunotherapy and PA-L1 + LF 

construct was shown to induce 90 % tumor growth inhibition and 30 % complete 

regressions of the V600E BRAF melanoma cell line C32 xenografts in mice (Liu et 

al., 2000). 

 

Cholera toxin of Vibrio Cholerae and heat-labile enterotoxin of Escherichia coli: 

V. cholera and enterotoxigenic strains of E. coli are responsible of cholera and 

traveller’s watery diarrhoea, respectively. Both toxins have similar AB5 structure, bind 

to gangliosides receptors on cell surface (Holmgren et al., 2003) and are delivered to 

the cell cytosol via the retrograde transport pathway. Upon translocation of the A 

subunit, they ADP-ribosylate G proteins provoking increase of cytosolic cAMP (Gill & 

Woolkalis, 1991).  

The AB5 cholera toxin (Ctx) and heat-labile enterotoxin (Etx) are known to be 

potent mucosal adjuvants (Elson & Ealding, 1984; Clements et al., 1988). However, 

not only toxins, but importantly also their nontoxic mutants, or only their B subunit 

oligomers, were shown to exert adjuvant properties (Del Giudice & Rappuoli, 1999; 

Salmond et al., 2002). Moreover, these toxins were shown to deliver antigens as 

well. Both of the modified toxins were tested in clinical trials as part of the cholera or 

enterotoxigenic E. coli vaccines (Silva et al., 2008; Lapa et al., 2008). In addition to 

that, both toxins could modulate the immune response. While these toxins rather 
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stimulate the immune response, their nontoxic variants can induce tolerance 

(Salmond et al., 2002; Sun et al., 2010). Toxoids were reported to be very efficient in 

moderation of immune responses in a variety of autoimmune diseases or other 

immunopathological conditions, such as diabetes or Behcet’s disease (Bergerot et 

al., 1997; Stanford et al., 2004). 

 

Pertussis toxin of Bordetella pertussis: Pertussis toxin (PT) is another important 

virulence factor of B. pertussis. PT belongs to the superfamily of AB5 toxins. It binds 

to sialic acid on cell surface and uses the retrograde transport pathway through Golgi 

apparatus to the endoplasmic reticulum, where the A subunit translocates to the 

cytosol (Plaut & Carbonetti, 2008). A subunit then ADP-ribosylates small 

heterotrimeric G proteins, which are responsible for regulation of the endogenous 

adenylate cyclases, resulting in elevated cAMP levels within host cells (West et al., 

1985). PT has several inhibiting effects on the immune system during the course of 

B. pertussis infection (Carbonetti  et al., 2003; Carbonetti, 2010).  

PT was shown to act as an adjuvant (Roberts et al., 1995; Samore & Siber, 

1996). Moreover, mutated PT without ADP-ribosylating activity still exhibited adjuvant 

properties, as was shown in numerous works (Roberts et al., 1995; Ryan et al., 1998; 

Ausiello et al., 2002; Wang et al., 2006). The safety and immunogenicity of its non-

toxic form (PT9K/129G) was confirmed in clinical trials (Podda et al., 1990; Del 

Giudice & Rappuoli, 1999). Besides, PT or its PT-B oligomer was reported to have 

the capacity to inhibit some viral infections, as was shown in the mouse model of HIV 

infection (Lapenta et al., 2005).  

 

Shiga toxin of Shigella dysenteriae and shiga-like toxin of Escherichia coli: 

These AB5 toxins (Stx and Stx1) are involved in dysentery, haemorrhagic colitis or 

hemolytic uremic syndrome. They belong to the AB5 family of protein toxins, with 

enzymatically active A part and B5 part oligomer responsible for the binding to 

surface receptors on cells, which is the globotriose-ceramide in this case. The toxin is 

transported via retrograde pathway and after the translocation into cell cytosol, the A 

part inhibits protein synthesis and causes cell death (Sandvig & van Deurs, 1996; 

Tesh, 2010).  
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The nontoxic B5 oligomer part was shown to both deliver antigens and to act 

as an adjuvant (Lee et al., 1998; Noakes et al., 1999; Choi et al., 2005). Although no 

maturation of BMDC after incubation with StxB was observed (Vingert et al., 2006), 

the nasal administration or in vitro incubation with Stx1B induced the expression of 

maturation markers on DC (Ohmura et al., 2005). Shiga toxin possesses also a 

potential to be an effective antiviral agent (al-Jaufy et al., 1994; Ferens et al., 2006). 

Interestingly, it can be used to specifically target cancer cells (El Alaoui et al., 2007) 

or be injected in some tumors as it was reported to inhibit tumor growth in mice 

(Farkas-Himsley et al., 1995; Ishitoya et al., 2004) . 

 

Listeriolysin O of Listeria monocytogenes: Listeriosis can be dangerous for 

immunocompromised individuals and pregnant woman. Listeriolysin O (LLO) belongs 

to the family of cholesterol-dependent cytolysins. The toxin can be activated in 

phagosomes and thus enables bacteria to egress into cell cytosol (Portnoy et al., 

1992; Gedde et al., 2000). 

LLO has been used for antigen delivery into MHC class I and II pathways. 

Moreover, a variety of viral and tumor antigens fused with LLO have been shown to 

generate antigen-specific CD4+ and CD8+ T cell responses and to induce anti-tumor 

immunity in mice (Dietrich et al., 2001). Besides, LLO has been expressed in a wide 

variety of attenuated live bacterial vaccines to help them reach the cytosol and 

consequently be processed by MHC class I presentation pathway for CD8+ T cell 

stimulation (Dietrich et al., 1998; Dietrich et al., 2003). In addition to that, LLO was 

shown to possess an adjuvant capacity and it induces DC maturation and production 

of pro-inflammatory cytokines (Yamamoto et al., 2006). An LLO based construct (Lm-

LLO-E7) was shown to be safe in immunotherapy of cervical carcinoma (Maciag et 

al., 2009). Furthermore, live-attenuated Listeria vaccines ANZ-100 and CRS-207 

(expressing tumor-associated antigen mesothelin), tested in phase I clinical study in 

patients with liver metastases and mesothelin-expressing cancers, were safe and 

resulted in immune activation (Le et al., 2012). Recently, it was shown that the CRS-

207 vaccine with GVAX (GMCSF-secreting allogeneic pancreatic tumor cells) prime 

extended survival of patients with pancreatic cancer while exhibiting minimal toxicity 

(Le et al., 2015). 
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Diphteria toxin of Corynebacterium diphteriae: Diphteria toxin (DT) is a very 

potent toxin which causes a serious respiratory distress. The toxin consists of three 

domains: an enzymatically active A domain, a translocation T domain and a receptor 

binding domain B. It uses surface receptor binding, endocytosis, retrograde pathway 

and translocation from endosomes to deliver its A domain into the cell cytosol 

(Cabiaux et al., 1993). This results in ADP-ribosylation of elongation factor 2 (Bennett 

& Eisenberg, 1994) and consequently in apoptosis of host cells (Brinkmann et al., 

1995).  

Detoxified diphtheria toxin is used in diphtheria vaccines. Moreover, it has 

been used as a carrier in glycoconjugate vaccines to enhance the immunity response 

against several bacterial pathogens, which was important particularly for a significant 

reduction of Haemophilus type b and Streptococcus pneumoniae infection in children 

(Hausdorff et al., 2009). Besides, DT was shown to deliver various antigens as well 

(Stenmark et al., 1991). Interestingly, the toxin (or its part or fused mutants) was used 

in many other fields, exploiting its unique properties: for eradication of HIV-infected 

cells (Brdar et al., 2002; Alfano et al., 2005), in the treatment of autoimmune 

diseases (Woodworth & Nichols, 1993; Gottlieb et al., 1995), for cancer gene therapy 

(Maxwell et al., 1986; Lidor et al., 1997), or for the immunotherapy of cancer (Ohana 

et al., 2002; Mizrahi et al., 2009).  

 

Exotoxin A of Pseudomonas aeruginosa: P. aeruginosa is an opportunistic 

bacterial pathogen which can cause infections in immunocompromised individuals 

and particularly in cystic fibrosis patients. Often, it is also responsible for nosocomial 

infections. The structure of Exotoxin A (PE) toxin is similar to the DT toxin, with three 

different domains being responsible for binding, translocation and enzymatic 

activity/toxicity, respectively (Allured et al., 1986). Similarly, also the route of toxin 

penetration into cell cytosol and mechanism of cytotoxicity are alike, yielding 

apoptosis of the host cell (Smith et al., 2006; Koopmann et al., 2000; Iglewski et al., 

1977; Jenkins et al., 2004). 

PE in its non-toxic form was used as a vector for antigen delivery. To mention 

some of the studies: the mutant PE variant with OVA polyepitope induced CD8+ T 

cell protective immunity against lethal OVA-expressing tumor challenge in mice 

(Becerra et al., 2003). DNA vaccines or recombinant protein vaccines comprising part 

of PE fused to E7 (antigen from HPV16) generated strong specific CD8+ T cell-
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mediated immunity, protective against E7-expressing tumors (Hung et al., 2001; Liao 

et al., 2005). PE immunotoxins were shown to act also as anti-viral agents, but 

unfortunately, they failed in Phase I clinical trials (Ramachandran et al., 1994). 

However, some improved forms of PE immunotoxin were prepared and shown to be 

effective in depletion of HIV-infected cells (Berger et al., 1998). Additionally, PE was 

reported to be a strong mucosal and also systemic immunogen (Chen et al., 1999; 

Mrsny et al., 2002; Challa et al., 2007). In the contrary to DT, the clinical trials did not 

confirm any advantage of using PE in glycoconjugate vaccines (Pier, 2007). 

 

DT and PE immunotoxins: Immunotoxins are molecules consisting of a protein toxin 

and a ligand (usually an antibody, growth factor or cytokine). On the surface of the 

target cell, the ligand binds to a tumor-associated antigen and delivers the toxin into 

cell cytosol, which eventually leads to cell death. Several immunotoxins have already 

been tested in clinical Phase I trials. A PE immunotoxin (HA22) is currently ongoing 

further trials (phase III) and a DT immunotoxin (DAB(389)IL-2) is already used for 

treatment of cutaneous T cell lymphoma (Wolf & Elsasser-Beile, 2009; Kreitman,  

2009). 

 

Some other toxins have other interesting capacities. Botulinum neurotoxin of 

Clostridium botulinum was shown to be useful for treatment of neurological disorders 

or in cosmetic industry and interestingly, cytotoxic necrotizing factor 1 of Escherichia 

coli, besides its adjuvanticity, was shown to improve learning and memory (Fabbri et 

al., 2008). 

 

4.3 Bordetella pertussis and infection 
 

4.3.1 Bordetella 

 Bordetellae are small, Gram-negative aerobic coccobacilli. The genus 

comprises nine species: B. pertussis, B. bronchiseptica, B. parapertussis, B. 

parapertussisov (ovine-adapted), B. avium, B. hinzii, B. holmesii, B. trematum, and B. 

petrii. However, only some of the species are associated with respiratory infections in 

mammals. These are mainly due to B. pertussis, B. bronchiseptica and B. 

parapertussis. B. pertussis is a strictly human pathogen and it is a causative agent of 
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whooping cough (pertussis). B. parapertussis causes a milder pertussis-like infection, 

while B. bronchiseptica can infect a wide range of mammalian species, occasionally 

causing respiratory infections also in humans (Mattoo & Cherry, 2005). Bordetellae 

have a close phylogenetic relationship and a similar mechanism of pathogenesis. 

The diseases are transmitted by infected droplets from other hosts and bacteria then 

adhere to cilia of respiratory mucosa. The virulence of these three Bordetella strains 

is controlled by a two-component BvgAS system that regulates the expression of 

virulence factors in response to changes in extracellular signals from the surrounding 

environment (Mattoo & Cherry, 2005; Preston et al, 2004). 

 

4.3.2 Bordetella pertussis infection  

Bordetella pertussis was first isolated by Bordet and Gengou in 1906, but 

whooping cough (pertussis) has been known since the sixteenth century as a highly 

contagious, acute respiratory illness, which could be particularly severe in infants and 

children (Mattoo & Cherry, 2005). While pertussis is often associated with infants and 

young children, also adults may be infected. More importantly, adult often serve as 

carriers of the pathogen (Birkebaek et al., 1999; Rocha et al., 2015). 

 

Despite extensive immunization world-wide, pertussis remains the least 

controlled vaccine-preventable infectious disease. Currently, there are about 16 

million pertussis cases reported annually worldwide and about 195,000 children 

deaths occur per year (http://www.cdc.gov/pertussis/countries.html).  

 

Bordetella pertussis infection can last 6 to 12 weeks, or even longer. It is a 

long-lasting illness, as is also evident from the Chinese term for whooping cough 

disease, which can be translated “the cough of hundred days“. It has three stages: 

catarrhal, paroxysmal and convalescent. After the incubation period, usually of 7 to 

10 days, patients develop symptoms similar to the common cold, such as heavily 

runny nose, sneezing and mild cough. However, the body temperature remains 

rather normal. One reason why pertussis is so dangerous for infants is that it is the 

sole major infectious disease that is not accompanied by fever, until the critical 

pneumonia develops. Therefore, pertussis or whooping cough are typically 
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diagnosed too late, at a stage where application of antibiotics to the diseased infant 

has little effect. 

The catarrhal stage continues for one or two weeks, with the cough getting 

gradually worse. The classical symptom of the paroxysmal stage is a paroxysmal 

cough characterized by an inspiratory “whoop” as air rushes into the lungs against a 

narrowed glottis at the end of a cough. This paroxysmal episodes occur in a group 

and may be followed by an exhaustion. Often, the paroxysms are associated with 

tenacious mucus and vomiting. Interestingly, between paroxysms the patients seem 

normal, without any respiratory problems (Mattoo & Cherry, 2005). Other systemic 

manifestations of pertussis could include: lymphocytosis, dehydration and 

malnutrition caused by posttusive vomiting, dysregulated insulin secretion, alteration 

in neurological function and paroxysmal cough occurring after the infection (Hewlett 

et al., 2014). The paroxysmal stage lasts commonly for 2 to 8 weeks with the slow 

transition into the convalescent stage, which continues for another 1 to 2 weeks or 

often even longer. The paroxysms in this stage are less frequent and milder (Mattoo 

& Cherry, 2005). However, pertussis may be more serious in infants causing 

necrotizing bronchiolitis, intraalveolar haemorrhage and fibrinous edema. Severe 

cases then manifest by extreme lymphocytosis, pulmonary hypertension and 

respiratory failure (Paddock et al, 2008). 

  

The pertussis disease starts by inhalation of aerosol droplets containing B. 

pertussis. Subsequently, bacteria colonize the mucosa of the upper respiratory tract, 

where they produce a variety of virulence factors (see further Fig. 9) (Carbonetti, 

2007; Mattoo & Cherry, 2005). It was shown that bacterial tracheal cytotoxin (TCT) 

and LOS synergize in the induction of IL-1α and NO production in hamster trachea 

epithelial cells (Flak et al., 2000). Further, the use of organ culture model of hamster 

trachea revealed that bacteria adhere to cilia, cause mucin hypersecretion and 

epithelial damage resulting eventually in decreased mucociliary clearance (Soane et 

al., 2000). In line with that is the fact, that the human bronchial epithelial cell line 

BEAS-2B was shown to up-regulate mRNA expression of genes encoding IL-6, IL-8, 

chemokine MCP-1 and two genes inducing mucin secretion (MUC2 and MUC5AC) 

after interaction with B. pertussis (Belcher et al., 2000). However, B. pertussis not 

only adheres to, but may also invade human tracheal epithelial cells (Bassinet et al., 

2000). It was thought that the bacteria within the cells are efficiently killed (Bassinet 
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et al., 2000; Gueirard et al., 2005). However, Lamberti et al. recently showed that a 

significant portion of B. pertussis is able to survive within the human epithelial cell 

line A549 for several days (Lamberti et al., 2013).  

