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ABSTRACT

The adenylate cyclase toxin-hemolysin (CyaA, ACT or AC-Hly) is a key virulence factor of the whooping cough agent
Bordetella pertussis. CyaA targets myeloid phagocytes expressing the complement receptor 3 (CR3, known as αMβ2 integrin
CD11b/CD18 or Mac-1) and translocates by a poorly understood mechanism directly across the cytoplasmic membrane into
cell cytosol of phagocytes an adenylyl cyclase(AC) enzyme. This binds intracellular calmodulin and catalyzes unregulated
conversion of cytosolic ATP into cAMP. Among other effects, this yields activation of the tyrosine phosphatase SHP-1, BimEL
accumulation and phagocyte apoptosis induction. In parallel, CyaA acts as a cytolysin that forms cation-selective pores in
target membranes. Direct penetration of CyaA into the cytosol of professional antigen-presenting cells allows the use of an
enzymatically inactive CyaA toxoid as a tool for delivery of passenger antigens into the cytosolic pathway of processing and
MHC class I-restricted presentation, which can be exploited for induction of antigen-specific CD8+ cytotoxic T-lymphocyte
immune responses.
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INTRODUCTION

Secreted bacterial protein toxins play a central role in mod-
ulation and subversion of host cell functions by pathogens.
Therefore, analyzing molecular details of mechanisms of toxin
action helps to unravel the mechanisms of cell function. Inac-
tivated bacterial toxins are also useful as protective antigens
for the treatment and prevention of bacterial infections. Quite
a few pathogens secrete pore-forming proteins that penetrate
and permeabilize host cell membranes. This brief review covers
recent advances in our understanding of mechanism of mem-
brane penetration of the adenylate cyclase toxin, an important

virulence factor from the repeat in toxin (RTX) family of bacterial
toxins.

CyaA ACTION ON TARGET MEMBRANE

RTX proteins exhibit a wide range of activities and molecular
masses, ranging from 40 to over 600 kDa (Linhartova et al. 2010).
A prominent group of RTX proteins consists of toxins that ex-
hibit a cytotoxic pore-forming activity. This was first detected
as a hemolytic halo surrounding colonies of uropathogenic Es-
cherichia coli on blood agar plates (Goebel and Hedgpeth 1982).
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Figure 1. Schematic representation of the CyaAmolecule. CyaA is a 1706 residue-long polypeptide that contains an N-terminal adenylate cyclase (AC) enzyme domain
(∼400 residues) and a C-terminal pore-forming RTX hemolysin moiety of ∼1300 residues. The RTX hemolysin portion of CyaA itself consists of several functional

subdomains. It contains (i) a hydrophobic pore-forming domain, comprising residues 500–700; (ii) an activation domain between residues 800 and 1000, where the
posttranslational palmitoylation at two lysine residues (K860 and K983) occurs; (iii) a typical calcium-binding RTX domain, harboring the nonapeptide glycine- and
aspartate-rich repeats, which form numerous (∼40) calcium-binding sites and the integrin-binding domain and (iv) the C-terminal secretion signal, respectively.

The RTX adenylate cyclase toxin-hemolysin (Fig. 1) is secreted
by pathogenic Bordetellae via the type I secretion system (T1SS),
formed by the CyaBDE proteins, using the same mechanism as
HlyA, the RTX α-hemolysin of E. coli, which uses the HlyBD/TolC
apparatus (Koronakis, Eswaran and Hughes 2004). By analogy,
CyaB would operate as an ABC family transporter, recognizing
the secretion signal of CyaA located within its last 74 residues
(Sebo and Ladant 1993) and driving the insertion of an un-
folded CyaA polypeptide into a tightly packed trimeric CyaBDE
‘channel-tunnel’ conduit, spanning across the entire cell wall.
This enables CyaA excretion directly from bacterial cytoplasm
into the external medium.

