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1. Abstract

The Gram-negative aerobic coccobacillus Bordetella pertussis is one of the few

exclusively human pathogens and the main causative agent of the respiratory infectious

disease called pertussis, or whooping cough. Despite global vaccination programs,

pertussis remains an important public-health burden and still accounts for over 100,000

infant deaths and over a dozen of millions of whooping cough cases every year. Substantial

effort is devoted to studies on the mechanisms of action of virulence factors of B. pertussis,

but the biology of interactions of B. pertussis with its human host remains largely

underexplored. Evolution, genetics and adaptation of B. pertussis to the complex

environment of human nasopharynx and the mechanisms enabling B. pertussis to

overcome host innate and adaptive mucosal immune defenses, remain poorly understood.

In such situations, unbiased exploratory omics approaches represent valuable tools for

uncovering of unknown aspects of host-pathogen interactions and open the path to

detailed analysis of virulence-underlying processes by mechanistic studies.

In this thesis, I am presenting the results of three omics projects on B. pertussis biology

that involved high-throughput proteomics. In the inital phosphoprotemics project, we

analyzed the kinase signaling pathways hijacked in murine dendritic cells upon elevation

of cytosolic cAMP levels by the cell-invasive adenylyl cyclase enzyme activity of the

adenylate cyclase toxin (CyaA) of B. pertussis. In the second project, we identified and

characterized Bkd1, a novel bacterial lysine deacetylase enzyme and characterized the

acetylome of B. pertussis. By serendipity, we isolated a B. pertussis mutant exhibiting an

intriguing pleiotropic phenotype that we characterized in depth in the third project, using

a combination of proteomic and transcriptomic approaches. We showed that a point

mutation, that deregulates expression of a ribosomal protein operon and increases

production of the alpha subunit of RNA polymerase, provokes global B. pertussis genome

expression deregulation and suppresses virulence factor production through reduced

production of the key virulence regulating transcription factor BvgA~P. This work led to

exploration of intracellular survival of B. pertussis inside primary human macrophage

cells and revealed that downregulation of virulence factor production may represent an

adaptation strategy of B. pertussis towards persistence within an intracellular niche.
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2. Abstrakt

Gram-negativní aerobní kokobacilus Bordetella pertussis je jedním z nemnoha

výhradn  lidských patogen  a hlavním p vodcem respira ního onemocn ní zvaného

pertuse, nebo také erný kašel. Navzdory globálním vakcina ním program m p edstavuje

pertuse stále významný problém pro ve ejné zdraví - ro n  padne za ob  tomuto

onemocn ní po celém sv t  na sto tisíc d tí a celkové po ty hlášených p ípad  dosahují

desítek milion . Také proto je výzkumu mechanism  p sobení faktor virulence bakterie

B. pertussis v nována významná pozornost. Navzdory tomu však z stává biologie

interakcí této bakterie se svým lidským hostitelem z velké ásti neznámá nebo jen málo

prozkoumaná. Evoluce, genetika a adaptace B. pertussis komplexnímu prost edí lidského

nosohltanu spolu s procesy umož ujícími této bakterii obejít hostitelské obranné

mechanismy, a  už vrozené, tak i získané imunity, jsou doposud jen áste n  popsány a

pochopeny. V tomto kontextu p edstavují omics p ístupy velmi cenné nástroje k odhalení

doposud neznámých aspekt  interakcí mezi hostitelem a patogenem a otevírají tak cestu

detailn jší analýze regulace virulence pomocí mechanistických studií.

V této práci p edstavuji výsledky t í omics projekt  v novaných biologii B. pertussis,

postavených alespo  z ásti na tzv. high-throughput proteomických p ístupech. V rámci

prvního fosfoproteomického projektu jsme analyzovali kinázové signaliza ní dráhy v

myších dendritických bu kách deregulovaných v d sledku zvýšení koncentrace

cytosolického cAMP v d sledku aktivity adenylyl cyklázové aktivity adenylát-cyklázového

toxinu (CyaA) bakterie B. pertussis. V rámci druhého projektu jsme identifikovali a

charakterizovali Bkd1, novou bakteriální lyzinovou deacetylázu a charakterizovali

acetylom B. pertussis. Zárove  jsme, š astnou shodou okolností, izolovali mutantní kmen

této bakterie, který vykazoval velmi zajímavý a pleiotropní fenotyp, který jsme následn

charakterizovali v rámci t etího projektu a to za pomoci kombinace proteomických a

transkriptomických p ístup . Ukázali jsme zde, že bodová mutace, která vedla k

deregulaci exprese gen  jednoho z operon  kódujících ribosomální proteiny a ke zvýšení

produkce alfa-podjednotky RNA polymerázy, zp sobila ve svém d sledku globální

deregulaci genomu B. pertussis a snížení produkce virulen ních faktor  prost ednictvím

snížené produkce klí ového regula ního faktoru BvgA~P. Tato práce také vedla k výzkumu
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vnitrobun ného p ežívání B. pertussis uvnit  primárních lidských makrofág  a ukázala,

že snížení produkce virulen ních faktor  m že p edstavovat jeden z mechanism

adaptace B. pertussis vedoucí k perzistentnímu p ežívání uvnit  hostitelských bun k.
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4. List of abbreviations

4E-BP1 eukaryotic translation
initiation factor 4E (eIF4E)-binding protein 1

ACT adenylate cyclase toxin-hemolysin

AC adenylyl-cyclase enzyme (domain)

Ac-CoA acetyl-coenzyme A

AcK acetyl-lysine

AcP acetyl phosphate

AcuC acetoin utilization protein

APAHs acetylpolyamine amidohydrolases

ArnT glycosyl transferase ortholog

ATP adenosine triphosphate

BAL bronchoalveolar lavage

bhu Bordetella heme utilization

Bkd1 Bordetella lysine deacetylase
(encoded by BP0960 gene)

bsc locus encoding components of the type
III secretion injectosome

btr locus encoding type III regulatory
proteins

BvgA response regulator protein of the
BvgAS two-component regulatory system

BvgA~P phosphorylated BvgA

BvgS polydomain sensor histidine kinase
BvgAS two-component regulatory system

cAMP 3 ,5 cyclic adenosine
monophosphate

CD circular dichroism

CD- cluster of differentiation-

CDC Centers for Disease Control and
Prevention

CoA Coenzyme A

CobB NAD+-dependent lysine deacetylase,
sirtuin

COPD chronic obstructive pulmonary
disease

CR3 complement receptor 3, the M 2

integrin CD11b/CD18, known also as Mac-1

CREB cAMP-response element binding
protein

CRTC3 CREB-regulated transcription
coactivator 3

CyaA adenylate cyclase toxin-hemolysin

DCs dendritic cells

DMEM Dulbecco's Modified Eagle Medium

DNT dermonecrotic toxin

EDTA ethylenediaminetetraacetic acid

EPAC Exchange Protein directly Activated

by cAMP

FACS Fluorescence-Activated Cell Sorting

FBS/FCS fetal bovine/calf serum

FEP fluorinated ethylene propylene

FHA filamentous hemagglutinin

FIM fimbriae

FMLP N-formyl-L-methionyl-L-leucyl-L-
phenylalanine

Gi -subunit of the inhibitory
G-protein

GNATs Gcn5-related N-acetyltransferases

GPCRs G-protein-coupled receptors

HDAC histone deacetylase
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HDAH histone-like amidohydrolase

HIV Human Immunodeficiency Virus

HliD transcriptional regulator of Salmonella
Pathogenicity Island 1

HK histidine kinase (domain)

HLA-DR human leucocyte antigen
DR/MHC class II antigen

Hly hemolysin (moiety)

Hpt histidine phosphoryl transfer (domain)

hrp hypersensitive response and
pathogenicity

HS human serum

hTECs human tracheobronchial epithelial
cells

HTH helix–turn–helix (domain)

CheY response regulator of the chemotaxis

IAP islets-activating protein

IFN- interferon gamma

IL- interleukin-

IS insertion sequence

KATs lysine acetyltransferases

KDACs lysine deacetylases

LOS lipooligosaccharides

LPF lymphocytosis-promoting factor

LPS lipopolysaccharide

LpxA acyltransferase

LpxH pyrophosphohydrolase

LRT lower respiratory tract

M molar

MAPK mitogen-activated protein kinase

MASP2 mannose-binding protein-
associated serine protease 2

M-CSF macrophage colony-
stimulating factor

MDDCs monocyte-derived dendritic cells

MET methyltransferase

mTOR mammalian target of rapamycin

NAD nicotinamide adenine dinucleotide

NETs neutrophil extracellular traps

NF- B nuclear factor kappa-light-chain-
enhancer of activated B cells

NO nitric oxide

ORF open reading frame

PAS Per-ARNT-Sim domain

Pat protein acetyltransferase

PBMCs human peripheral blood
mononuclear cells

PBS phosphate-buffered saline

PhoP/Q two-component system from
Salmonella Typhimurium

PKA protein kinase A

PlrSR persistence in the lower respiratory
tract sensor kinase/response regulator

PMLN polymorphonuclear leukocytes

(p)ppGpp guanosine tetra-/penta-
phosphate

PRN pertactin

PRR proline-rich region

ptl secretion system locus for PTX

PTM post-translational modification

PTX pertussis toxin
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Rpd3/Hda1 “classical” zinc-dependent
deacetylases

Rec receiver (domain)

RGD Arg-Gly-Asp motif

RisA response regulator of RisAK two-
component regulatory system

RisK cognate histidine kinase of RisA

RNAP RNA polymerase holoenzyme

rplN gene encoding 50S ribosomal protein
L14

RPMI Roswell Park Memorial Institute
Medium

RpoA alpha subunit of the DNA-dependent
RNA polymerase

rpsD gene encoding 30S ribosomal protein
S4

RTX Repeats-in-toxin (family)

SAXS small angle X-ray scattering

SHP Src homology domain 2 containing
protein tyrosine phosphatase

SILAC stable isotope labelling by amino
acids in cell culture

Sir2 NAD+-dependent deacetylases of Sir2
family

SNPs single nucleotide polymorphisms

SSM Stainer-Scholte medium

T1SS type 1 secretion system

T3SS type 3 secretion system

T4SS type 4 secretion system

TCS two-component regulatory system

TcfA tracheal colonization factor

TCT tracheal cytotoxin

TEER transepithelial electrical resistance

TGF transforming growth factor beta

TLR4 Toll-like receptor 4

TNF- tumor necrosis factor

UTR untranslated region

vag vir (/bvg)-activated gene

Vag8 vir (/bvg)-activated gene 8

VASP vasodilator-stimulated
phosphoprotein

VFT Venus flytrap

VLA-5 very late antigen-5

VBNC viable but non-culturable

vrg vir (/bvg)-repressed gene

WHO World Health Organization

YfiQ acetyltransferase in E. coli

YopJ Yersinia outer protein J,
acetyltransferase
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5. Introduction

5.1 Bordetellae

Members of the Bordetella genus are mostly strictly aerobic Gram-negative bacteria

with non-fermentative, asaccharolytic metabolism, due to the lack of genes for glycolytic

enzymes, such as glucokinase, phosphofructokinase and fructose-1,6-bisphosphatase

(Parkhill et al., 2003; von Wintzingerode et al., 2002). Together with the Achromobacter

and Alcaligenes genera, Bordetella form a closely related group of species of -

Proteobacteria. To date, around 16 species of the Bordetella genus have been described

and named, some of which being known animal pathogens or environmental colonizers

(Weigand et al., 2019; von Wintzingerode et al., 2002). The current Bordetella

phylogenetic tree is shown in Figure 1.

Figure 1: Phylogenetic tree of the Bordetella genus. Neighbor-joining tree of named and provisional

Bordetella species for which the complete-genome sequences are available. The phylogenetic tree is based

on pairwise mash distances and is rooted with Achromobacter xylosoxidans. Species that were sequenced

at the CDC are listed in red. Triangles indicate collapsed nodes. Reprinted from Weigand et al. (Weigand et

al., 2019)
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The Bordetella genus includes species that are known human and animal pathogens.

Other species of this genus can be found in the environment, including soil, water,

sediments or plants, where soil and water seem to be the original source of the animal-

adapted bacteria (Hamidou Soumana et al., 2017). Not surprisingly, the environmental

Bordetellae species exhibit a higher genetic diversity. However, even some of the

pathogenic animal-adapted species, such as B. bronchiseptica (Goodnow, 1980) and B.

hinzii (Vandamme et al., 1995), are able to grow and proliferate in soil extracts at an even

faster rate than the solely environmental bacterium B. petrii (Gross et al., 2008; Hamidou

Soumana et al., 2017). Recent genomic analysis of 167 genomic sequences from different

Bordetella species isolates, together with a set of 469 genomic sequences of B. pertussis

isolates, revealed high rates of single nucleotide polymorphisms (SNPs). The B.

bronchiseptica isolates can be divided into two main clades (Complex I and Complex IV),

in which their representative isolates differ by about 35,000 SNPs between each clade.

The isolates of B. hinzii and Bordetella trematum were found to differ by about 10,000

SNPs. In contrast, the isolates of B. pertussis (complex II), B. parapertussis (complex III),

and B. holmesii are genetically quite monomorphic, differing by even less than 100 SNPs

(Weigand et al., 2019).

5.2 “Classical” Bordetellae

The pathogenic B. pertussis, B. parapertussis, and B. bronchiseptica species adapted

to human and/or animals, are for historical reasons called the “classical” Bordetellae and

previously were considered by some to be subspecies within a single species (von

Wintzingerode et al., 2002). The whole-genome sequencing analysis of their reference

strains (Figure 2) revealed that B. pertussis and B. parapertussis evolved independently

from different B. bronchiseptica-like ancestors and that this evolution was linked to a

large-scale gene loss and gene inactivation by mutations or by gene disruption by insertion

sequence (IS) elements (Parkhill et al., 2003; Preston et al., 2004). Only about half of the

“pan-genome” was found to be conserved in the examined strains (Park et al., 2012). All

three Bordetella species produce an array of virulence factors, comprising numerous

toxins, adhesins or components of different secretion systems. However, only genes for

the adhesins pertactin (PRN) and filamentous hemagglutinin (FHA) and for components

of type 3 secretion system (T3SS) were found to be conserved in all examined strains of
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the three human/animal-pathogenic species (Park et al., 2012; Parkhill et al., 2003).

Genes encoding for the virulence factors often carry internal sequence variations or differ

in their regulation. This can be best illustrated on the example of the pertussis toxin (PTX),

which was found to be expressed only in B. pertussis, even if the operon containing the

genes for its subunits and the genes for the secretory apparatus involved in PTX excretion

is present also in the genomes of B. parapertussis and B. bronchiseptica (Aricò and

Rappuoli, 1987; Parkhill et al., 2003). Analysis of the promoter regions revealed that the

majority of changes in nucleotide sequences were acquired only by B. pertussis, with some

of these acquired mutations enhancing either the promoter or BvgA-binding sites

affinities for their respective binding proteins. (Boucher and Stibitz, 1995; Parkhill et al.,

2003).

