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Summary

Coxiella burnetii is an obligative intracellular Gram-negative zoonotic pathogen and the

causative agent of Q fever. Normally Q fever is a mild self-limiting disease with 
u-like

symptoms, but can also lead to pneumonia or hepatitis. In rare cases patients develop

chronic Q fever month or years after initial infection, that can lead to bacterial endocarditis

and life-threatening disease. An important pathogenicity determinant ofC. burnetii is the

type IV secretion system (T4SS). To establish and maintain infection,C. burnetii translo-

cates a repertoire of approximately 150 e�ector proteins into the host cells. Some of them,

like CaeB, were shown to prevent host cell death, which is assumed to be important for the

establishment of a persistent infection.

The induction of cell death is a conserved defense mechanism of animals and plants against

microbial invaders, since most pathogens rely on a viable host in order to survive and rep-

licate. The C. burnetii T4SS e�ector protein CaeB inhibits intrinsic apoptosis induction by

preventing permeabilization of the mitochondrial outer membrane, a critical step in apoptosis

progression in mammalian cells. However, neither the underlining molecular mechanisms,

nor the sub-cellular localization of CaeB are so far known in detail.

In this study a heterologous plant model system was exploited to determine to the sub-

cellular localization of CaeB and to analyze whether CaeB acts as a cell death suppressor

between species. The expression of GFP-tagged CaeB inNicotiana benthamianaresulted

in ER localization of the protein similar to mammalian cells. Furthermore, CaeB prevented

cell death in planta induced by di�erent stimuli, including ER stress-induced cell death by

the chemical tunicamycin. Therefore, the ability of CaeB to modulate ER stress signaling

was analyzed in more detail.

ER stress activates the unfolded protein response (UPR), a process which aims to re-establish

the ER homeostasis. In mammalian cells, UPR signaling depends on the activity of the ER

stress sensors inositol-requiring enzyme 1 (IRE1), protein kinase RNA(PKR)-like ER kinase

(PERK) and activating transcription factor 6 (ATF6). In planta, UPR signaling is less un-

derstood and is mediated by IRE1 and the basic Leucine Zipper (bZIP)-domain containing

proteins bZIP17/28, which are homologous to ATF6.

Under ER stress conditions, CaeB altered the signaling of IRE1. This was concluded from

an enhanced IRE1 mediated splicing of X-box-binding protein 1 (XBP1) mRNA and a re-

duced activation of the MAP-kinase p38 in mammalian cells. In contrast, ATF6 and PERK
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signaling were not altered by CaeB.

Since the signaling of the ER stress sensor IRE1 is conserved between eukaryotes, the ability

of CaeB to interfere with IRE1 signaling was analyzedin planta. In N. benthamiana, CaeB

also modulated IRE1 signaling which resulted in an enhanced splicing of bZIP60 mRNA.

Importantly, inhibition of bZIP60 mRNA splicing by the small molecule inhibitor 4� 8C res-

ulted in the loss of the cell death suppression activity of CaeB.

Furthermore, the ability of C. burnetii to interfere with ER stress signaling was analyzed in

HeLa cells. C. burnetii infection did not alter ATF6, but PERK and IRE1 signaling under

ER stress conditions. Moreover, in cells infected with aC. burnetii � caeB mutant IRE1

mediated increased XBP1 mRNA splicing was abolished. This suggests, thatC. burnetii

relies on the activity of CaeB in order to manipulate IRE1 signaling.

Overall, the results obtained in this study revealed a novel role for CaeB in ER stress signal-

ing modulation and demonstrated that CaeB targets an evolutionarily conserved cell death

signaling pathway, which enables the protein to prevent cell death across kingdom.
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Zusammenfassung

Coxiella burnetii ist ein obligat intrazellul•ares gramnegatives Bakterium und der Erreger

des Q-Fiebers, einer Zoonose. Die Infektion f•uhrt bei Menschen in der Regel zu einer

milden, selbstlimitierenden Krankheit mit grippe•ahnlichen Symptomen, kann aber auch zu

Lungenentz•undung oder Hepatitis f•uhren. In seltenen F•allen entwickeln Patienten Monate

oder Jahre nach der Erstinfektion chronisches Q-Fieber, welches in bakterieller Endokarditis

resultieren kann und sich somit zu einer lebensbedrohlichen Erkrankung entwickeln kann.

Eine wichtige Pathogenit•atsdeterminante vonC. burnetii ist das Typ IV-Sekretionssystem

(T4SS). Durch dieses werden circa 150 E�ektorproteine in die Wirtszellen •ubertragen. Diese

sind essenziell f•ur die Etablierung und Aufrechterhaltung der Infektion. F•ur einige dieser

E�ektorproteine, wie CaeB, konnte gezeigt werden, dass sie die Induktion von Zelltod in

Wirtszellen verhindern. Die Inhibierung von Zelltod wird als wichtiger Faktor f•ur die

Etablierung einer persistierenden Infektion angesehen.

Die meisten Krankheitserreger sind auf einen lebenden Wirt angewiesen, um sich selbst

zu vermehren und zu •uberleben. Daher stellt die Induktion des Zelltodes einen wichti-

gen Abwehrmechanismus dar, der in Tieren und P
anzen konserviert ist. DasC. burnetii

T4SS-E�ektorprotein CaeB hemmt die Induktion der intrinsischen Apoptose in S•augerzel-

len, indem es die Permeabilisierung der •au�eren Mitochondrien-Membran verhindert. Diese

Permeabilisierung ist ein entscheidender Schritt in der Zelltod-Antwort. Bislang sind weder

die detaillierten zugrunde liegenden molekularen Mechanismen noch die genaue subzellul•are

Lokalisierung von CaeB bekannt.

