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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.



Introduction

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 (Fig. 1).

CyaA primarily targets myeloid phagocytes expressing the awmB2 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 & Ullimann, 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-13 by DC (Dunne
et al., 2010; Osickova et al., 2010).
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Fig. 1: 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).

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 | and Il
presentation pathways (Fig. 2), 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 over the past 20 years (Sebo et al., 1995; Osicka et al., 2000; Loucka et al.,
2002; Simsova et al., 2004; Adkins et al., 2012). Numerous CyaA constructs harbouring
heterologous antigens have been shown to stimulate the immunity in particular 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). 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 | clinical
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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 |l 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/ll clinical trial underway in which CyaA is
delivering a tyrosinase epitope into dendritic cells of patients with advanced metastatic

melanoma (www.centerwach.com).

CyaA is 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).

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. 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).
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Fig. 2: 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 | glycoprotein
molecules. The MHC | — 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 |l
molecules. The MHC Il complexes are next exposed on cell surface and presented to CD4* T cells. (Sebo
etal., 2014).



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)



Results and discussion

CyaA as an antigen delivery tool and potent adjuvant
(Publication 1, 4, 3)

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
(Fig. 3). 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 (Fig. 5). Moreover, CyaA-AC--activated DC are able

to stimulate T cell responses both in vitro and in vivo (Fig. 4).

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 naive 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).



I 1-AM-E Il CD80

[ cD&6 I CD40
300 ng/ml 100 ng/ml

3 129 ] eMDC
S . "E’,
5 &
S S
Iy =
2 e
0-
)
c d e
CCR7 .
e
@ ™
1 i
S 5,
z *
e %1.
04

¥

M 4

Fig. 3: Pore-forming activity-dependent K* efflux determines the capacity of CyaA-AC- toxoid to
trigger phenotypic maturation and migration of BMDC. a) BMDC (1 x 10%/ml) were left untreated, or
were incubated with LPS (100 ng/ml) or with CyaA-AC-, mutant toxoid with reduced pore-forming activity
CyaA-QR-AC- or toxoid with enhanced pore-forming activity CyaA-KK-AC- at indicated concentrations for
24 h. The expression of |-A/I-E, CD80, CD86 and CD40 was detected in CD11c*Hoechst cells by flow
cytometry. Graphs represent fold change of marker expression on mock-treated BMDC. b) BMDC (1 x
10%/ml) were left untreated, or incubated with CyaA-AC- (300 ng/ ml) for 24 h. The inflammatory cytokines
and chemokines were evaluated from cell culture supernatant using cytokine array kit with
chemiluminescence detection. Graph represent fold change of chemiluminiscent signal for each cytokine
obtained in mock-treated BMDC. BMDC (1 x 108/ml) were incubated with LPS (100 ng/ml) or CyaA-AC- or
CyaA-QR-AC- mutant (300 ng/ml) for 24 h (c, d and f). ¢) PGEZ2 production in BMDC culture supernatants
was determined by enzyme-linked immunosorbent assay after 24 h. d) The expression of CCR7 detected
by flow cytometry in CD11c*Hoechst cells after 24 h. e) After 24 h of toxoids treatments, cells were washed
and allowed to migrate for 4 h across Transwell membrane towards medium alone or containing CCL19 or
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CCL21 (200 ng/ml) chemokines. Transmigrated cells (Hoechst) were counted by flow cytometry. The

number of transmigrated mock-treated BMDC was set as 1 (migration index). All values represent the
means = s.e. of at least n=3 (*P<0.05, **P<0.005 and ***P<0.001).
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Fig. 4: Pore-forming capacity of CyaA-AC- toxoid induces maturation of splenic DC and expansion

of antigen-specific CD8" T cells in vivo. a) Mice received i.v. PBS with 1M urea (control) or 25 ug of

CyaA-AC- or CyaA-QR-AC~ toxoid. After 24 h mice were Kkilled, total splenocytes were isolated and

expression of splenic DC maturation markers was determined by flow cytometry in CD8-CD11b* and

CD8*CD11b- subpopulations of CD3-CD11c*Hoechst cells. a) Graphs represent means + s.e. from n=3
expressed as marker fold change of control CD8-CD11b* and CD8*CD11b- DC (*P<0.05, **P<0.005). (b
and c) Expansion of adoptively transferred OVA-specific CD8* (b) and CD4* (c) T cells by i.v. administered

toxoids was determined after 4 days by flow cytometry as a percentage of CD8*Ly5.2* or CD4*Ly5.2*T cells,

respectively, using 2 x 108 counted spleen cells. Dot plots are representative of n=2, 3 mice per group.

(Corresponding graphs are in publication).
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Fig. 5: Proposed mechanism of adjuvanticity of CyaA-AC. A model of CyaA-AC- mediated
enhancement of T-cell stimulatory functions of DC which depends on pore-forming-dependent K* efflux at
low toxoid concentrations and it is potentiated by TLR4/TRIF signaling (Dadaglio et al., 2014) at higher

toxoid concentrations. Gray untested hypotheses in this study.

Publication 4

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 | 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 |
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.

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.
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Publication 3

As an application of the above discussed results, we tested CyaA-AC- toxoids as a
tool for delivery of an influenza vaccine. 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).