Figure 2: General characteristics of the genomes of reference strains of B. pertussis,

B. parapertussis and B. bronchiseptica. Reprinted from (Parkhill et al., 2003)
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The genome composition largely reflects the extent of host-adaptation of the individual

bacterial species. As far as we know, B. pertussis is a strictly human-adapted pathogen

that is capable to cause a typical whooping cough disease also in hominids (Gustavsson et

al., 1990) and in some of non-human primates, such as in the olive baboon Papio anubis

(Merkel and Halperin, 2014). B. parapertussis was originally considered to be also a

strictly human-adapted pathogen, until it was found in sheep (Cullinane et al., 1987). The

ovine strains differ in the regulation of in vitro expression of several virulence factors and

contain more genetic material, including a unique lipopolysaccharide (LPS) locus that

differs from that of human B. parapertussis isolates (Brinig et al., 2006). In contrast, B.

bronchiseptica has the ability to colonize a variety of animal hosts, either mammalian or

avian (Register et al., 2015) and retained its ability to grow and proliferate in (sterilized)

soil extract (Hamidou Soumana et al., 2017). Most interestingly, B. bronchiseptica not

only survives and grows inside the amoeba Dictyostelium discoideum, but it can also

hijack its complex life cycle for dissemination within the sori of the multicellular fruiting

body of D. discoideum, with the amoebae possibly serving as an environmental reservoir

of B. bronchiseptica (Taylor-Mulneix et al., 2017). In contrast, no extra-host

environmental niche was found for B. pertussis and B. parapertussis (Hamidou Soumana

et al., 2017).

5.3 Bordetella pertussis

Due to the limited genetic variability of its genome, B. pertussis is considered to be a

monomorphic pathogen (Belcher and Preston, 2015; Mooi, 2010). The limited set of

polymorphic genomic regions with the highest SNP densities comprises gene for pertussis

toxin subunit A (ptxA), the cysB gene encoding transcriptional regulator involved in sulfur

metabolism, or promoters of pertussis toxin and bvgAS operons (Bart et al., 2014). The

largest number of polymorphisms is observed in the promoter region (ptxP) of the ptx-ptl

operon and for the prn and ptxA alleles encoding the S1 subunit of pertussis toxin (PTX)

and the adhesin pertactin (PRN), the two key protective antigens of current acellular

pertussis vaccines (Bart et al., 2014). Consequently, with the introduction of acellular

vaccines (ACVs), new strains lacking some of its components – especially PRN, but

occasionally also filamentous hemagglutinin (FHA) or PTX have emerged (Bouchez et al.,

2009; Hegerle and Guiso, 2014). The genome of B. pertussis exhibits an enormous
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structural fluidity due to the promiscuous expansion of an IS481 mobile genetic element

(Mclafferty et al., 1988). This is present often in more than 240 copies per genome of a B.

pertussis isolate. Homologous recombination between IS481 elements yields

chromosomal rearrangements (Figure 3) consisting mainly of large inversions centered

on the replication origin or terminus of the IS481 (Weigand et al., 2017). It appears that it

was the expansion of IS elements, together with the genome reduction, which

accompanied - if not even enabled - the niche jump and B. pertussis adaptation to the

human host (Belcher and Preston, 2015). Interestingly, similar scenario likely occurred

also during the emergence of B. parapertussis (Parkhill et al., 2003) and B. holmesii

(Belcher and Preston, 2015; Harvill et al., 2014), as their chromosome structures also vary

between isolates (Weigand et al., 2019). B. pertussis seems to have adapted to the human

host relatively recently and it is very likely still undergoing adaptive evolution (Belcher

and Preston, 2015). This represents a unique opportunity to observe and analyze the

evolution of a “balanced relationship” between B. pertussis and its human host.

Figure 3: Schematic representation of structural variability among the genomes of different

isolates of B. pertussis. Mainly large inversions are shaping the order and orientation of genome content

in recent circulating isolates (e.g. H866, J018, H346, and H559), which then differs greatly from that of

vaccine reference strains, such as Tohama I (E476). Reprinted from (Weigand et al., 2017).

5.4 Whooping cough disease

Pertussis or whooping cough disease is a serious and highly contagious acute

respiratory infectious illness that used to be the first cause of infant mortality in developed
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countries in the pre-vaccine era. The infection is transmitted via (bacteria-containing)

aerosol droplets, produced by coughing and sneezing and the main causative agent of

pertussis is the Gram-negative aerobic coccobacillus Bordetella pertussis (Melvin et al.,

2014). Occasionally, the closely related bacterium Bordetella parapertussis is isolated as

the etiological agent of less severe whooping cough disease with shorter-lasting symptoms

(Mastrantonio et al., 1998). Due to absence of pertussis toxin production, B. parapertussis

infections do not provoke the critical pertussis bronchopneumonia in infants. Bordetella

bronchiseptica can also be transmitted from infected mammals to humans and can cause

a respiratory disease in elderly or immunocompromised individuals (Mattoo and Cherry,

2005). Similarly, Bordetella holmesii was isolated from human patients with pertussis-

like symptoms (Mattoo and Cherry, 2005).

Pertussis disease remains endemic in all countries and exhibits epidemic cycles with a

periodicity of 3-4 years (WHO, 2015). Development of efficacious pertussis vaccines,

formulated from whole killed bacterial cells (wP vaccines), enabled in the second half of

the past century the introduction of world-wide vaccination programs that led to a steep

decrease of global pertussis incidence. It was estimated that in 2014 an 86% global

vaccination coverage with 3 doses of a pertussis-containing vaccine was reached (WHO,

2015). However, in the last decade of the past century the efficient but reactogenic wP

vaccines were replaced in the wealthiest countries by the less reactogenic and also less

efficacious subunit acellular pertussis (aP) vaccines, which resulted in the current

pertussis resurgence observed in the most developed countries (Rocha et al., 2015; Sealey

et al., 2016; Snyder and Fisher, 2012). This represents serious health threat especially for

infants and a recent model estimated that 24.1 million cases of pertussis occurred globally

in 2014, resulting in 160,700 deaths of children younger than 5 years of age (Yeung et al.,

2017).

Interestingly, B. pertussis has not been reported to cause septicemia, by difference to

the opportunistic pathogen species B. trematum (Majewski et al., 2016), B. holmesii

(Shepard et al., 2004) or B. bronchiseptica (Sans et al., 1991). Pertussis infections remain

restricted to the respiratory tract and the incubation period of pertussis can range from 5-

21 days (but usually lasts for 7-10 days). Asymptomatic or only mildly symptomatic
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infections are common in vaccinated populations or convalescent older people and only

about 1 % of them gets diagnosed and reported (Chlibek et al., 2017).

Infants younger than 12 months are at the highest risk of complications and death from

pertussis and even in the highly vaccinated populations, such as that of the United States,

the average annual infant mortality rate due to the pertussis used to be 3.8 per 1,000,000

live births, while for children younger than 2 months, the mortality rate was found to

increase to 13.1 per 1,000,000 live births (Haberling et al., 2009). Therefore, since 2012,

maternal pertussis immunization with a Tdap (tetanus, diphtheria, pertussis) vaccine is

offered to pregnant women in the third trimester of gestation, in order to elicit maternal

antibodies that cross the placenta into fetus and protect the infant until vaccination

(Baxter et al., 2017; Vygen-Bonnet et al., 2020).

The classical clinical manifestations of pertussis start with common cold-like

symptoms of the catarrhal phase of the disease that is characterized by rhinorrhea,

lacrimation and mild cough in the absence of elevated temperature of fever. Pertussis is

the only major infectious disease that is not accompanied by fever. The cold-like

symptoms are thus often underestimated and the disease is most of the time recognized

too late to be effectively treated by antibiotics. In the smallest infants, below 3 month of

age, that are typically too young to be vaccinated, the infection can rapidly reach lungs and

provoke a sudden and life-threatening (critical) bronchopneumonia that is accompanied

by hyperleukocytosis and pulmonary hypertension, eventually leading to heart failure. In

this age group, ~40% of infected infants require hospitalization and about 1% of the

hospitalized infants still dies, often due to complications caused by opportunistic

secondary infections (CDC, 2019; Kline et al., 2013).

More typically, the catarrhal phase eventually progresses into the so-called paroxysmal

stage, with its typical coughing fits consisting of five to ten uninterrupted coughs in a row

followed by a “whoop” sound and often accompanied by post-tussive vomiting.

Manifestations of the paroxysmal phase may vary largely, depending on the individual,

and can be preceded by apnea and cyanosis in very young infants, while in immunized

adolescents and adults only persistent coughing would typically be present (Kimberlin et

al., 2015; Mattoo and Cherry, 2005; WHO, 2015). Paroxysms can be accompanied by

cyanosis, salivation or lacrimation. Depending on the intensity of coughing fits, these

might lead to variety of other symptoms, including pneumothorax, pneumomediastinum,
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subcutaneous emphysema, superficial petechial hemorrhage, rib fracture, rectal prolapse

or intracranial hemorrhage, with 0.4 % of hospitalized infants developing

encephalopathy. As paroxysms interfere with sleep or food intake, they might lead to

malnutrition and/or sleep deprivation (Snyder and Fisher, 2012). Other major

complications of pertussis include pneumonia, seizures or acute pertussis encephalopathy

(Snyder and Fisher, 2012; WHO, 2015). In the following convalescent phase, respiratory

tract integrity is reestablished and symptoms are slowly vanishing. This phase can last

from weeks to months. In the whole course of the disease, there is virtually no fever or just

minimal and between the paroxysms, the patients look normal, without any obvious

problems (Kimberlin et al., 2015; Mattoo and Cherry, 2005).

5.5 Regulation of virulence of B. pertussis

5.5.1 Master regulator BvgAS two-component system

The expression of virulence factors in B. pertussis is regulated by environmental cues,

such as changes in the temperature or at high concentrations of specific ions in the process

called antigenic modulation (Lacey, 1960). This is due to activity of two genes of the bvgAS

locus (originally called vir and mod) the products of which regulate two sets of Bordetella

genes – the vir-activated genes (vag loci) and vir-repressed genes (vrg loci) (Knapp and

Mekalanos, 1988; Weiss et al., 1983, 1989). These two genes encode a bacterial Two

Component System (TCS) that consists of the transmembrane sensory histidine kinase

BvgS and the response regulator BvgA protein, which contains a C-terminal DNA-binding

helix–turn–helix domain (Figure 4). When bacteria are grown under the standard

laboratory conditions, at temperatures of the human body (33 to 37°C) on Bordet-Gengou

blood agar plates, the BvgAS system is active by default and addition of negative

modulators, such as >2mM concentrations of nicotinic acid or of >5mM sulfate ions is

needed for a regulatory switch. Nicotinic acid binding, or ionogenic and electrostatic

effects (e.g. of sulfate ions) trigger a structural alteration of the periplasmic moiety of the

BvgS protein that harbors two atypical bi-lobed Venus flytrap domains (VFT1 and VFT2)

with pairs of mobile jaws delimiting a binding cavity. By default, the VFT1 is open and

VFT2 is closed, providing an activating signal transmitted mechanically through the

transmembrane segment and the PAS domain to the cytoplasmic histidine kinase domain.
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This is antagonized by nicotinic acid and opening of the VFT2 domain (Dupré et al., 2015;

Herrou et al., 2010). Recently, it was shown that the domain called PAS also serves in the

inactivation of BvgS in B. bronchiseptica in the absence of PlrS kinase activity in vivo

(Sobran and Cotter, 2019).

Figure 4: Scheme of the BvgAS two-component regulatory system. (A) Histidine sensor kinase

BvgS contains two venus flytrap domains (VFT1 and VFT2), which are located in the periplasm, a

transmembrane domain, a PAS domain, a histidine kinase domain (HK), a receiver domain (Rec) and a

histidine phosphoryl transfer domain (Hpt). BvgS phosphorylates its response regulator BvgA that has an

N-terminal Rec and a C-terminal helix–turn–helix domain (HTH). When active, BvgS becomes

autophosphorylated at a conserved histidine and this phosphoryl group is then transferred in a

phosphorelay on the other domains to the Rec domain of BvgA. Phosphorylated BvgA (BvgA-P) dimerizes

and activates or represses the transcription of individual genes. (B) BvgAS controls four classes of genes

and three distinct phenotypic phases - the Bvg+ phase (maximal expression of genes that encode adhesins

and toxins and minimal expression of class 3 and class 4 genes), Bvg phase (maximal expression of class 4

genes and minimal expression of class 1, class 2 and class 3 genes) and Bvgi phase (maximal expression of

class 2 and class 3 genes and minimal expression of class 1 and class 4 genes. Reprinted and adapted from

(Melvin et al., 2014).
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Under non-modulating conditions, a multistep phosphorylation cascade (a phosphorelay)

is operating, yielding phosphorylation of the BvgA response regulator. The activated

BvgA~P then acts as a transcriptional regulator (Decker et al., 2012). Both phosphorylated

and non-phosphorylated forms of BvgA are able to dimerize and form stable complexes

with the RNA polymerase holoenzyme (RNAP) on the target promoters and the

phosphorylation state of BvgA regulates the conformation and binding affinities of BvgA

dimers, rather than the stability of its complexes with RNAP. While the BvgA~P dimers

promote formation of typical transcription initiation complexes, the complexes of non-

phosphorylated BvgA dimers with RNAP produce higher amounts of very short abortive

transcripts and are unable to generate full-length transcripts. This regulatory mechanism

allows the bacteria to quickly respond to actual environmental cues (Boulanger et al.,

2015). The bvgR gene immediately adjacent to bvgS is transcribed in the opposite

direction to bvgAS genes and encodes the BvgR protein involved in regulation of the so-

called bvg-repressed (vrg) genes (Merkel et al., 1998a). This mode of regulation,

originally described as antigenic modulation by Lacey (Lacey, 1960) allows for a

continuum of regulatory states with the three prominent Bvg+, Bvg- and Bvgi phases

(Figure 4). The Bvg+ phase is both necessary and sufficient for respiratory infection in the

mouse intranasal challenge model (Martinez de Tejada et al., 1998) and occurs under non-

modulating conditions, at the temperature of the human respiratory tract. BvgS is fully

active in this phase and most of the virulence-related adhesins and toxins (class 1 genes –

e.g. cyaA or ptxA and class 2 genes – e.g. fhaB, fim2/3 or bvgAS) are expressed. Bvgi

(intermediate) phase represents a transition phase, when the BvgAS phosphorelay is

semi-active. In this phase, some of the Bvg activated factors are still expressed (class 2

genes), while others are repressed (class 1 genes and class 4 genes – e.g. vrgs) (Cotter and

Miller, 1994; Decker et al., 2012; Moon et al., 2017). During the Bvgi phase, a maximal

expression of the gene subset called class 3 genes (e.g. bipA) occurs (Stockbauer et al.,

2001). Interestingly, a dual regulatory role of BvgA was described for the class 3 gene bipA.