Diese wurden in dieser Arbeit mit Hilfe eines heterologen Modellsystem, der P
anzeNicot-

inana benthamiana, n•aher untersucht. Zun•achst wurde die subzellul•are Lokalisierung, sowie

die F•ahigkeit von CaeB als Zelltodsuppressor spezies•ubergreifend zu fungieren analysiert.

Die Expression von GFP-gekoppelten CaeB inN. benthamiana f•uhrte, wie auch zuvor in

S•augerzellen beschrieben, zu einer Ko-Lokalisierung des Proteins mit dem ER. Dar•uber

hinaus verhinderte CaeB in P
anzen die Induktion von Zelltod ausgel•ost durch verschiedene

Stressoren. Auch der durch Tunicamycin ausgel•oste ER-Stress induzierte Zelltod wurde

durch CaeB supprimiert. Daher wurde die F•ahigkeit von CaeB ER-Stresssignalwege zu

modulieren genauer analysiert.

ER-Stress f•uhrt zur Aktivierung der ungefalteten Proteinantwort (UPR), einem Prozess,

dessen Ziel es ist, die ER-Hom•oostase wiederherzustellen. In S•augetierzellen h•angt die UPR
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von der Aktivit•at der ER-Stresssensoreninositol-requiring enzyme 1(IRE1), protein kinase

RNA(PKR)-like ER kinase (PERK) und activating transcription factor 6 (ATF6) ab. In

P
anzen wird die UPR •uber IRE1 und die basic Leucine Zipper(bZIP)-Dom•ane enthal-

tenden Proteine bZIP17/28, welche homolog zu ATF6 sind, vermittelt.

Die n•ahere Untersuchung der F•ahigkeit von CaeB, die UPR zu ver•andern, ergab, dass CaeB

den Signalweg von IRE1 moduliert. Diese Modulation f•uhrte zu einem verst•arkten IRE1-

vermittelten X-box-binding protein 1 (XBP1)-mRNA-Splei�en und einer verringerten Akt-

ivierung der MAP-Kinase p38 in S•augetierzellen. Im Gegensatz dazu wurden die Signalwege

von ATF6 und PERK durch CaeB nicht ver•andert.

Da der ER-Stresssensor IRE1 zwischen Eukaryoten konserviert ist, wurde auch die F•ahigkeit

von CaeB analysiert, den durch IRE1 vermittelten Signalweg in P
anzen zu ver•andern. In

N. benthamianaf•uhrte die Expression von CaeB zur Ver•anderung der IRE1-Aktivit•at unter

ER-Stress, was in einem verst•arkten Splei�en der bZIP60-mRNA resultierte. Die Bedeu-

tung dieser Modulierung wurde dadurch gezeigt, dass die Hemmung des IRE1-vermittelten

Splei�ens von bZIP60-mRNA zum Verlust der anti-apoptotischen Aktivit•at von CaeB f•uhrte.

Des Weiteren wurde die F•ahigkeit vonC. burnetii analysiert, die ER-Stress-Antwort in HeLa

Zellen zu ver•andern. DieC. burnetii Infektion resultierte in keiner Ver•anderung der ATF6-

Antwort, jedoch wurden die Signalwege von PERK und IRE1 durchC. burnetii moduliert.

In Zellen, die mit einerC. burnetii � caeB-Mutante in�ziert wurden, kam es nicht zur IRE1-

vermittelter erh•ohter XBP1-mRNA-Splei�ung. Das deutet darauf hin, dass die Aktivit•at

von CaeB f•ur C. burnetii notwendig ist, um den IRE1-Signalweg zu manipulieren.

Insgesamt konnte in dieser Arbeit gezeigt werden, dass CaeB bei der Ver•anderung der ER-

Stress-Antwort eine wichtige Rolle spielt und, dass CaeB einen evolution•ar konservierten

Signalweg ver•andert, der es dem Protein erm•oglicht, Zelltod sowohl im tierischen als auch

im p
anzlichen System zu verhindern.
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Introduction

1.1 Host-pathogen interaction

Plants and animals are confronted by a multitude of di�erent microorganisms every day.

Most of these microorganisms are harmless or even bene�cial, but some of these cause dis-

eases. These infectious agents are termed pathogens and often are bacteria, fungi or viruses.

In animals, pathogen infection can lead to life threatening diseases. Infection of plants can

cause growth retardation and early senescence that often coincides with substantial yield

loss of crop plants, and thus, to signi�cant economic loss. Plants as well as animal have

developed sophisticated defense mechanisms in order to combat pathogen attacks.

Therefore, pathogens must be able to overcome the host defense system in order to facilitate

successful infection and to cause disease. The pathogenicity or in other words the potential

to cause disease depends on a variety of di�erent factors, like the ability to colonize or enter

the host and the capability to evade host defense mechanisms.