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, 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). 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). 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.
Such vaccines with a broadened protective efficacy would be important particularly to

prevent possible worldwide influenza pandemic.

CyaA and its role in Bordetella pertussis infection
(Publication 2 and 5)

Publication 2

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
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promote CD4*CD25"Foxp3* T regulatory cells in vitro was observed. Furthermore, CyaA
also decreased the capacity of LPS-stimulated DC to induce CD8T cell proliferation. This
was accompanied by decreased induction of IFN-y, while increased IL-17 and IL-10
production by CD8" T cells was observed.

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 possibly by promoting migration
of incompletely matured DC into draining lymph nodes. 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.

Such AC*HIy 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. However, the cell-permeabilizing and cell-invasive AC
enzyme activities of CyaA synergized in provoking neutrophil recruitment and
inflammatory damage of infected lung tissue. Moreover, the pore-forming activity
synergized with the cAMP-elevating activity in downregulation of MHC Il 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.
Such subversion of intraepithelial DC function would then be plausibly expected to hamper
also adaptive responses of B lymphocytes. Delaying and restricting efficacy of the
antibody response and limiting development of the of B and T cell immune memory to B.
pertussis antigens, may thus represent another immunosubversive activity of CyaA.

13



Review

Publication 6

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.
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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-y production
while it enhanced the induction of IL-17 and IL-10 production by CD8* T cells.

15



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-HAZ2 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.

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

16



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 Il molecule expression levels on infiltrated myeloid cells
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Abstrakt

Adenylatcyklazovy toxin (CyaA) je kliCovym faktorem virulence bakterie Bordetella
pertusis, ktera je pivodcem €erného kasle. CyaA se vaze na fagocyty, které exprimuji na svém
povrchu komplementovy receptor 3 a poté katalyzuje rychlou pfeménu ATP na cAMP, které
rozvraci buné¢nou signalizaci. Zaroverni CyaA tvofi uvnitf bunééné membrany kation-selektivni
pory, které zapfi€ifuji unik drasliku z bunécného cytosolu. Enzymaticky neaktivni forma CyaA
toxinu, adenylatcyklazovy toxoid (CyaA-AC"), se pouziva jako nastroj pro dopravu antigent jiz 20
let.

Tato prace se zaméfila pfedevSim na studium mechanismu plsobeni CyaA toxoidu a
toxinu. Zkoumali jsme adjuvantni uc€inky CyaA toxoidu, jeho kapacitu nofit se do bunécné
membrany a moznost jeho vyuziti pro dopravu epitopl z chfipkového viru. Ukazali jsme, ze
porotvorna aktivita toxoidu a nasledna aktivace MAP kinaz JNK a p38 jsou klicoveé pro adjuvantni
ucinek toxoidu CyaA-AC a zpUsobuji maturaci dendritickych bunék (DC - z angl. dendritic cells),
nezavislou na signalizaci TLR (z angl. Toll-like receptor) drah a inflamazému. K stimulaci
dendritickych bunék dochazi dokonce i in vivo a toxoidem aktivované DC jsou pak schopné
navodit CD8" a CD4" T bunécné odpoveédi in vitro a in vivo. Dale jsme ukazali, Ze prvnich 371
aminokyselin je postradatelnych pro schopnost CyaA dopravovat vioZzené epitopy do buné&ného
cytosolu, a ze tudiz role AC domény pfi procesu penetrace toxinu do buriky je spiSe pasivni.
Konstrukt CyaA toxoidu s vloZzenym antigenem HA2 podjednotky hemaglutininu chfipkového viru
A navodil latkovou i buné&nou imunitni odpovéd v mySich bez pouziti dalSiho adjuvans a ochranil
je proti infekci homolognim i heterolognim chfipkovym virem.

Také jsme zkoumali roli CyaA toxinu pfiinfekci. CyaA manipuluje lidské a mysi DC
stimulované TLR tak, Zze dochazi ke zvySenému zaniku bunéénych adhezivnich kontaktd,
naslednému zvySeni chemotaktické migrace a snizeni schopnosti dendritickych bunék pfedkladat
bilkovinné antigeny a navodit tak proliferaci antigen-specifickych CD4" a CD8* T bunék. Ukazali
jsme, Ze CyaA manipulace mySich DC in vitro je zavisla vyhradné na cAMP signalizaci, nikoli na
poérotvorné aktivité CyaA. Na mySim modelu jsme dale prokazali, Ze porotvorna aktivita CyaA neni
nutna pro bakterialni kolonizaci, avSak zvySuje infiltraci neutrofild a vyznamné pfispiva k plicni

patologii béhem pertusové infekce.

21



Uvod

Adenylatcyklazovy toxin - CyaA

Adenylatcyklazovy toxin (CyaA, ACT) je klicovym faktorem virulence puvodce
c¢erného kasle, bakterie Bordetella pertussis. V mySim modelu bylo zjisténo, ze CyaA je
kriticky pro zahajeni kolonizace plic bakteriemi (Goodwin & Weiss, 1990. Khelef et al,
1992, Harvill et al, 1999). CyaA se sklada z 1706 aminokyselin a patfi do tzv. RTX (z angl.
Repeat in ToXin) rodiny bakterialnich toxina tvoficich pory (Linhartova et al., 2010). Jedna
se o bi-funkéni toxin, ktery je vybaven dvéma nezavislymi aktivitami: enzymaticka
adenylatcyklazova doména (AC) je tvofena prvnimi 400 aminokyselinami, zatimco
porotvorna RTX (cytolysinova) ¢ast obsahuje zbyvajicich 1306 aminokyselin (Obr. 1).