The cause of pertussis persistence could be that many B. pertussis virulence 

factors exert important immunomodulatory actions and thus suppress the proper 

immune response. This leads probably to bacterial persistence and severity of 

disease. In Fig. 8 is a summary of immunomodulatory effects of some of the 

virulence factors of B. pertussis. Both the innate as well as the adaptive immunity is 

affected. Interestingly, we still have no idea why pertussis makes people cough. 

Cherry even proposed there could be some yet undiscovered “cough toxin” (Cherry, 

2013). 
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Fig. 8: The onset of Bordetella pertussis infection and immunity to B. pertussis in 

naïve host (evidence from the murine respiratory challenge model). When B. pertussis 

enters the respiratory tract, the bacteria bind to ciliated epithelial cells, but are also 

recognized and taken up by resident or infiltrating cells of the innate immune system, such as 

macrophages (Mac) and immature dendritic cells (iDC). DC process and present bacterial 

antigens to T cells. The production of interleukin (IL)-12 by innate cells results in polarization 

of the T-cell response to the T helper type 1 (Th1) subtype, and IL-1β and IL-23 drive the 

differentiation of Th17 cells. However, in early infection the local T-cell responses are 

suppressed by innate cells that secrete IL-10 in response to filamentous hemagglutinin 

(FHA), adenylate cyclase toxin (ACT), or type III secretion system (TTSS) and by the 

consequent regulatory T (Treg) cells. Nitric oxide (NO) and the pro-inflammatory cytokines, 

IL-1 and tumor necrosis factor (TNF-α) are induced by bacterial toxins, especially 

lipopolysaccharide (LPS), tracheal cytotoxin (TCT), ACT, and pertussis toxin (PT), and as 

well as contributing to bacterial elimination, also mediate local lung pathology and are 

responsible for many of the systemic and neurological consequences of the infection. 

Interferon (IFN-γ) secreted early in infection by DC and natural killer (NK) cells, and later in 

infection by Th1 cells, stimulates recruitment and activation of macrophages and neutrophils 

and provides help for B cells to secrete opsonizing and complement-fixing antibody 

(immunoglobulin (Ig) G2a in the mouse). IL-17 secreted by Th17 cells promotes macrophage 

inflammatory protein 2 production and neutrophil recruitment and activation. Opsonized or 

non-opsonized bacteria are taken up by neutrophils and macrophages, which are killed by 

NO or reactive oxygen intermediates. Black arrows represent inflammatory/effector immune 

responses and red arrows represent anti-inflammatory and immunosuppressive responses. 

TGF, transforming-growth factor; Adopted from (Carbonetti, 2007; Higgs et al., 2012). 

 

Immunity to B. pertussis 

As depicted in Fig. 8, protective immunity to B. pertussis is quite complex. 

Innate immunity controls the infection with the help of dendritic cells, macrophages, 

neutrophils, natural killer cells and antimicrobial peptides. Evidence suggests that 

neutrophils and macrophages activated by cytokines secreted by NK and CD4+ T 

cells are importantly involved in clearing B. pertussis infection (Higgs et al., 2012). 

Moreover, pertussis infection induces secretion of antibodies, which were shown to 

be involved in vaccine-induced adaptive immunity to B. pertussis in a mouse model 

(Mills et al., 1998). However, for successful Bordetella clearance, Th1 cells producing 

IFN-γ were shown to be essential (Ryan et al., 1997; Mascart et al., 2003; Mahon et 

al., 1997; Barbic et al., 1997). In addition, also Th17 cells were shown to help in 
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clearance of bacteria from the respiratory tract of infected mice (Dunne et al., 2010). 

Similarly, in baboons the natural infection results in very strong Th1 and Th17 

responses (Warfel & Merkel, 2013; Warfel et al., 2014). This is in agreement with the 

fact that an effective immune response for mainly an extracellular pathogen B. 

pertussis will require the induction of a mixed Th1/Th17 response stimulating the 

production of opsonizing, toxin-neutralizing and mucosal antibodies and memory T 

cells, producing cytokines to recruit and activate professional phagocytes (Melvin et 

al., 2014). On the contrary, B. pertussis subverts host protective immune response in 

order to prolong the infection. This is facilitated mainly by induction of regulatory T 

cells (Coleman et al., 2012). 

           Also other studies supported the crucial role of Th1 cells for an effective host 

immune response against B. pertussis infection, as summarized by Higgs et al. 

(Higgs et al., 2012). This explains well the efficacy of previously used wP vaccines 

that promoted Th1 type of immunity. On the contrary, aP vaccines induce 

predominantly Th2 type responses (Ryan et al., 1998; Ausiello et al.,1997), 

suggesting an explanation for the increasing emergence of whooping cough among 

populations in the most developed countries that switched recently to aP vaccines.  

 

Vaccination 

Whole-cell pertussis vaccines (wP), introduced in the 1940s, were effective in 

decreasing both morbidity and mortality caused by the whooping cough disease. 

Because of their reactogenicity, however, the wP vaccines have been replaced by 

the safer but less efficient acellular pertussis vaccines (aP) in many developed 

countries since 1990s (Preston et al., 2002; Higgs et al., 2012) As a result, the 

incidence of pertussis has increased and many epidemic outbreaks have been 

reported since then in developed countries (Poland, 2012). The deficiencies of aP 

vaccines were recently also confirmed by experiments in baboons, showing that the 

aP vaccine protects only from pertussis symptoms, but not from colonization by the 

pathogen or transmission of the disease (Warfel & Merkel, 2013).  

Melvin summarized strategies, mainly three possible ways, which are currently 

under investigation in order to make vaccination against pertussis work again: (i) the 

inclusion of additional antigens in aP vaccines, (ii) switching the adjuvant in aP 

vaccine, which would polarize immunity more toward Th1/Th17 responses (in 

contrast to Th2 response generated by now used alum adjuvant) and (iii) the 
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development of live, attenuated B. pertussis vaccines, which would be safer than the 

previously used wP vaccines (Melvin et al., 2014). 

 

4.3.3 Virulence factors and manipulation of host immunity 

Bordetella pertussis produces a wide spectrum of virulence factors. 

Filamentous hemagglutinin (FHA), fimbriae (FIM), pertractin (PRN) and tracheal 

colonization factor (Tcf) are responsible for the adhesion of the bacteria to ciliated 

epithelial cells. Other virulence factors are toxins, such as the adenylate cyclase toxin 

(CyaA), pertussis toxin (PT), dermonecrotic toxin (DNT), endotoxin or 

lipooligosaccharide (LOS) and tracheal cytotoxin (TCT). There are also molecules 

which act as complement resistance factors: Bordetella resistance to killing A (BrkA) 

and Vag8 proteins. The schematic representation of Bordetella pertussis virulence 

factors is shown in Fig. 9 and their immunomodulatory effects in Fig. 10. 

Furthermore, B. pertussis expresses the type 3 secretion system (T3SS), 

which has the ability to inject effectors directly across the plasma membrane into the 

target cell. Five genes encoding proteins secreted by T3SS were found in B. 

pertussis genome: BopN, BopB, BopD, BopC and Bsp22 (Fennelly et al., 2008). 
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Fig. 9: Bordetella petussis virulence factors. B. pertussis is depicted as a Gram-negative 

organism with inner and outer membranes (IM and OM), a periplasm and a capsule. The 

adhesins Fim, FhaB, pertactin, Tcf, BrkA, Vag8 and Bats are shown in blue; the toxins PTX, 

CyaA and DNT are in red; the accessory proteins FhaC, FimB, FimC, Type III, Type IV and 

Type I are in grey; the iron uptake systems ExbB/ExbD, TonB, FauA, BfeA and Bfrs are in 

green; and the regulatory systems BvgA, BvgS and BvgR are in beige. The large brown 

arrows represent the orientation of export and import of virulence factors and siderophores, 

respectively. The thinner brown arrows show the phosphorelay and the regulation circuit. 

Adopted from (Locht et al., 2001). 

Below is the description of the most important virulence factors of B. pertussis 

(except the CyaA toxin which will be dealt with in more details elsewhere): 

 

Filamentous hemagglutinin, a rod-shaped protein, serves as a major adhesin in 

vitro and as an important colonization factor in vivo (Inatsuka et al., 2005). It was 

proposed to bind to the complement receptor 3 (CR3), the very late antigen V (VLA-

5) and leukocyte response integrin/integrin associated protein (LRI/IAP) due to its 

interaction with its RGD (Arg-Gly-Asp) motif (Van Strijp et al., 1993). It was also 
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reported that FHA has the capacity to suppress immune response, however, recently 

Villarino et al., showed, that these observations were probably due to LPS 

contamination of FHA (Villarino et al., 2016). FHA is a component of the acellular 

pertussis vaccine. 

 

Fimbriae (type1 pili) consist of two protein subunits Fim2 and Fim3, the expression 

of which can undergo phase variation (Willems et al., 1990). According to the studies 

on tracheal explants, fimbriae play a role in mediating adherence to ciliated 

respiratory epithelium (Edwards et al., 2005). Moreover, FIM were shown to be 

necessary for colonization of the lower respiratory tract in rodents (Geuijen et al., 

1997; Mattoo et al., 2000). Recently, Scheller et al., confirmed in in vivo adherence 

assay using B. bronchiseptica and mice that FIM are, indeed, important adhesins, 

which mediate initial interaction with airway epithelial cells allowing then tight FHA 

binding. FIM and FHA then together mediate suppression of inflammation, leading to 

prolonged bacterial colonization (Scheller et al., 2015). 

 

Pertractin belongs to the family of classical autotransporter of outer membrane 

proteins. While PRN was shown to participate in adhesion on ciliated rabbit tracheal 

explant cultures (Edwards et al., 2005), the importance of PRN was not confirmed in 

in vivo experiments in mice (Khelef et al., 1994). This is also reflected by the fact that 

recently B. pertussis strains lacking PRN have been isolated from pertussis patients 

(Bouchez et al., 2009; Pawloski et al., 2014). PRN is included in the aP vaccine and 

current evidence indicates the loss of PRN production in circulating B. pertussis 

strains due to aP vaccine pressure (Guiso, 2014; Bouchez et al., 2015; Safarchi et 

al., 2015). 

 

Pertussis toxin is an exclusive virulence factor of B. pertussis. (Its structure and the 

mechanism of toxicity are described above). It contributes to pertussis pathogenesis, 

but it is not the only molecule responsible for pathogenicity as believed before. 

During infection, PT probably initially targets alveolar macrophages (Carbonetti, 

2007). Many activities of PT were identified. In vitro inhibition of migration of 

neutrophils, monocytes and lymphocytes (Spangrude et al., 1984) was later 

confirmed in mouse models (Kirimanjeswara et al., 2005; Andreasen & Carbonetti, 

2008). PT is also the cause the extreme lymphocytosis observed in patients (Mu et 
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al., 1994). As a key virulence factor and protective antigen (Bruss & Siber, 1999), PT 

is an important component of all aP vaccines (Carbonetti, 2015). Antibodies against 

PT prevent critical pulmonary pertussis in infants (Robbins et al., 2009). 

 

Dermonecrotic toxin, a typical A-B toxin, consists of an N-terminal receptor-binding 

and a C-terminal enzymatic domain. It has a transglutaminase activity and activates 

small Rho family GTPases (Schmidt et al., 1999). It causes necrotic skin lesions after 

being injected subcutaneously (Cowell et al., 1979). Interestingly, DNT is not 

secreted from bacterial cells grown in culture and it would only be released upon 

bacterial cell lysis (Cowel et al., 1979). The role of DNT during B. pertussis infection 

remains unknown. It was shown that in the mouse model, the B. pertussis mutant not 

producing DNT was as virulent as the wild-type bacteria (Weiss & Goodwin, 1989). 

 

Lipooligosaccharide is the B. pertussis form of LPS lacking the O-antigen (Caroff et 

al., 2001). LOS can stimulate TLR4, but it is less potent in that than LPS (Mann et al., 

2005; Marr, 2010). It is important to mention that human and murine TLR4-MD2-

CD14 complexes differ in their response to various forms of LPS. It seems that 

human response to LOS is stronger than in mice (Melvin et al., 2014). Only recently it 

was shown that the capacity of B. pertussis LOS to stimulate TLR4 signaling 

depends on GlcNac modification of lipid A (Maeshima et al., 2015). 

 

Tracheal cytotoxin is the only known virulence factor of B. pertusiss that is not 

regulated by BvgAS. TCT is produced during cell wall remodeling, but unlike the 

most Gram-negative bacteria which reuse it, B. pertussis releases a large amount of 

this disaccharide-tetrapeptide monomer of peptidoglycan (Cookson et al., 1989). It 

was shown that TCT and LOS from B. pertussis synergize in the induction of pro-

inflammatory cytokines (IL-1α, L-1β, IL-6 and TNF-α) and NO production, leading 

eventually to epithelial cell destruction in the model of hamster tracheal epithelial 

cells (Flak et al., 1999; Heiss et al., 1993). This is caused by the response of NOD1, 

a PPR sensitive to peptidoglycan (Magalhaes et al., 2005). However TCT is only 

poorly recognized by human NOD1 (Magalhaes et al., 2005), which raises a doubt 

whether TCT acts in pertussis pathogenesis any significantly. 
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Fig. 10: Immunomodulatory effects of Bordetella pertussis virulence factors. The 

combination of the action of virulence factors like FHA, PT, TCT, ACT, TTSS and LPS 

enables B. pertussis to resist the clearance by the mucociliary escalator and host immune 

system. Selected effects of individual virulence factors are separated by black dashed lines. 

Green arrows indicate a positive regulatory effect on the target cell or process. Red bars 

indicate a negative regulatory effect on the target cell or process. Cells crossing the black 

dashed lines are targeted by the virulence factor on either side of the line; this layout is for 

presentation purposes only and does not imply that there is any association between these 

separate effects. (ICAM-1, intracellular adhesion molecule 1; IL, interleukin; iNOS, inducible 

nitric oxide synthase; NLR, nucleotide-binding and oligomerization domain (NOD)-like 

receptor; NO, nitric oxide; SP, surfactant protein; TCR, T-cell receptor; Th, T helper; TNF, 

tumor necrosis factor; Treg, regulatory T cells.) Adopted from (Higgs et al., 2012). 

 

Importantly, some of the recent B. pertussis isolates from infected individuals 

do not express all of the virulence factors. With the replacement of the whole cell 

pertussis vaccine by the acellular pertussis vaccine, containing only few selected 

antigens, B. pertussis adapts to and escapes the vaccine-induced immunity by losing 

expression of some vaccine antigens/components (Bouchez et al., 2009; Guiso, 

2014). 
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For more details on the effects of virulence factors, pertussis pathogenesis, 

immunity and vaccination the reader is referred to some of the comprehensive review 

articles: Locht et al., 2001; Mattoo & Cherry, 2005; Shrivastava & Miller, 2009; Higgs 

et al., 2012; Fedele et al., 2013; Hewlett et al., 2014; Melvin et al., 2014; Sebo et al., 

2014. 