One general defense mechanism of animals as well as plants against microbial invaders is

the recognition of so-called pathogen associated molecular patterns (PAMPs) or more gen-

eral microbe associated molecular patterns (MAMPs) by the potential host (N•urnberger

et al., 2004). These are evolutionarily conserved and essential microbial structures which are

present in a whole class of microbes and are not found in the potential host. Examples for

PAMPs are bacterial lipopolysaccharides (LPSs), 
agellin, peptidoglycans or fungal chitin

which are perceived by the innate immune system of both, plant and animals (Newman et al.,
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6 Chapter 1. Introduction

2013). PAMPs are recognized by so-called pattern recognition receptors (PRRs) which leads

to the activation of a signaling cascade in order to activate immunity and combat pathogen

infection.

In animals, PRRs are divided into transmembrane receptors and those located in intracel-

lular compartments (Mogensen, 2009). Recognition of PAMPs by PRRs leads to activation

of signaling molecules like mitogen-activated protein kinases (MAPKs) which induce the ex-

pression of pro-in
ammatory cytokines and chemokines (Jang et al., 2015). Cytokines and

chemokines are small multi-functional cell signaling proteins which recruit immune cells to

the site of infection to identify and eliminate pathogens (Sokol and Luster, 2015).

In plants, the stimulation of PRRs initiates the activation of the so-called PAMP-triggered

immunity (PTI) (Jones and Dangl, 2006). This induces a number of defense mechanisms

which aim to inhibit pathogen invasion and propagation. These defense mechanisms in-

clude closure of stomata in order to limit pathogen entry, the production of antimicrobial

compounds like phytoalexins, restriction of nutrient transfer to the apoplast, but also the

generation of reactive oxygen species (ROS), which have a toxic e�ect on pathogens (Bigeard

et al., 2015).

However, several pathogens have developed multiple mechanisms to manipulate and over-

come innate immune responses. For instance, human and plant pathogenic bacteria have

evolved specialized secretion systems that mediate the injection of virulence factors, so-called

e�ector proteins, into the host cells to modulate host cell signaling. Several di�erent bacterial

secretion systems have been identi�ed so far which are classi�ed based on their structure,

composition and activity (Green and Mecsas, 2016). The type III secretion system (T3SS)

and the type IV secretion system (T4SS) are found in a large number of Gram-negative bac-

terial pathogens and are important pathogenicity determinants (Green and Mecsas, 2016).

The delivered e�ector proteins can contribute to bacterial pathogenicity by suppression of

defense mechanisms, but can also trigger further defense signaling (Henry et al., 2013).

In plants a second layer of defense is initiated by the so-called e�ector-triggered immunity

(ETI) (Hou et al., 2011). This immune response is based on the recognition of certain

bacterial e�ector proteins referred to as avirulence (Avr) proteins by corresponding host
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resistance (R)-proteins (Wu et al., 2014b). The ETI is an ampli�ed and accelerated PTI

response that often leads to the induction of the hypersensitive response (HR) at the site

of infection (Bigeard et al., 2015). The HR is a form of programmed cell death (PCD) and

aims to prevent pathogen progression.

One widely used model organism to study and characterize plant-pathogen interactions is

Pseudomonas syringaepv. tomato (Pst) DC3000 which causes bacterial speck disease on

tomato (Solanum lycopersicum) and Arabidopsis thaliana(A. thaliana) plants (Xin and He,

2013). Pst DC3000 uses a T3SS to deliver about 30 e�ector proteins into host cells, among

those are the e�ector proteins AvrPto and AvrPtoB (Kim et al., 2002). Both promote

bacterial growth by suppression of cell wall-based defense and HR inhibition, respectively

(Abramovitch et al., 2003; Hauck et al., 2003). However, in tomato plants carrying the

R-protein Pto, infection with Pst DC3000 results in HR induction. The serine/threonine

protein kinase Pto recognizes and interacts with the e�ectors AvrPto and AvrPtoB, and

thus, initiates the induction of cell death and immunity (Oh and Martin, 2011).

The concept of ETI is well established in plant-pathogen interaction but recent studies

also revealed the existence of ETI-like events during animal-pathogen interactions (Stuart

et al., 2013). Infection with Legionella pneumophila(L. pneumophila) induces an exagger-

ated proin
ammatory cytokine response in host cells compared to infection with avirulent

L. pneumophila bacteria lacking the T4SS, and thus, e�ector proteins (Shin et al., 2008).

The same response was observed during infection withL. pneumophila lacking �ve e�ector

proteins (Lgt1, Lgt2, Lgt3, SidI and SidL) important for inhibition of protein translation

in host cells, suggesting that the enhanced host reaction depends on the activity of these

e�ectors (Cornejo et al., 2017). A similar observation was made forSalmonella enterica

serovar Typhimurium (S. Typhimurium). S. Typhimurium lacking the 3 e�ector proteins

SopE, SopE2 and SopB induce a similar host immune response likeS. Typhimurium lacking

the T3SS, indicating that the host cell senses the activity of these e�ectors (Stuart et al.,

2013). Thus, e�ector proteins can promote infection by hijacking the host system but these

proteins or their activity can also be recognized by the host immune system, and thus, ini-

tiate further defense signaling such as cell death.
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1.2 Cell death

Cell death is a natural and necessary process in eukaryotic cells involved in di�erentiation of

tissue, senescence, embryo development, aging and immunity (Mukhtar et al., 2016). These

are strongly regulated, tightly controlled and highly complex processes. But cell death can

also occur unregulated as a result of cells being exposed to external factors like severe injury

or toxins.