BvgA~P binds with high affinity the bipA promoter upstream from the RNAP binding site

and activates its transcription. This is followed by a secondary low-affinity binding of

BvgA~P to sequences immediately downstream from RNAP binding site. Such secondary

BvgA~P binding then inhibits initiation and/or elongation of the bipA transcript

(Williams et al., 2005). The exact biological role of Bvgi phase is not clear, although it is
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hypothesized that this phase might be important for aerosol transmission between hosts

(Cotter and Miller, 1997; Martinez de Tejada et al., 1998; Stockbauer et al., 2001; Vergara-

Irigaray et al., 2005). Under the modulating conditions, i.e. in response to the presence of

50 mM MgSO4 or at temperatures below 25°C, the bacteria enter the Bvg- phase, which is

characterized by repression of virulence-related genes (classes 1-3) and maximal

expression of class 4 genes (vrgs) (Lacey, 1960; Melvin et al., 2014; Moon et al., 2017;

Scarlato and Rappuoli, 1991). The variation between Bvg+ and Bvg- phases also occurs

spontaneously at a rather high frequency (~10-6 per generation per cell) due to

chromosome replication errors that cause a frameshifting expansion or retraction of a C-

rich homopolymeric tract in the bvgS open reading frame (Gogol et al., 2007; Stibitz et al.,

1989). Enhanced survival of Bvg- B. bronchiseptica in the nutrient-poor environment

indicated that the Bvg- phase might be important for adaptation of bordetellae to a specific

niche inside their hosts or in their environmental reservoirs (Cotter and Miller, 1994).

Indeed, recently a key role of the Bvg- phase in B. bronchiseptica survival and

dissemination during its infectious life cycle on the amoeba Dictyostelium discoideum was

demonstrated (Taylor-Mulneix et al., 2017). However, no such example of a particular

host-niche, or of specific environment in which the Bvg- phase would play a role in the

infectious cycle of B. pertussis, has been demonstrated yet and its biological relevance (if

any) remains to be clarified. The conservation of phase variation is largely considered to

be an evolutionary remnant in B. pertussis. However, long-term follow-up of

experimentally infected non-human primates revealed accumulation of Bvg- phase-locked

B. pertussis bacteria in the upper respiratory tract over several months post infection,

suggesting a selective pressure for loss of virulence factor production in establishment of

persistent asymptomatic infection (Karataev et al., 2016). The recent analysis of the BvgAS

regulon further supported a possible role of the Bvg- phase in bacterial survival,

transmission, and/or persistence (Moon et al., 2017).

5.5.2 RisA/RisK

Originally described in B. bronchiseptica, the BvgAS-independent risAS locus was

found to play a role in bacterial oxidative stress resistance, in in vivo persistence in mice

and in the intracellular survival inside macrophages (Jungnitz et al., 1998; Zimna et al.,

2001). This locus encodes for the response regulator RisA of another two-component
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system, which is an ortholog of the EnvZ/OmpR system found in other Gram-negative

bacteria, including E. coli, Xenorhabdus nematophilus or Salmonella typhimurium

(Forst and Roberts, 1994; Stenson et al., 2005). Surprisingly, the risS gene for the

presumed cognate kinase RisS is a pseudogene in B. pertussis, in line with the observation

that deletion of risS did not affect the expression of risA-dependent genes (Stenson et al.,

2005). A decade later, the BP3223 gene was described to encode a histidine kinase that

phosphorylates RisA and was named as RisK (for cognate histidine kinase of RisA) (Chen

et al., 2017; Coutte et al., 2016). The transcriptomic analysis of the RisA regulon showed

that RisA activity is necessary for expression of almost all vrgs and that it also regulates

the expression of several vags and other genes, including members of chemotaxis and

flagellar operons or of iron-regulated genes (Coutte et al., 2016).

5.5.3 PlrSR

Recently, a new two-component regulatory system PlrSR (for persistence in the lower

respiratory tract (LRT) sensor kinase/response regulator) has been characterized in B.

bronchiseptica. This TCS was shown to regulate BvgAS activity in murine lungs, but not

in the nasal cavity. The sequence of plrSR locus is almost identical ( 99%) in all classical

Bordetella species and in line with this observation, the plrS gene was found to be

necessary for survival and persistence in LRT also for B. pertussis (Bone et al., 2017).

5.6 Metabolic regulatory systems

5.6.1 Glutamate-limitation and stringent response

Despite high glutamate concentration in the standard Stainer-Scholte medium used

for liquid cultures of B. pertussis (Stainer and Scholte, 1970), glutamate sources are scarce

for bacteria in vivo. Such conditions then trigger bacterial stringent response to

nutritional starvation, during which alarmons, the small second messengers guanosine

tetra/pentaphosphates ((p)ppGpp), are produced (Dalebroux and Swanson, 2012). In B.

pertussis, (p)ppGpp production is controlled by RelA and SpoT proteins and was shown

to affect bacterial resistance to oxidative stress. Production of (p)ppGpp is also involved

in the regulation of biofilm formation and autoaggregation (Hanawa et al., 2016; Sugisaki

et al., 2013). There are several mechanisms of ppGpp action, which include its direct
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interaction with RNAP in cooperation with DksA, or indirect regulation of transcription

in the process called -factor competition (Dalebroux and Swanson, 2012). Lack of

(p)ppGpp in B. pertussis led to decreased expression of fim3 and bsp22 genes, but did not

affect expression of other virulence-related genes cyaA and ptxA (Sugisaki et al., 2013).

Glutamate-limitation was shown to stimulate expression of T3SS genes in B. pertussis via

the activation of the BvgAS system and (p)ppGpp was found to be essential for full

expression of T3SS gene expression in B. pertussis (Hanawa et al., 2016).

5.6.2 Iron

Iron-deprivation represents another strong environmental cue that triggers bacterial

response and regulates bacterial virulence. B. pertussis has several iron-acquisition

systems, which differentially respond to iron availability. The ferric uptake regulator

encoded by the fur gene is one of the major regulators of iron metabolism and virulence

in Gram-negative bacteria and serves as a global regulator of iron starvation stress

response also in B. pertussis (Beall and Sanden, 1995; Brickman and Armstrong, 1995;

Brickman et al., 2007). One of the bacterial iron acquisition mechanisms is mediated by

the heme iron acquisition system via the action of bhu (for Bordetella heme utilization)

gene products. This system is encoded by hurIR bhuRSTUV genes and for its full

expression, the Fur-mediated repression must first be relieved in the presence of heme

(Vanderpool and Armstrong, 2001, 2004). Deregulation of this system reduced bacterial

capacity to colonize trachea and lungs of mice seven days after the infection, indicating

that this system is involved in the later stages of infection (Brickman et al., 2006). Iron

limitation has a plethora of different phenotypic outcomes in bacteria, including enhanced

bacterial binding of mucin, better attachment to the respiratory epithelial cells, or

stimulation of pertussis toxin production (Passerini de Rossi et al., 2003; Perez Vidakovics

et al., 2007; Thalen et al., 2006).

5.7 Virulence factors of B. pertussis

In the Bvg+ phase B. pertussis expresses a whole array of various virulence factors,

such as complement resistance factors, immunomodulatory protein toxins and adhesins

that mediate bacterial adherence to the ciliated epithelial cells of human airways.
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5.7.1 Toxins

5.7.1.1 Adenylate cyclase toxin (ACT)

As a result of immunosuppressive actions of B. pertussis virulence factors, infections

caused by this bacteria are often complicated by secondary infections (Cherry, 2016;

Confer and Eaton, 1982; Melvin et al., 2014). A major role in the subversion of several key

host immune defense mechanisms can be attributed to the adenylate cyclase toxin–

hemolysin (known as CyaA, ACT or AC-Hly), which is a 1706 amino acids-long polypeptide

(Fedele et al., 2017; Novak et al., 2017; Vojtova et al., 2006). The cyaA gene for the toxin

is located at the beginning of the operon (Figure 5) containing also other the genes cyaB,

cyaD and cyaE that encode proteins involved in CyaA toxin secretion through the Type 1

Secretion system apparatus (Glaser et al., 1988). The cyaC gene, encoding a protein toxin

acyltransferase activating the proCyaA by covalent attachment of 16-carbon fatty acyl

chains, is located upstream of the cyaA operon and is transcribed from an independent

promoter in the opposite direction (Barry et al., 1991; Sebo et al., 1991).

Figure 5: Schematic representation of the cya locus. cyaA, cyaB, cyaD, and cyaE genes are

transcribed in the same direction. Gene cyaC encoding a protein toxin acyltransferase is transcribed from

an independent promoter in the opposite direction to other genes of the locus.

CyaA consists of two structurally and functionally different domains (Figure 6) - ~400

residue long N terminal adenylate cyclase (AC) domain, which is linked to ~1306 residue

long C terminal hemolysin (Hly) moiety of Repeats-in-toxin (RTX) family (Novak et al.,

2017).
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Figure 6: Schematic representation of CyaA. N-terminal AC enzyme domain and a C-terminal Hly

moiety are linked together with a ~100 residues-long segment (residues 400 to 500). The Hly moiety

harbors several functional subdomains: (i) a hydrophobic pore-forming domain (residues 500 to 700); (ii)

an activation domain (residues 800 and 1000) with two lysine residues (K860 and K983), which are

posttranslationally acylated; (iii) a typical calcium-binding RTX domain with the nonapeptide repeats

binding calcium ions and with the CD11b/CD18-binding segment (residues 1166–1287); and (iv) a C-

terminal secretion signal. Reprinted and adapted from (Novak et al., 2017)

Toxins of the RTX family are exoproteins of Gram-negative bacteria, structurally

characterized by the presence of nonapeptides of glycine- and aspartate-rich repeats with

a consensus sequence X-(L/I/F)-X-G-G-X-G-(N/D)-D that bind calcium ions (Linhartová

et al., 2010; Welch, 1991). These proteins are secreted via the Type I secretion system

(T1SS). Calcium ions drive folding of the capping structure on the C-terminus and the

folding of -rolls then accelerates the translocation of the protein through the channel-

tunel duct of T1SS by the “push-ratchet” mechanism (Bumba et al., 2016). Secreted ACT

then binds to the alpha(M)beta(2) integrin (CD11b/CD18) on the surface of host cells.

CD11/CD18 is the complement receptor 3 (CR3) and is produced and presented on the

surface of myeloid cells involved in innate immune response, including neutrophils,

monocytes/macrophages, some B cell subpopulations, dendritic and natural killer cells

(Guermonprez et al., 2001). CyaA preferentially binds the CD11b subunit of the non-

activated form of the CR3 receptor, binding to the site in the thigh region outside of its I-

domain of CD11b without triggering the downstream signaling of CR3 (Osicka et al., 2015).

CyaA inserts into the plasma membrane of cells, permabilizes it for influx of extracellular

calcium ions, relocates with CR3 into cholesterol-enriched membrane lipid microdomains

(Figure 7) and delivers its catalytic AC enzyme domain directly into the cytosol of cells by
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a mechanism that is entirely accomplished by RTX domain (Bumba et al., 2010; Holubova

et al., 2012).

Figure 7: Model of CyaA translocation across target cell membrane. CyaA binds the CD11b/CD18

integrin receptor dispersed in the bulk of the membrane phase outside of lipid rafts, having the cytoplasmic

tail of the CD18 subunit tethered to actin cytoskeleton via the linker protein talin. Upon receptor

engagement, a ‘translocation intermediate’ of CyaA inserts into the lipid bilayer of cell membrane with the

AC domain partially penetrating into cell membrane together with the pore-forming segments of the toxin

and participating in formation of a transiently opened Ca2+-conducting path across cell membrane. Influx

of external calcium ions into cells induces activation of the Ca2+-dependent protease calpain, yielding talin

cleavage and liberation of the CyaA-CD11b/CD18 complex from binding to actin cytoskeleton. Consequently,

CyaA is recruited with CD11b/CD18 into cholesterol-enriched lipid rafts, where the liquid-ordered packing

of lipids and the specific presence of cholesterol enable completion of AC domain translocation across

cytoplasmic membrane. Upon exposure at the cytosolic side of cell membrane, the AC domain is cleaved-off

from the RTX cytolysin moiety of CyaA by a protease residing inside the cell. Binding of cytosolic calmodulin

(CaM) then activates the AC enzyme and unregulated conversion of ATP to cAMP is catalyzed. Reprinted

and adapted from (Bumba et al., 2010).

Inside the cytosol, the AC domain is bound and activated by calmodulin and catalyzes

unregulated conversion of cytosolic adenosine triphosphate (ATP) into the key second

messenger signaling molecule 3 ,5 cyclic adenosine monophosphate (cAMP), driving the

local intracellular concentration of cAMP into supraphysiological levels and activation of

protein kinase A (PKA) and of the Exchange protein activated by cAMP (Epac), thereby

provoking deregulation of major cellular signaling pathways. This leads to the suppression
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of a whole plethora of bactericidal mechanisms of phagocytes (Ahmad et al., 2016, 2019;

Cerny et al., 2015, 2017; Confer and Eaton, 1982; Novák et al., 2017; Wolff et al., 1980).