CyaA then acts as a swift multifunctional saboteur of host
cell functions (Vojtova, Kamanova and Sebo 2006), perturbing
physiology of various cell types by several mechanisms. Toxin
binding to host cells is greatly enhanced by interaction with
complement receptor 3 (Guermonprez et al. 2001), such as on
the surface of host phagocytes. With about 50-fold lower effi-
cacy (in terms of numbers of CyaA molecules bound per cell at
a certain concentration), however, CyaA can bind and penetrate
almost any host cell. This includes epithelial cells, most likely
due to interaction with gangliosides clustered within lipid mi-
crodomains of cell membrane (Gordon et al. 1989). As schemat-
ically depicted in Fig. 2, upon penetration into cell membrane
(bearing or not the CR3 receptor) the CyaA protein delivers its
AC enzyme domain across the plasma membrane of eukaryotic
cells. In cell cytosol, the AC is activated by binding of cytoso-
lic calmodulin and the AC domain catalyzes an extremely rapid
(kcat∼2000 s−1) and uncontrolled conversion of intracellular ATP
to cAMP. Accumulation of this key signaling molecule (second
messenger) then subverts cellular physiology and rapidly sup-
presses bactericidal functions of phagocytes (Confer and Eaton
1982; Pearson et al. 1987; Kamanova et al. 2008; Cerny et al.
2015). At higher, but still physiologically relevant toxin concen-
trations (Eby et al. 2013), the CyaA-mediated cAMP signaling
and ATP depletion, as well as pore-forming activity, can syner-
gize in causing apoptosis or necrosis of phagocytes (Khelef and
Guiso 1995; Bachelet et al. 2002; Basler et al. 2006; Hewlett, Do-
nato and Gray 2006). Steep elevation of cAMP concentration by
toxin action triggers and deregulates numerous signaling path-
ways downstream to protein kinase A (PKA) and Epac (exchange
protein directly activated by cAMP). Recently, we could show
that activation of PKA by toxin-produced cAMP translates, by
an as-yet-uncharacterized signalingmechanism, into activation
of the tyrosine phosphatase SHP-1. This controls numerous key
mechanisms in leukocytes and among other blocks Toll-like re-

ceptor ligand-induced expression of inducible nitric oxide syn-
thase and bactericidal NO production in macrophages (Cerny
et al. 2015). Moreover, SHP-1 activation yields stabilization of
the proapoptotic BimEL protein, Bax activation and induction
of macrophage apoptosis (Ahmad et al. 2015). In parallel, CyaA
pores permeabilize the membrane of cells and promote potas-
sium efflux from cells and possibly also sodium andwater influx
(Gray et al. 1998; Dunne et al. 2010; Fiser et al. 2012; Wald et al.
2014). This perturbs ion homeostasis and eventually provokes
colloid-osmotic lysis of cells (Ehrmann et al. 1991). In contrast to
some RTX toxins, which form large membrane pores allowing
ATP leakage from cells, the cytolytic potency of the small CyaA
pores does not appear to be potentiated by the mechanism in-
volving ATP signaling-activated purinergic receptors (Skals et al.
2009; Munksgaard et al. 2012; Masin et al. 2013).

RECEPTOR INTERACTION OF CyaA

CyaA uses the heterodimeric αMβ2 integrin as its receptor on
myeloid phagocytes (Guermonprez et al. 2001). This explains
why CD11b-expressing cells of the innate immune system, such
as host neutrophils, monocytes, macrophages and dendritic
cells (DCs), are most sensitive to ablation of their bactericidal
functions by the cAMP-signaling action of CyaA, already at pM
toxin concentrations.