However, cell death induction in response to infection displays a central and e�ective de-

fense mechanism of plants and animals since most pathogens rely on a viable host in order

to survive and replicate (Ashida et al., 2011; Mukhtar et al., 2016).

In animals, di�erent forms of cell death are classi�ed based on distinct morphologically

di�erences (Suzanne and Steller, 2013). One important form of PCD in mammalian cells

is apoptosis. Apoptosis occurs during normal development or aging but also as a defense

mechanism in order to eliminate infected or damaged cells (Elmore, 2007). Apoptosis is dis-

criminated in two forms: (i) intrinsic and (ii) extrinsic apoptosis. The latter one is activated

by perturbations of the extracellular microenvironment and is initiated either by binding

of pro-apoptotic ligands or by the loss of binding of a speci�c ligand to specialized plasma

membrane receptors (Green and Llambi, 2015). These receptors include members of the

tumour necrosis factor receptor (TNFR) gene superfamily (Locksley et al., 2001). Some of

these members like TNFR1, FasR and DR5 contain so-called death domains. Death domain

containing proteins play a critical role in the death signal transmission from the cell surface

to the intracellular signaling pathway by formation of a multi protein complex termed death

inducing signaling complex (DISC). This complex is composed of the death receptor, an

adaptor protein known as FAS-associated death domain (FADD) and monomeric procas-

pase 8 (D'Arcy, 2019). Several procaspase 8 monomers are recruited to the DISC which

results in dimerization and activation of caspase 8 through proteolytic cleavage. Caspases

are proteases capable of cleaving speci�c cellular targets. The activation of caspase 8 leads
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to activation of further caspases and to execution of apoptosis via degradation of the cyto-

skeleton, chromatin condensation and apoptotic body formation (Green and Llambi, 2015).

The intrinsic apoptotic pathway depends on the signaling of intracellular signals such as

de�ciency of growth factors, radiation, hypoxia or accumulation of free radicals (D'Arcy,

2019). Induction of the intrinsic apoptotic pathway results in mitochondrial outer membrane

permeabilisation (MOMP) and as a consequence in loss of mitochondrial transmembrane po-

tential and in the release of pro-apoptotic proteins like cytochrome c into the cytosol. Once

released, cytochrome c forms a multi-protein complex termed the apoptosome by binding

and activation of apoptotic protease activating factor 1 (Apaf1), which initiates induction of

the caspase signaling cascade via cleavage of caspase 9 (Green and Llambi, 2015). Activation

of caspase 9 leads to activation of caspase 3, which leads to the induction of cell death (Cory

and Adams, 2002).

The permeabilization of the mitochondrial outer membrane, and thus, intrinsic apoptosis is

tightly controlled by members of the Bcl-2 family (Kalkavan and Green, 2018). Bcl-2 fam-

ily proteins can be subdivided into three classes: pro-apoptotic proteins like Bak and Bax

which positively regulate MOMP; anti-apoptotic Bcl-2-like proteins which prevent MOMP

and the BH3-only proteins which are able to activate pro-apoptotic proteins and to block

anti-apoptotic ones. The ratio between these proteins is crucial in apoptosis regulation (El-

more, 2007). Once Bak and Bax become activated they oligomerize in the mitochondrial

outer membrane and permeabilize the mitochondrial outer membrane by formation of pore

complexes (Kalkavan and Green, 2018).

In plants, the mechanisms of PCD signaling are less understood and Bcl-2 proteins or

caspases which orchestrate apoptotic cell death in mammalian cells have not been iden-

ti�ed (Balint-Kurti, 2019; Mukhtar et al., 2016). Nevertheless, some Bcl-2 proteins like

Bax are functional in plants. The expression of Bax in plants likeNicotiana benthami-

ana (N. benthamiana) triggers the induction of cell death with symptoms that closely re-

semble those of the HR (Lacomme and Santa Cruz, 1999). Although the underlining molecu-

lar mechanisms by which Bax induces cell death in plants are not completely understood,

it is known that Bax localizes to plant mitochondria and causes the generation of ROS,
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disruption of organelles and ion leakage (Baek et al., 2004; Yoshinaga et al., 2005). Thus,

Bax is considered as a heterologous regulator of cell death in plants.

Since, Bcl-2 family member proteins play a crucial role in the regulation of apoptosis many

human bacterial pathogens modulate these proteins to prevent apoptosis induction (Robin-

son and Aw, 2016). However, both animal and plant pathogens interfere with a vari-

ety of di�erent host cellular processes involved in cell death control to prevent host cell

death (Mukhtar et al., 2016; Robinson and Aw, 2016). One host cell compartment which

emerged recently as an important target of bacterial pathogens to combat host defense is

the endoplasmic reticulum (ER) (Celli and Tsolis, 2015; Korner et al., 2015).

1.3 The endoplasmic reticulum

The ER is an important intracellular organelle in eukaryotic cells that consists of a large

interconnected network of membranes with a dynamic structure of tubules and 
attered sacs

and also comprises the nuclear envelope. The ER is indispensable for many cellular func-

tions, such as folding of transmembrane and secretory proteins, lipid metabolism, maturation

and quality control to ensure proper protein folding and it also functions in transport and

post-translational modi�cations of proteins (Schwarz and Blower, 2016). Post-translational

modi�cations include cleavage of signal peptides, N-linked glycosylation, alteration of disulf-

ide bonds and lipid conjugation (Ellgaard et al., 2016).