 

4.3.4 Experimental models for pertussis infection 

Pertussis pathogenesis has been studied on several animal models such as 

mice, rabbits, guinea pigs and newborn piglets (Elahi et al., 2007). Even though 

these models reproduce many aspects of pertussis, none of them fully reflects the 

pathogenesis of pertussis as it is observed in humans. Obviously, the most important 

clinical symptom - cough is missing. In addition, typical laboratory animals are not 

natural B. pertussis hosts. However, it was reported previously in some older studies 

that some of nonhuman primates developed very similar symptoms of pertussis 

infection as humans (Merkel & Halperin, 2014). Moreover Warfel et al. recently found 

that a baboon model of pertussis infection seems to reproduce well the typical human 

course of pertussis disease, including paroxysmal coughing, mucus production and 

leukocytosis. Moreover, the infection is more severe in young infants than in adult 

baboons, showing the same age-related correlation as in humans (Warfel & Merkel, 

2013). Under certain conditions, which fulfill current ethical and safety standards, 

Merkel and Halperin also consider using a human challenge model of pertussis 

(Merkel & Halperin, 2014). Recently, Guevara et al. introduced a good model for in 

vitro studies: primary human airway epithelial cells from human bronchi (Guevara et 

al., 2016). Hopefully, these new, more relevant models will help to deepen our 

understanding of pertussis pathogenesis and of the immune response to B. pertussis 

infection, so that a new generation of more efficient pertussis vaccines cab be 

developed. 
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4.4 Adenylate cyclase toxin - CyaA 

The adenylate cyclase toxin (CyaA, ACT) is a key virulence factor of the 

whooping cough agent Bordetella pertussis. In the murine respiratory model, CyaA 

was found to be critical for the initiation of lung colonization by the bacteria (Goodwin 

& Weiss, 1990; Khelef et al., 1992; Harvill et al., 1999). CyaA consists of 1706 amino 

acids and belongs to the RTX (repeat in toxin) family of bacterial pore-forming toxins 

(Linhartova et al., 2010). It is a bi-functional toxin possessing two independent 

activities: an enzymatic cell-invasive adenylate cyclase (AC) domain, consisting of 

the first 400 residues, whereas a pore-forming RTX ‘cytolysin’ moiety comprises the 

remaining 1306 residues.  

CyaA primarily targets myeloid phagocytes expressing the αMβ2 integrin 

(CD11b/CD18, CR3 or Mac-1) (Guermonprez et al., 2001) and translocates into their 

cytosol the adenylate cyclase enzymatic domain. Within the cell, the AC domain 

binds endogenous calmodulin and catalyses unregulated conversion of cellular ATP 

to cAMP, a key second messenger signalling molecule (Wolff et al., 1980; Confer & 

Eaton, 1982; Ladant & Ullmann, 1999). Through elevation of cytosolic cAMP levels 

the toxin disrupts cellular signaling pathways and significantly modulates host 

immune responses for the benefit of bacteria (Vojtova et al., 2006; Carbonetti, 2010). 

In parallel, the pore-forming conformer of ACT makes cation-selective pores 

into host cell membrane, promoting efflux of cytosolic potassium ions (Basler et al., 

2006; Osickova et al., 2010), which significantly interferes with a host ion 

homeostasis. Besides, the potassium efflux was shown to contribute to activation of 

the NALP3 inflammasome complex, which after priming by the LPS signal triggers 

production of IL-1β by DC (Dunne et al., 2010; Osickova et al., 2010).  

 

CyaA gene and secretion 

 CyaA toxin expression is controlled by the Bvg two-component system 

(Scarlato et al., 1991). The cya locus consists of five genes, with the cyaABDE genes 

grouped within an operon and the cyaC gene being transcribed in an opposite 

direction. While the cyaA gene encodes proCyaA, the other three genes encode the 

components of a type I secretion system (T1SS) (Glaser et al., 1988; Laoide & 

Ullman, 1990). The cyaC gene then encodes an acyltransferase CyaC, which 

catalyses the posttranslational palmitoylation of proCyaA (Barry et al., 1991). 
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CyaA is secreted via the type I secretion system (T1SS). The secretion signal 

is located at the C-terminal part of the toxin (Sebo & Ladant, 1993). The interaction of 

the secreted protein with the ABC transporter of T1SS triggers hydrolysis of ATP and 

provokes power strokes that enable insertion of the secreted protein into the T1SS 

conduit (Koronakis et al., 2000; Letoffe et al., 1996; Thanabalu et al., 1998). The 

mechanism of secretion of CyaA (and of other RTX toxins) has just been described in 

details by Bumba et al. Initially, the calcium-driven assembly of a C terminal capping 

structure triggers Ca2+-dependent folding of RTX domain. The formation of RTX β-roll 

structures then ratchets RTX protein translocation out of bacterial cells through the 

T1SS channel (Bumba et al., 2016). 

 

4.4.1 CyaA structure 

The CyaA molecule consists of 1706 residues and consists of two moieties 

(Fig. 11) (Ladant & Ullmann, 1999). The AC domain (~400 aa) forms the N-terminal 

part, whereas the pore-forming hemolysin (~1300 aa) forms the C terminal moiety 

and harbours a hydrophobic pore-forming domain (Basler et al., 2007; Benz et al., 

1994; Osickova et al., 1999), an acylation domain (Hackett et al., 1994; Hackett et 

al., 1995), an RTX domain with characteristic calcium-binding repeats of consensus 

X-(L/I/F)-X-GG-X-G-(N/D)-D sequence (Rhodes et al., 2001; Rose et al., 1995) and a 

C-terminal type I secretion signal (Sebo & Ladant, 1993). 

In order to become fully functional, the CyaA toxin needs to be post-

translationally modified by fatty-acylation. In Bordetella pertussis the lysine residues 

860 and 983 of CyaA are postranslationally palmitoylated by the toxin acyltransferase 

CyaC (Hackett et al., 1995, Masin et al., 2005). Further, Ca2+ plays an important role 

in CyaA toxin structure and activity. As it binds to numerous binding sites (~40) within 

the RTX domain, Ca2+ induces a major conformational change of the CyaA molecule 

that is necessary for folding of the RTX domain and penetration into the cell (Hewlett 

et al., 1991, Rose et al., 1995, Knapp et al., 2003). Importantly, the crystal structure 

of the RTX block V (1529-1681) was recently solved (Bumba et al., 2016). 

Two functional subdomains (T25 and T18) were identified within the AC 

domain: the T25 subdomain (1-224 amino acids) represents the adenylate cyclase 

catalytic site and the T18 subdomain (225-399 amino acids) is responsible for 

calmodulin binding (Glaser et al., 1989; Ladant, 1988; Ladant et al., 1989). The 
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crystal structure of the AC domain of CyaA in complex with the C-terminal fragment 

of calmodulin was solved. Four discrete regions of the AC domain were found to bind 

to the calcium-loaded calmodulin with a large contact surface, where a tryptophan 

residue 242 of the AC domain plays a crucial role and makes extensive contacts with 

the calcium-induced, hydrophobic pocket of the calmodulin (Guo et al., 2005). 

 

 

Fig. 11: Structural organization of the CyaA molecule. CyaA (1706 aa) consists of an N-

terminal enzymatic adenylate cyclase (AC) domain (~400 residues) and a C-terminal pore-

forming RTX hemolysin moiety (~1300 residues). The RTX cytolysin contains several specific 

sites: a hydrophobic pore-forming domain, sites of post-translational palmitoylation, an 

integrin binding domain, a calcium binding RTX repeats domain and a C-terminal secretion 

signal (Masin et al., 2015). 

 

4.4.2 Membrane interaction and penetration of CyaA 

The part of the CyaA molecule responsible for binding to its receptor 

CD11b/CD18 was identified in the RTX domain (residues 1166-1281) (El-Azami-El-

Idrissi et al., 2003). It was shown that N-linked glycosylation (Morova et al., 2008; 

Hasan et al., 2015) and a segment within the CD11b subunit are required for the 

toxin binding to its integrin receptor (Guermonprez et al., 2001). Recently, Osicka et 

al. showed that CyaA binds specifically to the segment of CD11b which is located 

within its residues 614-682 adjacent to its β-propeller domain. This binding site is 

unique for CD11b and is not present in the two closest relatives of CD11b - the highly 

homologous CD11a or CD11c subunits of the β2 integrin family (Osicka et al., 2015). 

CyaA preferentially binds the integrin in a non-activated (bent) conformation (Osicka 

et al., 2015).   
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After binding to CD11b/CD18, the toxin either translocates its AC domain 

across the membrane into cell cytosol, or it forms cation-selective oligomeric pores 

within cell membrane. The current model of CyaA interaction with cells possessing 

CD11b/CD18 is schematically shown in Fig. 12. These two activities - the 

translocation and the pore-forming activity of CyaA would then be to a large extent 

independent and mutually exclusive. Both precursors would be formed and exist in 

an equilibrium that can be shifted in either direction by temperature, free calcium 

concentration, antibody binding, acylation of CyaA, or by specific residue 

substitutions within the CyaA molecule (Rogel & Hanski, 1992; Betsou et al., 1993; 

Rose et al., 1995; Gray et al., 1998; Gray et al., 2001; Osickova et al., 1999; 

Osickova et al., 2010; Rhodes et al., 2001; Basler et al., 2007; Masin et al., 2015). 

The process of CyaA translocation across the cytoplasmic membrane of cells 

appears to be driven by membrane potential (Otero et al.1995; Veneziano et al., 

2013). It is independent of membrane permeabillization by CyaA pores (Osickova et 

al., 2010). The AC domain penetrates the host cell in two sequential steps. First, the 

insertion of the ‘translocation intermediate’ permeabilizes the cell membrane for influx 

of extracellular calcium ions (Fiser et al., 2007), triggering calpain-mediated cleavage 

of the talin anchor (Bumba et al., 2010). This liberates the integrin-CyaA complex for 

relocation into lipid rafts, where the lipid environment enables the final step of AC 

domain translocation (Bumba et al., 2010). Moreover, the calpain then also cleaves 

the AC domain from the rest of the CyaA molecule (Uribe et al., 2013). Upon 

translocation, the AC domain binds cytosolic calmodulin (1:1 stoichiometry), resulting 

in a steep increase of its enzymatic activity and unregulated catalytic conversion of 

intracellular ATP to cAMP (Ladant & Ullmann, 1999).  

In parallel, the CyaA pore precursor oligomerizes and forms small cation 

selective pores (with a diameter 0.6 to 0.8 nm) that permeabilize host cell membrane 

(Benz et al., 1994; Vojtova-Vodolanova et al., 2009; Osickova et al., 2010). This 

leads to potassium efflux and generates a host cell response by activation of several 

signaling pathways. Recently, Fiser et al. showed that toxin mediated calcium influx 

and pottasium efflux synergize to cause a significant decrease in endocytic uptake of 

CyaA molecules from the cytoplasmic membrane. Probably, the Ca2+ influx inhibits 

the uptake of CyaA by the membrane recycling mechanism and thus promotes 

slower clathrin-dependent endocytic uptake of membrane associated CyaA 
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molecules (Fiser et al., 2012). This is further slowed down by efflux of potassium 

ions, which are required for formation of clathrin cups. 

CyaA can also penetrate cells lacking the CD11b/CD18 integrin, albeit with a 

considerably lower efficiency. Nevertheless, CyaA is still able to elevate cAMP levels 

within these cells (epithelial or other types) to easily detectable levels, due to its very 

potent enzymatic adenylate cyclase activity (Gordon et al., 1989; Gao et al., 2002).  

 

Fig. 12: Model of CyaA action. CyaA targets primarily the host myeloid phagocytes 

expressing its receptor CD11b/CD18 (CR3, αMβ2 integrin or Mac-1). CyaA appears to have 

two independent activities: the cell-invasive AC and the pore-forming activity. The current 

model predicts that two distinct CyaA conformers insert into the host cell membrane. One 

conformer (pore precursor) oligomerizes to form cation-selective pores that permeabilize the 

cell membrane for efflux of cytosolic potassium, whereas the other conformer (translocation 

precursor) causes influx of extracellular calcium ions across cytoplasmic membrane of cells 

and relocates into lipid rafts, where it translocates its AC domain into cells and thus enables 

rapid conversion of cytosolic ATP to cAMP (Masin et al., 2015). 

 

4.4.3 Manipulation of host immunity  

CyaA is an important virulence factor expressed by all three Bordetellae 

species pathogenic to mammals, i. e. B. pertussis, B. parapertussis and B. 

bronchiseptica. As a swift saboteur of host cell functions, CyaA acts on various cell 

types using several strategies. This leads to manipulation of both innate as well as 

adaptive immune responses (Vojtova et al., 2006; Sebo et al., 2014). 

CyaA plays a prominent role in early recruitment of neutrophils to the site of 

infection, as observed in the murine respiratory challenge model (Khelef et al., 1994, 
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Gueirard et al., 1998). On the other hand, CyaA was shown to significantly interfere 

with innate immunity. In first place, it is a rapid cAMP elevation within phagocytes, 

which accounts for suppression of their bactericidal functions. It was shown that 

CyaA through cAMP signaling inhibits reactive oxygen species (ROS) production and 

impairs opsonophagocytic killing of bacteria in neutrophils and alveolar macrophages 

(Confer & Eaton, 1982). Moreover, CyaA inhibits both FcR-mediated and 

complement (CR3)-mediated phagocytosis (Weingart & Weiss, 2000; Mobberley-

Schuman et al., 2003; Kamanova et al., 2008). Moreover, also micropinocytosis is 

impaired due to the CyaA/cAMP signaling and this inhibition is accompanied by 

massive actin cytoskeleton rearrangements and membrane ruffling due to the 

inhibition of RhoA (Kamanova et al., 2008). Further, CyaA mediated subversion of 

chemotaxis and neutrophil extracellular trap formation was also observed (Friedman 

et al., 1987; Eby et al., 2014). Interestingly, CyaA helps bacteria to survive within the 

phagosomes (Friedman et al., 1992). 

cAMP as a key signaling molecule has profound effects on the downstream 

signaling pathways triggered by protein kinase A (PKA) and Epac (exchange protein 

directly activated by cAMP). Recently, Cerny et al. showed that CyaA-mediated PKA 

activation leads to activation of the tyrosine phosphatase SHP-1 that controls 

numerous important mechanisms in leukocytes. Interestingly, this inhibits expression 

of inducible nitric oxide synthase and thus ablates NO production by macrophages, 

having an important bactericidal function (Cerny et al., 2015). Furthermore, SHP-1 

activation results in stabilization of the proapoptotic protein BimEL and Bax activation 

and thereby induces macrophage apoptosis (Ahmad et al., 2015). This is in 

agreement with previous reports that CyaA accounts for the induction of apoptosis or 

necrosis of phagocytes. At higher toxin concentration the toxic effects of cAMP 

signaling are accompanied by ATP depletion and membrane permeabilization that 

contribute to cell death (Gueirard et al., 1998; Khelef et al., 1993; Khelef & Guiso, 

1995; Bachelet et al., 2002; Basler et al., 2006; Hewlett et al., 2006). 

Interestingly, a DNA microarray study showed that CyaA action upregulated 

transcription of many inflammatory genes in murine macrophages, whereas it 

downregulated expression of numerous cell-proliferation genes (Cheung et al., 

2008).  
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CyaA interaction with dendritic cells 

 CyaA is likely to have a good access to airway intraepithelial DC. CyaA was 

shown to significantly interfere with TLR ligand-induced maturation of dendritic cells, 

shaping them towards a more tolerogenic phenotype. This manipulation of LPS-

stimulated DC is mediated mainly through cAMP signaling of CyaA (Bagley et al., 

2002). 