The Hly moiety of CyaA itself can form cation-selective pores that cause potassium

efflux and colloid-osmotic (oncotic) cell lysis manifesting as hemolysis of erythrocytes

(Bellalou et al., 1990; Ehrmann et al., 1991; Gray et al., 1998; Szabo et al., 1994; Vojtova-

Vodolanova et al., 2009). In parallel, the translocation of AC domain is accompanied by

calcium influx, which elevates cytosolic calcium concentrations (Fiser et al., 2007). The

synergy of cAMP elevation, potassium efflux and calcium influx elicited by CyaA has

detrimental impact on the phagocytes and near-instantly ablates their bactericidal

capacities. As a result, the phagocytes undergo apoptosis, or even necrotic cell death,

depending on the toxin dose they encountered (Ahmad et al., 2016; Basler et al., 2006;

Hewlett et al., 2006; Khelef and Guiso, 1995). In contrast to macrophages, the cAMP-

elevating action of CyaA prolonges the life span of neutrophils, inhibits their apoptosis

and suppresses their oxidative burst capacity, ROS production and formation of

neutrophil extracellular traps (NETs) (Cerny et al., 2017; Eby et al., 2014). Increased levels

of cAMP produced by CyaA in macrophages also lead to the suppression of oxidative burst

responses, reduced production of bactericidal NO and inhibition of complement-

mediated phagocytosis by inducing unproductive membrane ruffling (Cerny et al., 2015;

Kamanova et al., 2008; Pearson et al., 1987). Importantly, very low concentrations (22

pM) of CyaA can - through cAMP elevation - suppress the maturation of human monocytes

into macrophages and also can trigger dedifferentiation of mature alveolar macrophages

into monocyte-like cells (Ahmad et al., 2019). Due to the extreme AC enzyme activity of

the toxin, even cells lacking the CR3 receptor become affected by CyaA toxin action, as

CyaA with low efficacy but promiscuously penetrates also the membranes of all kind of

non-myeloid cells that do not express CR3, such as epithelial cells of the airways ((Hasan

et al., 2018)). CyaA-produced cAMP can then cause a drop in a transepithelial electrical

resistance (TEER) of polarized epithelial cell layers, as their barrier functions become

compromised. cAMP produced by CyaA further suppresses the expression of the pro-

inflammatory cytokines tumor necrosis factor-alpha (TNF- ), interleukin-1 , and

interleukin-8 (IL-8), while stimulating secretion of interleukin-6 (Hasan et al., 2018).
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5.7.1.2 Dermonecrotic toxin (DNT)

Dermonecrotic toxin, originally described as the heat-labile toxin, was discovered in

the beginning of 19th century by Bordet and Gengou (Bordet and Gengou, 1909). Itscurrent

name reflects the dermonecrotic effects of its action observed in the skin of guinea-pigs

(Iida and Okonogi, 1971). DNT is a 1,464 amino acid residue-long single chain polypeptide,

which is encoded by the BP3439/dnt gene. The first 30 amino acids in the N-terminal part

are responsible for DNT binding to cells (Fukui-Miyazaki et al., 2011). The last approx.

300 amino acids in the C-terminus form a catalytically active domain with homology to

the cytotoxic necrotizing factors of E. coli or Yersinia pseudotuberculosis (Horiguchi,

2012). Recently, the T-type voltage-gated calcium channels CaV3.1 and CaV3.2 have been

identified as the cell surface receptors of DNT (Teruya et al., 2020). This toxin exhibits

features of a neurotropic virulence factor, as it affects neural cells in vitro and causes

flaccid paralysis in mice, when applied intracerebrally (Teruya et al., 2020). DNT

intoxication led to the spleen damage in mice, resulting in their atrophy and reduction

(Iida and Okonogi, 1971; Sekiya et al., 1982). These effects are long-term, despite of the

observed instability of the toxin (Sekiya et al., 1982). DNT produced by the closely related

B. bronchiseptica bacteria was shown to inhibit osteoblastic differentiation in infected

snouts of pigs, provoking turbinate atrophy and atrophic rhinitis (Horiguchi, 2012). DNT

does not appear to be secreted and appears to be released only upon bacterial cell lysis,

indicating that this is not a classical exotoxin and its role in physiopathology of B. pertussis

infections remains unclear (Cowell et al., 1979). DNT was found to be associated with

fibronectin-based extracellular networks in both DNT-sensitive and -insensitive cells with

unclear biological effects of such interaction (Fukui-Miyazaki et al., 2010). On the

molecular level, DNT deamidates the Gln63 residue of the RhoA GTPase (and of other

members of the family of Rho GTPases), or modifies the Gln63 residue with polyamines,

thereby markedly increasing RhoA activity and binding to the ROCK effector. The

irreversibly modified Rho GTPase then becomes constitutively active and causes

anomalous stress-fiber formation (Masuda et al., 2000).
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5.7.1.3 Pertussis toxin (PT)

Pertussis toxin is a complex oligomeric bacterial protein toxin, member of the AB5

family, which includes other major bacterial toxins, like the cholera toxin from Vibrio

cholerae, shiga toxin produced by some Shigella and enteropathogenic E. coli strains, or

the heat-labile LT enterotoxin from E. coli (Haan and Hirst, 2004). The structural

components of PT are encoded by genes forming a single ptx-ptl operon, present in the

genomes of all three classical Bordetella species (Figure 8). However, the toxin is

expressed and produced only by B. pertussis. Both B. parapertussis and B. bronchiseptica

bear mutations in the ptx promoters that make the expression of the toxin very inefficient

(Aricò and Rappuoli, 1987). The ptl locus encodes for the components of the type IV

secretion system (T4SS) accomplishing excretion of PT from the periplasmic space of B.

pertussis cells. It is located immediately downstream from the ptx locus within the same

operon and transcribed from the ptx promoter (Kotob et al., 1995).

Figure 8: Schematic illustration of the ptx-ptl region. Pr indicates the location of the ptx promoter.

Reprinted and adapted from (Kotob et al., 1995)

Pertussis toxin consists of a catalytic A-subunit (S1 subunit) associated with the cell-

binding B-oligomer consisting of the S2 to S5 subunits, with two copies of S4 (Figure 9A).

The A-subunit has a pyramid-shaped structure and harbors the ADP-ribosylating enzyme

active site. Components of the B-oligomer then form a pentameric structure with a

channel in its center, consisting of a ring of subunits containing antiparallel -strands,

into which the C-terminal -helix of the S1 subunit is partly inserted. The S2 and S3

domains contain two unique amino-terminal extensions/peripheral domains of the B-

oligomer, which are similar to lectin domains of the calcium-dependent eukaryotic lectins

(Stein et al., 1994a). The initial reports of specific proteinaceous PT receptors on host cells

do not hold anymore and it appears that PT rather promiscuously binds the
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sialoglycoconjugate structures on numerous glycoproteins and glycolipids present on a

broad variety of cell types, which then enables intoxication of wide range of cell and tissue

types (Teter, 2019).

Figure 9: Pertussis toxin. (A) Schematic picture of the protein structure shows one catalytic subunit (the

A subunit) and five membrane-binding or transport subunits (the B pentamer). (B) Following binding to a

host cell, PT is endocytosed and trafficked through the Golgi apparatus to the endoplasmic reticulum (ER).

There, the B pentamer binds to ATP and dissociates from the A subunit. The A subunit is then transported

into the cytoplasm and traffics on exosomes to the cytoplasmic membrane, where it ADP-ribosylates the -

subunit of heterotrimeric G proteins. This modification alters the ability of G proteins to regulate multiple

enzymes and pathways, including their ability to inhibit cAMP formation. Reprinted and adapted from

(Melvin et al., 2014).

PT enters into the host cell via receptor-mediated endocytosis (Figure 9B), after which

retrograde transport through the Golgi network follows (el Bayâ et al., 1997, 1999). The S1

subunit exits from the endoplasmic reticulum into cell cytosol and cleaves the

nicotinamide adenine dinucleotide (NAD) to ADP-ribosylate the -subunits of a range of

inhibitory G i/o subunits of the trimeric G proteins that by transmitting signals from a

wide variety of G protein-coupled receptors (GPCRs) regulate a plethora of cellular

processes (Bokoch et al., 1983; Carbonetti, 2015; Katada, 2012; Katada and Ui, 1982; Stein

et al., 1994b). The ADP-ribosylated isoforms of the G i subunits are then locked in the

inactive state and the negative regulation of their targets, such as of the endogenous
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membrane-bound adenylyl cyclase, is relieved. For example, the abolishment of inhibition

of GPCR-activated adenylyl cyclase leads to increased intracellular concentrations of the

key second messenger molecule 3 ,5 cyclic adenosine monophosphate (cAMP), which

deregulates a wide range of cellular processes (Locht et al., 2011). In accordance with the

described mode of action, in the neonatal mouse infection model of critical pertussis,

intoxication by PT exhibited a wide range of systemic effects, including stimulation of

bacterial colonization, leukocytosis, phenotypic changes of T-cells and host death

(Carbonetti, 2015, 2016). Systemic effects of PT intoxication are also nicely illustrated by

historic appellations of this toxin, as it was originally called as an islets-activating protein,

casuing hyperinsulinemia (IAP) (Yajima et al., 1978), or as leukocytosis- and

lymphocytosis-promoting factor (LPF). Among the toxic effects of PT initially described

were granulocytosis, histamine sensitization, hypoglycemia or unresponsiveness to the

hyperglycemic effects of epinephrine in mice (Morse and Morse, 1976). Later, PT was

shown to inhibit lung inflammatory pathology in neonates, indicating that the systemic

effects rather than lung pathology might be the real cause of mortality in critical pertussis

(Scanlon et al., 2017). But in contrast to neonates, PT in adult mice promotes and

exacerbates the airway inflammation (Connelly et al., 2012). With regard to its importance

in pertussis pathology, toxoids of PT became a component of all current vaccines against

pertussis, which was quickly reflected by adaptation of circulating strains (Locht et al.,

2011; Mooi, 2010). Two globally predominant alleles of PT promoter are called as

ptxP1 and ptxP3. Based on the available data, ptxP1 is still the predominant allele in Asia

and only ptxP1 strains were found also in Africa. In contrast to that, in Europe and both

Americas, this allele has been recently replaced by the newly emerged ptxP3 allele.

Bacterial strains carrying this allele contain a single-nucleotide substitution in the

promoter that most probably affects binding of BvgA regulator and thus leads to slightly

increased (around 1.6 x) production of PT and a lower production of pertactin. Even

though other factors might be involved as well, the emergence of ptxP3 strains was

accompanied by higher incidence of hospitalizations and increased lethality (Mooi et al.,

2009). It was hypothesized that selection of more virulent strains might be, at least in part,

driven by the need of the bacteria to produce higher PT levels during infection of the

respiratory mucosa in order to overcome the anti-PT serum antibody levels in the

vaccinated populations (Mooi, 2010). Surprisingly then, strains deficient in PT production
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are occasionally isolated from infants with classical whooping cough manifestations,

challenging the essential role of PT in B. pertussis virulence (Bouchez et al., 2009;

Williams et al., 2016). While B. parapertussis causes whooping cough disease without

producing PT, B. pertussis mutants not producing PT are extremely rarely isolated, which

indicates that PT plays a rather important role in B. pertussis infections (Gregg and

Merkel, 2019).

5.7.1.4 Type 3 secretion system (T3SS)

The Type 3 secretion system (T3SS) is a multicomponent assembly that forms the

injectisome structure across bacterial cell envelope, mediating both selection of bacterial

effectors from bacterial cytosol and their transfer through a channel/needle-like structure

into the cytosol of host cells (Figure 10).

Figure 10: Predicted structure of Bordetella T3SS injectisome. Known or predicted functions and

locations of Bordetella proteins are indicated. CM, cytoplasmic membrane; OM, outer membrane; PG,

peptidoglycan; IM, inner membrane. Reprinted and adapted from (Kamanova, 2020).
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T3SS assemblies are expressed by a wide range of both pathogenic and symbiotic

Gram-negative bacteria, including Salmonella enterica, Shigella spp., Yersinia pestis,

Vibrio cholera, Pseudomonas aeruginosa or Bordetella pertussis (Galán and Waksman,

2018). Nevertheless, the exact role of T3SS in Bordetella virulence remains to be

elucidated. In B. bronchispetica, the T3SS and its single known injected effector

BteA/BopC is required for maximal bacterial persistence in porcine lower respiratory

tract, where it contributes to the severity of the disease, but not to the transmission of the

pathogen (Nicholson et al., 2014). Similarly, T3SS activity appears to mediate persistent

tracheal colonization in rodents via targeting of mechanisms of adaptive immunity and by

downregulation of the humoral immune response (Yuk et al., 1998, 2000). B.

bronchiseptica T3SS activity modulates the maturation of dendritic cells (DCs) in the

airways and drives their migration into the secondary lymphoid tissues, where they act as

immunosuppressive agents (Skinner et al., 2005). Furthermore, the activity of the T3SS

effector(s) was shown to enhance production of anti-inflammatory cytokine IL-10, while

it suppressed production of pro-inflammatory cytokine IFN- (Nicholson et al., 2014;

Skinner et al., 2005) and thus favored bacterial persistence. In B. pertussis, T3SS was

initially considered to be inactive, but later studies revealed that it becomes expressed

during in vivo infection. T3SS expression is detected in all low-passage clinical isolates

and if it is not produced, its expression can be reactivated upon bacterial passage through

mice (Fennelly et al., 2008; Gaillard et al., 2011; Hegerle et al., 2013). So far, two T3SS

effector proteins, BteA/BopC and BopN, were identified and described in Bordetella

(Panina et al., 2005). In course of B. bronchiseptica infections the BopN effector was

shown to inhibit proinflammatory NF- B activation in host cells and increase production

of the immunosuppressive IL-10 cytokine (Nagamatsu et al., 2009). The BteA effector is

a highly potent cytotoxic protein that is both necessary and sufficient for induction of

cytotoxicity in tissue cultures, but the mechanism of its mechanism of action remains

unknown (Bayram et al., 2020; French et al., 2009; Panina et al., 2005). Despite its high

conservation across Bordetella bronchiseptica between Bordetella pertussis, its

cytotoxicity differs significantly in these species. A drastic reduction of specific cytotoxic

activity of BteA from B. pertussis, as compared to the specific cytotoxic activity of BteA
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from B. bronchiseptica, has recently been attributed to a single alanine insertion at

position 503 in the B. pertussis BteA. Curiously, the A503 insertion causes strong

attenuation of the cytotoxic potency of BteA and of its immunosuppressive activity, which

results in increased lung inflammatory pathology from infections with wild type B.

pertussis when compared to infection by a B. pertussis mutant secreting the much more

cytotoxic BteA A503. Such modification might thus represent an evolutionary adaptation

by fine-tuning virulence of B. pertussis (Bayram et al., 2020).

5.7.1.5 Tracheal cytotoxin (TCT)

TCT is a low molecular weight muramic acid-containing glycopeptide, a peptidoglycan

fragment, which was shown to be responsible for the respiratory cytopathology during

pertussis, including ciliostasis and extrusion of ciliated cells (Kessie et al., 2021). Due to

absence of a functional AmpG permease in B. pertussis, the released TCT is imported by

the SLC46A2 co-transporter into epithelial cells (Paik et al., 2017), where TCT activates

the NOD1 sensor that, by activation of NF- B, triggers inducible NO synthase (iNOS)

expression and cytotoxic levels of NO production (Flak and Goldman, 1996, 1999; Flak et

al., 2000). TCT action inhibited DNA synthesis in hamster tracheal epithelial cells

(Cookson et al., 1989; Goldman et al., 1982) and TCT also affects in vitro migration of

human neutrophils towards the chemotactic factor N-formyl-L-methionyl-L-leucyl-L-

phenylalanine (FMLP) and was found to be toxic to these cells at higher concentrations,

thereby promoting bacterial survival in the airways (Cundell et al., 1994). It is plausible to

assume that compromising of the epithelial barrier integrity due to TCT release and

cytotoxic activity enables B. pertussis to access nutrients from the syncytial fluid of lamina

propria and promotes penetration of pertussis toxin through the draining lymphatic

vessels and thoracic vein into blood stream, where it provokes the systemic manifestations

of pertussis, such as hyperleukocytosis, hyperinsulinemia and histamine sensitization.