Besides its function in protein synthesis, the ER is also the major intracellular store for

calcium (Schwarz and Blower, 2016). Calcium is an important signal transducer, and thus,

essential for many cellular functions like di�erentiation, proliferation, metabolism and stress

signaling (Mekahli et al., 2011). It is also an important player in apoptosis, as calcium

ions e�use from the ER in response to external or internal stress stimuli (Giorgi et al.,

2012). ER calcium release subsequently leads to accumulation of calcium ions in mitochon-

dria as calcium is transferred between these organelles via mitochondria associated mem-

branes (MAMs) which connect the ER and mitochondria (Patergnani et al., 2011). High

calcium concentrations in the mitochondrial matrix activate apoptotic signaling due to re-
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localization of pro-apoptotic proteins like Bax to the mitochondria, perturbation or rupture

of the mitochondrial outer membrane, and cytochrome c release (Deniaud et al., 2008). The

cross-talk between mitochondria, calcium and the ER is regulated by chaperons (Gutierrez

and Simmen, 2018). Chaperones are multifunctional proteins that assist in folding of pro-

teins, preventing newly synthesized proteins from aggregating into non-functional structures.

Among those binding-immunoglobulin protein (BiP) is one of the most abundant chaperones

in the ER and requires high calcium concentrations to function properly (Wang et al., 2017).

Thus, the regulation of the calcium concentration in the ER is a critical step to maintain

normal ER function.

Perturbation of normal ER function results in ER stress. The homeostasis of the ER can be

disrupted by a variety of di�erent biotic or abiotic stress factors. These factors include high

temperature, ROS, glucose starvation and high salt concentrations but also infection with

pathogens like viruses or bacteria can lead to perturbation of proper ER function (Duwi Fan-

ata et al., 2013; Iurlaro and Munoz-Pinedo, 2016). Additionally, intrinsic factors like diseases

or cancer compromise normal ER function (Lin et al., 2008). ER stress can also be induced

by chemical compounds. Most commonly used are tunicamycin (TM), dithiothreitol (DTT),

brefeldin A and thapsigargin. TM inhibits N-linked glycosylation of proteins and therefore

inhibits the initial step of glycoprotein synthesis in the ER (Takatsuki et al., 1971). DTT

is a strong reducing agent that inhibits disul�de-bond formation, brefeldin A impairs ER-

Golgi tra�cking and blocks protein secretion and thapsigargin treatment results in reduced

calcium concentration in the ER a�ecting the activity of calcium-dependent chaperones (Os-

lowski and Urano, 2011).

The ER-associated degradation (ERAD) and the unfolded protein response (UPR) are key

pathways to maintain or re-establish ER homeostasis (Hwang and Qi, 2018).

Misfolded or unfolded proteins in the ER can be eliminated by the ERAD pathway. Proteins

targeted by the ERAD are transported into the cytosol where they become ubiquitylated

and subsequently degraded by the proteasome (Lemus and Goder, 2014).

The UPR is activated in response to accumulation of misfolded or unfolded proteins in the

ER (Hetz and Papa, 2018).
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1.4 UPR signaling

The UPR aims to restore protein homeostasis by degradation of misfolded proteins, reduction

of protein synthesis, increasing protein folding capacity and by transcriptional upregulation

of genes involved in proteostasis control (Hetz and Papa, 2018).

Plants, yeast and mammalian cells respond to ER stress by activating the UPR. Some

signaling components of this pathway are conserved between kingdoms while others are

species-speci�c. Overall, the UPR is an evolutionarily highly conserved mechanism in order

to cope with conditions that challenge normal ER function (Hetz and Papa, 2018).

The ER chaperone BiP binds newly synthesized proteins to maintain them in a state compet-

ent for folding and oligomerization and is an important regulator of the UPR (G•ulow et al.,

2002). Under normal conditions BiP is bound to the ER stress transducers which are there-

fore kept in an inactive state. Under stress conditions the accumulation of unfolded proteins

leads to the dissociation of BiP which triggers the activation of the ER stress transducers

(Hetz, 2012). In animals, ER stress signaling is mediated by the three ER stress transducers

protein kinase RNA(PKR)-like ER kinase (PERK), activating transcription factor 6 (ATF6)

and inositol-requiring enzyme 1 (IRE1) (Hetz and Papa, 2018). In plants, UPR signaling

is mediated by the basic Leucine Zipper (bZIP)-domain containing proteins bZIP17 and

bZIP28 which are homologous to ATF6 and by IRE1 (Ruberti et al., 2015), while in yeast

UPR signaling solely depends on IRE1 (Wu et al., 2014a).