CyaA se primarné vaze na myeloidni fagocyty exprimujici amB2 integrin
(CD11b/CD18, CR3 nebo Mac-1) (Guermonprez et al., 2001) a poté premistuje do jejich
cytosolu svoji enzymatickou AC doménu. Uvnitf buriky se AC doména vaze na endogenni
kalmodulin a katalyzuje neregulovanou preménu bunécného ATP na cAMP, ktery hraje
v bunécné signalizaci ulohu tzv. ,druhého posla“ (Wolff et al, 1980. Confer & Eaton 1982,
Ladant & Ullmann, 1999). Prostfednictvim zvySeni bunééné koncentrace cAMP toxin
narusuje bunécné signalni drahy a vyznamné ovliviuje imunitni odpovéd hostitele ve
prospéch bakterii (Vojtova et al, 2006, Carbonetti, 2010).

Soubézné s tim porotvorny CyaA konformer vytvari kation-selektivni péry do
hostitelské bunécné membrany, a zpusobuje tak unik draselnych iontl z bunky (Basler et
al, 2006; Osickova et al, 2010), coz vyznamné zasahuje do iontové homeostazy hostitele.
Kromé toho bylo prokazano, ze unik drasliku pfispiva k aktivaci NALP3 inflamazomového
komplexu, ktery po predchozi stimulaci pomoci LPS spousti v dendritickych burikach
produkci IL-1B (Dunne et al, 2010, Osickova et al, 2010).
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Obr. 1: Strukturalni organizace molekuly CyaA. CyaA (1706 AK) se sklada z N-koncové enzymatické
adenylatcyklazové (AC) domény (~ 400 AK) a C-koncové pérotvorné RTX hemolysinové domény (~ 1300
AK). RTX hemolyticka doména obsahuje nékolik specifickych mist: hydrofobni pérotvornou doménu, mista
posttranslacni modifikace (palmitoylace), vazebné misto pro integrin, mista RTX (z angl. Repeat in ToXin)

domény pro vazbu vapniku a C-koncovy sekrecni signal (Masin et al., 2015).

Adenylatcyklazovy toxoid — CyaA-AC-

CyaA-AC: je rekombinantni toxoid zbaveny enzymatické adenylatcyklazové aktivity
toxinu diky vlozeni dipeptidu GlySer do vazebného mista pro ATP uvnitf AC domény
(Osicka et al., 2000; Fayolle et al., 2001). Schopnost CyaA efektivné penetrovat
profesionalni antigen presentujici buniky nesouci receptor CD11b/CD18 a dopravovat
heterologni antigeny pro obé tfidy MHC | a |l prezentaéni drahy (Obr. 2) umoznuje vyuziti
CyaA-AC- toxoidu jako nastroje pro dopravu antigenu pro indukci specifické imunitni
odpovédi proti riznym CD8* a CD4* T-buné&nym epitoplim uz vice jak 20 let (Sebo et al.,
1995; Osicka et al., 2000; Loucka et al., 2002; Simsova et al., 2004; Adkins et al., 2012).
Cetné CyaA konstrukty nesouci heterologni antigeny prokazaly schopnost stimulovat
imunitu, zejména proti virdm jako je napfiklad virus lymfatické choriomeningitidy (LCMV)
(Sebo et al, 1995, Fayolle et al, 1996, Saron et al, 1997; Dadaglio et al, 2000; Fayolle et
al, 2001), nebo virus lidské imunitni nedostatecnosti (HIV) (Fayolle et al, 1996; Mascarell
et al, 2005; Fayolle et al, 2001), cytomegalovirus (CMV) (Jelinek et al., 2011) a virus
chfipky a (Stanekova et al., 2013). Co je ale velmi dulezité, ze CyaA-AC- je schopné
vyvolat ochranné a terapeutické imunitni odpovédi proti nadorim indukovanym HPV-
16(18) (Preville et al, 2005; Mackova et al, 2006) a melanomim u mysi (Dadaglio et al.,

2003). Faze | klinické studie, ktera testovala schopnost CyaA dorucit onkoantigen E7 z
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HPV 16 a 18 pro imunoterapii rakoviny délozniho Cipku prokazala jeho bezpelnost,
imunogenicitu a klinickou ucinnost (Van Damme et al., 2016). Nicméné v druhé fazi
klinické studie se nepodafilo potvrdit klinickou u€innost této vakciny (www.genticel.com).
To bude nutné znovu opakovat s vylepSenou variantou vakciny. Kromé toho probiha dalsi
faze I/ll klinické studie, kde CyaA dodava tyrozinazovy epitop dendritickym bufkam

pacientd s pokrocilym metastatickym melanomem (www.centerwach.com).

CyaA je také ucCinny imunoprotektivni antigen. Imunogenni vlastnosti CyaA byly
prvné detekovany jako pfFitomnost vysokého titru protilatek proti CyaA u pacientl
prodélavajicich pertusovou infekci nebo u o¢kovanych malych déti a dospélych (Farfel et
al., 1990; Arciniega et al., 1991).