CyaA via cAMP mediated signaling interferes with maturation marker 

expression on the surface of LPS-stimulated DC. CyaA action was shown to enhance 

levels of the CD80 molecule and decrease levels of CD86, CD40 and CD54 

molecules (Skinner et al., 2004; Ross et al., 2004; Boyd et al., 2005). Additionally, 

CyaA was reported to inhibit production of the proinflammatory cytokines TNF-α and 

IL-12p70, while enhancing production of the immunosuppressive cytokine IL-10 

leading to expansion of Tr1 secreting IL-10. Furthermore, MIP-1α was also shown to 

be decreased, whereas IL-6 production was potentiated (Njamkepo et al., 2000; 

Bagley et al., 2002; Ross et al., 2004; Skinner et al., 2004; Boyd et al., 2005; 

Siciliano et al., 2006; Spensieri et al., 2006). The subversion of the maturation 

process of DC appears to be caused by CyaA mediated dysregulation of MAPK and 

IRF signaling (Skinner et al., 2004; Spensieri et al., 2006; Hickey et al., 2008, Fedele 

et al., 2010). 

In parallel, the pore-forming activity of CyaA plays also an important role, as it 

was recently shown that CyaA-mediated K+ efflux activates the NALP3 

inflammasome and IL-1β production in LPS-primed DC. Subsequently, IL-1β 

production induced Th17 polarized immune response in mice, which is crucial for the 

clearance of Bordetella infection from the respiratory tract (Dunne et al., 2010). 

Similarly, CyaA through its cAMP elevating activity was reported to polarize human 

dendritic cells towards induction of a Th1/Th17 response, particularly in favour of 

Th17, through activation of MAPK-pathways (Fedele et al., 2010). Furthermore, it 

was shown that CyaA accounted for the reduced capacity of human monocytes 

infected by B. pertussis to induce antigen-specific CD4+ T cell proliferation 

(Boschwitz et al., 1997). 

 It is plausible to suppose that such CyaA-manipulated DC significantly 

interfere with the onset of adaptive immune response and thereby delay clearance of 

bacteria and prolong the persistence of B. pertussis infection. 
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4.4.4 CyaA interaction with the airway epithelial cells 

 
Fig. 13: Bacteria with the airway epithelial cells. Bordetella pertussis attaches to cilia in 

the respiratory tract (Allen, 2013). 

 

An inflammation is often observed in the lungs of patients who died of 

pertussis. It was shown that the CyaA toxin importantly contributes to numerous 

pathological effects in the murine model of Bordetella infection, such as recruitment 

of inflammatory leukocytes and an induction of lesions in the lung (Weiss et al., 1984; 

Khelef et al., 1994; Gueirard et al., 1998). Moreover, CyaA is required for successful 

colonization by Bordetella pertussis. It was shown that bacterial mutants deficient in 

production of CyaA are not able to colonize tracheal epithelium (Goodwin et al., 

1990). Furthermore, the importance of CyaA was recently confirmed by the 

significant levels of CyaA detected in nasopharyngeal fluids and washes from 

infected infants and experimentally infected olive baboons (Eby et al., 2013). These 

authors showed that CyaA levels at host epithelial surface might exceed the 

concentration of 100 ng/ml (Eby et al., 2013).    

Tracheal epithelial cells are one of the first targets of B. pertussis during the 

onset of the infection. Bacteria possess many potent virulence factors which help to 

breach this first line defence, which creates a mechanical barrier, but also has ability 

to produce various anti-bacterial agents or different immunomodulators. Interestingly, 

CyaA was found to inhibit bacterial uptake into human tracheal epithelial cells 

(Bassinet et al., 2000), while stimulating release of the cytokine IL-6 (Bassinet et al., 

2004). CyaA is known to exert various immunomodulatory effects on myeloid cells 
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possessing the integrin CD11b/CD18 (Vojtova et al., 2006), whereas there is little 

information on the effects of CyaA on cells lacking this receptor. CyaA was shown to 

cause cell rounding in several epithelial cell lines due to the adenylate-cyclase 

activity (Ohnishi et al., 2007). Recently, Eby et al. found that CyaA efficiently 

translocates across the basolateral membrane of polarized epithelial cells (polarized 

T84 human colonic adenocarcinoma cell monolayers and human airway epithelial 

cultures), but surprisingly there was no response to the toxin applied apically (Eby at 

al., 2010). The basolateral side of T84 epithelial cells seems to be quite sensitive to 

the CyaA action despite the absence of CD11b/CD18 receptor and the failure to 

identify another specific membrane receptor of the toxin. The process of intoxication 

seems to occur independently from post-translational acylation of the toxin, or from 

host cell membrane potential (Eby et al., 2010), which both were previously reported 

to be essential prerequisites for toxin entry into cells and action (Basar et al., 2001; 

El-Azami-El-Idrissi et al., 2003; Otero et al., 1995). CyaA translocation across the 

basolateral membrane may likely be caused by CyaA interaction with gangliosides 

located within lipid microdomains of cell membrane (Gordon et al., 1989), followed by 

internalization through a membrane recycling mechanism. CyaA could also be 

delivered into polarized epithelial cells via outer membrane vesicles, rather than 

through direct interaction with the apical cell membrane (Donato et al., 2012). Next, 

the cAMP signaling could damage the barrier function of airway epithelial layers and 

provide an opportunity for CyaA to reach epithelial cells from basolateral side, 

enhancing chloride secretion and mucus production (Eby et al., 2010). 

As epithelial cells are capable of producing different cytokines, chemokines 

and other immunomodulating agents, such as prostaglandins, nitric oxide or 

antimicrobial peptides (Mayer et al., 2007; Hammad & Lambrecht, 2008; Diamond et 

al., 2000; Kato & Schleimer, 2007; Schleimer et al., 2007), the action of CyaA and 

elevation of cAMP levels is likely to contribute to creating a specific environment 

within the airways, where B. pertussis could persist more easily. This seems to be a 

very interesting and yet poorly understood cross-talk between CyaA manipulated 

tracheal epithelial cells and the other airway immune cells. Both are quite sensitive to 

CyaA action, which would lead to a unique regulation of host immune response 

during Bordetella pertussis infection. Nevertheless, how does CyaA manipulate the 

epithelial cells and what physiological and immunological consequences it has, 

awaits further elucidation.  
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4.5 Adenylate cyclase toxoid – CyaA-AC- 

CyaA-AC- is a recombinant toxoid that is devoid of the enzymatic adenylate-

cyclase activity of the toxin due to the insertion of a GlySer dipeptide into the ATP 

binding site of the AC domain (Osicka et al., 2000; Fayolle et al., 2001). The capacity 

of CyaA to effectively penetrate professional antigen presenting cells (APC), bearing 

the receptor CD11b/CD18 and to deliver heterologous antigens for both MHC class I 

and II presentation pathways, allowed to use the CyaA-AC- toxoid as an antigen 

delivery tool for induction of specific immune responses against various CD8+ and 

CD4+ T cells epitopes (Sebo et al., 1995; Osicka et al., 2000; Loucka et al., 2002; 

Simsova et al., 2004; Adkins et al., 2012). The translocated AC domain, bearing 

inserted antigens, is chopped to pieces by the proteasome inside the cytosol of 

antigen-presenting cells. The peptides are then transported by TAP (transporter 

associated with antigen processing) into the endoplasmic reticulum and are loaded 

onto MHC I molecules. After transport of these complexes to the cell surface, these 

can be presented to the CD8+ T cells, thus inducing a specific CD8+ CTL response. 

In parallel, due to the clathrin-dependent endocytic uptake of the membrane-

associated CyaA, antigens carried by CyaA are processed also within the 

endosomes into peptides and hence reach the MHC II pathway and can activate 

CD4+ T cells (Loucka et al., 2002; Schlecht et al., 2004), as depicted in detail in Fig 

14. 

Previously, several permissive sites have been identified in the AC domain into 

which peptides can be inserted without affecting the cell-invasive activity of the toxoid 

(Ladant et al., 1992; Osicka et al., 2000). The electrostatic charge of inserted 

epitopes seems to be critical for the successful AC domain penetration into target 

cells (Karimova et al., 1998). Moreover, antigens of up to 206 residues in length 

could be inserted without interference with the ability of the AC domain to be 

translocated into cell cytosol (Gmira et al., 2001).  
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Fig. 14: CyaA as an antigen delivery tool. Numerous heterologous T-cell antigens could 

be inserted into the enzymatically inactive AC domain of CyaA. The purified CyaA toxoid 

carrying foreign antigens binds to CD11b/CD18 on the surface of antigen-presenting cells, in 

particular of dendritic cells. The toxoid penetrates the cellular membrane in two different 

conformations: the AC domain translocates across the cytoplasmic membrane into cell 

cytosol, or the molecules form oligomeric membrane channels that permeabilize cells, with 

the AC domain stuck at the external face of cellular membrane. The translocated AC domain 

bearing the inserted antigen is processed inside the cytosol by proteasome, the peptide 

epitopes are then transported by TAP1 into the endoplasmic reticulum and bind to newly 

synthesized MHC I glycoprotein molecules. The MHC I – peptide complexes are transported 

to the cell surface and are presented to CD8+ T lymphocytes. In parallel, upon CD11b/CD18 

receptor-mediated endocytosis, the membrane-associated molecules with passenger 

antigens are processed to antigenic peptides in endosomes and bind to MHC II molecules. 

The MHC II complexes are next exposed on cell surface and presented to CD4+ T cells 

(Sebo et al., 2014). 

 

4.5.1 CyaA as an antigen delivery tool 

CyaA based antigen delivery tools have been extensively used for induction of 

T cell responses over the past 20 years. Numerous CyaA constructs harbouring 
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heterologous antigens have been shown to stimulate the immunity against viruses, 

such as the lymphocytic choriomeningitis virus (LCMV) (Sebo et al., 1995; Fayolle et 

al., 1996; Saron et al., 1997; Dadaglio et al., 2000; Fayolle et al., 2001), or human 

immunodeficiency virus (HIV) (Fayolle et al., 1996; Mascarell et al., 2005; Fayolle et 

al., 2001), the cytomegalovirus (CMV) (Jelinek et al., 2011) and influenza virus A 

(Stanekova et al., 2013). The first evidence that CyaA has the capacity to deliver 

exogenous antigens and stimulate strong CTL responses in vivo was shown in mice 

that were immunized with recombinant CyaA toxins carrying CD8+ T cell epitopes 

from LCMV and HIV (Fayolle et al., 1996; Saron et al., 1997). Moreover, mice 

immunized by the CyaA construct with the LCMV epitope were protected against 

lethal challenge with LCMV (Saron et al., 1997; Fayolle et al., 2001). Heterologous 

prime/boost immunization with CyaA toxoid carrying an epitope from the parasite 

Plasmodium berghei elicited protection in mice (Tartz et al., 2006; Tartz et al., 2008). 

CyaA could be also used as a useful diagnostic tool for the detection of latent 

tuberculosis (Vordermeier et al., 2004; Wilkinson et al., 2005; Anderson et al., 2006). 

CyaA toxoids delivering antigens for Mycobacterium tuberculosis failed, however, to 

induce protective immunity against tuberculosis in mice (Majlessi et al., 2006; 

Hervas-Stubbs et al., 2006). Immunization of mice with CyaA toxoids bearing CTLs 

epitope provided efficient protective and therapeutic antitumor immunity (Fayolle et 

al., 1999). Most importantly, CyaA-AC- was demonstrated to elicit both protective and 

therapeutic immune responses against HPV-16(18)-induced tumors (Preville et al., 

2005; Mackova et al., 2006) and melanoma in mice (Dadaglio et al., 2003). The 

phase I clinical trial testing CyaA for the delivery of the E7 oncoantigen from HPV 16 

and 18 for immunotherapy of cervical cancer proved safety, immunogenicity and 

clinical efficacy (Van Damme et al., 2016). However, phase II clinical trial failed to 

prove clinical efficacy of the vaccine (www.genticel.com). This will need to be 

repeated with an improved vaccine design. Besides, there is another Phase I/II 

clinical trial underway in which CyaA is delivering a tyrosinase epitope into dendritic 

cells of patients with advanced metastatic melanoma (www.centerwach.com). 

The summary of studies which exploited CyaA for antigen delivery purposes 

are presented in Table 2. This issue has been reviewed in more details elsewhere 

(Simsova et al., 2004; Adkins et al., 2012).  
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Table 2: Adenylate cyclase toxin (CyaA) of B. pertussis as a vector for an antigen 

delivery (adopted from Adkins et al., 2012, see references in the review) 

Antigen  Origin Carrier Immune response  
(Model; CMR)a 

Protection in 
animal 
modelb 

NP118-132 

 
Nucleoprotein of 
lymphocytic 
choriomeningitis virus 

CyaA wtc in vitro CTL-mediated target 
cell lysis 

ND 

 (LCMV) CyaA wt 

CyaA-AC- 

BALB/c; CTL ND 

  CyaA-wt 
CyaA-AC- 

BALB/c; CTL + 

  CyaA-AC- BALB/c; CTL;  
CD4+ T cells (Th1) 

ND 

  CyaA-AC-

cys 

BMDC, splenocytes, 
C57BL/6, 
BALB/c; CTL 

ND 

  CyaA-AC- BALB/c; CTL 
multiepitope containing also 
OVA257-264 and V3316-327 

+ (LCMV) 

OVA257-264 Chicken egg ovalbumin CyaA-AC- C57BL/6; CTL +  

  CyaA-AC- CD8+ T cell hybridoma 
(B3Z) 

ND 

  CyaA-AC-

cys 

BMDC, splenocytes, 
C57BL/6, BALB/c; CTL 

ND 

MalE126-140 Maltose-binding protein of 
E. coli 

CyaA-AC- C57BL/6, BALB/c;  
CD4+ T cell hybridomas 
(CRMC3 and FBCD1) 

ND 

V3316-327 HIV CyaA wt 

CyaA-AC- 
BALB/c; CTL ND 

Tat  CyaA-AC- BALB/c, CTL, CD4+ T cells 
(Th1); neutralizing Ab  

ND 

Tyr369-377 

GnT-V 
Melanoma epitopes: 
Tyrosinase (Tyr) 
N-acetylglucosaminyl-
transferase V (GnT-V) 

CyaA-AC- HHD mice expressing 
HLA*0201; human DC; CTL 

ND 

E7, E749-57 

E730-42 

Human papillomavirus 16 
(HPV16) 

CyaA-AC- C57BL/6; CTL, CD4+ T cells 
 (Th1) 

+ 

  CyaA-AC- BMDC, C57BL/6 + 

ESAT-6 
CFP10 

M. tuberculosis CyaA-AC- IFN- production by bovine 
PBMC;  
CFP10-specific CD4+T cell 
line  

ND 

  CyaA-AC- IFN- production by human 
PBMC; CD8+ and CD4+ T 
cells  

ND 

Ag85A 
 

 CyaA-AC- BMDC, BALB/c , C57BL/6; 
CD4+ T cells (Th1) 

- 

TB10.4 
TB10.474-88 

TB10.4.420-28 

TB10.4.415-33 

 CyaA-AC- BMDC, BALB/c; 
CTL, CD4+ T cells 

- 

CSP245-253 P. berghei CyaA-AC- BALB/c; CTL +/-  

  CyaA-AC- BALB/c; CTL + 
a Abbreviations: CMR, cell-mediated response; CTL, cytotoxic T lymphocytes; Ab, antibody response; 
Cys, cysteine; BMDC, bone marrow-derived dendritic cells; PBMC, peripheral blood mononuclear cells 
b +, 100 % protection; -, no protection; +/-, partial protection; ND, not determined 
c CyaA wt, wild type enzymatically active CyaA toxin; CyaA-AC-, CyaA toxoid with ablated adenylate 
cyclase activity 
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4.5.2 Adjuvant activity of CyaA-AC- 

CyaA is not only a virulence-associated factor, but also a potent 

immunoprotective antigen. The immunogenic properties of CyaA were first detected 

as the presence of high-titre anti-CyaA antibodies in either pertussis patients or in 

vaccinated infants and adults (Farfel et al., 1990; Arciniega et al., 1991). Vaccination 

with CyaA purified from Bordetella pertussis was able to protect infant mice against 

the lethal challenge at 14 days after vaccination and it also shortened the period of 

bacterial colonization (Guiso et al., 1989; Guiso et al., 1991). Native CyaA prepared 

from Bordetella pertussis, as well as recombinant CyaA prepared from Escherichia 

coli, exhibited adjuvant and protective properties when used as vaccine. The 

protective antigen capacity of CyaA correlated with its post-translational activation by 

acylation (Betsou et al., 1993; Hormozi et al., 1999). The protective anti-CyaA 

antibodies were directed to the last 800 residues of the protein, probably recognizing 

conformational epitopes formed in the C-terminal RTX domain (Betsou et al., 1995; 

Wang et al., 2015). Interestingly, the reported adjuvant ability of CyaA was observed 

after co-administration of ovalbumin, which resulted in the presence of high amount 

of anti-ovalbumin IgG antibodies accompanied also by anti-CyaA antibodies 

(Hormozi et al., 1999).  