An overview of the UPR signaling in mammalian cells is shown in Figure 1.
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Figure 1. Overview of the UPR signaling in mammalian cells. The accumulation of
misfolded and unfolded proteins in the ER lumen leads to activation of the three ER stress
sensors activating transcription factor 6 (ATF6), protein kinase RNA(PKR)-like ER kinase
(PERK) and inositol-requiring enzyme 1 (IRE1). Upon activation, ATF6 migrates to the
Golgi apparatus where it is cleaved. Cleavage of ATF6 results in the release of the active
transcription factor. Activation of PERK leads to phosphorylation of elongation initiation
factor 2� (eIF2� ) which in turn results in translational attenuation, but at the same time
also in speci�c induction of the transcription factor activating transcription factor 4 (ATF4).
Activation of IRE1 triggers the activation of its RNase domain, which leads to splicing of the
X-box-binding protein 1 unspliced (XBP1u) mRNA into the XBP1s (spliced) mRNA and
subsequently to the generation of the XBP1s transcription factor. The RNase activity of
IRE1 is also responsible for the regulated IRE1-dependent decay (RIDD). Activation of IRE1
can also lead to recruitment of TNF receptor-associated factor 2 (TRAF2) and Apoptosis
signal-regulating kinase 1 (ASK1), leading to phosphorylation of mitogen-activated protein
kinases (MAPKs) c-Jun N-terminal kinase (JNK) and p38 which contribute to apoptotic
signaling. ATF6, ATF4 and XBP1s migrate to the nucleus where they induce the expression
of numerous UPR responsive genes. Adapted from Hetz (2012)
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1.4.1 PERK signaling

The ubiquitously expressed ER stress sensor PERK was so far only identi�ed in mam-

malian cells. The protein contains an ER luminal domain and a kinase domain. Upon ER

stress, PERK oligomerizes and becomes trans-autophosphorylated, leading to activation of

the protein (Hetz, 2012). Subsequently, PERK phosphorylates elongation initiation factor

2� (eIF2� ) on Ser 51 (Hetz and Papa, 2018). Phosphorylation of eIF2� is part of the

integrated stress response (ISR), a conserved regulatory mechanism in response to di�erent

stress signals (Pakos-Zebrucka et al., 2016). eIF2� is a subunit of the eIF2 heterotrimer com-

plex which regulates the �rst step of protein synthesis initiation by promoting the binding

of initiator Met-tRNA i to the 40S ribosomal subunit. Phosphorylation of eIF2� inhibits the

delivery of the initiator Met-tRNA i , and thus, leads to inhibition of global protein translation

and subsequently reduces the load of newly synthesized proteins in the ER (Pakos-Zebrucka

et al., 2016). However, phosphorylated eIF2� also acts as a translational initiation activator

of selected mRNAs containing short upstream open reading frames (uORFs), like activating

transcription factor 4 (ATF4) (Wek and Cavener, 2007). In general, uORFs regulate gene ex-

pression. The translation of an uORF can inhibit the downstream expression of the primary

ORF of a gene (Barbosa et al., 2013). ATF4 contains two uORFs, uORF1 with a length

of three codons and uORF2 with 59 codons. The latter one overlaps out-of-frame with the

ORF of ATF4 (Young and Wek, 2016). The uORF1 of ATF4 functions as a positive ele-

ment that promotes translational reinitiation. Under non-stressed conditions translational

initiation takes place at uORF2 which results in reduced synthesis of ATF4 (Pakos-Zebrucka

et al., 2016). However, phosphorylation of eIF2� enables translation of ATF4. ATF4 is a

transcriptional activator that binds to a speci�c promoter element sequence and induces the

expression of genes which code for proteins involved in various processes like amino acid trans-

port, metabolism, oxidative stress protection, autophagy and protein homeostasis (Almanza

et al., 2019). Additionally, under prolonged or severe ER stress ATF4 activates target genes

like C/EBP homologous protein (CHOP), a transcription factor which downregulates ex-

pression of anti-apoptotic genes and simultaneously promotes pro-apoptotic signaling (Hetz
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and Papa, 2018). Overall, the ER stress sensor PERK is able to trigger pro- as well as anti-

apoptotic signaling (Sano and Reed, 2013).

1.4.2 ATF6, bZIP17/28 signaling

The second branch of the UPR is mediated by the signaling of ATF6. ATF6 is an ER-

localized type II transmembrane glycoprotein which, on its cytosolic N-terminal domain,

harbors a bZIP transcription factor domain, a DNA binding domain and a nuclear localiza-

tion signal (Haze et al., 1999). Upon ER stress-induction, ATF6 is released from the ER and

migrates to the Golgi where it undergoes cleavage by the proteases site-1 protease (S1P) and

site-2 protease (S2P) (Ye et al., 2000). Cleavage of ATF6 results in an N-terminal processed

protein which translocates into the nucleus to stimulate the expression of genes involved in

UPR signaling (Hetz and Papa, 2018). Target genes of ATF6 encode for proteins such as

BiP and X-box-binding protein 1 (XBP1) which contribute to proteostasis, and genes coding

for enzymes involved in degradation of misfolded proteins (Hillary and FitzGerald, 2018). In

addition, ATF6 also induces the expression of the pro-apoptotic protein CHOP (Sano and

Reed, 2013).

In plants this branch of the UPR is also present and is mediated by the transcription

factors bZIP17 and bZIP28. As ATF6, bZIP28 is an ER-localized type II membrane protein

which contains a transmembrane domain, an N-terminal cytoplasmic bZIP domain and a

C-terminal luminal domain (Liu et al., 2007). Like ATF6, bZIP28 is bound by BiP under

unstressed conditions. BiP dissociates from bZIP28 under stress conditions, and thus, en-

ables the tra�cking of bZIP28 to the Golgi complex (Srivastava et al., 2013). In contrast to

ATF6, bZIP28 is not processed by S1P but rather by a so far unidenti�ed protease which

cleaves the transmembrane domain of bZIP28, making the protein available as a substrate for

S2P (Iwata et al., 2017). Upon proteolytic processing, bZIP28 migrates to the nucleus and

binds to ER stress response elements (ERSE) in the promoter region of UPR target genes

(Nawkar et al., 2018). The role of the transcription factor bZIP17 is so far less understood.