Kromé schopnosti dopravovat antigeny do profesionalnich antigen presentujicich
bunék, ucinnost CyaA-AC- (nebo pfedtim pouzivaného CyaA) pro indukci antigenné
specifickych T-bunénych odpovédi se zda byt zavisla na adjuvantnim ucinku
toxoidu/toxinu. CyaA-AC- toxoid postrada adenylatcyklazovou aktivitu, ale funguje jako
adjuvans a dokonce dosahuje lepSiho ucinku nez enzymaticky aktivni toxin (MacDonald-
Fyall et al., 2004; Orr et al., 2007; Cheung et al., 2006).
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Obr. 2: CyaA jako nastroj pro dopravu antigent. Mnoho heterolognich T-bunéénych antigent mize byt
vlozeno do enzymaticky inaktivované AC domény CyaA toxinu. Purifikovany CyaA toxoid nesouci cizorodé
antigeny se pak vaze na CD11b/CD18 na povrchu bunék presentujicich antigen, pfedevsim dendritickych
bunék. Toxoid pronika do bunééné membrany ve dvou odliSnych konformacich: AC doména se prochazi
pfes cytoplazmatickou membranu do bunéé&ného cytosolu nebo molekuly vytvéafi oligomerni membranovy
kanadl, ktery permeabilizuje buriku, pficemz AC doména zUstava vné od bunééné membrany. Pfenesena
AC doména nesouci vlozené antigeny je pak uvnitf cytosolu zpracovana pomoci proteasomu a vzniklé
peptidové epitopy jsou nasledné transportovany TAP1 do endoplazmatického retikula, kde se vazou na
nové syntetizované glykoproteinové molekuly MHC |. Tyto MHC | komplexy jsou dale transportovany na
bunéény povrch a presentovany CD8* T lymfocytdm. Paralelné, po endocytéze zprostfedkované
receptorem CD11b/CD18, molekuly asociované s membranou s vloZzenymi antigeny jsou zpracovany do
podoby antigennich peptidd v endozomech a vazou se pak na molekuly MHC II. Tyto MHC Il komplexy jsou

nasledné exponovany na bunééném povrchu a presentovany CD4* T bunkam (Sebo et al., 2014).
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Cile

Navzdory mnoha studiim o CyaA toxinu a toxoidu, mechanismy jejich plsobeni
jsou stale nedostateCné chapany. Proto jsme se chtéli v naSi praci zaméfit na nékolik
témat, predevSim na adjuvantni uCinek toxoidu a jeho schopnost dopravovat antigeny a
indukovat specifické imunitni odpovédi proti vybranym vlioZenych epitoplm. Kromé toho
jsme také chtéli prozkoumat roli CyaA toxinu (a jeho adenylatcyklazové a porotvorné

aktivity) za podminek simulujicich infekci.

Z toho duvodu jsme si definovali tyto cile pro nasi experimentalni praci:

> Identifikovat mechanismus ucinku adenylatcyklazového toxoidu, ktery je
zodpovédny za jeho adjuvantni plsobeni. Charakterizovat maturaci, migraci a T

bunécnou stimulaéni kapacitu DC po indukci toxoidem CyaA-AC-.

» Charakterizovat kapacitu dopravovat antigeny u mutant adenylatcyklazového
toxinu se zkracenou AC doménou, za ucelem zjisténi, které ¢asti AC domény jsou

nezbytné pro jeji translokaci pfes bunécnou plazmatickou membranu.

» Pripravit a purifikovat rekombinantni adenylatcyklazové toxoidy nesouci CD8* a
CD4* T bunécné epitopy z HA2 podjednotky hemaglutininu chfipkového viru. Tyto
toxoidy budou dale testovany v mySim modelu, zda jsou schopné vyvolat uc¢innou

ochranu proti riznym variantam chfipkového viru A.

> Zjistit jak aktivni adenylatcyklazovy toxin moduluje funkce dendritickych bunék

stimulovanych LPS.

> Zjistit, zda poérotvorna aktivita adenylatcyklazového toxinu pfispiva k virulenci

Bordetella pertussis béhem infekce (letalité a patogenezi).

26



Vysledky a diskuse

CyaA jako nastroj pro dopravu antigent a uc¢inné adjuvans
(Publikace 1, 4, 3)

Publikace 1

V naSi praci jsme charakterizovali adjuvantni aktivitu adenylatcyklazového
toxoidu (CyaA-AC-). Ukazali jsme, Ze nizka koncentrace (300 ng/ml) témér LPS prostého
(méné nez 120 EU/mg) CyaA toxoidu vyvolava maturaci CD11b-exprimujicich DC (Obr.
3). Pouzitim BMDC z riznych knock-outovanych mysSi jsme vyloucili zavislost tohoto
maturacniho procesu na nékolika dulezitych TLR nebo inflamazomovych signalizanich
drahach. Vysledky umoziuji pfedpokladat, Zze proces zrani DC oSetfenych CyaA-AC: je
pohanén unikem drasliku zpusobenym poérotvornou aktivitou toxoidu a je regulovan
pomoci JNK a p38 MAPK (Obr. 5). Kromé toho, DC aktivované toxoidem CyaA-AC- jsou

schopny stimulovat odpovédi T lymfocytl a to jak in vitro, tak in vivo (Obr. 4).