Besides the ability to deliver antigens into professional antigen presenting cells 

(APC), the potency of CyaA-AC- or previously used CyaA in inducing antigen-specific 

T cell responses appears to depend on the adjuvant capacity of the toxin/toxoid. 

Interestingly, the detoxified form of CyaA toxin, CyaA-AC-, exhibited even better 

adjuvant properties than the wild type toxin. Intraperitoneal co-administration of the 

CyaA-AC- toxoid enhanced serum IgG antibody response to the components of the 

acellular pertussis vaccine (PT/dPT, FHA and PRN) and increased the nitric oxide 

and IFN-γ production from peritoneal macrophages and spleen cells of vaccinated 

animals collected two weeks post-immunisation. Nevertheless, this potent adjuvant 

effect of CyaA-AC- was not accompanied by an increased protection of mice against 

the aerosol challenge with B. pertussis, though there was at least an improved 

protection of mice after the intranasal challenge with B. parapertussis (MacDonald-

Fyall et al., 2004). 

Both CyaA and CyaA-AC- could stimulate mucosal as well as systemic 

immune response when co-administered with ovalbumine by the intranasal route in 
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mice, with the second one reported to be more effective (Orr et al., 2007). Enhanced 

anti-ovalbumine IgG and IgA antibody response in the serum and anti-ovalbumine 

IgA responses in the lung and nasal secretions was observed after intranasal co-

administration of CyaA/CyaA-AC- with ovalbumin (OVA) compared to immunization 

with OVA alone. In addition, enhanced priming of OVA-specific T cells was also 

detected. Similarly, higher antibody secretion against co-administered CyaA/CyaA-

AC- with pertactin was determined, leading to significantly increased protection of 

mice against B. pertussis challenge compared to protection obtained upon 

vaccination with pertactin alone (Orr et al., 2007).  

Furthermore, Cheung et al. documented that only the CyaA toxoid and not the 

toxin significantly enhanced the potency of a commercial aP vaccine to confer 

protection against the intranasal challenge by B. pertussis in a murine model.  This 

was facilitated probably by an increased Th1 and Th2 immune response to B. 

pertussis antigens included in the aP vaccine. Moreover, an increased level of IgG2a 

antibody to pertactin and enhanced IL-5, IL-6, IFN-γ and GM-CSF secretion by 

splenocytes and increased NO production by restimulated macrophages was 

observed, in comparison to the immunization with the CyaA toxoid or aP alone 

(Cheung et al., 2006). 

The CyaA-AC- toxoid lacks the adenylate cyclase activity, but it is still able to 

act as an adjuvant and is even more potent than the enzymatically active toxin 

(MacDonald-Fyall et al., 2004; Orr et al., 2007; Cheung et al., 2006). Moreover, Cya-

AC- was shown to induce rather Th1-polarized immune responses (Dadaglio et al., 

2003; Ross et al., 2004; Mascarell et al., 2005), which is more characteristic for 

previously used wP vaccines as well as for the pertussis infection, by difference to 

mixed Th1 and Th2 response being obtained after vaccination of children with aP 

vaccine (Ausiello et al., 1997; Ryan et al., 1998). Therefore, Cya-AC- is a promising 

antigen candidate for inclusion into the next generation of aP vaccines. 
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5. AIMS 
 

Despite many studies on the CyaA toxin and toxoid, the mechanisms of their 

action are still poorly understood. Therefore we wanted to address several issues, 

particularly concerning the adjuvant effect of the toxoid and its capacity to deliver 

antigens and induce specific immune responses against selected inserted epitopes. 

Besides, we wanted to examine the role of CyaA toxin (and its adenylate cyclase and 

pore-forming activity) under infectious conditions.  

 

Hence, our experimental work had the following aims:  

 

 Identify the mechanism of action of the adenylate cyclase toxoid which is 

responsible for its adjuvanticity. Characterize the CyaA-AC--induced 

maturation, migratory and T cell stimulatory capacity of DC. 

 Characterize the antigen delivery capacity of mutants of adenylate cyclase 

toxin with shortened AC domain, in order to determine which parts of the AC 

domain are necessary for its translocation across the cell plasma membrane. 

 Prepare and purify the recombinant adenylate cyclase toxoids bearing the 

CD8+ and CD4+ T cells epitopes of the HA2 subunit of hemagglutinin of 

influenza A viruses. These toxoids will further be tested in mouse model for 

the ability to induce effective protection against different variants of influenza A 

viruses. 

 Determine how active adenylate cyclase toxin modulates the functions of LPS- 

stimulated dendritic cells. 

 Test if the pore-forming activity of adenylate cyclase toxin contributes to 

virulence of Bordetella pertussis during infection (lethality and pathogenesis) 
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6.2 PUBLICATION 1 
 

Svedova, M., Masin, J., Fiser, R., Cerny, O., Tomala, J., Freudenberg, M., Tuckova, 

L., Kovar, M., Dadaglio, G., Adkins, I., & Sebo, P. (2016). Pore-formation by 

adenylate cyclase toxoid activates dendritic cells to prime CD8+ and CD4+ T cells. 

Immunol Cell Biol, 94(4), 322-333. doi:10.1038/icb.2015.87 

 Bordetella adenylate cyclase toxin (CyaA) is a bi-functional toxin with an 

enzymatic AC domain and a hemolytic (pore-forming) RTX domain. It targets 

primarily phagocytic cells expressing CD11b/CD18 receptor (CR3, αMβ2 integrin) and 

has the ability to penetrate into cell membrane and deliver foreign antigens inserted 

within its AC domain into cell cytosol. In parallel, CyaA can form cation-selective 

pores within the cell membrane and hence cause potassium leakage from cell 

cytosol. Enzymatically inactivated CyaA-AC- toxoid has been used as an antigen 

delivery tool over the past 20 years. Currently, CyaA-derived toxoids are under 

evaluation in clinical trials as immunotherapeutic vaccines for treatment of metastatic 

melanoma and of the papilloma virus-induced cervical cancer. One of the most 

intriguing ability of CyaA toxoid is the capacity to act as adjuvant. However, this 

capacity remained poorly understood. We supposed that CyaA toxoid might exert its 

adjuvant activity through targeting and activation of DC. Therefore, we characterized 

here the CyaA toxoid-induced DC maturation profile together with the migratory and 

T cell stimulatory capacity of toxoid-exposed DC. Further, we focused on deciphering 

the possible mechanism of toxoid adjuvanticity by using a set of CyaA mutants with 

reduced or enhanced pore-forming activity.  

We show that it is the pore-forming activity of the toxoid which is crucial for its 

adjuvant effect, causing activation of mitogen-activated protein kinases JNK and p38 

and leading to the maturation of CyaA-AC--treated dendritic cells. We further showed 

that such maturation is independent of Toll-like receptors and inflammasome 

signaling, while it is accompanied by up-regulated expression of maturation markers, 

increased production of interleukin 6, of the chemokines KC and LIX, of granulocyte 

colony stimulating factor and prostaglandin E and stimulation of chemotactic 

migration of DC. This was confirmed also in vivo, as CyaA-AC- injected intravenously 

into mice induced maturation of splenic DC. Moreover, such stimulated DC exhibited 

capacity to induce CD4+ and CD8+ T cell responses in vitro and in vivo. This reveals 
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a novel self-adjuvanting capacity of the CyaA-AC- toxoid that is currently under 

clinical evaluation as a tool for the delivery of immunotherapeutic anti-cancer CD8+ T 

cell vaccines into DC. 

 

My contribution: Preparation of recombinant CyaA toxoids, generation of BMDC,        

I conducted experiments characterizing maturation state of DC - expression of 

maturation markers by flow cytometry and production of inflammatory molecules; 

maturation experiments with BMDC from knock-out mice, migration experiments, 

PGE2 production by ELISA, activation of MAPK by western blot, experiments with 

MAPK inhibitors, in vivo maturation of splenic DC, helped in experiments 

characterizing ability of DC to stimulate T cells - T cell expansion and T cell response 

experiments, helped to write draft of manuscript. 
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6.3 PUBLICATION 2 
 

Adkins, I., Kamanova, J., Kocourkova, A., Svedova, M., Tomala, J., Janova, H., 

Masin, J., Chladkova, B., Bumba, L., Kovar, M., Ross, P. J., Tuckova, L., Spisek, R., 

Mills, K. H., & Sebo, P. (2014). Bordetella adenylate cyclase toxin differentially 

modulates toll-like receptor-stimulated activation, migration and T cell stimulatory 

capacity of dendritic cells. PLoS One, 9(8), e104064. 

doi:10.1371/journal.pone.0104064 

 

Adenylate cyclase toxin (CyaA) is a key virulence factor of the whooping 

cough agent Bordetella pertussis. The toxin targets primarily phagocytes possessing 

the CD11b/CD18 integrin receptor. By delivering an adenylyl cyclase (AC) enzyme 

into their cytosol the CyaA subverts cellular signaling by elevating cAMP levels. We 

got interested in what role does CyaA actually play during B. pertussis infection, 

particularly in immunomodulation of DC. CyaA toxin was described to have a potent 

immunomodulatory activity and it was shown to change the maturation profile of LPS-

stimulated DC. We wanted to determine whether it can influence also the migratory 

capacity of LPS-stimulated DC and how all these CyaA mediated manipulation 

interferes with the T cell stimulatory capacity of DC. We analysed the modulatory 

effects of CyaA action on TLR-activated murine and human dendritic cells by 

characterizing their adhesive, migratory and antigen presenting properties.  

We found that cAMP signaling of CyaA enhanced TLR-induced dissolution of 

cell adhesive contacts and migration of DC towards the lymph node-homing 

chemokines CCL19 and CCL21 in vitro. Using adoptive transfer experiments, we 

showed that CyaA has the ability to interfere also with the induction of CD4+ and 

CD8+ T cell responses by TLR-stimulated DC. Upon CyaA treatment, the LPS-

activated DC exhibited a decreased capacity to present a protein antigen to CD4+ T 

cells, while an increased capacity to promote CD4+CD25+Foxp3+ T regulatory cells in 

vitro was observed. Furthermore, CyaA also decreased the capacity of LPS-

stimulated DC to induce CD8+T cell proliferation. This was accompanied by 

decreased induction of IFN-γ, while increased IL-17 and IL-10 production by CD8+ T 

cells was observed. Taken together, our results suggest that via cAMP signaling the 

CyaA toxin can significantly interfere with the onset of the adaptive immune response 



74 

 

to B. pertussis infection, possibly by promoting migration of incompletely matured DC 

into draining lymph nodes. Such DC are then unable to trigger proper T cell 

stimulation. 

 

My contribution: Migration experiments with BMDC, generation of BMDC, preparation 

of some recombinant CyaA toxins/toxoids, helped in T cell expansion and T cell 

response experiments and some other experiments. 
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6.4 PUBLICATION 3 
 

Stanekova, Z., Adkins, I., Kosova, M., Janulikova, J., Sebo, P., & Vareckova, E. 

(2013). Heterosubtypic protection against influenza A induced by adenylate cyclase 

toxoids delivering conserved HA2 subunit of hemagglutinin. Antiviral Res, 97(1), 24-

35. doi:10.1016/j.antiviral.2012.09.008 

The influenza virus causes the influenza disease, commonly called as flu. 

Symptoms of influenza can be mild to severe. Usually the disease manifests itself by 

a high fever, runny nose, sore throat, muscle and joint pain, severe malaise, cough 

and headache. The virus is spread easily by coughing or sneezing. Most people 

recover within one or two weeks without any medical treatment, but in some people it 

can lead to more severe conditions. Annually, 5%–10% adults and 20%–30% 

children are infected by influenza, with 3 to 5 million cases of severe illness, causing 

about 250 000 to 500 000 deaths. In the last century, there were several flu 

pandemics, the largest of them Spanish influenza in 1918, Asian influenza in 1958, 

and Hong Kong influenza in 1968. Each resulted in more than a million deaths. There 

are three types of influenza viruses: A, B and C. The type A is the most virulent of 

them causing the most severe disease. The influenza A virus can be further divided 

into different subtypes based on the combination of various virus surface proteins, 

with H1N1 and H3N2 subtypes being currently most prevalent (www.who.int/ 

mediacentre/factsheets/fs211/en/). 

Influenza vaccines are newly prepared every year according to specific 

subtypes of influenza viruses which are circulating among population. Hence, these 

vaccines protect only against vaccine strains and their close antigenic variants. This 

is quite an ineffective strategy and current research is focused on development of a 

universal vaccine, which would be able to provide cross-protection against various 

serotypes of influenza viruses. For that purpose, we have chosen a promising 

antigen, the HA2 subunit of the hemagglutinin, which is conserved among various 

hemagglutinin subtypes of influenza A viruses. The capacity of the adenylate cyclase 

toxoid to penetrate into cell cytosol, together with its potent adjuvant effect can be 

used for the delivery of inserted antigens for processing and presentation in 

complexes with MHC molecules on the surfaces of DC and for the induction of T 

lymphocyte responses. As the adenylate cyclase toxoid has been used to induce 

https://en.wikipedia.org/wiki/Spanish_influenza
https://en.wikipedia.org/wiki/Asian_influenza
https://en.wikipedia.org/wiki/Hong_Kong_influenza
http://www.who.int/%20mediacentre/factsheets/fs211/
http://www.who.int/%20mediacentre/factsheets/fs211/
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potent immune responses against various viruses, we wanted to test if this could be 

also the case for the influenza virus. Moreover, the toxoid has been shown to deliver 

passenger antigens for both MHC class I and II restricted presentation pathways thus 

stimulating effective CD4+ and CD8+ T lymphocytes responses which both are 

important for immunity against the influenza infection. We took advantage of this 

ability of CyaA and designed a novel CyaA construct, a genetically detoxified 

adenylate toxoid with an inserted segment of HA2 (residues 23 to 185) and tested its 

ability to induce protective immunity against influenza in mice.  

This construct elicited specific Th1 polarized T cell responses against HA293-

102, HA296-104 and HA2170-178 epitopes. Moreover, it also induced a strong cross-

protective HA2-specific antibody response. BALB/c mice that were immunized with 

such CyaA constructs recovered from influenza infection 2 days earlier then the 

control mice. Moreover, CyaA-HA2- immunized mice were protected against a lethal 

challenge with a 2xLD50 dose of a homologous influenza A virus of the H3 subtype 

and even against the infection with a heterologous virus of the H7 subtype. 

Importantly, this is the first report on heterosubtypic protection against influenza A 

infection mediated by an HA2-based vaccine that can induce both humoral and 

cellular immune responses without adjuvant. 