It appears that bZIP17 also migrates to the Golgi and undergoes cleavage by Golgi-resident
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site proteases to generate the active transcription factor (Kim et al., 2018). Both, bZIP17

and bZIP28 seem to be functionally redundant and regulate plant UPR signaling jointly

(Kim et al., 2018).

1.4.3 IRE1 signaling

IRE1 is the most conserved ER stress sensor as it exists in animals as well as in yeast

and plants. In mammalian cells two paralogues of IRE1 exist, IRE1� (ERN1) and IRE1�

(ERN2). IRE1� is expressed ubiquitously and knock-out of IRE1� is embryonic lethal due

to growth retardation, liver defects and impaired placental development (Hetz, 2012). In

contrast, expression of IRE1� is restricted to the gastrointestinal tract and to the pulmon-

ary mucosal epithelium (Martino et al., 2013). Knock-out of IRE1� is not embryonic lethal

but increases the susceptibility to certain diseases (Martino et al., 2013). Both isoforms are

able to engage in ER stress signaling, but most studies focused on the function and role of

IRE1� (referred to as IRE1 hereafter) signaling. In animals, yeast and plants IRE1 is an

ER localized transmembrane protein which possesses dual enzymatic activity as it contains

an endoribonuclease (RNase) and a serine/threonine kinase domain (Chen and Brandizzi,

2013). The activation of IRE1 initiates dimerization and trans-autophosphorylation, which

activates the RNase domain via a conformational change (Hetz and Papa, 2018).

In mammalian cells, IRE1 is responsible for the unconventional cytoplasmic splicing of the

XBP1u (unspliced) mRNA via its RNase domain. XBP1u harbors a so-called PEST se-

quence motif in the C-terminal region which contributes to a short half-life of the protein.

Furthermore, XBP1u recruits its own mRNA to the ER membrane in close proximity to IRE1

through a hydrophobic region in the protein and harbors a conserved peptide sequence at its

C-terminus which promotes e�cient splicing of the XBP1u mRNA by pausing translation

(Yanagitani et al., 2011). The splicing of XBP1u mRNA results in the removal of an uncon-

ventional intron with a length of 26 nucleotides, and thus, to the XBP1s (spliced) mRNA

(Lee et al., 2002). This leads to a shift of the ORF which now encodes for a potent transcrip-

tion factor that translocates to the nucleus where it modulates gene expression (Hetz and
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Papa, 2018). Target genes of XBP1s encode for proteins involved in protein synthesis, fold-

ing, vesicle tra�cking, glycosylation and ERAD (Walter and Ron, 2011). Therefore, splicing

of XBP1u mRNA supports the re-establishment of ER homeostasis under stress conditions

(Urra et al., 2013).

Besides splicing of XBP1u mRNA, IRE1 is also responsible for the regulated IRE1-dependent

decay (RIDD) of RNAs via its RNase domain. This is a conserved mechanism in eukaryotes

which leads to cleavage and degradation of mRNAs (Maurel et al., 2014). RIDD contributes

to reduce the protein load in the ER, but also negatively a�ects cell viability by degrading

mRNAs which code for crucial proteins like chaperones (Urra et al., 2013).

Under severe ER stress, IRE1 stimulates apoptosis induction by forming a complex with the

TNF receptor-associated factor 2 (TRAF2) and by recruitment and phosphorylation of the

apoptosis signal-regulating kinase 1 (ASK1) which in turn leads to phosphorylation and ac-

tivation of downstream MAP-kinases like p38 and c-Jun N-terminal kinase (JNK) (Szegezdi

et al., 2006). Activated JNK and p38 stimulate pro-apoptotic signaling via inhibition of

anti-apoptotic proteins and activation of pro-apoptotic proteins (Sano and Reed, 2013).

In yeast, IRE1 is the only ER stress sensor identi�ed so far. There IRE1 is activated

through association with unfolded proteins (Gardner and Walter, 2011). Upon activation

IRE1 splices a 252 bp long intron from the HAC1u mRNA via its RNase activity to enable

the translation of the HAC1s transcription factor (Wu et al., 2014a). HAC1s translocates to

the nucleus and regulates expression of UPR target genes similar to XBP1s in metazoans.

The process of RIDD seems less conserved between yeast species. RIDD could be identi�ed

in Schizosaccharomyces pombealso known as �ssion yeast, but so far not in the budding

yeast Saccharomyces cerevisiae(S. cerevisiae) (Kimmig et al., 2012).

In plants, IRE1 mediates the splicing of bZIP60 mRNA. Here splicing results in the deletion

of 23 nucleotides in the bZIP60u mRNA which leads to a frame shift, and thus, to the dele-

tion of a transmembrane domain which is present in bZIP60u (Deng et al., 2011). The active

bZIP60s transcription factor then migrates into the nucleus where it binds to promoter re-

gions of UPR target genes and induces their expression (Walter and Ron, 2011). Similar to

mammals, plants likeA. thaliana possess two isoforms of IRE1, termed IRE1a and IRE1b,
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which are type I single-pass transmembrane proteins and form homo- as well as heterodimers

(Koizumi et al., 2001). Both, IRE1a and IRE1b, mediate bZIP60u mRNA splicing and the

loss of either slightly a�ects the tolerance of the plants to ER stress, indicating overlapping

functions of both proteins (Nagashima et al., 2011). However, a double knock-out resulted in

enhanced cell death induction after ER stress treatment, underlining the importance of IRE1

to re-establish ER homeostasis (Mishiba et al., 2013). The exact mechanism by which plant

IRE1 gets activated is so far not completely understood, but research indicates that plant

IRE1 is also activated via trans-autophosphorylation (Koizumi et al., 2001; Zhang et al.,

2016). The process of RIDD has also been described in plants, causing the degradation of

many mRNAs encoding for secretory proteins (Mishiba et al., 2013).