5.7.2 Adhesins and other surface structures

5.7.2.1 Tracheal colonization factor (Tcf)

Tracheal colonization factor, encoded by the tcfA gene, is an autotransporter uniquely

produced only by B. pertussis, but not by other classical Bordetellae species. Tcf is a
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proline-rich protein with an N-terminal RGD-motif and a C-terminal region resembling

the C-terminal region of pertactin (Finn and Stevens, 1995). Mutants lacking the tcfA gene

exhibited decreased ability to colonize trachea, but how TcfA promotes tracheal

colonization remains unclear (Finn and Stevens, 1995; Henderson and Nataro, 2001).

High level of tcfA gene polymorphism in comparison to other B. pertussis surface proteins

indicates that this protein might be an important target of the immune system and thus

under strong selective pressure for accumulation of mutations (van Loo et al., 2002). In

line with this hypothesis, the loss or inactivation of tcfA gene was observed in several

clinical isolates of B. pertussis (van Gent et al., 2007).

5.7.2.2 Filamentous haemagglutinin (FHA)

Mature released FHA protein is the product of processing of the FhaB precursor

protein encoded by the fhaB gene, which belongs to the class 2 genes expressed during the

Bvgi and Bvg+ phases (Jones et al., 2005). FhaB with its outer membrane transporter FhaC

(Figure 11) represent a prototypical two-partner secretion (TPS) system, which allows to

export large proteins across the outer membrane of Gram-negative bacteria via a channel-

forming -barrel protein (Mazar and Cotter, 2007). FHA is initially synthesized as the

large (approx. 370 kDa) preproprotein FhaB, which contains i) 71 amino acids-long N-

terminal secretion signal that is removed during Sec-mediated translocation across inner

membrane and ii) a large C terminal ‘prodomain’ that is required for establishing of

proper conformation of the mature C terminal domain, cleaved-off by the SphB1 protease

and retained in bacterial periplasm, or degraded intracellularly (Coutte et al., 2001;

Lambert-Buisine et al., 1998; Mazar and Cotter, 2007; Noël et al., 2012).
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Figure 11: Presentation of FHA on the Bordetella cell surface. FHA is an exoprotein that is

translocated across the outer membrane through its cognate pore protein FhaC. Processing during

translocation removes the C-terminal ‘prodomain’ (yellow) from the full-length FhaB protein to produce the

mature 250kDa FHA protein. MCD, C-terminal domain of mature FHA. Reprinted and adapted from

(Melvin et al., 2014).

Although the “mature” form of FHA used to be considered as the main biologically

active form of the protein involved in adherence to respiratory epithelium, it appears that

the unprocessed and bacterial cell-attached FhaB protein is the virulence factor of

Bordetella, as the mutant B. bronchiseptica bacteria, with deletions in the C-terminal

‘prodomain’ were unable to persist in the lower respiratory tract of rats in vivo (Melvin et

al., 2015). Processed FHA still mediates bacterial adherence to different cell types

including the non-ciliated epithelium-like cells (Urisu et al., 1986), or ciliated cells, to

which it also promotes binding of other pathogens when added exogenously (Locht et al.,

1993; Tuomanen, 1986), or to macrophages (Locht et al., 1993). The interaction of FHA

with macrophages occurs on two levels – first is via binding to the galactose-containing

glycoconjugates and heparan sulfates on cell surface and it was also claimed to bind the

2 integrin CD11b/CD18 (Relman et al., 1990). FHA is required though not sufficient for
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tracheal colonization in the rat model of respiratory infection (Cotter et al., 1998). In line

with its role in adhesion, the deletion of fhaB gene severely affected bacterial adherence

to host cells including rat lung epithelial L2 cells or mouse macrophage-like MH-S cells

(Inatsuka et al., 2010). For several years, FHA was considered to act as an

immunomodulatory effector. Nevertheless, results published along this topic yielded

contradictory and conflicting results and the proper immunomodulatory capacity of FHA

(if any) is not clear (Villarino Romero et al., 2014). As shown in our laboratory, the

induction of cytokine secretion from human monocyte-derived dendritic cells (MDDCs),

originally attributed to FHA activity, was in reality caused by contaminating endotoxin

and associated lipidated components (Villarino Romero et al., 2016).

5.7.2.3 Fimbriae

Fimbriae are polymeric filamentous protein structures with a helical axial repeat of

five repeating protein subunits in two complete turns that are interacting with the fimbrial

backbone that has no axial channel. Originally called as agglutinogen 2 and agglutinogen

3, two major fimbrial subunits Fim2 and Fim3 were found to be two serologically distinct

proteins with the molecular weights of 22,500 and 22,000, respectively. Mice

immunization with either Fim2 or Fim3 led to serotype-specific protection (Ashworth et

al., 1988). Sequences of the fim2 and fim3 genes, encoding the major subunits of the

serotype 2 and serotype 3/6 fimbriae, respectively, exhibit approximately 60% homology

and despite different properties their supramolecular structures are basically the same

(Ashworth et al., 1982; Heck et al., 1996; Steven et al., 1986). Different bacterial strains

differ in the size and numbers of expressed fimbriae and the bacteria can carry either only

Fim2 or Fim3 fimbriae, or produce both Fim2 and Fim3 at the same time (Ashworth et

al., 1982; Gorringe and Vaughan, 2014). Most Bordetella strains express also other

alternative major fimbrial subunits, which are encoded by genes fimA, fimN and fimX, but

in B. pertussis, only fimX was found to be produced (Boschwitz et al., 1997; Kania et al.,

2000; Pedroni et al., 1988; Riboli et al., 1991; Scheller and Cotter, 2015). Phylogenetic

analysis indicates that the fimA pseudogene, located upstream of the fimB gene, could

represent the primordial gene, from which the gene duplication events gave rise to the

major fimbrial subunit genes fim2, fim3 and fimX (Willems et al., 1992). Besides the

control by the master regulator BvgAS system, the transcription of fimbrial subunits is
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controlled on several levels. The expression of fim genes undergoes the so-called phase-

variation, which represents one of the bacterial mechanisms of immune evasion. Due to

errors arising during replication of the bacterial chromosome, the homopolymeric C

stretch in the fim gene promoter region is target of small deletions or insertions that affect

the transcription of fim genes, possibly by alterations of the distance between -10 region

and cis-regulatory elements (Willems et al., 1990). The fimBCD operon, located

downstream from the fhaB gene, encodes for proteins that are involved in the biosynthesis

of fimbriae (Figure 12).

Figure 12: Schematic diagram of genomic structure at the fimA region of B. pertussis.

Directional boxes indicate open reading frames. Reprinted and adapted from (Boschwitz et al., 1997)

Among these genes, fimB encodes for the putative chaperone protein, the product of

fimC is presumably involved in the transport and anchorage of fimbrial subunits (so-

called usher protein). The fimD-encoded protein, located on the tip of the fimbriae, is a

glycan-binding lectin protein that plays an important role in colonization of the mouse

respiratory tract and was found to interact with monocytic very late antigen-5 (VLA-5)

(Geuijen et al., 1997; Hazenbos et al., 1995; Willems et al., 1992). According to the

proposed model of fimbrial biogenesis, individual structural subunits are translocated

across the cytoplasmic membrane via the Sec system, together with the chaperone and

usher proteins. In bacterial periplasm, the Fim proteins interact first with the chaperone

(FimB) that eventually delivers them to the usher protein (FimC) and Fim translocation

across the outer membrane follows (Scheller and Cotter, 2015).

5.7.2.4 Lipooligosaccharide (LoS)

Lipopolysaccharide (LPS) forms the outer leaflet of the outer membrane of Gram-

negative bacteria that serves as an important permeability barrier. LPS is recognized by

host Toll-like receptor 4 (TLR4) (Arenas et al., 2019; Raetz and Whitfield, 2002). LPS

consists of three main components – the anchoring lipid A moiety, the nonrepeating core

oligosaccharide and long polysaccharide also known as the O-antigen. The LPS of B.
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pertussis has a penta-acylated lipid A moiety and in contrast to both B. bronchiseptica

and B. parapertussis, it lacks the O-antigen due to the presence of the insertion sequence

in the locus responsible for O-antigen biosynthesis. Therefore, it is referred to as

lipooligosaccharide (LOS) (Caroff et al., 1994; Preston et al., 1999). The lipid A of B.

pertussis also exhibits unusual structural asymmetry due to the different length of the acyl

chains, which are attached by the acyltransferase LpxA and further are modified by

pyrophosphohydrolase LpxH (Arenas et al., 2019). Another reported lipid A modification

includes substitution of both lipid A phosphate groups of the diglucosamine backbone by

glucosamines, which is accomplished by the BvgAS-activated glycosyl transferase

orthologue ArnT (lgmB) and this modification accounts for the strong pro-inflammatory

signaling capacity of B. pertussis LOS through the TLR4 receptor of human macrophages

(Marr et al., 2008, 2010).

5.7.2.5 Pertactin (PRN)

Pertactin is synthesized as 90-kDa precursor processed to a 69-kDa released protein.

It forms monomers folded as a single domain formed by a three-stranded -helix with

several protruding loops. One of these loops contains the Arg-Gly-Asp tripeptide (RGD)

motif followed by a proline-rich region (PRR), both typical properties of adhesive proteins.

In addition to adhesion mediated by the RGD motif, the long linear form of pertactin

promotes binding also via many nonspecific interactions (Emsley et al., 1996). The RGD

sequence is a common key player in adhesion to cells through surface integrins and it was

shown to mediate attachment of pertactin to Chinese hamster ovary cells (Hynes, 1987;

Leininger et al., 1991), but the RGD motif-containing sequences do not seem to be involved

in the observed biological activities of pertactin (Inatsuka et al., 2010). In the murine

respiratory model of B. pertussis infection, the deletion of prn gene did not compromise

the capacity of the bacterium to induce bronchopneumonia, alveolitis, or the influx of

leukocytes into bronchoalveolar lavage fluids. However, it impacted bacterial persistence

in this model (Khelef et al., 1994). Similar observation was done also for B. bronchiseptica,

in which the deletion of prn gene resulted in more efficient bacterial clearance from the

mouse lungs, although the adherence of bacteria to the epithelial cells and macrophage-

like cells in vitro or the ability of this mutant to colonize the respiratory tract of rats was

not affected. PRN enabled B. bronchiseptica to either grow and/or resist to inflammation-
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mediated clearance in the lungs and was required for the bacterial protection from

neutrophils (Inatsuka et al., 2010). Clearly, the function of PRN in bacterial infections is

redundant with some other adhesion proteins, as fully virulent PRN-deficient B. pertussis

strains arose under the selective pressure of acellular pertussis vaccine use in humans and

replaced the originally circulating PRN-producing strains (Hegerle et al., 2014; Martin et

al., 2015; Pawloski et al., 2014).

5.7.2.6 Virulence associated gene 8 (Vag8)

Vag8 autotransporter of B. pertussis is BvgAS-activated virulence factor, which was

discovered and partially characterized as a 95-kDa protein (Finn and Amsbaugh, 1998).

Vag8 binds the C1 esterase inhibitor, which regulates complement response, and thus

interferes with its binding to C1s, C1r and MASP-2 complement components. As a result,

the active proteases, which would otherwise cleave C2 and C4, are released away from the

bacterial surface and by this mechanism, Vag8 promotes bacterial resistance against

complement-mediated killing and activates the contact system (Hovingh et al., 2017,

2018; Marr et al., 2011).
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5.8 The intracellular life of B. pertussis

The intracellular survival of B. pertussis has never been a central topic of Bordetella-

related research, as compared to bona fide intracellular bacterial pathogens (e.g. Listeria,

Salamonella, or Shigella) only low numbers of B. pertussis bacteria have been observed

internalized in human cells. Nevertheless, starting in late 1950s, the intracellular presence

of bacteria B. pertussis was analyzed and observed in tissue cultures treated with

antibiotics, which indicated that the epithelial cells might provide a niche protecting the

bacteria from bactericidal action of antibodies and complement (Crawford and Fishel,

1959). A few years later, Grey and Cheers described the similarities between murine

pulmonary tuberculosis and pertussis, as in both infections the initial bacterial growth is

largely stopped during the bactericidal phase and is eventually followed by more or less

constant steady state, called by these authors as “complaisant” phase (Gray and Cheers,

1967). One week after the infection, B. pertussis bacteria were detected in alveolar

macrophages of sub-lethally infected mice, in which their counts were still growing up

until the drop occurred approximately two weeks after the infection. The following

complaisant phase eventually progressed into the recovery phase, when no or only low

amounts of bacteria were detected (Cheers and Gray, 1969). In the rat model of lung B.

pertussis infection, wild-type bacteria were able to establish an infection that seemed to

be completely cleared one week after infection, where no bacteria were recovered from the

lungs of infected rats on days 10 and 14. Surprisingly, small amounts of bacteria were later

recovered on day 21 after infection, suggesting the existence of an intracellular niche in

vivo, most probably inside alveolar macrophages (Woods et al., 1989). Further studies

revealed that the B. pertussis bacteria are in fact able to survive inside the body´s “first-

line defenders”, the polymorphonuclear leukocytes (PMNLs), in which they inhibited

phagosome-lysosome fusions (Steed et al., 1991). In PMNLs, B. pertussis bacteria were

not able to inhibit the respiratory burst and production of superoxide, but inhibited its

release (Steed et al., 1992). During early 1990s, the analyses of bronchoalveolar lavages

(BALs) from HIV-infected children revealed the presence of B. pertussis inside the

pulmonary alveolar macrophages and these bacteria appeared to be non-culturable

(Bromberg et al., 1991). Later, Friedman and colleagues observed that “long-term”

residing intracellular B. pertussis bacteria from human macrophages were viable and
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culturable (Friedman et al., 1992). At the same time, short-term intracellular survival in

human macrophages was described by another group, which formulated the hypothesis

that bacterial uptake was mediated via the CR3 receptor and that such internalization led

to persisting bacteria rather than to their killing. These authors also suggested that the

intracellular environment might promote the avirulent phenotype in B. pertussis

(Saukkonen et al., 1991). This hypothesis was later supported by the observed

downregulation of adenylate cyclase toxin production upon entry into human

macrophages, after which even the reduced CyaA activity conferred protection against

macrophage killing (Masure, 1992, 1993). Trends towards reduced expression of virulence

factors have recently been described also by high-throughput transcriptomics analysis of

B. pertussis bacteria internalized into human macrophage-like THP-1 cells (Petrá ková et

al., 2020). It might sound counterintuitive, but such modulation does not necessarily

reduce bacterial ability to survive intracellularly, at least not in the long-term perspective.