The main segment involved in toxin binding to CD11b/CD18
was previously located between residues 1166 and 1281 of the
calcium-binding and glycine-rich RTX repeat region of CyaA
(El-Azami-El-Idrissi et al. 2003). We have recently shown that in-
teraction of CyaA with CD11b/CD18 is initiated by recognition of
the N-linked glycans of the CD11b subunit (Morova et al. 2008;
Hasan et al. 2015). The high specificity of CyaA for binding of
CD11b/CD18 and the very weak interaction of CyaA with the
highly homologous CD11a/CD18 or CD11c/CD18 heterodimers
appear to be determined by a specific binding site for CyaA
present only in CD11b and not in the CD11a or CD11c subunits
of the β2 integrin family. This CyaA-binding segment is located
within residues 614–682 of CD11b, adjacent to its β-propeller
domain (Osicka et al., submitted). Binding and penetration of
CD11b-expressing cells by CyaA further depends on the load-
ing of the RTX repeats of the hemolysin moiety by ∼ 40 calcium
ions and on the covalent posttranslational palmitoylation of at
least of one of the K860 and K983 residues, with the acylation of
K983 being necessary and sufficient in supporting toxin action
(Hackett et al. 1994; Masin et al. 2005).
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Figure 2. Schematic representation of CyaA action. CyaA targets primarily the hostmyeloid phagocytes that express the β2 integrin CD11b/CD18, known as complement
receptor 3 (CR3) orMac-1. The cell-invasive and pore-forming activities of CyaA appear to be independent and operating in parallel in target cell membrane. The current

model predicts that two distinct CyaA conformers insert into target cell membrane. One would be the translocation precursor that would account for delivery of the
AC domain across the lipid bilayer and provokes also a concomitant influx of calcium ions into cells. The other conformer would form a pore precursor that would
oligomerize into CyaA pores, provoking potassium efflux from target cells. These two activities of a single polypeptide would then be to large extentmutually exclusive,

being accomplished by the two conformer species forming in parallel and existing in an equilibrium that can be shifted in favor of prevalence of either of the conformers
by alterations of CyaA acylation status, temperature, free calcium concentration, antibody binding or by specific residue substitutions (Rogel and Hanski 1992; Betsou,
Sebo and Guiso 1993; Rose et al. 1995; Gray et al. 1998, 2001; Osickova et al. 1999, 2010; Rhodes et al. 2001; Basler et al. 2007).

PORE-FORMING ACTIVITY OF CyaA AND AC
DOMAIN TRANSLOCATION

The RTX cytolysin (hemolysin) moiety of CyaA (∼1300 carboxy-
proximal residues) is itself capable to form small cation-
selective membrane pores of 0.6–0.8 nm in diameter (Benz et al.
1994). Properties of the CyaA pores, namely the pore lifetime and
pore size, appear to depend on the applied membrane potential,
but the presence ofmembrane potential is per se not an absolute
prerequisite for formation of the CyaA pore (Knapp et al. 2008).
The rate of formation as well as cation selectiveness and size of
the CyaA pores all appear to be controlled by pairs of negatively
charged glutamate residues (E509 + E516 and E570 + E581), lo-
cated within the predicted amphipathic α-helical segments that
are comprised between residues 500 and 700 of the hydropho-
bic domain of CyaA (Osickova et al. 1999; Basler et al. 2007).
The hemolysin moiety further consists of an activation domain
(residues 800–1000), where the covalent posttranslational palmi-
toylation of the ε-amino groups of internal lysine residues 860
and 983 of CyaA is accomplished by the coexpressed toxin acyl-
transferase CyaC (Hackett et al. 1994, 1995). A typical calcium-
binding RTX domain between residues 1008 and 1590 then har-
bors the characteristic andmore-or-less conserved nonapeptide
RTX repeat motifs of a consensus sequence X-(L/I/F)-X-G-G-X-G-
(N/D)-D. These form the numerous (∼40) calcium-binding sites
of CyaA and are the hallmark of CyaA appurtenance to the RTX
family (Rose et al. 1995). CyaA activity, indeed, strictly depends
on physiological (>0.3 mM) concentrations of free calcium ions
in order to fold into an active toxin capable to bind cells. Indeed,
calcium ion loading induces major conformational changes of
the CyaAmolecule, triggering folding of the RTX domain and en-
abling CyaA to penetrate into cell membrane (Hanski and Farfel
1985; Hewlett et al. 1991; Knapp et al. 2003).