Tyto studie prokazaly, Ze v souladu s vy$e popsanou schopnosti pusobit jako dobry
nastroj pro podani antigenu, CyaA-AC- toxoid indukuje zrani dendritickych bunék, kterée je
nezbytné pro efektivni antigen specifickou stimulaci naivnich T bunék (Fayolle et al., 1996;
Adkins et al., 2012). Dulezité je, ze toxoid indukuje vyrazné Th1 polarizované imunitni
odpovédi (Dadaglio et al., 2003; Ross et al., 2004; Mascarell et al., 2005), coz muze byt
relevantni pro pouziti toxoidu jako nového antigenu a adjuvans v pristi generaci
nebunécnych pertusovych vakcin. Posunuti pfevazné Th2 polarizované imunitni
odpovédi na v souCasné dobé pouzivanou vakcinu proti davivému kasli (Ausiello et al.,
1997; Ryan et al., 1998) smérem k indukci spiSe Th1/Th17-polarizovanych odpovédi se
zda byt velmi zadouci, protoze tato odpoveéd navozuje déle trvajici a u€innéjSi ochrannou
imunitu proti infekci B. pertussis (Ross et al., 2004, Mills et al., 2014). Za zminku stoji, Ze
geneticky plné detoxifikovany CyaA-AC-Hly- (CyaA-QR-AC") toxoid (Osickova et al.,
2010), chranény patentovym portfoliem, ¢eka na testovani v pozici nové slozky
nebunééné pertusové vakciny v modelu imunizace odstavenych pavianu a v infekénich
studiich B. pertussis (Sebo et al., 2014).
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Obr. 3: Porotvorna aktivita odpovédna za unik K* uréuje schopnost CyaA-AC- toxoidu spustit
fenotypovou maturaci a migraci BMDC. a) BMDC (1 x 10%/ml) byly ponechany bez inkubace, nebo byly
inkubovany s LPS (100 ng/ml) nebo s CyaA-AC- nebo s mutantou toxoidu s omezenou pérotvornou aktivitou
CyaA-QR-AC- nebo s toxoidem se zvySenou porotvornou aktivitou CyaA-KK-AC- pfi uvedenych
koncentracich po dobu 24 h. Exprese I-A/I-E, CD80, CD86 a CD40 byla detekovana v CD11c*Hoechst
burikach pomoci pratokové cytometrie. Grafy predstavuji nasobnou zmeénu exprese markeru oproti
kontrolnim BMDC. b) BMDC (1 x 108/ml) byly ponechany bez o$etfeni nebo inkubovany s CyaA-AC- (300
ng/ml) po dobu 24 h. Zanétlivé cytokiny a chemokiny byly hodnoceny z buné&cné kultury supernatantu za
pouziti cytokinového kitu s detekci chemiluminiscence. Graf predstavuje nasobnou zménu
chemiluminiscencnich signali pro kazdy cytokin oproti kontrolnim BMDC. BMDC (1 x 108/ml) byly
inkubovany s LPS (100 ng/ml) nebo CyaA-AC- nebo CyaA-QR-AC- mutantou (300 ng/ml) po dobu 24 h (c,
d af). c) produkce PGE2 v supernatantech BMDC kultury byla stanovena pomoci enzymatického imunitniho
testu po 24 h. d) Exprese CCR7 byla detekovana priitokovou cytometrii v CD11c*Hoechst- bufkach po 24

h. e) Po 24 h byly toxoidy oSetfené buriky promyty a ponechany migrovat po dobu 4 h pfes Transwell
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membranu smérem k samotnému médiu nebo k chemokinim CCL19 nebo CCL21 (200 ng/ml). Bunky,
které migrovaly (Hoechst’) byly pocitany pomoci pratokové cytometrie. Pocet kontrolnich bunék BMDC,
které migrovaly, byl stanoven jako 1 (migrac¢ni index). VSechny hodnoty pfedstavuji primér £ smérodatna
odchylka z alespon n=3 (*P<0.05, **P<0.005 a ***P<0.001).
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Obr. 4: Pérotvorna kapacita CyaA-AC- toxoidu indukuje zrani DC ze sleziny a expanzi antigen
specifickych CD8* T bunék in vivo. a) Mysi dostaly i.v. PBS s 1M mocoviny (kontrola) nebo 25 ug CyaA-
AC- nebo CyaA-QR-AC- toxoidu. Po 24 h byly mySi zabity, jejich splenocyty izolovany a exprese
maturacnich markeru u slezinnych DC byla stanovena prutokovou cytometrii v CD8-CD11b* a CD8*CD11b-
subpopulacich CD3-:CD11c*Hoechst- bunék. a) Grafy pfedstavuji primér + smérodatna odchylka z n=3,
vyjadfeno jako zména markeru oproti kontrolnim CD8-CD11b* a CD8*CD11b- (* p <0,05, ** P <0,005). (b a
c) Expanze adoptivné pfenesenych OVA-specifickych CD8* (b) a CD4* (c) T bunék po i.v. podani toxoidu
byla stanovena po 4 dnech pomoci pratokové cytometrie jako procento CD8*Ly5.2* nebo CD4*Ly5.2* T
bunék, v daném poradi, s pouzitim 2 x 108 pocitanych slezinnych bunék. Dot ploty jsou reprezentativni pro

n=2, 3 mysSi na skupinu. (Odpovidajici grafy jsou v publikaci).
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Obr. 5: Navrhovany mechanismus adjuvantniho plisobeni CyaA-AC-. Model toxoidem zpUsobeného
zvySeni T stimulaéni schopnosti dendritickych bunék, které zavisi pfi nizkych koncentracich toxoidu na jeho
porotvorné aktivité zpusobujici unik K* a pfi vy$Sich koncentracich také na jeho schopnosti aktivovat

signalizaci TLR4/TRIF (Dadaglio et al., 2014). Sedé je hypotéza netestovana v této praci.