 

My contribution: Preparation of recombinant CyaA toxoids carrying influenza 

epitopes, generation of BMDC, in vitro assays testing antigen delivery capacity of 

toxoids. 
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6.5 PUBLICATION 4 
 

Holubova, J., Kamanova, J., Jelinek, J., Tomala, J., Masin, J., Kosova, M., Stanek, 

O., Bumba, L., Michalek, J., Kovar, M., & Sebo, P. (2012). Delivery of large 

heterologous polypeptides across the cytoplasmic membrane of antigen-presenting 

cells by the Bordetella RTX hemolysin moiety lacking the adenylyl cyclase domain. 

Infect Immun, 80(3), 1181-1192. doi:10.1128/IAI.05711-11 

The adenylate cyclase toxin (CyaA) from Bordetella pertussis primarily targets 

phagocytes expressing CD11b/CD18 (CR3, αMβ2 integrin). The toxin delivers its 

adenylate cyclase (AC) domain into cell cytosol, which has been exploited over the 

past 20 years for delivery of foreign cargo CD8+ epitopes into the major 

histocompatibility complex class I (MHC I) presentation pathway. CyaA possesses a 

unique ability to penetrate the host cell membrane and deliver its AC domain into the 

cell cytosol directly, without the need for endocytosis. AC domain translocation 

depends on the plasma membrane potential and on an intact, acylated and calcium-

loaded RTX domain. In this work, we examined the role of the AC domain 

polypeptide in the process of AC penetration into the cell cytosol and in the delivery 

of heterologous epitopes. We used a set of 18 CyaA constructs with various 

deletions within the AC domain and an inserted OVA epitope, in order to find out 

which part of the AC domain was necessary for antigen delivery.  

Our results show that the first 371 amino acids are dispensable for the 

capacity of CyaA to deliver inserted epitopes into DC, implicating that the role of the 

AC domain during the process of penetration is rather passive. Moreover, the CyaA 

mutants with heterologous polypeptides in place of the AC domain were able to 

induce strong antigen specific CD8+ CTL responses in vivo in mice and ex vivo in 

human peripheral blood mononuclear cell cultures. These results suggest that the AC 

domain participates in membrane penetration only passively, while the other part of 

the CyaA molecule, the RTX domain (residues 374 to 1706) plays a dominant role 

during the process of CyaA penetration and antigen delivery. This capacity of CyaA 

to deliver a large heterologous inserts into the cytosol of antigen-presenting cells 

seems to be quite exceptional, enabling construction of a next generation of CyaA-
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derived antigen delivery tools, in which the entire AC domain will be replaced by 

polyepitope constructs inducing polyvalent CD8+T cell immune responses. 

 

My contribution: Preparation of some recombinant CyaA toxoids, in vitro assays 

testing antigen delivery capacity of toxoids. 
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6.6 PUBLICATION 5 
 

Skopova K., Tomalova B., Kanchev I., Rossmann P., Svedova M., Adkins I., Bibova 

I., Tomala J., Masin J., Guiso N., Osicka R., Sedlacek R., Kovar M., Sebo P. (2017) 

Hemolytic activity of adenylate cyclase toxin is not required for lung colonization and 

subversion of dendritic cell function but contributes to virulence of Bordetella 

pertussis. Infect Immun, in press 

 The bi-functional adenylate cyclase toxin-hemolysin plays a crucial role in 

virulence of the whooping cough agent Bordetella pertussis, particularly in the 

initiation of lung colonization. While the importance of the cAMP-elevating activity of 

CyaA for the colonization and immunomodulatory capacities of B. pertussis has 

previously been established, the role of the pore-forming (hemolytic) activity has not 

been tested. The hemolysin (Hly) moiety of CyaA forms cation-selective pores that 

permeabilize target cell membranes and account for the hemolytic activity of B. 

pertussis on blood agar. Here we constructed the first B. pertussis mutant that 

secretes a non-hemolytic CyaA toxin (AC+Hly-) with an intact capacity to deliver the 

AC enzyme and elevate cAMP in host phagocytes. 

 Such AC+Hly- bacteria still skewed the TLR-triggered maturation of co-

incubated mouse dendritic cells towards a tolerogenic phenotype and inhibited their 

antigen-presenting capacities in vitro. This CyaA capacity was shown to be 

dependent solely on the cAMP signaling of CyaA. Using the mouse respiratory 

challenge model we show that the pore-forming activity of CyaA is not required for 

mouse colonization by B. pertussis in vivo. However, the hemolysin activity was 

found to be required for the lethality of B. pertussis infections at high inoculation 

doses and it accounted for bacterial invasion across epithelial lining of bronchioles 

into the lung parenchyma and for triggering of neutrophil influx, thereby exacerbating 

the inflammation and pathology. Intriguingly, the pore-forming activity synergized with 

the cAMP-elevating activity in downregulation of MHC II molecule expression levels 

on myeloid cells that infiltrated the infected tissue, which indicates that also the pore-

forming activity of CyaA contributes to immune subversion of host defenses. These 

results suggest that the pore-forming capacity of CyaA importantly contributes to the 

lung pathology resulting from B. pertussis infection and it appears to play a major role 
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in the virulence of the pathogen, most likely through harnessing of a host response 

that results in lethality of B. pertussis infection in mice.  

 

My contribution: Generation of BMDC, infection of BMDC in vitro, characterization of 

BMDC viability and maturation and help in experiments analyzing T cell stimulation 

capacity of BMDC. 
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6.7 PUBLICATION 6 
 

Adkins, I., Holubova, J., Kosova, M., & Sadilkova, L. (2012). Bacteria and their toxins 

tamed for immunotherapy. Curr Pharm Biotechnol, 13(8), 1446-1473. 

Bacterial toxins are important virulence factors endowed by specific activities 

which enable them to manipulate the host immune responses. As useful molecular 

biology tools, they helped to discover various cellular mechanisms. Moreover, due to 

their abilities to enter host cells, bacterial toxins or their less toxic mutant variants 

have been explored for possibility to be used in the field of medicine: to deliver 

antigens and stimulate the adaptive T cell immune response, to stimulate the 

immunity as adjuvants, or to eliminate cancer cells. Bacterial toxins usually enter host 

cells via receptor-mediated endocytosis, except from Bordetella pertussis adenylate 

cyclase toxin, which translocates its adenylate cyclase domain directly across the 

cellular membrane. Bordetella pertussis adenylate cyclase toxin, Bacillus anthracis 

lethal and edema toxins, Shigella dysenteriae shiga toxin and Escherichia coli shiga-

like toxin are good examples of toxins which were reported to have the capacity to 

transport antigens into host dendritic cells for stimulation of specific T cell responses. 

B. pertussis pertussis toxin, Vibrio cholera cholera toxin, E. coli heat-labile 

enterotoxin, or the Cry1A protein of Bacillus thuringiensis have the potential to act as 

adjuvants and stimulate mucosal as well as systemic immune responses. 

Corynebacterium diphtheriae diphtheria toxin and Pseudomonas aeruginosa exotoxin 

A-based immunotoxins appear to be very promising tools in cancer immunotherapy, 

moreover, the DT immunotoxin (DAB(389)IL-2) is already used for treatment of 

cutaneous T cell lymphoma. Furthermore, currently there are several clinical trials to 

evaluate the safety and the effectiveness of bacterial toxins derived vaccines, such 

as Bordetella adenylate cyclase toxoid used as a vaccine delivery tool for 

immunotherapy of cervical tumors and metastatic melanoma. 

 

My contribution: I wrote some parts of manuscript, helped with manuscript 

finalization. 
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7. DISCUSSION 
 

Part 1 (Publication 1, 4, 3)  

7.1 CyaA as an antigen delivery tool and potent adjuvant 

Over the past 20 years, various CyaA toxoids were used in mice without any 

added adjuvant to successfully deliver antigens and induce potent protective CD8+ T 

cell-mediated immunity against viral infections, or as therapeutic vaccines against 

tumors (Adkins et al., 2012). This use was possible due to the capacity of the AC 

domain of the CyaA toxin to accommodate various epitope inserts without losing the 

capacity to penetrate cells (Sebo et al., 1995; Fayolle et al., 1996). Moreover, the 

CyaA toxoid was shown to deliver appropriate antigens and stimulate also CD4+ T 

cells responses (Loucka et al., 2002; Schlecht et al., 2004). Currently, CyaA-based 

vaccines undergo clinical trials as immunotherapeutics for metastatic melanoma 

(Dadaglio et al., 2003). Unfortunately, CyaA-based vaccines failed in clnical trial 

phase II study for immunotherapy of HPV-induced cervical tumors (Preville et al., 

2005; Mackova et al., 2006; www.genticel.com). 

We focused here on analyzing the mechanism of penetration (important for 

antigen delivery) and adjuvanticity of the adenylate cyclase toxoid. Besides, we 

exploited the possibility to induce a protective immune response against influenza A 

viruses by using the CyaA toxoid mutant with inserted epitopes of HA2 subunit of 

hemagglutinin. 

 

Publication 1  

 In our work we deciphered a novel intrinsic adjuvant activity of the adenylate 

cyclase toxoid (CyaA-AC-). We show that a low concentration (300 ng/ml) of almost 

LPS-free (lower than 120 EU/mg) CyaA toxoid induces maturation of CD11b-

expressing DC. By using BMDC from various knock-out mice, we excluded the 

dependence of this maturation process on several important TLR or inflammasome 

signaling pathways. The results allow to postulate that the maturation process of 

CyaA-AC--treated DC is driven by the potassium efflux caused by the pore-forming 

activity of the toxoid and is regulated via JNK and p38 MAPKs. Moreover, CyaA-AC--

activated DC are able to stimulate T cell responses both in vitro and in vivo. 

http://www.genticel.com/
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However, the toxoid induced incomplete phenotypic maturation of BMDC, as 

only some of the usual inflammatory molecules: KC (IL-8) and IL-6 cytokines, the 

chemokine LIX or the differentiation factor GCSF (granulocyte-colony stimulating 

factor) were produced. Interestingly, all of these molecules regulate predominantly 

the activities of neutrophils that are important mediators of innate immunity. We have 

not detected any significant production of the major pro-inflammatory cytokines such 

as TNF-α, IL-12 or IL-1β by toxoid-activated BMDC. This reflects the missing 

activation of BMDC by some of the TLR ligands, showing that these were absent in 

preparations of the CyaA toxoid. Importantly, this was confirmed by the capacity of 

CyaA-AC- to trigger CD80 and CD86 expression in BMDC from TLR (TLR 2, 4, 2/4, 

9, TRIF, MyD88 and CD14) and inflammasome (IL-1R, P2X2, ASC and NLRP3) 

knock-out mice. These experiments clearly showed that if traces of TLR ligands were 

still present in the used toxoid preparations, their levels were too low to activate 

BMDC any importantly. While it was shown that CyaA mediated K+ efflux contributed 

to activation of inflammasome and IL-1β production under condition of B. pertussis 

infection, there was no activation by the enzymatically inactive toxoid alone in the 

absence of BMDC priming through TLR signaling (Dunne et al., 2010). Similarly, 

there was no involvement of inflammasome signaling in the CD8+ T cell stimulatory 

capacity of LPS-free CyaA-AC- in vivo, as recently shown by Dadaglio et al. 

(Dadaglio et al., 2014).  

 It has been reported previously that K+ and Ca2+ ion signaling could induce 

maturation and migration of DC (Matzner et al., 2008; Shumilina et al., 2011). CyaA 

is capable of inducing K+ efflux and Ca2+ influx, perturbing host cell ion homeostasis. 

We used a set of toxoid mutants with different abilities to influence the levels of these 

two ions in cells and found that the low pore-forming capacity of mutant CyaA-QR-

AC- did not stimulate BMDC maturation and migration, despite inducing Ca2+ influx 

into cells to a similar extent as the normal toxoid CyaA-AC- (Bumba et al., 2010). On 

the contrary, the highly pore-forming toxoid CyaA-KK-AC- triggered very little Ca2+ 

influx (Fiser et al., 2012), while it still induced efficient BMDC maturation. Our results 

thus indicate, that it is the K+ efflux caused by the pore-forming activity of the CyaA 

toxoid that is crucial for BMDC stimulation. We could, however, not rule out some role 

of Ca2+ signaling in this process either. 

 We further showed that CyaA-AC--mediated K+ efflux activates p38 and JNK 

signaling pathways, which both are known to be important in numerous processes 



198 

 

underlying induction of adaptive immune responses such as DC maturation (Dong et 

al., 2002; Cargnello & Roux, 2011). Moreover, K+ efflux from cells permeabilized by 

pore-forming toxins (PFTs) was recently shown to trigger specifically the 

phosphorylation of the kinases p38 (Kloft et al., 2009) and JNK (Kao et al., 2011). 

This appears to reflect a highly conserved mechanism of cellular response to PFT 

attack on cell membrane integrity, which is found in nematodes, insects and 

mammals (Porta et al., 2010; Huffman et al., 2004; Husmann et al., 2006; Bischof et 

al., 2008; Cancino-Rodezno et al., 2010; Gonzalez et al., 2011).  

 Similarly, we have observed that p38 and JNK activation were involved in 

upregulation of CCR7 expression and enhancement of the migratory capacity of 

BMDC towards CCL19 and CCL21 chemokines. This is in agreement with previous 

reports that p38 and JNK kinases participate in DC migration (Randolph et al., 2005; 

Iijima et al., 2005; Chladkova et al., 2011). Furthermore, p38 activity triggers 

synthesis and secretion of PGE2 (Norgauer et al., 2003) which might explain the 

observed enhancement of PGE2 production in BMDC after toxoid exposure.  

 We further show that a high dose of the intravenously administered CyaA-AC- 

toxoid (25 µg) strongly enhances CD86 expression and upregulates CD80 and CD40 

molecules on splenic CD11c+CD8-CD11b+ DC in vivo. Intriguingly, at a dose of 25 µg 

per mice, the CyaA-QR-AC- toxoid was still capable to rather efficiently trigger a 

lower but still significant expression of CD86 on splenic CD11c+CD8+CD11b+ DC, 

despite its reduced cell-permeabilizing activity. We cannot exclude that at the high 

CyaA-QR-AC- concentration its residual pore-forming activity may still promote 

enough K+ efflux from DC to prime CD86 expression in vivo. Recently, Dadaglio et al. 

showed that after the intravenous application of even a higher dose of 50 µg of LPS-

free CyaA-Tyr toxoid, the permeabilization-primed maturation of splenic DC was 

largely potentiated by signaling through the TLR4/TRIF pathway (Dadaglio et al., 

2014). This signaling may result from a direct interaction/clustering of toxoid-

CD11b/CD18 complexes with TLR4 receptors in the membrane of CD11b+ DC. In 

keeping with these results, we showed that CyaA-AC- at concentrations 0.1 - <1 

μg/ml induced DC maturation solely via potassium efflux, whereas at concentrations 

≥1 μg/ml, the CyaA-AC- induced DC maturation through both the potassium efflux-

triggered and the TLR4-dependent mechanisms, presumably operating in synergy. 