The sum of accumulated indirect evidence indicates that
CyaA adopts two conformational states, yielding a transloca-
tion precursor and a pore-forming conformer precursor, respec-
tively. These appear to be in equilibrium on or within target cell

membrane and depending on the type of the CyaA conformer,
two CyaA actions would follow. One would yield translocation
of the AC-domain polypeptide across cellular membrane by the
translocation precursor, and the other yielding formation of a
cation-selectivemembrane pore. These two activities can be dis-
sociated, and the balance between them shifted in either direc-
tion, by alterations of CyaA acylation status, temperature, free
calcium concentration, antibody binding or by specific substitu-
tions in the predicted amphipathic transmembrane segments of
the pore-forming domain of CyaA, respectively (Rogel and Han-
ski 1992; Betsou, Sebo and Guiso 1993; Rose et al. 1995; Gray et al.
1998, 2001; Osickova et al. 1999, 2010; Rhodes et al. 2001; Basler
et al. 2007).

The translocation across but not the mere insertion of CyaA
into cytoplasmic membrane of cells appears to be driven by
membrane potential (Otero et al. 1995; Veneziano et al. 2013).
Toxin translocation across the lipid bilayer of cellular mem-
brane is not preceded by toxin endocytosis (Gordon, Leppla and
Hewlett 1988). CyaA translocation into cells proceeds directly
across the target cytoplasmic membrane and exhibits a very
short half-time of several dozens of seconds (Rogel and Han-
ski 1992). Moreover, this process does not depend on mem-
brane permeabilization by CyaA pores (Osickova et al. 2010).
The exact path of translocation of the ∼40 kDa AC domain
polypeptide across the membrane lipid bilayer remains, how-
ever, poorly defined. A predicted alpha-helical segment link-
ing the enzymatic and hydrophobic domains of CyaA has been
proposed to be involved in the translocation of the AC do-
main across cellular membrane (Subrini et al. 2013). Indeed, AC
translocation is abolished by the deletion of residues 375–485
of CyaA, or by binding of a monoclonal antibody that recog-
nizes an epitope located between residues 373 and 399 of intact
CyaA (Lee et al. 1999; Gray et al. 2001; Karst et al. 2012). Our re-
cent unpublished results then show (Masin et al., manuscript
in preparation) that negatively charged residues within this
linker segment (residues 419–448) control the size and the fre-
quency of formation of CyaA pores, while the positively charged
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residues of this segment appear to be involved in membrane
destabilization and AC domain translocation across cellular
membrane.Wehave recently shown that themembrane translo-
cation intermediate of the AC polypeptide does itself partici-
pate in formation of a novel type of a transiently opened path
across the cytoplasmic membrane that conducts extracellular
calcium ions into the cytosol of monocytic cells (Fiser et al. 2007).
Calcium infux then activates the protease calpain, which yields
cleavage of talin that tethers CD11b/CD18 to actin cytoskeleton.
This liberates the toxin-receptor complex for lateral relocation
from the bulk phase of the membrane into the cholesterol-rich
lipid microdomains, wherefrom the translocation of the AC do-
main into cell cytosol is completed (Bumba et al. 2010). Calpain
can next process the AC domain, cleaving it off from the rest
of the toxin molecule (Uribe et al. 2013). Our recent data fur-
ther show that calcium influx mediated by the toxin transloca-
tion precursor, synergizing with potassium efflux through toxin
pores, provokes a significant deceleration of the endocytic up-
take of the toxin molecules from the cytoplasmic membrane.
It appears that influx of calcium ions inhibits CyaA uptake
by membrane recycling mechanisms and redirects membrane-
associated CyaA into the slower clathrin-dependent endocytic
uptake pathway (Fiser et al. 2012). As a result, a positive feedback
loop is formed, as the more potassium leaks out from the cell,
the slower is the clathrin-mediated uptake of CD11b/CD18/CyaA
complexes in endocytic vesicles and the more exacerbated be-
comes the permeabilization of cells by toxin pores, thus further
exacerbating the potassium efflux and cell permeabilization in a
self-amplifying loop.