Publikace 4

Nase studie objasnila, jakym zpusobem AC doména pfispiva k procesu svého
premisténi pfes cytoplazmatickou membranu. Za pouziti sady 18 mutantll CyaA s rlizné
dlouhou (Caste¢né zkracenou) AC doménou jsme analyzovali kapacitu vSech téchto
dele¢nich mutantll CyaA dodavat ovalbuminovy antigen do MHC | prezentacni drahy. V
dusledku toho jsme ukazali, Ze az 371 aminokyselin v AC doméné neni nutnych k tomu,
aby se prenesla do bunécného cytosolu. To bylo stanoveno na zakladé schopnosti CyaA
mutant dopravit T bunécny ovalbuminovy epitop pro MHC | prezentaci v DC a naslednou
uspésnou stimulaci specifické CD8* T-bunécné odpovédi. Je mozné tedy pfedpokladat,
Zze AC doména hraje pomérné pasivni roli v procesu pronikani membranou a neobsahuje
zadné podstatné sekvence potrebné pro proniknuti do bunék. Kromé toho Hly zbytek byl
schopen dopravovat dva velké umélé polypeptidy (146 a 203 aminokyselinovych zbytk()

do bunééného cytosolu a stimulovat specifické mysi a lidské CTL odpovédi.

Adjuvantni kapacita CyaA toxoidu spolu s moznosti vyménit celou ¢ast AC
domény za vétsi polyepitopové antigeny za ucelem jejich dopravy do dendritickych bunék
se zdaji byt velmi uzite€né vlastnosti CyaA toxoidu, které vybizeji ke konstrukci nové

generace vakcin odvozenych od CyaA.
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Publikace 3

Jako aplikace vyse diskutovanych vysledku jsme testovali CyaA-AC- toxoidy jako
nastroj pro dopravu vakciny proti chfipce. HA2 antigen (AK zbytky 23 az 185), ktery jsme
vybrali pro nasi studii, byl odvozen od H3 podtypu a obsahoval nékolik konzervovanych T
a B bunéc&nych epitop viru chfipky typu A (Saikh et al, 1995, Jackson et al, 1994).
mysSich plic a ochranila mysi proti letalni infekci homolognim lidskym chfipkovym virem
A/Miss H3N2 a predevsim také proti infekci heterolognim vysoce patogennim virem ptaci
chiipky A/Chick H7N1. Zajimavé je, Zze naSe zprava byla prvni, ktera ukazala
heterosubtypickou ochranu proti chfipkové infekci A zprostfedkovanou vakcinou s HAZ2,
ktera dokaze stimulovat obé slozky ochranné imunity bez potfeby adjuvans. To bylo dfive
mozné pouze po ockovani zivou vakcinou oslabeného chfipkového viru, ktera neni
bezpetna pro kazdého (Stropkovska et al., 2010). Chfipkové vakciny by mély byt
navrzeny tak, aby vyvolaly protilatkové i T buné¢né odpovédi, protoze bylo prokazano, ze
také T bunécna imunita hraje dulezitou roli v eradikaci viru a pfispiva k mirnéjSimu
prubéhu infekce (Wang & Palese, 2009). To otvira moznost navrhovat nové vakciny na
CyaA bazi, které by byly u€inné proti SirSimu spektru chfipkovych vird A. To by mohlo byt
dosazeno kombinaci vybranych konzervovanych HA2 peptidu z kazdé skupiny podtypu.
Takové vakciny s rozSifenou protektivni u€innosti by mohly byt dulezitou prevenci proti

mozné celosvétové chfipkové pandemii.

CyaA a jeho role v infekci Bordetella pertussis
(Publikace 2 a 5)

Publikace 2

Zjistili jsme, ze cAMP signalizace CyaA zvySila TLR-indukované rozvolnéni
bunéénych adhezivni kontakti a migraci DC vlG¢i chemokinlm CCL19 a CCL21
navadéjicim do lymfatickych uzlin pfi pokusech in vitro. PFfi experimentu adoptivniho
prenosu jsme ukazali, ze CyaA ma schopnost interferovat také s indukci CD4* a CD8* T-
bunééné imunitni odpovédi dendritickymi bufkami stimulovanymi TLR. Po pusobeni

CyaA, DC aktivované LPS vykazovaly sniZzenou schopnost prezentovat proteinovy
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antigen CD4* T burnikam, zatimco mély zvySenou kapacitu podporovat vznik regulacnich
T bunék typu CD4*CD25*Foxp3* pfi pokusu in vitro. Kromé toho, CyaA také sniZzil
schopnost LPS-stimulovanych DC indukovat proliferaci CD8* T bunék. To bylo
doprovazeno snizenou indukci IFN-y, zatimco produkce IL-17 a IL-10 CD8* T burikami
byla zvySena.