B. pertussis mutants having the RGD motif of FHA mutagenized to RAD and the ptx genes

deleted, survived inside cells recovered in BALs from infected murine lungs longer than

wild-type bacteria, with viable bacterial cells of the FHA-RAD Ptx mutant being present

in cells even 19 days after the infection, establishing a ‘persistent’ infection (Hellwig et al.,

1999). In the last decade, “long-term” intracellular survival (for days) of B. pertussis was

further studied by the Argentinian group of M.E. Rodriguez, which also described the

events following internalization of non-opsonized bacteria into human macrophages. A

small portion of bacterial cells was found to evade killing in the phagolysosome and persist

in the non-acidic cellular compartments, which resemble early endosomes, having access

to essential nutrients and even being able to replicate (Lamberti et al., 2010).
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5.9 Regulation by post-translational modifications

5.9.1 Protein phosphorylation

Regulatory networks of living organisms are not limited to transcriptional regulation,

but rather comprise multiple layers of regulation that coexist and support fine-tuning of

the response to the environmental conditions. Phosphorylation underlies the mechanism

of function of the two-component system of B. pertussis, a prototypic bacterial regulatory

system based on post-translational protein modification. In two-component systems like

the BvgAS phosphorelay, the extracellular signals are sensed by a sensor kinase, which

phosphorylates its response regulator (Boulanger et al., 2013; Forst and Roberts, 1994;

Groisman, 2016). In B. pertussis this role of phosphorylation/dephosphorylation of the

response regulator BvgA is very well described, but the overall phosphoproteome of this

pathogen has not yet been described.

5.9.2 N- -lysine acetylation in bacterial virulence

Lysine is classified as a basic amino acid, which is charged at physiological pH.

Acylation of the lysyl chain leads to the neutralization of its positive charge and it might

also alter the conformation and/or increase hydrophobicity of the protein. Such

modification can alter properties of the protein, such as its affinity for DNA or protein

partners, enzymatic activities, cellular localization or stability (Allfrey et al., 1964;

Choudhary et al., 2009; Liang et al., 2011; Yang and Seto, 2008a). Acylation represents an

efficient mechanism for sensing of the actual metabolic state and coordination of its

regulation, which is often linked to virulence (Figure 13). The most studied type of lysine

acylation is lysine acetylation (further referred only as acetylation) (Christensen et al.,

2019a; Ren et al., 2017). Acetylation can occur either non-enzymatically, when the protein

reacts with reactive metabolic compounds, such as acetylphosphate (AcP), acetyl-CoA or

acetyladenylate (Ramponi et al., 1975; Wagner and Payne, 2013), or it can be reversibly

and enzymatically regulated by activities of lysine acetyltransferases (KATs) and lysine

deacetylases (KDACs). In signal transduction, not only the “direct” effects of acetylation

play a role, comprising regulation of protein-protein interactions or protein stability.

Equally important can be the crosstalk of acetylation with other PTMs of a protein, e.g.
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phosphorylation, methylation, ubiquitination or sumoylation (Christensen et al., 2019a;

Ren et al., 2017; Walsh et al., 2005; Yang and Seto, 2008a).

Figure 13: Acetylation can play various roles in bacterial pathogenesis. Acetylation occurs either

enzymatically or non-enzymatically. Proteins Pat and CobB are protein acetyltransferase or lysine

deacetylase, respectively. AcP (acetyl phosphate) and Ac- CoA (acetyl-coenzyme A) are both able to acetylate

proteins non-enzymatically. The level of protein acetylation then affects a wide range of bacterial physical

processes, including chemotaxis, motility, acid resistance, intracellular survival, and DNA replication.

Reprinted and adapted from (Ren et al., 2017)

Acetylation was shown to be involved in various processes linked to bacterial virulence

(Figure 13). For the PhoP protein of the prototypic two-component system PhoP-PhoQ of

Salmonella Typhimurium, it was shown that the level of acetylation of lysine 201 in the C-

terminal DNA-binding domain of PhoP alters its DNA-binding capacity, and this

modification results in modulation of the inflammation caused by systemic Salmonella

infection in vivo (Ren et al., 2016). Similarly, non-enzymatic acetylation of lysine 88 by

AcP was shown to inhibit PhoP and thus regulate timing of its activity (Li et al., 2020). In

E. coli the chemotaxis was found to be regulated by acetylation of the CheY protein, the

response regulator of the chemotaxis system (Barak and Eisenbach, 2001). Acetylation of

the lysine residue located in the helix–turn–helix motif of HliD, the key transcriptional

regulator of Salmonella Pathogenicity Island 1, was then shown to increase its stability
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and decrease DNA-binding ability (Sang et al., 2017). Furthermore, several proteins

involved in the biosynthesis of exopolysaccharide amylovoran, or of proteins from the

hypersensitive response and pathogenicity (hrp)-type III secretion system of plant-

pathogen Erwinia amylovora, were shown to be acetylated, though the effects of these

acetylation remain unclear (Wu et al., 2013). These examples point to the importance of

lysine acetylation as a regulatory PTM. Despite the recent expansion of acetylome studies

in different bacterial species, however, the extent and role of lysine acetylation has not yet

been described in Bordetellae (Christensen et al., 2019b).

5.9.3 Bacterial lysine acetyltransferases (KATs)

In contrast to eukaryotes, only two bacterial KAT superfamilies have been identified

so far, including Gcn5-related N-acetyltransferases (GNATs) and YopJ effector proteins

(Christensen et al., 2019b). The GNAT superfamily represents one of the largest enzyme

superfamilies and several GNAT-domain-containing proteins can be found also in B.

pertussis (according to InterPro database (Mitchell et al., 2019)). However, none of them

has been characterized in more detail. The general acid/base catalytic mechanism is

shared by all KATs, but its implementation differs in each family. Catalytic glutamate is

typically used to deprotonate the amino group of the substrate and tyrosine to reprotonate

the coenzyme A (Christensen et al., 2019b). Upon binding of acyl-CoA as a donor of acetyl

group, changes in the conserved GNAT fold are induced, which eventually leads to the

generation of structural elements that recognize and bind the specific substrates. Acyl-

CoA and the substrate to be acetylated then form a ternary complex, in which nucleophilic

attack by the amine occurs and the thiol of CoA is eliminated (Vetting et al., 2005). Based

on their size, GNATs in prokaryotes can be divided into three main groups. First identified

and functionally described bacterial KAT (GNAT) was the protein acetyltransferase (Pat)

from Salmonella enterica serovar Typhimurium (called YfiQ in E. coli), which was shown

to regulate the activity of the acetyl-coenzyme A synthetase in concerted action with

NAD+-dependent lysine deacetylase CobB (Starai and Escalante-Semerena, 2004).

Homologs of conserved acetyltransferase YfiQ can be found in many bacterial species

(Christensen et al., 2019b).
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The YopJ family of effectors, originally described in Yersinia, supposedly remain

inactive inside bacterial cells, but become activated by a conformational change inside

eukaryotic host cells. The proposed two-step “ping-pong” model of catalytic action of

YopJ-like effectors presumes that the catalytic histidine residue deprotonates a

neighboring cysteine, which then performs the nucleophilic attack of the carbonyl group

of AcCoA, forming an acetyl-enzyme intermediate and CoA. The acetyl-enzyme

intermediate then attacks the target protein and transfers its acetyl group onto a specific

-amino group of a lysine residue. Members of the YopJ family of effectors produced by

animal pathogens were shown to target MAPK and NF- B signaling in order to suppress

the inflammatory response (Ma and Ma, 2016).

5.9.4 Bacterial lysine deacetylases (KDACs)

Although the acetylation can occur both enzymatically and non-enzymatically, the

reversed process, deacetylation, occurs only enzymatically by the action of KDACs. These

enzymes, historically called histone deacetylases (HDACs), can be divided into four

classes. “Classical” zinc-dependent deacetylases of the Rpd3/Hda1 family encompass

classes I, II and IV. Class I (yRdp3-like) lysine deacetylases have an N-terminal

deacetylase domain and often form multiprotein nuclear complexes involved in epigenetic

regulation (e.g. HDAC1-3). Class II (yHda1-like) lysine deacetylases usually have a C-

terminal deacetylase domain and shuttle between nucleus and cytoplasm, thus acting

either as cytoplasmic regulators, or transduce signals between nucleus and cytoplasm (e.g.

HDAC4-8). The only known member of class IV lysine deacetylases is HDAC11 (Gao et al.,

2002; Marmorstein, 2001; Yang and Seto, 2008b). Class III KDACs are NAD+-dependent

deacetylases of the Sir2 family (Blander and Guarente, 2004) and are also called as

sirtuins. Bacterial homologs of all of these lysine deacetylases have been found also in

bacteria and are called either as acetylpolyamine amidohydrolases (APAHs), acetoin

utilization proteins or as HDAC-like amidohydrolases/proteins, respectively (Hildmann

et al., 2007). Bacterial APAHs are supposed to play a role in the metabolism of polyamines

(Sakurada et al., 1996), the still rather enigmatic polycations that can regulate bacterial

growth and protein synthesis, bind nucleic acids, form polyamine-based siderophores or

affect biofilm formation (Igarashi and Kashiwagi, 2018; Michael, 2018). By their

deacetylation, APAHs might be able to reactivate the “stored” and inert acetylpolyamines,
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but this activity and its biological relevance remains obscure (Hildmann et al., 2007). Even

more puzzling is then the function of acetoin utilization proteins of the AcuC type. Despite

the observed effect of AcuC on the acetoin utilization in Bacillus subtilis, it seems likely

that this effect is rather indirect (Grundy et al., 1993; Leipe and Landsman, 1997). From

the numerous predicted putative bacterial lysine deacetylases only few were characterized

to be true KDACs. One of them is the sirtuin CobB, likely the predominant deacetylase in

E. coli, which deacetylates targets regardless of their mechanism of acetylation (enzymatic

or non-enzymatic) and which forms several different isoforms in Salmonella enterica and

Erwinia amylovora (AbouElfetouh et al., 2015; Tucker and Escalante-Semerena, 2010).

Well described is the kinetics and substrate specificity of the histone-like amidohydrolase

(HDAH) from Bordetella/Alcaligenes strain FB188, which was shown to share similar

substrate affinity and inhibitor sensitivity as human HDAC6 (Hildmann et al., 2004;

Moreth et al., 2007; Nielsen et al., 2005, 2007). In the proposed deacetylation mechanism

of class I, II and IV deacetylases, the zinc ion in the active site of the enzyme binds the

carbonyl oxygen to polarize the carbonyl group and thus increases the electrophilicity of

the carbon. Zinc also binds the oxygen from the water molecule and increases its

nucleophilicity. A water molecule carries out the nucleophilic attack on the carbonyl

carbon, leading to the formation of a tetrahedral oxyanion transition state. The -nitrogen

of the target lysine residue is then protonated by the “outer” histidine residue, releasing

the acetate (Hildmann et al., 2007). Catalytic mechanism of sirtuins is different and each

deacetylation reaction is accompanied by the cleavage of NAD+ molecule, during which

nicotinamide and O-acetyl-ADP-ribose are produced (Blander and Guarente, 2004).
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6. Research aims

The original aims of the hereby presented projects were:

1. To explore the impact of cAMP-dependent signaling triggered by CyaA action

in primary murine bone marrow-derived dendritic cells by quantitative

shotgun phosphoproteomic analysis.

2. To analyze the role of lysine acetylation in biology of B. pertussis, identify and

characterize putative bacterial lysine deacetylase(s).

3. To analyze the long-term intracellular survival of B. pertussis inside primary

human macrophages and to determine if virulence factor downregulation is

involved in this process.

4. Elucidate the mechanism behind the pleiotropic phenotype of a single base

transversion in the 5`-UTR of the rplN-rpsD operon of Bordetella pertussis.
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7. Discussion

Infectious diseases represent significant burden for public health and the lower

respiratory tract infections are among the leading causes of death due to respiratory

disease worldwide (Gibson et al., 2013). Studies of molecular mechanisms of bacterial

pathogenesis of the strictly human pathogens suffer significantly from the absence of

appropriate animal models. This is also the case of the Gram-negative coccobacillus

Bordetella pertussis, for which an appropriate animal model has long been missing, as

infections of mice, rabbits or piglets do not adequately reproduce the course of the human

pertussis disease (Elahi et al., 2007). The use of non-human primates as close human

relatives, in which the course of infection is more truly reproduced, remains largely

restricted due to the ethical concerns, low numbers of available animals, high cost, inter-

species differences in innate immune functions and/or the influence of stress hormones

on the course of the disease (Brinkworth et al., 2012; Elenkov and Chrousos, 1999). Three

dimensional (3D) cell culture tissue systems, when grown under appropriate conditions,

tend to successfully mimic the physiological performance of original tissues observed in

vivo (Wrzesinski and Fey, 2018). Such systems represent valuable, albeit also costly

models for this type of research. One of the projects described in this thesis, which focused

on the analysis of epigenetic changes in epithelial cells caused by infection with B.

pertussis, was originally aiming to implement a 3D culture test system of the airway

mucosa developed by a collaborating research team from the University in Wuerzburg,

Germany. This system uses human tracheobronchial epithelial cells (hTECs) and

fibroblasts, which are seeded on a collagen scaffold, mimicking physiological

microenvironment and thus representing a biologically highly relevant model for studying

the behavior of obligate human pathogens, such as B. pertussis (Steinke et al., 2014).

Unfortunately, the initially promising collaboration failed due to the lack of sufficient

amounts of primary epithelial cells needed for seeding, which is a main drawback of this

approach. In this situation, the conventional two dimensional (2D) cell cultures were the

next choice, as they are most commonly used in preclinical studies. With their use,

researchers have to only make the choice between established immortalized cell lines and

primary cells. Although the cell lines represent almost inexhaustible and thus cheap

source of “standardized” material, their biological relevance and resemblance to primary
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cells often remains controversial (Drexler et al., 2003). Primary cells then usually

introduce a wide donor-to-donor variation into the experiment, their supply is usually

limited and their responses to various stimuli might significantly differ depending on

which protocol was used for their cultivation (Lacey et al., 2012). Despite these drawbacks,

primary cells certainly represent a more biologically relevant model and provide more

accurate results e.g. in drug development studies, than immortalized cultured cells (Cree

et al., 2010).