In parallel to the membrane-inserted CyaA translocation
precursor-mediated calcium influx and translocation of the
AC across cell membrane, the CyaA pore precursor causes
permeabilization of cell membrane for monovalent cations
(Osickova et al. 2010). This most likely occurs through associ-
ation of CyaA monomers into transiently opened (flickering)
oligomeric pores formed across cellularmembrane, opening (as-
sociating?) and closing (dissociating?) with a half-time of ∼2 s
(Vojtova-Vodolanova et al. 2009). Drop of cellular potassium lev-
els, due to cell permeabilization by CyaA, then appears to ac-
tivate a variety of cellular signaling cascades, as documented
for the action of other pore-forming toxins (Bischofberger, Ia-
covache and van der Goot 2012). Indeed, Dunne et al. (2010)
recently showed that the pore-forming activity of CyaA con-
tributes to activation of theNALP3 inflammasome and induction
of innate interleukin-1β responses through eliciting potassium
efflux from CD11b-expressing cells exposed to CyaA. Our re-
cent unpublished data then demonstrate that the pore-forming
activity of CyaA is not required for mouse lung colonization
by Bordetella pertussis in vivo and for the immunosuppressive
action of the secreted CyaA on mouse DCs in vitro (Skopova
et al., manuscript in preparation). The pore-forming capacity of
CyaA, however, appears to be importantly contributing to ex-
acerbation of infected lung inflammation, playing a role in vir-
ulence and lethality of B. pertussis infection in mice (Skopova
et al., manuscript in preparation). Finally, further recent results
show that the pore-forming activity of the genetically detoxi-
fied CyaA-AC− toxoid elicits Toll-like receptor and inflamma-
some signaling-independent maturation of CD11b-expressing
DCs through potassium efflux-elicited activation of mitogen-
activated protein kinases (Svedova et al., submitted). This reveals
a novel self-adjuvanting capacity of the CyaA-AC− toxoid. This
property is then exploited in CyaA-based immunotherapeutic
anti-cancer T-cell vaccines, which employ CyaA toxoids as a
tool for delivery of heterologous cancer antigens into cytosol of

antigen-presenting DCs for stimulation of tumor-specific cyto-
toxic CD8+ T lymphocyte responses (Linhartova et al. 2010; Sebo,
Osicka and Masin 2014).

CONCLUSIONS

Research on mechanisms of CyaA action contributes to deepen-
ing of knowledge on molecular mechanisms of protein translo-
cation across the lipid bilayer and on mechanisms of protein–
protein interactions that precede protein oligomerization and
pore formation. Further research on CyaA is then sorely needed
also for gaining of a detailed understanding of the mechanisms
that underlie the diagnostic and vaccine use of CyaA (Sebo,
Osicka and Masin 2014). Enzymatically inactive CyaA-AC− tox-
oids have, indeed, been successfully used in T-cell recall
response assays and in experimental CD8+ T-cell vaccines for
tumor immunotherapy, building on the capacity of CyaA to de-
liver antigens into CD11b-expressing DCs for presentation to T
cells (Sebo et al. 1995; Fayolle, Sebo and Ladant 1996; Saron et al.
1997; Fayolle et al. 1999, 2001; Osicka et al. 2000; Loucka et al. 2002;
Mackova et al. 2006; Holubova et al. 2012; Sebo, Osicka and Masin
2014). CyaA toxoids have now been developed into a promising
tool for parallel in vivo delivery of inserted CD8+ and CD4+ T-cell
epitopes into both the MHC class I- and class II-dependent anti-
gen presentation pathways of DCs. This enables in particular the
induction of Th1-polarized and epitope-specific CD8+ cytotoxic
T-cell responses that are effective in experimental immunother-
apy of HPV-induced tumors (www.genticel.com) (Preville et al.
2005; Mackova et al. 2006).
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