Jelikoz kliCova funkce DC je zahajit adaptivni imunitni odpovéd, vysledky nasi
studie podporuji hypotézu, Zze CyaA toxin zabrafiuje vzniku efektivni adaptivni imunitni
odpovédi pfi infekci B. pertussis, pravdépodobné tim, Ze podporuje migraci neuplné
zralych DC do pfilehlych lymfatickych uzlin. Takto manipulované DC nejsou pak schopny
adekvatné stimulovat T buriky, a to nejen celkovou inhibici jejich indukce, ale také
ovlivnénim vysledného profilu T bunék smérem k vice tolerogennim typim, a tim oddalit

eradikaci bakterii a prodlouZit trvani infekce B. pertussis.

Publikace 5

Pripravili jsme unikatni mutantu B. pertussis, ktera produkuje bunécné-invazivni,
ale nehemolytickou variantu CyaA toxinu (AC*Hly"). Ukazali jsme, Ze poérotvorna aktivita
sekretovaného CyaA neni nutna pro schopnost B. pertussis kolonizovat plice mySi. AvSak
vyznamné pfispiva k virulenci a letalité pertusové infekce v mySim modelu.

Takové AC*HIly bakterie byly stale schopny zabranit maturaci mysSich dendritickych
bunék vyvolané TLR stimulaci. Maturace dendritickych bunék se vychylila smérem k
tolerogennimu fenotypu a zaroven byla inhibovana jejich kapacita presentovat antigeny
in vitro. Bylo prokazano, ze tato schopnost CyaA je zavisla pouze na cAMP signalizaci
CyaA. Nicméné, obé aktivity CyaA toxinu spole¢né vyvolavaji infiltraci neutrofild a
zanétlivé poskozeni infikované plicni tkané. Kromé toho, pérotvorna a enzymaticka
aktivita vedouci k zvySeni koncentrace cAMP jsou také spole¢né odpovédné za snizeni
hladiny exprese MHC Il na povrchu myeloidnich bunék, které se dostaly do infikované
tkané, coz znamena, Ze také porotvorna aktivita CyaA pfispiva k negativnimu ovlivnéni
imunitni obrany hostitele. Takova manipulace funkce intraepitelialnich DC by pak byla
pravdépodobné schopna zabranit také adaptivni imunitni odpovédi B lymfocytl. Oddaleni

a omezeni ucinnosti protilatkové odpovédi a omezeni rozvoje B a T bunééné imunitni
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paméti reagujici na B. pertusové antigeny tak mize pfedstavovat dalSi zpUsob jak CyaA

podvraci imunitni odpovéd.

Review

Publikace 6

Bakterialni toxiny jsou dulezitymi faktory virulence obdafené konkrétnimi
schopnostmi, které jim umoznuji manipulovat imunitni odpovédi hostitele. Jsou to ale také
uziteCné nastroje molekularni biologie, které pomohly k objeveni ridznych bunécnych
mechanismu. Kromé toho, diky jejich schopnosti dostat se do hostitelské buriky, jsou
bakterialni toxiny nebo jejich méné toxické mutované varianty zkoumany pro moznost
pouziti v oblasti mediciny: pro dopravu antigent a stimulaci adaptivni T buné&né imunitni
odpovédi, k adjuvantni stimulaci imunity, nebo k eliminaci rakovinnych bunék. Bakterialni
toxiny obvykle vstupuji do hostitelskych bunék pomoci endocytézy zprostiedkované
receptorem, adenylatcyklazovy toxin bakterie Bordetella pertusis vdak pfemistuje svoji AC
doménu pfimo pfes bunéCnou membranu. Adenylatcyklazovy toxin Bordetella pertusis,
edémovy a letalni toxin Bacillus anthracis, Shiga toxin Shigella dysenteriae a Shiga-like
toxin Escherichia coli jsou dobrymi pfiklady toxini schopnych dopravy antigent do
dendritickych bunék hostitele pro stimulaci specifickych T-bunécnych odpovédi.
Pertusovy toxin Bordetella pertusis, cholerovy toxin Vibrio cholera, teplotné-labilni
enterotoxin E. coli nebo Cry1A protein Bacillus thuringiensis maji zase potencial pusobit
jako adjuvans a stimulovat mukdzni, jakoZz i systémové imunitni odpovédi. Diftericky toxin
Corynebacterium diphtheriae a exotoxin A Pseudomonas aeruginosa jsou zakladem
imunotoxinu, které se zdaji byt velmi slibnymi nastroji v imunoterapii rakoviny. DT
imunotoxin (DAB(389)IL-2) se dokonce jiz pouziva k |éCbé kozniho T bunécného
lymfomu. Kromé toho v sou¢asné dobé existuje nékolik klinickych studii s cilem vyhodnotit
bezpecnost a ucinnost vakcin odvozenych od bakterialnich toxin, napfiklad
adenylatcyklazového toxoidu Bordetelly, ktery je pouzit jako nastroj pro dopravu antigent

pro imunoterapii nadort délozniho Cipku a metastazujiciho melanomu.
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Zavery

Mechanismus adjuvantni aktivity toxoidu CyaA-AC- (Publikace 1)

Ukazali jsme, ze CyaA-AC- toxoid, ktery postrada svoji enzymatickou, ale zachovava
si porotvornou aktivitu pfi nizké koncentraci 300 ng/ml vyvolava maturaci CD11b
exprimujicich dendritickych bunék zpisobem nesouvisejicim s TLR a inflamazomovou
signalizaci. Ta zavisi na schopnosti toxoidu permeabilizovat buriky a zahrnuje aktivaci
JNK a p38 proteinovych kinaz.