This is most likely potentiating the induction of antigen-specific T cell responses by 

CyaA toxoids. Indeed, the induction of antigen-specific CD8+T cell response after 
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administration of CyaA-AC- carrying ovalbumin epitope SIINFEKL was shown to 

depend only partly on the TLR4/TRIF signaling triggered by the toxoid (Dadaglio et 

al., 2014). This is explained by our observation that the pore-forming activity of CyaA-

AC- is necessary for toxoid-treated BMDC to induce T cell responses. We showed, 

indeed, that BMDC treated with low concentration of wild type CyaA-OVA-AC- (300 

ng/ml), but not with the less pore-forming toxoid CyaA-OVA-QR-AC-, were able to 

induce CD8+ and CD4+ T cell responses in vitro and expanded adoptively transferred 

CD8+ T cells in vivo. Moreover, we observed a significantly higher expansion of 

adoptively transferred OVA specific CD8+ and CD4+ T cells after administration of 25 

μg/ml of CyaA-OVA-AC- in comparison to administration of CyaA-OVA-QR-AC-. This 

confirms the higher stimulatory activity of the pore-forming wild type toxoid towards 

antigen presenting cells in vivo. Based on these findings we proposed a 

concentration-dependent model of adjuvant activity of the immunotherapeutically 

relevant CyaA-AC- toxoid. It predicts that at low toxoid concentrations the cell 

permeabilizing activity provokes K+-efflux-mediated p38 and JNK activation, 

triggering DC maturation, which is largely potentiated by TLR4/TRIF signaling upon 

high level of toxoid binding to cells. 

The studies demonstrated that in line with the previously described ability to 

act as a good antigen delivery tool, the CyaA-AC- toxoid induces DC maturation, 

which is required for an efficient antigen-specific priming of naïve T cells (Fayolle et 

al., 1996; Adkins et al., 2012). Importantly, the toxoid was shown to induce a 

prominently Th1-polarized type of immune responses (Dadaglio et al., 2003; Ross et 

al., 2004; Mascarell et al., 2005), which is an observation potentially relevant also for 

the use of the toxoid as a new antigen and adjuvant in the next generation of 

acellular pertussis vaccines. Indeed, shifting of the predominantly Th2-polarized 

immune response to the currently used acellular pertussis vaccines (Ausiello et al., 

1997; Ryan et al., 1998) towards induction of more Th1/Th17-polarized responses 

appears to be highly desirable in view of induction of longer-lasting and more efficient 

protective immunity against B pertussis infection (Ross et al., 2004; Mills et al., 

2014). It is noteworthy that genetically fully detoxified CyaA-AC-Hly- (CyaA-QR-AC-) 

toxoid (Osickova et al., 2010), protected by a patent portfolio, awaits evaluation as a 

novel aP vaccine component in the baboon weanling immunization model and B. 

pertussis challenge studies (Sebo et al., 2014). 
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Publication 4 

The exact mechanism of AC domain translocation into cell cytosol across the 

lipid bilayer of cellular membrane remains poorly understood. CyaA translocation into 

cell cytosol depends upon a negative membrane potential (Otero et al.1995; 

Veneziano et al., 2013) and requires structural integrity of the acylated and calcium-

loaded Hly moiety of the toxin (Bellalou et al., 1990; Rogel & Hanski, 1992; Hackett 

et al.1994; Masin et al., 2005). The four predicted transmembrane amphipathic α-

helices (between residues 502 - 522 and 565 - 591) of the hydrophobic domain of 

CyaA contain pairs of negatively charged glutamate residues which have been found 

to be directly involved in the AC domain translocation across the target cell 

membrane (Osickova et al., 1999; Basler et al., 2007). However, membrane 

permeabillization by CyaA pores is not required for the process of CyaA translocation 

(Osickova e al., 2010). 

 Our study deciphered the contribution of the AC domain to the mechanism of 

its translocation across the cytoplasmic membrane by using a set of 18 CyaA 

mutants deleted in portions of their AC domain. We analyzed the capacity of all these 

CyaA deletion mutants to deliver ovalbumin antigen into the MHC class I 

presentation pathway. As a result we have shown that up to 371 amino acids in the 

AC domain are unnecessary for it to reach the cell cytosol. This was determined by 

the delivery of the MHC class I restricted T cell epitope of ovalbumin into DC followed 

by a successful stimulation of specific CD8+ T cell response. It is thus plausible to 

suppose that the AC domain plays a rather passive role during the process of 

membrane penetration and does not contain any essential sequences needed for its 

penetration into cells. Moreover, the Hly moiety was able to deliver two large artificial 

polypeptides (146 and 203 amino acid residues long) into cell cytosol and to 

stimulate specific mouse and human CTL responses. 

CyaA toxin penetrates into cell cytosol directly from the plasma membrane, 

without the need for endocytosis (Gordon et al., 1989; Bumba et al., 2010). This is 

quite a unique ability, as most other bacterial toxins having the ability to alter cAMP 

levels within the cell (e. g.: adenylate cyclase anthrax toxin of Bacillus anthracis, 

pertussis toxin of Bordetella pertussis or cholera toxin of Vibrio cholerae) are 

multicomponent A-B type toxins and require receptor-mediated endocytosis for 

penetration inside the cell. The fact that the AC domain penetration into the cytosol is 

a process independent of endocytosis was proven by the use of endocytosis 
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inhibitors. These inhibitors did not interfere with the translocation of the AC domain of 

CyaA as they did not prevent the elevation of the cytosolic cAMP or the delivery of 

CD8+ T cell epitopes inserted into the AC domain into MHC class I presentation 

pathways of dendritic cells. (Bumba et al., 2010; Gordon et al., 1989; Guermonprez  

et al., 1999; Schlecht et al., 2004). 

We showed that the delivery of the OVA epitope into cells was inhibited upon 

binding of the 3D1 antibody recognizing residues 373-399 of CyaA or by the deletion 

in the region beyond N-terminal 371 amino acids (construct B19). In line with these 

results, the segment linking the AC and Hly moiety might play a role in the 

translocation process (Subrini et al., 2013). Similarly, it was shown that the CyaA 

translocation was blocked by binding of 3D1 antibody or by deletion of residues 375-

485 (Lee et al., 1999; Gray et al., 2001; Karst et al., 2012). To support this 

hypothesis, the recent results show that negatively charged residues within this linker 

segment control the size and the frequency of the formation of CyaA pores, while the 

positively charged residues seem to be engaged in the CyaA translocation process 

(Masin et al., 2016). 

 

The self-adjuvanting capacity of the CyaA toxoid together with the possibility to 

replace the entire portion of the AC domain for the delivery of larger polyepitope 

antigens appear to be quite useful features of the CyaA toxoid, thus encouraging the 

design of a next generation of CyaA based vaccines.   

 

Publication 3 

As an application of the above discussed results, we tested CyaA-AC- toxoids 

as a tool for delivery of an influenza vaccine. 

 Although influenza A viruses are being extensively studied, there is still no 

effective prevention against recurrent influenza infections. Influenza vaccines have to 

be updated each year according to the newly emerging strains. Current vaccines 

induce neutralizing antibodies targeted mainly against an immunodominant HA1 

subunit of the surface glycoprotein hemagglutinin (HA). These specific antibodies 

then prevent influenza infection by blocking virus attachment to the cell surface. 

However, the problem is that this region of hemagglutinin is highly variable. Hence, 

some viruses can escape from immunity recognition. It is the reason why the 

development of a universal vaccine has not yet been successful. In order to avoid the 
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high rate of mutagenesis in influenza A viruses, current research is focused on 

defining of conserved antigens that could induce cross-protective antibodies and CTL 

responses against various seasonal influenza viruses (Stanekova & Vareckova, 

2010).  

While HA1 part of hemagglutinin is highly variable, HA2 part is well conserved. 

Furthermore, HA2 is known to be responsible for the fusion of viral and cell 

membranes in the endosomes, leading to the release of a ribonucleoprotein complex 

of the virus into the cytoplasm (Gerhard et al., 2006). There are many studies 

showing that HA-specific antibodies, targeting its stem region, can prevent this fusion 

step and inhibit viral replication both in vitro and in vivo (Stanekova & Vareckova, 

2010). The HA2 antigen (residues 23-185), which we chose for our study, was from 

H3 subtype and contained several conserved T and B cell epitopes of influenza A 

virus (Saikh et al., 1995; Jackson et al., 1994). It was reported previously that HA2-

based vaccine may induce a protective humoral response (Gocnik et al., 2008; Steel 

et al., 2010; Wang et al., 2010a,b; Bommakanti et al., 2010), but we showed for the 

first time that it may induce both CD8+ and CD4+ T cell responses, resulting 

presumably in enhanced immunity against influenza infection. Moreover, vaccination 

with CyaA-AC--HA2 provided earlier clearance of influenza virus from mice lungs and 

protected mice against a lethal infection with homologous human influenza virus 

A/Miss H3N2 and importantly also against the heterologous highly pathogenic avian 

influenza virus A/Chick H7N1. Interestingly, this immunization proved to be protective 

against influenza infection up to 6xLD50 despite of the absence of any adjuvant.  

 Moreover, the induced HA2 specific antibodies were cross-reactive within the 

group 2 HA proteins H3, H4 and H7, but not with subtypes of H1. We further showed 

that the induced antibodies recognize the region HA276-130 exhibiting thus a similar 

specificity as the antibody 12D1 which was reported to be broadly neutralizing and 

cross-protective (Wang et al., 2010a, b). By the characterization of the antibody 

isotype composition we determined that CyaA-AC--HA2 induced a mixed Th1 and 

Th2 immune response, while the vaccination with HA2 protein alone resulted rather 

in a Th2 polarization. This is in line with the previous reports of the CyaA toxoid 

inducing prominently Th1 polarized immune responses (Dadaglio et al., 2000; 

Mascarell et al., 2005). Moreover, we showed that the induced specific antibodies 

had the capacity to reduce viral replication. The important mechanism how HA2 

antibodies might contribute to the milder course of the influenza infection is the 
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inhibition of virus fusion with host cell membranes (Vareckova et al., 2003; Gocnik et 

al., 2007; Wang et al., 2010a, b). 

The induction of both CD4+ and CD8+ T cell immune responses is important 

during the influenza infection (McMurry et al., 2008). We observed an increase in the 

number of influenza virus specific IFN-γ secreting splenocytes in CyaA-AC--HA2 

immunized mice after restimulation with HA2-specific CD4+ and CD8+ T cell peptides. 

Additionally, it is plausible to suppose that also the cross-protective potential of the 

specific conserved region of HA2 (76-130) (Wang et al., 2010 a,b) might be 

enhanced by the CyaA mediated stimulation of T cell immunity targeting this part of 

HA2. 

Influenza vaccines should be designed to elicit both antibody and T cell 

responses, as also T cell immunity plays an important role in clearance of the virus 

and contributes to the milder course of infection (Wang & Palese, 2009). Overall, our 

report was the first one to show a heterosubtypic protection against influenza A 

infection mediated by an HA2-based vaccine that can stimulate both arms of 

protective immunity without the need of adjuvant. This was previously possible only 

after vaccination with live attenuated influenza vaccines, which is not safe for 

everyone (Stropkovska et al., 2010). There is a possibility to design new CyaA-based 

vaccines that would be efficient against a broader spectrum of influenza A viruses. 

This might be achieved by a combination of selected conserved HA2 peptides from 

each subtype group. Recently, we have also shown that the AC domain of CyaA 

could be replaced by large polypeptides without affecting the antigen delivery 

capacity (Holubova et al., 2012). Such vaccines with a broadened protective efficacy 

would be important particularly to prevent possible worldwide influenza pandemic.  

 

Part 2 (Publication 2, 5) 

7.2 CyaA and its role in Bordetella pertussis infection 

Despite massive vaccination world-wide, pertussis is re-emerging in the most 

developed countries that use the acellular pertussis vaccines. One of the key 

virulence factor of this bacteria is the adenylate cyclase toxin - CyaA, a swift saboteur 

of host cell functions (Vojtova et al., 2006). Its role in pertussis has been studied, 
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however more details are needed to understand its specific mechanism of action. 

Hence, these studies were focused on the deciphering the mechanisms of how the 

CyaA toxin manipulates dendritic cells and what is the effect of the pore-forming 

activity of the CyaA toxin in the course of infection. 

 

Publication 2 

 Upon the penetration into cell cytosol, the CyaA toxin generates a rapid 

elevation of concentration of cAMP, an important second messenger. This interferes 

with bactericidal functions of phagocytes by inhibition of superoxide production, 

chemotaxis and phagocytosis (Confer & Eaton, 1982; Pearson et al., 1987; Vojtova 

et al., 2006). Moreover, it was shown that CyaA can promote apoptosis (Khelef et al., 

1993) or necrosis (Basler et al., 2006). We reported that the CyaA action also inhibits 

macropinocytic uptake (Kamanova et al., 2008). Recently, Cerny et al. showed that 

the Cya-mediated PKA activation leads to the activation of the tyrosine phosphatase 

SHP-1, which inhibited NO production by macrophages (Cerny et al., 2015). 

Furthermore, SHP-1 activation resulted in the stabilization of the proapoptotic protein 

BimEL, Bax activation and thus induced macrophage apoptosis (Ahmad et al., 2016).  

Our study aimed on a deeper characterization of the immunomodulatory 

properties of the CyaA toxin acting on TLR-stimulated murine and human DC (BMDC 

and MDDC). Importantly, throughout our work we used as low physiological 

concentration of the CyaA toxin as 10 ng/ml (Eby et al., 2013). In order to decipher 

the role of CyaA action during pertussis infection we mimicked an infection-like 

environment by using LPS that is a very potent TLR-activator of DC during infection. 

LPS from E. coli may differ from B. pertussis LOS in the ability to interact with the 

TLR4-MD-2-CD14 complexes both in mice and humans (Hajjar et al., 2002; Marr et 

al., 2010). 

 It was previously shown that the CyaA toxin has the capacity to modulate TLR-

induced maturation of DC (Ross et al., 2004; Boyd et al., 2005; Spensieri et al., 

2006). In accordance with these studies, we observed that cAMP signaling of CyaA 

increased IL-10 secretion and decreased IL-12p70 secretion and CD40 expression in 

TLR-activated mouse and human DC. In addition, we showed that CyaA enhanced 

LPS-induced cell detachment and chemotactic migration of DC. Moreover, CyaA 

decreased the capacity of LPS activated DC to stimulate proliferation of antigen-
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specific CD4+ and CD8+ T cells in vitro and in vivo. Furthermore such DC decreased 

the induction of IFN-γ producing CD8+ T cells, while it enhanced the induction of 

antigen-specific IL-17 and IL-10 producing CD8+ T cells and of CD4+CD25+Foxp3+ T 

regulatory cells.  

We showed that the CyaA-mediated cAMP signaling enhanced TLR-induced 

dissolution of cell adhesive contacts and promoted migration of DC towards the 

lymph node homing chemokines CCL19 and CCL21. However, we did not observe 

any correlation between the amount of CCR7 on the DC cell surface after 24 h and 

the enhanced chemotactic migration of CyaA and LPS-treated DC, suggesting that 

the LPS-induced CCR7 expression was sufficient for enhanced migration along the 

cytokine gradient. Indeed, as documented by the xCelligence measurements, DC 

treated with CyaA and LPS exhibited a faster dissolution of adhesive contacts, 

possibly facilitating migration. It has been shown that actin and myosin inhibitors 

reduced the speed of migration but not the directed motion (Ricart et al., 2011) and 

the integrin-ligand binding properties of cells similarly affect the migration speed 

(Palecek et al., 1997). It remains to be established, however, to which extent the 

capacity of CyaA to increase migration might play a role during B. pertussis infection 

in vivo, because wild-type B. pertussis was shown to inhibit migration of MDDC 

towards CCL21 in vitro in dependence on the presence of active PT (Fedele et al., 

2011). 