7.1 Phosphoproteomics of cAMP signaling of Bordetella adenylate

cyclase toxin in mouse dendritic cells

In the first project, we explored the effects of CyaA-triggered cAMP-dependent

signaling in primary murine dendritic cells. Adenylate cyclase toxin, the prominent

immunosuppressive tool of B. pertussis, acts primarily via the unregulated conversion of

intracellular ATP into supraphysiological levels of the key signaling molecule cAMP

(Novak et al., 2017). cAMP then acts primarily by activating protein kinase A (PKA), but

also partially by activation of Exchange Protein directly Activated (Epac) and thus shapes

the response and behavior of intoxicated immune cells (Adkins et al., 2014; Ahmad et al.,

2019; Cerny et al., 2015, 2017; Fedele et al., 2017). In order to study the molecular events

resulting from CyaA intoxication, we performed an exploratory analysis in collaboration

with the members of Department of Molecular Pathology and Biology from University of

Defence in Hradec Kralove, using their proteomics facility. To obtain a maximum of

quantitative information, we have used SILAC, the stable isotope labelling by amino acids

in cell culture (Mann, 2006), for unbiased high-throughput phosphoproteomic analysis of

primary mouse bone marrow derived dendritic cells (BMDC) intoxicated with CyaA. The

advantages of these cells are that they can be easily obtained and could be labelled by

SILAC, while still keeping reasonable biological relevance (Fabrik et al., 2014). To clearly

differentiate the effects of cAMP elevation from the effects of other toxin actions, wild-

type toxin was compared to non-enzymatic CyaA-AC- toxoid, which is unable to produce

cAMP but still has the ability to bind the surface receptor CR3, permeabilize the host-cell

membrane and eventually elicit Ca2+ influx into and K+ efflux from the cells, respectively

(Fiser et al., 2012; Ladant et al., 1992). This phosphoproteomic analysis was purely

exploratory in its design as we did not intend to test any specific hypothesis. Nevertheless,
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we were expecting to get at least some hints or answers to the questions raised by the

results of other ongoing projects at that time, including the missing link between

activation of Src homology domain 2 containing protein tyrosine phosphatase (SHP) 1 and

cAMP-dependent PKA activation (Cerny et al., 2015). Unfortunately, we failed to obtain

any conclusive data on the matter. Nevertheless, we obtained large amounts of data,

corroborated by confirmatory immunoblotting analyses, which allowed us to describe at

least some of the molecular events following cell intoxication by CyaA. One of the

outcomes of this experiment was that it brought up the idea of epigenetic changes

triggered during the infection of cells with B. pertussis, which was then followed in the

next project discussed below. Using phosphoproteomic analysis, we described the

molecular events involved in translation inhibition (dephosphorylation of 4E-BP1),

phagocytosis (phosphorylation of VASP), maturation of dendritic cells, in the inhibition

of pro-survival and induction of pro-apoptotic signaling (activation of tuberin leading to

the inhibition of mTOR signaling), or promotion of tolerogenic immune response and

production of IL-10 via the inhibitory phosphorylation of the SIK family of kinases, which

promotes nuclear localization of the transcriptional co-activator CRTC3 (Novák et al.,

2017). We observed dephosphorylation of the nuclear-localization signal of the class II

histone deacetylase HDAC5. However, it was not possible to clearly confirm the nuclear

translocation of HDAC5 in CyaA-treated cells due to the low signal detected by

immunoblotting. In general, although this work represents a rather important source of

data for analysis of cAMP-related signaling in dendritic cells intoxicated by CyaA, its

limitation was that the effects of CyaA-elicited cAMP were not tested in the

presence/absence of other stimuli, especially LPS, or of other bacterial components. Such

stimuli are present in the real world context of a bacterial infection. The exploratory design

of the study did not allow us to make any more specific conclusions, even though it yielded

important information that promotes understanding of CyaA-triggered effects on target

cells. To me personally, this project introduced me to the world of omics approaches,

bioinformatics and data analysis.

7.1.1 My contribution in the “Phosphoproteomics of cAMP signaling of

Bordetella adenylate cyclase toxin in mouse dendritic cells” project.
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In this project, I helped with the intoxication of murine BMDCs, performed the

bioinformatics analyses of the obtained data, did the Western blots and wrote the first

version of the manuscript.
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7.2 Bordetella pertussis acetylome is shaped by the lysine deacetylase

Bkd1

The main driver of this project was the observed long persistence of clinical

manifestations of pertussis infection, e.g. prolonged coughing in the absence of culturable

bacteria months after the infection and the generally prolonged course of the disease,

which can last for up to 12 weeks, or more (Mattoo and Cherry, 2005; Melvin et al., 2014).

These observations indicated that viable but non-culturable (VBNC) bacteria may be

persisting in the infected tissue (Li et al., 2014), or that long-lasting epigenetic changes

may have resulted from the infection in host cells, or both. Long-lasting changes of host

cells might be (at least in part) caused and maintained by epigenetic changes triggered

during the infection and several hints exist that such changes might persist even when the

pathogen has been cleared from the organism (Bierne et al., 2012; Fischer, 2020). Our

preliminary data, obtained by global phosphoproteomic analysis of CyaA action on mouse

dendritic cells, revealed post-translational modification of HDAC5, indicating that B.

pertussis might possess a mechanisms that would deregulate the host cell signaling on

epigenetic level (Novák et al., 2017), albeit upon CyaA intoxication such effects would be

rather indirect. Potential impact of such modifications induced by CyaA intoxication (or

by other bacterial factor) during Bordetella infection could only be hypothesized based on

the work done with other bacterial pathogens, such as Mycobacterium, Shigella, Listeria

or Helicobacter (Hamon and Cossart, 2008). Infection with Helicobacter pylori is a

known risk factor for gastric cancer and the observed aberrant DNA methylation and other

epigenetic changes might be the cause (Ushijima and Hattori, 2012; Wroblewski et al.,

2010). This brought me to the question whether a highly prevalent pathogenic bacterium,

such as B. pertussis, that is equipped with vast repertoire of different types of toxins and

virulence factors, might potentially provoke heritable epigenetic changes in host cells and

thus eventually sensitize its host to secondary bacterial or viral infections? Therefore, the

initial hypotheses to be tested were that (i) the infection with B. pertussis triggers

chromatin remodeling and thus deregulates gene expression in host cells and that (ii) it

produces and eventually secretes bacterial effector(s) directly involved in host cell

chromatin remodeling.
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7.2.1 Development of the in vitro model used for infection experiments

Originally, chromatin remodeling was intended to be tested by analyzing the changes

in several histone marks by immunofluorescent microscopy and by immunoblotting. As a

model, 3D tissue model of human airway mucosa with hTECs and fibroblasts seeded on a

collagen scaffold (Steinke et al., 2014) was planned to be used. Nevertheless, as mentioned

above, this was not accomplished. Therefore, I started looking for another suitable model

based on primary human cells, which then turned out to be an approximately a one year-

long project of reading, testing and fine-tuning. With respect to their role in the first-line

of innate immune response (Higgs et al., 2012) phagocytes - especially dendritic cells and

macrophages – were the first choice. On both of these cell types, pertussis-related research

was previously done, although cell lines were rather used (Adkins et al., 2014; Bromberg

et al., 1991; Fedele et al., 2005, 2010; Friedman et al., 1992; Masure, 1992; Novák et al.,

2017; Skopova et al., 2017). As I was also interested in the idea of intracellular survival of

B. pertussis, I decided to further explore the interaction between this pathogen and

macrophages. The most biologically relevant model for this purpose would be primary

human alveolar macrophages, but the overall benefit of this approach is largely

diminished by the limiting availability of such clinical material obtained by

bronchoalveolar lavages (BALs) of patient lungs. Such approach is thus reasonable and

justified for confirmatory analyses (Ahmad et al., 2019), but it would be unethical in a

preliminary exploratory analysis. In this situation, I decided to work with peripheral blood

monocyte-derived macrophages. There were several methods described for the isolation

of these cells, which rely either on adhesion to the plastic surface, or on cell-sorting,

usually employing anti-CD14 antibodies (Ahmad et al., 2019; Friedman et al., 1992;

Graziani-Bowering et al., 1997; Menck et al., 2014; Miltenyi et al., 1990). The latter

approach allows to obtain monocytes of high purity, but it may also negatively affect their

further capacity to appropriately respond to LPS, become activated or proliferate

(Bhattacharjee et al., 2018; Nielsen et al., 2020). Finally yet importantly, this approach is

more expensive and time-consuming as special reagents and devices are necessary.

However, convincing results were previously achieved also with the use of centrifugation

and/or adhesion methods (Menck et al., 2014). I thus decided to follow and adapt these

methods in our laboratory. For the isolation of monocytes and their differentiation into
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macrophages, I used the protocol of Menck and her colleagues, in which they used the

double gradient centrifugation method, with the first centrifugation onto a Ficoll cushion

and a second one on a Percoll-based gradient. After that the purified cells were cultured

in fluorinated ethylene propylene (FEP) Teflon-coated cell culture bags in the presence of

M-CSF, the macrophage colony-stimulating factor (Menck et al., 2014). As manipulation

with these bags often led to their rupture, contamination and low macrophage yields, I

decided to try to use non-treated Petri dishes. As the result of this modification, I was able

to obtain high macrophage yields with the cells being in a good shape. Properly done

washing steps then allowed to minimize the presence of other cell types. In contrast to

tissue-culture treated plates, macrophages cultured on the non-treated plastic surface

could be detached from these plates without the need of enzymatic treatment by trypsin,

by using only PBS or PBS with EDTA for cell liberation from the plastic. This feature was

quite valuable, as the cellular surface structures remained largely intact and besides the

macrophage´s well-being, their direct characterization by FACS could be performed

without unnecessary artifacts introduced by enzymatic digestion of surface proteins. For

the differentiation step, Menck and colleagues were using medium supplemented with

both M-CSF and 2% human AB serum. Following the harvest, M-CSF was removed from

the cultivating medium and human serum was used to replace 10% FCS. In contrast to

their protocol, I used higher concentrations of M-CSF and 5% human serum during the

differentiation step, which resulted in higher macrophage yields and increased viability.

Following the harvest, I changed the medium from phosphate-buffered RPMI to the

HEPES-buffered DMEM medium to permit a proper action of the calcium-dependent

adenylate cyclase toxin (Basler et al., 2006). Third, I kept the cells in 5% human serum

over the entire period of cultivation. Originally, I also tried to cultivate the cells in a serum-

free medium, but such cultivation was not economically sustainable and did not bring any

clear benefit. Instead, I kept the cells in the medium supplemented with human serum for

the over the time of cultivation. Using human serum has important consequences, as

bovine transferrin was shown to bind human cells with much less affinity, resulting in 8.6-

fold lower rate of iron delivery, compared to human transferrin (Young and Garner, 1990).

Cultivation of human cells with bovine serum/transferrin may thus lead to cellular iron

deprivation with serious consequences (Soares and Hamza, 2016; Yauger et al., 2019). The

widespread use of bovine serum may lead to artefactual observations and misleading
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conclusions (Young and Garner, 1990). With this experimental set-up, I was able to keep

the macrophages in culture for about 15 weeks, which was a quite surprising and

unexpected result for primary cells, until I later learned about the successful cultivation

of human peripheral blood mononuclear cells (PBMCs), for 46 days either in the medium

containing normal human serum, or in a serum-free medium (Helinski et al., 1988).

Several experiments including Western blots for analysis of changes in some of the histone

marks were performed during the in vitro model development and fine-tuning, but I was

not able to get any conclusive data, partially due to the immaturity of the model, technical

issues and due to the high donor-to-donor variability of cell properties.

7.2.2 Discovery and characterization of a novel bacterial lysine

deacetylase Bkd1

In order to identify possible bacterial chromatin remodeling effector(s), I performed

in silico analysis of B. pertussis proteome, searching for a putative bacterial

methyltransferases (MET) and lysine deacetylases (KDAC). The genome of B. pertussis

encodes many proteins that might be classified as putative chromatin remodelers

including putative KATs. However, in the light of limited sources I narrowed down the

selection to only the putative METs and KDACs. One putative methyltransferases

appeared to be encoded by the BP0470 gene and was predicted to bear both SET and post-

SET domains that were previously shown to act as chromatin regulators (Jenuwein, 2001;

Jenuwein et al., 1998). From the lysine deacetylase hints, three putative proteins were

predicted in B. pertussis, which might belong to the family of “histone deacetylase

superfamily” according to the InterPro database (Mitchell et al., 2019). These were a

predicted “histone deacetylase family protein” encoded by gene BP0960, a “putative

acetylpolyamine aminohydrolase” encoded by gene BP2300 and a “putative

aminohydrolase” encoded by gene BP3063. All these genes were cloned, expressed in E.

coli as FLAG-fusion proteins and purified. In parallel, mutant bacterial strains lacking

these genes due to chromosomal deletions were constructed. As more evidence regarding

the expression of some of these genes became available from different high-throughput

proteomics and transcriptomics analyses (data from Ana Dienstbier and David Jurnecka,

(Gouw et al., 2014; Williamson et al., 2015), I further narrowed down the selection to the

proteins encoded by the BP0960 and BP3063 genes. For these proteins we had some
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preliminary data supporting the idea that these proteins were produced by B. pertussis

and might, eventually, be even secreted, albeit this needed validation. In order to do so,

these two products of these genes were FLAG-tagged on their N- or C-termini by insertion

of corresponding oligonucleotide sequences into the respective open reading frames of the

genes in the bacterial genome, the bacteria were grown under standard conditions, lysed

and processed in order to separate cytosolic and secreted proteins. The lysates were

analyzed by Western blots, using immunostaining with an anti-FLAG antibody. The

results suggested that BP0960 tagged on its N-terminus and BP3063 tagged on its C-

terminus might by present also in the secreted protein fraction. Nevertheless, when we

fused these proteins with the adenylate cyclase domain from CyaA (Sory and Cornelis,

1994) in the cyaA mutant strain, no adenylate cyclase enzyme activity in supernatants

was detected, indicating that these proteins were either not secreted or were not properly

folded. Therefore, we could not conclusively confirm that these are secreted proteins.

For the structural analysis of the purified BP0960 (Bkd1) and BP3063 proteins, we

used circular dichroism (CD) spectroscopy to confirm that both proteins were folded. We

then tried to characterize their structure by the Small angle X-ray scattering (SAXS)

measurements that can be used for liquid samples and allows to determine low resolution

molecular envelope of the protein species. Calculations predicted envelopes formed by

multimeric complexes, which was in striking contrast with the monomers observed by

liquid chromatography. As we were the first, whose samples were measured by the newly

installed SAXS instrument, we kept these data in mind, but were rather cautious with their

interpretation. We also attempted to crystallize both proteins, but the purified Bkd1

protein tended to precipitate at higher concentrations needed for crystallization. BP3063

protein, in contrast, crystallized readily and rapidly, but formed small crystals, which

could not be measured.

Purified proteins were tested for lysine deacetylase activity in vitro by the

luminescence assay suitable for both class I and II lysine (or histone) deacetylases as it

uses an HDAC I/II-optimized consensus substrate sequence derived from histone 4.