Po oSetfeni toxoidem, dendritické buriky z kostni dfené (BMDC) zvySily expresi
kostimula¢nich molekul, produkci IL-6, KC, LIX, GCSF a PGE2 a vykazovaly zvySenou
chemotaktickou migraci

Kromé toho jsme ukazali, ze unik K* zplsobeny CyaA-AC- toxoidem indukuje maturaci
slezinnych DC a jejich schopnost expandovat antigen specifické CD4* a CD8* T bunky
in vivo

Je proto mozné predpokladat, Zze pravé kapacita CyaA-AC- toxoidu vyvolat zrani a

migraci DC zodpovida za jeho adjuvantni ucinky in vivo.

CyaA moduluje TLR-indukovanou maturaci a kapacitu DC stimulovat T burnky
(Publikace 2)

Zkoumali jsme schopnost CyaA toxinu (v koncentracich blizkych koncentraci
fyziologické) modulovat zrani indukované LPS a kapacitu stimulovat T buniky mysich
a lidskych DC skrze aktivaci CAMP signalni drahy

CyaA napomaha odpojeni bunék indukované LPS a jejich migraci smérem
k chemokinim CCL19 a CCL20 navadégjicim do lymfatickych uzlin

Ukazali jsme, Zze CyaA snizil kapacitu TLR-aktivovanych DC prezentovat rozpustné
antigeny CD4* T bunkdm a zvysSil jejich schopnost podporovat expanzi
CD4*CD25Foxp3* regulacnich T bunék in vitro

Kromé toho, CyaA také sniZil schopnost LPS-stimulovanych DC indukovat proliferaci
CD8* T bunék. A navic mél za nasledek snizeni produkce IFN-y, zatimco IL-17 a IL-

10 produkce byla u CD8* T bunék zvySena.
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Ochrana proti chiipce A indukované CyaA-AC-HA2 (Publikace 3)

Pfipraveny toxoid CyaA-AC-HAZ2 indukuje HA2 specifické odpovédi u T a B lymfocytl
v mysSi linii BALB/c. Pfitomnost specifickych protilatek byla detekovana metodou
ELISA v séru imunizovanych mysi. Izotypové slozeni specifickych protilatek ukazuje
na smiSenou indukci polarizované imunitni odpovédi Th1 a Th2.

Dale ukazujeme, ze HAZ2-specifické protilatky indukované CyaA-AC-HA2 byly
schopné reagovat i s chfipkovymi viry A podtypu H3, H4 a H7. Navic bylo prokazano,
Ze snizuji replikaci viru.

CyaA-AC-HAZ2 imunizace urychlila eradikaci viru z mysi infikovanych homolognim H3

a heterolognim H7 virem chfipky a chranila je proti letalni davce téchto vira.

Doprava AC domény pres cytoplazmatickou membranu APC (Publikace 4)

Vysledky dele¢niho mapovani AC domény ukazaly, ze prvnich 371 aminokyselin AC
domény je postradatelnych pro schopnost CyaA prenést svoji N-terminalni ¢ast pres
cytoplazmatickou membranu dendritickych bunék. To jsme zjistovali pomoci
schopnosti toxoidu dorucit viozeny OVA epitop do DC pro in vitro stimulaci OVA-
specifickych CD8* T bunék.

Toxoidy, ve kterych bylo prvnich 371 zbytki AC domény nahrazeno dlouhymi
heterolognimi polyepitopy byly stale schopny vyvolat u€innou antigen specifickou
odpovéd u CD8* CTL bunék in vivo u mySi, a ex vivo u lidskych mononuklearnich
bunék z periferni krve.

Tyto vysledky naznacuji, Ze AC doména se podili na pronikani membranou pouze jako
pasivni cestujici. Dulezité je, ze jeji schopnost dopravovat velké heterologni
polypeptidy pfes cytoplazmatickou membranu bunék prezentujicich antigen otvira

cestu ke konstrukci nové generace vakcin na CyaA bazi.

Uloha pérotvorné aktivity CyaA pii infekci Bordetella pertussis (Publikace 5)

Hemolyticka (porotvorna) aktivita CyaA neni potfebna pro imunomodulacni

ovliviovani fenotypu dendritickych bunék bakterii B. pertussis
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Hemolyticka aktivita CyaA neni nutna pro kolonizaci plic mysi bakterii B. pertussis,
avsak pfispiva k exacerbaci zanétlivého poskozeni plic mySi v prabéhu infekce
Kromé toho, porotvorna aktivita CyaA je odpovédna za pfiliv myeloidnich bunék do
infikovanych plic

Porotvorna aktivita spolu s aktivitou zvySujici koncentraci cAMP synergizuji a vedou

ke snizeni hladin exprese molekuly MHC Il na infiltrovanych myeloidnich burikach
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