Moreover, as further shown by us, LPS stimulated DC after exposure to CyaA 

exhibit a decreased capacity to stimulate antigen-specific CD4+ and CD8+ T cells. It 

was demonstrated previously that T cells isolated from lungs of mice infected by B. 

pertussis were impaired in the capacity to respond to Bordetella antigens (McGuirk et 

al., 1998). Additionally, CyaA caused B. pertussis infected human monocytes 

mediated inhibition of antigen-dependent CD4+ T cell proliferation in response to 

tetanus toxoid (Boschwitz et al., 1997). We have ruled out several possible 

mechanisms how CyaA could modulate these immune responses: induction of DC 

death, decrease in MHC II or costimulatory molecule expression, production of 

inhibitory soluble factors, modulation of cytokine secretion, inhibition of ovalbumin 

uptake or processing or decrease in viability of T cells. Altogether, our results 

suggest, that CyaA via its cAMP signaling interferes with the MHC class II antigen 

presentation pathway downstream to antigen uptake and degradation. One possible 

explanation could be that CyaA causes perturbation of vesicular sorting and 
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trafficking of epitope-loaded MHC II molecules from endosomes to the cell surface as 

we previously reported that CyaA induced massive actin cytoskeleton 

rearrangements and membrane ruffling in CD11b-expressing myeloid cells 

(Kamanova et al., 2008). Recently it has been reported that cAMP signaling shapes 

DC to a tolerogenic phenotype and subverts their T cell stimulatory capacity (Challier 

et al., 2013). Moreover, also cholera toxin of V. cholera and heat-labile enterotoxin of 

E. coli trigger a cAMP signaling pathway which by a yet not very well known 

mechanism interferes with the proper presentation of antigens by macrophages or B 

cell lymphoma (Matousek et al., 1996; Matousek et al., 1998; Tanaka et al., 1999). 

We further showed that the CyaA treatment of DC decreased their ability to 

induce IFN-γ-secreting CD8+ T cells, while it promoted antigen-specific IL-10 and IL-

17-producing CD8+T cells. This is in line with previously published data that cAMP 

accounts also for the development of Th17 cells (Anderson & Gonzalez-Rey, 2010). 

These together with Th1 cells were shown to be important for clearance of B. 

pertussis from the respiratory tract of infected mice (Dunne et al., 2010). Although 

CD8+ T cells do not seem to be necessary for the establishment of the protective 

immunity against Bordetella in mice (Leef et al., 2000; Mills et al., 1993), IFN-γ 

producing CD8+ T cells were detected in B. pertussis infant and young adult patients 

and in vaccinated children (Dirix et al., 2012; Rieber et al., 2011). Besides, they might 

also contribute to the defense against secondary infections. Another possible role for 

them is in the defense against infected human macrophages, where B. pertussis may 

survive and even grow for some time (Lamberti et al., 2010).  

It has been reported that CD25-Foxp3+ T regulatory cells are the predominant 

suppressive subtype in the lungs of mice infected by B. pertussis (Coleman et al., 

2012). Furthermore, CyaA was previously shown to induce IL-10-producing T 

regulatory cells (Tr1) through manipulation of DC (Ross et al., 2004). Recently it was 

shown that CyaA may stimulate IL-10 production by inhibitory phosphorylation of SIK 

family of kinases, probably mediated by PKA, via the dephosphorylation and nuclear 

translocation of transcriptional coactivator CRTC3/TORC3 (Novak et al., in 

preparation). Moreover, the LPS-free CyaA stimulated DC accounted for expansion of 

CD4+CD25+Foxp3+ T regulatory cells in vitro. However, it needs to be determined 

what role has this Treg population in the course of B. pertussis infection, whether 

such T cells may subvert the bacterial clearance or limit the immune-mediated 

pathology (Higgs et al., 2012). 
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As the key function of DC is to induce the adaptive immune response, the 

results of our study support the hypothesis that the CyaA toxin prevents the onset of 

the effective adaptive immune response during B. pertussis infection. Although CyaA 

promotes migration of DC, it interferes with their capacity to stimulate proper T cell 

responses by manipulating their TLR-induced maturation process. Such manipulated 

DC are then unable to stimulate adequate T cell responses not only by inhibition of 

their induction, but also by shaping the resulting T cell profile towards more 

tolerogenic type and thereby delay the clearance of bacteria and prolong the 

persistence of B. pertussis infection.  

 

Publication 5 

We constructed a unique B. pertussis mutant that produces a cell-invasive but 

non-hemolytic variant of the CyaA toxin (AC+Hly-). We showed that the pore-forming 

activity of the secreted CyaA is not required for the capacity of B. pertussis to 

colonize mouse lungs. However, it significantly contributes to the virulence and 

lethality of B. pertussis infection in the mouse respiratory challenge model.  

Intriguingly, the cell-permeabilizing activity of CyaA accounted for an important 

pathology provoked in mouse lungs by the hemolytic B. pertussis bacteria already at 

inoculation doses as low as 105 CFU. Significantly milder lung pathology was then 

observed at comparable levels of lung colonization by the non-hemolytic AC+Hly- 

bacteria. The AC+Hly- mutant was then mostly found attached to the respiratory 

epithelium brush border in the bronchial lumen, while the parental hemolytic AC+Hly+ 

B. pertussis bacteria penetrated the epithelial layer and infiltrated the parenchyma to 

form pneumonic foci. The selective impairment of the hemolytic (pore-forming) 

activity thus significantly reduced the invasiveness and virulence of B. pertussis 

infection, where death of mice occurred about a week later and at an order of 

magnitude higher inoculation dose, than upon infection with the wild-type (AC+Hly+) 

bacteria. This suggests that in the mouse model of respiratory challenge, much of the 

virulence and lethality of B. pertussis infections is likely due to a ‘suicidal’ 

hyperactivation of innate host defense and exacerbated lung inflammation caused at 

least in part by the cell-permeabilizing activity of the CyaA toxin.  

Neutrophil recruitment and inflammation of infected tissue would, indeed, 

possibly be potentiated by the synergy of the cell-permeabilizing and cell-invasive AC 

enzyme activities of CyaA. These toxin activities may trigger inflammation by at least 
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three known mechanisms. CyaA was shown to elicit production of IL-6 in tracheal 

epithelial cells (Bassinet et al., 2000; Gueirard et al., 1998; Khelef et al., 1994), 

where IL-6 is known to activate cytotoxic action of neutrophils at the site of infection. 

Secondly, cAMP signaling of CyaA was shown to induce COX-2 expression in 

macrophages, which would potentially yield release of prostaglandins and chemo-

attraction of neutrophils (Perkins et al., 2007). The third mechanism would involve the 

contribution of CyaA-mediated potassium efflux to NALP3 inflammasome assembly 

in LPS-primed dendritic cells, which yields caspase-1 activation and pro-inflammatory 

IL-1β secretion (Dunne et al., 2010). IL-1β then can trigger neutrophil chemokine 

production by non-immune cells (Miller et al., 2006) and potentiate neutrophil 

infiltration into lung parenchyma, thereby provoking inflammatory damage of the 

infected lungs. 

The colonization defect of the AC-Hly+ mutant observed by us was much less 

pronounced than what was reported earlier for infections with about one and a half 

order of magnitude higher challenge doses (106.5 – 107 CFU) of the AC-Hly+ mutant 

or with the CyaA-deficient bacteria (Khelef et al., 1992). It is possible that at such 

high inoculation doses the excessive harnessing of host response and neutrophil 

infiltration would allow fast elimination of the AC-Hly+ bacteria that cannot neutralize 

phagocytes by production of cytosolic cAMP. In contrast to the parental strain, 

however, the AC-Hly+ bacteria inoculated at only 105 CFU were not completely 

cleared from mouse lungs for up to 30 days and persisted at a low but detectable 

level of about 103 CFU (data not shown), suggesting that the AC-Hly+ mutant might 

persist much longer in lung alveoli or inside host cells because of being less cytotoxic 

to epithelial or phagocytic cells. 

The non-hemolytic AC+Hly- mutant colonized mouse lungs as efficiently as the 

parental AC+Hly+ B. pertussis strain. This goes well with the previous reports on the 

capacity of CyaA to disarm neutrophils, promote apoptosis of alveolar macrophages 

and subvert in vitro the TLR ligand-induced maturation and cytokine profiles of 

dendritic cells, respectively (Bagley et al., 2002; Boschwitz et al., 1997; Fedele et al., 

2010; Hickey, et al., 2008; Njamkepo et al., 2000; Ross et al., 2004; Spensieri et al., 

2006). We confirmed that B. pertussis-produced CyaA accounted for suppression of 

IL-12 and TNF-α secretion and for enhanced release of immunosuppressive IL-10 by 

mouse DCs in contact with live B. pertussis bacteria. The CyaA also interfered with 

the presentation of the OVA antigen on DCs exposed to live B. pertussis bacteria and 
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reduced the level of induction of antigen-specific IFN secretion by T cells, while 

enhanced antigen-specific secretion of IL-17A and IL-10 by OVA-specific CD8+ and 

CD4+ T lymphocytes. Moreover, the enzymatic activity of B. pertussis-secreted CyaA 

promoted the expansion of antigen-specific Foxp3+CD25+CD4+ T regulatory cells by 

the DCs in vitro. The same observation was, indeed, made recently with purified 

recombinant CyaA, which at a concentration of only 10 ng/ml was able to skew the 

antigen-presenting capacities of LPS-activated DCs towards a tolerogenic phenotype 

(Adkins et al., 2014). Since similar CyaA concentrations were recently found in nasal 

aspirates of infants with pertussis and in nasopharyngeal washes of B. pertussis-

infected baboons (Eby et al., 2013), it is plausible to assume that the local 

concentrations of CyaA at infected epithelial surfaces might be even higher. CyaA 

could thus play a major role in suppression of adaptive T cell immune response 

during natural B. pertussis infections. It is further possible to hypothesize that the 

cAMP-elevating activity of secreted CyaA may be contributing to the previously 

observed expansion of regulatory T cells in B. pertussis infected tissues in vivo 

(Higgs et al., 2012). Indeed, the use of the AC+Hly- mutant allowed us to conclusively 

show that the pore-forming activity of CyaA did not contribute to the cAMP-triggered 

tolerogenic shaping of the phenotype of DCs exposed to TLR ligands produced by 

live B. pertussis in vitro.  

Intriguingly, however, the hemolytic activity of CyaA played a role in increased 

macrophage, Ly6Chigh monocyte, conventional and plasmacytoid DC arrival into 

mouse lungs infected by the parental AC+Hly+ B. pertussis. At the same time, the 

cell-permeabilizing activity synergized with the cAMP signaling activity of the CyaA 

toxin in bringing about a significant reduction of the mean level of MHC II molecule 

expression on myeloid cells in the infected lungs in vivo. While the mechanism by 

which this reduction of MHC II levels occurs remains enigmatic, it was observed here 

for several types of antigen presenting cells, such as macrophages, monocytes, 

pDCs or cDCs. It is thus likely to have non-negligible repercussions on the efficacy of 

CD4+ T cell immune response induction during B. pertussis infection in situ, at the 

site of infection. Subversion of maturation and of antigen presenting capacities of 

intraepithelial DCs due to combined cAMP-elevating and cell-permeabilizing action of 

CyaA would plausibly be expected to interfere with adaptive responses of CD4+ T cell 

help-depending B lymphocytes. Delaying and restricting the efficacy of antibody 

response induction and limiting development of B and T cell immune memory to B. 
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pertussis antigens, may hence represent a second wave activity of CyaA, following 

on the incapacitation of the frontline defense exerted at the site of infection by the 

CR3-expressing neutrophils and macrophages, which are particularly sensitive to 

CyaA toxin action.  
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8. CONCLUSIONS 
 

Mechanism of CyaA-AC- adjuvanticity (Publication 1) 

 We show that non-enzymatic but pore-forming CyaA-AC- toxoid at low 

concentration of 300 ng/ml induces the maturation of CD11b-expressing 

dendritic cells by a TLR- and inflammasome-unrelated mechanism. This 

depends on the cell-permeabilizing capacity of CyaA-AC- and involves the 

activation of the JNK and p38 protein kinases. 

 Upon toxoid treatment, bone marrow-derived dendritic cells (BMDC) increased 

the expression of co-stimulatory molecules, production of IL-6, KC, LIX, 

GCSF, and PGE2 and exhibited increased chemotactic migration 

 Moreover, we show that CyaA-AC--mediated K+ efflux induces the maturation 

of splenic DC and their capacity to expand antigen-specific CD4+ and CD8+ T 

cells in vivo  

 It is therefore plausible to propose that it is the capacity of the CyaA-AC- toxoid 

to trigger the maturation and migration of DC that accounts for its adjuvant 

capacity in vivo. 

 

CyaA modulates TLR-induced maturation and T cell stimulatory capacity of DC 

(Publication 2) 

 We examined the ability of close-to-physiological concentration of the CyaA 

toxin to modulate LPS-induced maturation and T cell stimulatory capacity of 

mice and human DC through activation of cAMP signaling pathway 

 CyaA supports LPS-induced cell detachment and migration towards the lymph 

node homing chemokines CCL19 and CCL20 

 We showed that CyaA decreased the capacity of TLR-activated DC to present 

soluble antigens to CD4+ T cells and increased their capacity to promote 

expansion of CD4+CD25+Foxp3+ T regulatory cells in vitro 

 Moreover, CyaA also decreased the capacity of LPS-stimulated DC to induce 

CD8+ T cell proliferation. In addition, it resulted in the reduced induction of 

IFN-γ production while it enhanced the induction of IL-17 and IL-10 production 

by CD8+ T cells. 
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Protection against influenza A induced by CyaA-AC--HA2 (Publication 3) 

 The prepared CyaA-AC--HA2 toxoid induces HA2 specific T and B cell 

responses in BALB/c mice. The presence of specific antibodies was detected 

by ELISA in the sera of immunized mice. The isotype composition of the 

specific antibodies suggested an induction of mixed Th1 and Th2 polarized 

immune response. 

 We further show that HA2-specific antibodies induced by CyaA- AC--HA2 were 

cross-reactive with influenza A viruses of the H3, H4 and H7 subtypes. In 

addition, they were shown to reduce the virus replication. 

 CyaA- AC--HA2 immunization accelerated virus elimination from mice infected 

with homologous H3 and heterologous H7 influenza viruses and protected 

them against a lethal dose of these viruses. 

 

Delivery of truncated AC domain across the cytoplasmic membrane of APCs 

(Publication 4) 

 Deletion mapping results showed that the first 371 amino acids of the AC 

domain are dispensable for the capacity of CyaA to translocate its N-terminal 

portion across the cytoplasmic membrane of dendritic cells. This was 

determined by delivery of an OVA epitope into DC for in vitro stimulation of 

OVA-specific CD8+ T cells. 

 Toxoids in which the first 371 residues of the AC domain were replaced by 

long heterologous polyepitope were still capable to induce effective antigen-

specific CD8+ CTL responses in vivo in mice and ex vivo in human peripheral 

blood mononuclear cell cultures.  

 The results suggest that the AC domain participates in the membrane 

penetration only as a passive passenger. Importantly, its ability to deliver large 

heterologous polypeptides across the cytoplasmic membrane of antigen 

presenting cells paves the way for the construction of a new generation of 

CyaA-based vaccines. 
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The role of the pore-forming activity of CyaA in Bordetella infection 

(Publication 5) 

 Hemolytic (pore-forming) activity of CyaA is not required for 

immunomodulatory shaping of dendritic cell phenotype by B. pertussis 

 Hemolytic activity of CyaA is not required for mouse lung colonization by B. 

pertussis, however, it contributes to exacerbation of inflammatory damage of 

mouse lungs in the course of infection 

 Moreover, the pore-forming activity of CyaA accounts for recruitment of 

myeloid cells into infected lungs 

 The pore-forming activity synergized with the cAMP-elevating activity in 

downregulation of MHC II molecule expression levels on infiltrated myeloid 

cells 
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