When luminogenic substrate becomes deacetylated by the tested enzyme, the

deacetylation activity can be measured by the combination of protease treatment, which

cleaves the link between the peptide and aminoluciferin, then used as substrate by the
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luciferase enzyme, generating a stable emission of light. As a positive control, we used

recombinant human HDAC6 (kind gift from Cyril Barinka), which is a large multi-domain

enzyme containing tandem catalytic domains (Hai and Christianson, 2016). In this

context, we were surprised by the extent of substrate deacetylation by Bkd1, which is a

small monomeric bacterial enzyme. In contrast, the BP3063 protein did not exhibit any

detectable activity towards the tested lysine deacetylase substrate (Novak et al., 2020).

These results then nicely correlated with the observed changes in the compositions of the

total acetylomes of the bkd1 and bp3063 mutant bacterial biomass. Whereas the total

numbers of the quantified acetyl-lysine (AcK) sites in both wild-type and bp3063 mutant

bacteria were similar, almost twice as many AcK sites were identified in bkd1 mutant

bacteria. Based on bioinformatics analysis of the measured data, we concluded that Bkd1

acted as a regulator of the overall bacterial metabolism, rather than a regulator of bacterial

virulence through deacetylation of some key regulatory proteins. This was further

supported by the shorter doubling time of the bkd1 mutant bacteria in the exponential

phase of growth in carbon source-limited liquid media. Despite and overall similar

intracellular survival capacity inside primary human macrophages of the wild-type and

bkd1 mutant bacteria, a reduced virulence of the bkd1 mutant in vivo in the model of

mouse lung infection did not come as a surprise. The bacterial strain with deregulated

growth under nutrient-limiting conditions would certainly exhibit a reduced fitness in the

more complex and regulation highly-demanding in vivo environment. A possible

explanation of the similar survival capacities of the wild-type and bkd1 mutant bacteria

in the quite hostile environment inside primary human macrophages was then suggested

by the results of the subsequent project.

7.2.3 My contribution in the “Bordetella pertussis Acetylome is Shaped by

Lysine Deacetylase Bkd1” project.

In this project, I designed the study, established the in vitro infection model with

primary human macrophages, cooperated in purification of the proteins, cooperated in

the preparation of mutant strains, did the bioinformatics analysis of the obtained data,

phenotypically characterized the bkd1 mutant (growth curves and intracellular survival),

analyzed BvgA and BvgA P protein levels and wrote the first version of the manuscript.
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7.3 A mutation upstream of the rplN-rpsD ribosomal operon

downregulates Bordetella pertussis virulence factor production without

compromising bacterial survival within human macrophages

Production of virulence factors by B. pertussis is controlled by the main regulatory

BvgAS two component system (TCS), with input from several other sensory systems

involved in fine-tuning of the bacterial response to specific environmental conditions. The

Bvg+ phase is both necessary and sufficient for successful respiratory infection in mice

(Bone et al., 2017; Coutte et al., 2016; Martinez de Tejada et al., 1998; Moon et al., 2017;

Uhl and Miller, 1994; Yuk et al., 1998) (see Introduction). In this context, mutations

affecting the BvgAS function would be expected to severely impair bacterial survival, with

mutations in individual virulence factors having detrimental effects on bacterial

interactions with host cells, e.g. mutations or deletions of CyaA (Cerny et al., 2015) or Vag8

(Marr et al., 2011). Therefore, it was surprising, if not shocking, to observe an enhanced

intracellular survival capacity of B. pertussis bacteria that had altered CyaA activity or

production, when compared to the wild-type bacteria producing normal levels of CyaA.

Initially, we thought that the bacterial strain, which formed both hemolytic and non-

hemolytic colonies following the lysis of infected macrophages was a mutant strain only

lacking BP3063 gene. This would have indicated that this protein might have a regulatory

role in virulence. However, we later found that these initial observations were obtained

with a mixture of two clones, since both hemolytic and non-hemolytic clones had the

BP3063 gene deleted and the stability of the observed phenotypes was confirmed by serial

platings of cultures prepared form isolated single clone colonies. We observed that with

the non-hemolytic mutant the hemolysis halos were not fully absent, but rather their

appearance was significantly delayed. Independent construction of a new bp3063

mutant strain with normal hemolytic phenotype showed that instead of a bacterial strain

with a bi-stable phenotype, we were using a mix of two bacterial clones that were both

lacking BP3063. This meant that the non-hemolytic clone carried an additional mutation

accounting for the non-hemolytic phenotype. To identify this mutation, I first performed

PCR-based sequencing of the cya operon and of the bvgAS locus, but did not detect any

additional mutation in these loci. Several Western blots for additional virulence factor

detection were performed to check if production any other virulence factor might have
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also been affected. Whereas the production of pertactin was not importantly different

between the hemolytic and non-hemolytic bp3063 mutants, lower amounts of FHA or of

the pertussis toxin S1 subunit were produced by the non-hemolytic strain. Analysis of the

intracellular survival capacity inside primary human macrophages revealed an enhanced

intracellular survival capacity of the non-hemolytic strain. To identify the additional

mutation present in the non-hemolytic strain, we thus decided to sequence the entire

genomic DNA of this mutant by using the Illumina technology. The outcome of the

sequence analysis was, indeed, rather unexpected. On top of the deletion of the BP3063

open reading frame we identified a single G to T base transversion located in the 5´-UTR

of the BP3626/rplN gene at 18 bases upstream from the start codon of the rplN ORF that

is the first gene of the operon encoding for ribosomal proteins. Thus instead of a clear

explanation of the observed phenotype, we found rather a confusing mutation of unclear

importance in the non-coding region far away from any virulence-related gene loci. To

confirm that the observed non-hemolytic phenotype was due to the detected SNP, we

introduced this mutation into the chromosome of the wild-type B. pertussis strain and

obtained a non-hemolytic mutant that was then called JN1. When we removed this

mutation by allelic exchange on bacterial chromosome, the strain became hemolytic again,

showing unequivocally that the SNP accounted for the non-hemolytic phenotype. Detailed

characterization of the JN1 mutant strain phenotype was thus performed by high-

throughput unbiased transcriptomic (RNA-seq) and proteomic analyses. In the proteomic

analysis, both total proteome and secretome were analyzed. In line with the phenotypic

data, downregulation of many virulence factors was confirmed, including CyaA, PT or

FHA and even pertactin production levels were found to be downregulated, although to a

lesser extent than for other virulence factors. The observed differences in the extent of

down-regulation were largely reflecting the differential sensitivity to BvgA-dependent

gene expression regulation of the individual virulence factor genes (Kinnear et al., 2001).

The same trend as for the virulence factors was observed also for the components of the

four bacterial secretion systems expressed in B. pertussis. This in turn further enhanced

the effects of gene down-regulation and even the proteins that accumulated at similar to

wild-type levels in the cytosol of the JN1 mutant bacteria were still significantly reduced

in amounts secreted into culture supernatant. This was particularly striking for pertussis

toxin secretion.
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The steady-state abundance of transcripts originating from the rplN-rpsD operon was

higher in the JN1 mutant strain, but this was not reflected on the produced protein level.

One of the exceptions, in which the increase in steady-state transcript abundance

translated into increased protein level, was the alpha subunit of the DNA-dependent RNA

polymerase (RpoA). Interestingly, the rpoA ORF is located about 7.5 kb downstream from

the detected G to T transversion SNP and it is not fully clear, if rpoA is part of the upstream

ribosomal protein operon, even if it is more than likely that it is part of it (Amman et al.,

2018). Analysis of the RNA-seq data did not reveal any small RNA, the level of which

would be affected by the G to T transversion SNP. Nevertheless, several other groups have

previously observed that deregulation of expression of the rpoA gene due to the mutations

in the region immediately upstream of the rpoA ORF translated into reduced BvgA-

activated virulence factor production ((Carbonetti et al., 1994, 2000) and personal

communication with Camille Locht and Loic Coutte). Unfortunately, based on our data,

we were not able to elucidate how the increased RpoA protein level could account for the

overall deregulation of virulence factors. We hypothesized that such upregulation might

cause partial sequestration of the phosphorylated BvgA (BvgA~P) protein into non-

productive complexes with overproduced RpoA, yielding in the first place a reduced

transcription of the BvgA positively regulated bvgAS locus itself (Uhl and Miller, 1994;

Williams and Cotter, 2007). Indeed, we detected a reduced concentration of the BvgA~P

protein in the lysates of the JN1 mutant strain, compared to lysates of wild type bacteria.

7.3.1 Long-term survival of B. pertussis inside human macrophages

By using the infection model of primary human macrophages, I monitored long-term

intracellular survival of B. pertussis bacteria in these cells. Up to now, three days after the

infection has been the latest time point used in monitoring of B. pertussis infection of

monocytes/macrophages (Cerny et al., 2015; Friedman et al., 1992; Lamberti et al., 2016;

Masure, 1993). This was due to the fact that it no culturable bacteria were obtained from

macrophage lysates beyond this time point. To overcome this problem, I utilized the

currently developed qPCR-based assay to determine the numbers of live and dead bacteria

inside macrophages over prolonged culture periods (Ramkissoon et al., 2020). By using

fluorescence microscopy we were also able to follow the presence of internalized bacteria

producing red fluorescent protein mScarlet (Bindels et al., 2017) for about four weeks after
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macrophage infection. These bacteria were non-culturable, same as the bacteria from the

pulmonary alveolar macrophages from BALs of HIV-infected children (Bromberg et al.,

1991). This suggested that macrophages might represent a niche from which the bacteria

could be released under as yet undefined conditions, as suggested by early results of rat

respiratory infection with B. pertussis (Woods et al., 1989). Long-term persistence of in

vitro non-culturable B. pertussis bacteria within primary alveolar macrophages in

infected airways might, indeed, provide an explanation for at least some of the long-lasting

clinical manifestations of pertussis in humans (Mattoo and Cherry, 2005; Melvin et al.,

2014).

7.3.2 The “hidden orchestra” of virulence factors inside macrophages

With the JN1 mutant strain, we serendipitously obtained an excellent tool for further

analysis of the intracellular survival of B. pertussis in macrophages and other cells.

Despite the initial expectations based on the existing evidence (Cerny et al., 2015), we did

not observe an immediate clearance of the defected bacteria by host immune cells.

Although the bacterial cells of the JN1 mutant strain were extremely sensitive to

complement-mediated killing, due to the reduced production of the BrkA and Vag8

complement resistance proteins (Barnes and Weiss, 2001; Marr et al., 2011), the JN1

bacteria were surviving inside primary human macrophages for several weeks at similar,

or even higher rates, as the wild-type bacteria. When we analyzed the cells infected either

by wild-type or JN1 mutant strain by FACS, we found out that the expression of the

phenotypic markers CD11b, CD36 or HLA-DR was not really different in these cells. Some

statistically significant differences were observed only for the CD14 marker. Furthermore,

the expression of several inflammatory/anti-inflammatory cytokines, such as TNF ,

IFN , IL-10 and TGF was analyzed for these cells by using qPCR and yielded similar

expression patterns. These data, complemented by the recent observation of down-

regulation of virulence factor expression by internalized B. pertussis bacteria during

short-term intracellular survival (Petrá ková et al., 2020), indicate that B. pertussis tends

to adapt to the intracellular niche by down-regulation of virulence factor production to the

levels allowing the bacteria to evade the cellular defense mechanisms. We also observed

in vivo that the JN1 mutant bacteria were able to persist longer inside infected mouse

lungs than wild-type bacteria, despite (or rather because of) lower initial proliferation.
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These data are in line with the observed long-term accumulation of Bvg- phase-locked

mutants of B. pertussis in the airways of primates (Karataev et al., 2016; Medkova et al.,

2013). These results thus indicate that the so far unclear roles of the Bvgi or Bvg- phases

(Merkel et al., 1998b) might relate to the intracellular stage of airway infection by B.

pertussis, warranting further research in this direction.

7.3.3 My contribution in “A Mutation Upstream of the rplN-rpsD

Ribosomal Operon Downregulates Bordetella pertussis Virulence

Factor Production without Compromising Bacterial Survival within

Human Macrophages” project.

In this project, I designed the study, constructed the JN1 mutant strain, isolated,

differentiated and cultivated the primary human macrophages, performed the infection

experiments and analyzed the intracellular bacterial survival, performed live/dead

quantitative real-time PCR, prepared the samples for FACS analysis, analyzed the BvgA

and BvgA P protein levels, prepared the samples for RNA-seq and proteomic analysis,

analyzed the generated omics data, performed the autoaggregation assay and wrote the

first version of the manuscript.
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8. Conclusions

Bordetella pertussis is a bacterial pathogen that has quite recently adapted to its

human host and that is equipped with a wide variety of virulence factors that support its

various immune evasion strategies. Despite the high relevance for human health, the

biology underlying B. pertussis infections remains poorly explored in several important

aspects. The main intent of the work described in this thesis was to analyze the host-

pathogen interaction between B. pertussis and phagocytes, which are on the frontline of

body´s defense to infection. The main conclusions drawn from the presented work are as

follows:

1) We found that the cAMP-dependent signaling triggered by CyaA intoxication of

murine dendritic cells:

a) leads to repression of mTOR signaling via the activation of mTORC1 inhibitors

TSC2 and PRAS40

b) triggers inhibitory phosphorylation of SIK family kinases and thus provokes

dephosphorylation of the transcriptional coactivator CRTC3, which might promote

its nuclear translocation and eventually induce production of the anti-

inflammatory cytokine IL-10

c) alters the phosphorylation status of multiple regulators of actin cytoskeleton

homeostasis

2) Even though I failed in the originally intended analysis of epigenetic changes

accompanying infection by B. pertussis, in this project we:

a) identified, cloned and purified one of the few described bacterial lysine

deacetylases, which we called Bkd1

b) found that Bkd1 enzyme efficiently deacetylated a substrate having an HDAC I/II-

optimized consensus sequence derived from histone 4 HDAC substrate and that

expression of Bkd1 in B. pertussis extensively shaped the bacterial acetylome

c) established model of B. pertussis long-term infection of primary human

macrophages
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3) Using a virulence factor expression impaired JN1 mutant and the model of in vitro

infection of primary human macrophages, we found that:

a) B. pertussis bacteria survived inside primary human macrophages for several

weeks after infection

b) the downregulation of virulence factors may represent the adaptation of B.

pertussis to intracellular environment enabling bacterial survival inside primary

human macrophages

c) downregulation of virulence factors in the JN1 mutant allowed establishment of

persistent infection in vivo in the mouse model of B. pertussis respiratory infection

d) RpoA overproduction due to a single G to T transverion SNP in the 5`-UTR region

of the rplN-rpsD operon for ribosomal proteins enhances expression of the RpoA

subunit of the DNA-dependent RNA polymerase. By an as yet undefined

mechanism this SNP causes important deregulation of B. pertussis genome

expression, downregulating particularly the expression of virulence factors genes
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