Overall, IRE1 is a highly conserved ER stress transducer and the mechanisms by which

IRE1 mediates the unconventional cytoplasmic splicing of its target transcription factors are

conserved between eukaryotes (Chen and Brandizzi, 2013).

In general, all branches of the UPR initially aim to restore ER homeostasis and import-

antly, function together in a complex interplay since the signaling of one branch in
uences

the signaling of another one. However, under severe and prolonged ER stress conditions

UPR signaling shifts from pro-survival towards apoptosis, but the underlining molecular

mechanisms which promote the switch from the adaptive phase to apoptosis induction are

incompletely understood (Hetz and Papa, 2018). Research indicates that IRE1 and PERK

signaling mainly contribute to apoptosis induction and that the execution of ER stress in-

duced cell death largely depends on the intrinsic pathway of apoptosis (Hetz and Papa, 2018;

Urra et al., 2013).

UPR signaling can be directly modulated by di�erent proteins. The signaling of IRE1 for

example can be manipulated by a number of di�erent proteins. The pro-apoptotic proteins

Bax and Bak can regulate the intensity of IRE1 signaling via formation of a protein complex

with the cytosolic domain of IRE1 (Hetz et al., 2006). The Bax inhibitor 1 (BI-1) protein

forms a complex with IRE1 and seems to be involved in inactivation of IRE1 signaling in

mammalian cells (Lisbona et al., 2009). BI-1 is a highly conserved protein and a potent
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inhibitor of cell death induction, including ER stress-induced cell death, in mammalian as

well as plant cells (Chae et al., 2004; Ishikawa et al., 2011). Furthermore, mammalian IRE1

is regulated by HSP72 leading to enhanced splicing of XBP1u mRNA and apoptosis attenu-

ation (Gupta et al., 2010). Thus, a variety of di�erent factors contribute to the outcome of

the UPR.

Furthermore, ER stress signaling is modulated by viruses. Viral infection and subsequently

viral replication hijacks normal ER function to produce large amounts of viral proteins,

which in turn leads to ER stress (Zhang and Wang, 2012). Induction of the UPR can in-

hibit viral protein production due to translational attenuation, ERAD or even cell death.

Therefore, many mammalian as well as plant viruses manipulate UPR signaling to ensure

successful replication and survival (Celli and Tsolis, 2015; Li et al., 2015). However, in recent

years it has become evident that the UPR is also modulated by bacterial pathogens (Celli

and Tsolis, 2015). ForMycobacterium tuberculosis(M. tuberculosis) and Listeria monocyto-

genes(L. monocytogenes) proteins involved in UPR activation and apoptosis induction have

been identi�ed (Friedrich et al., 2017). For other pathogens likeL. pneumophilaor Brucella

spp., which create ER-derived replicative vacuoles in their host cells, modulation of host

UPR signaling via several T4SS e�ector proteins has been shown (Celli and Tsolis, 2015;

Friedrich et al., 2017). For many other pathogens, likeCoxiella burnetii (C. burnetii ) the

interaction between the replicative vacuole and the ER has been shown to be important for

bacterial pathogenesis (Justis et al., 2017), but ER stress induction or UPR modulation have

not been identi�ed yet.
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1.5 Coxiella burnetii

C. burnetii is a Gram-negative obligate intracellular pathogen and the causative agent of Q

fever. Q fever is a zoonotic disease which was �rst described in 1937 by Edward Holbrook

Derrick in abattoir workers in Australia experiencing febrile symptoms (Derrick, 1937). At

this time the cause of illness could not be identi�ed, and thus, the disease was named query

(Q) fever. In many cases the infection withC. burnetii remains asymptomatic. However,

about half the people infected withC. burnetii will su�er from illness which develops usu-

ally within 2 or 3 weeks after exposure toC. burnetii (Honarmand, 2012). In many of these

cases Q fever presents as a mild 
u-like illness with symptoms like fever, headache, muscle

aches and fatigue (Maurin and Raoult, 1999). While patients mostly experience only mild

symptoms and recover without treatment, others can develop more severe diseases symptoms

which can manifest in pneumonia or hepatitis. During pregnancy Q fever infection can lead

to miscarriage, stillbirth or pre-term delivery (Raoult et al., 2002). Since Q fever symptoms

are frequently quite unspeci�cC. burnetii infection remains often undetected. However, an

diagnosed acute Q fever infection is treated with antibiotics like doxycycline (Eldin et al.,

2017). About 1 to 5 percent of Q fever patients develop a chronic form which can have fatal

outcome (Porter et al., 2011). Chronic Q fever can manifest in bacterial endocarditis or vas-

cular disease month or years after the initial infection (Kampschreur et al., 2012). Chronic

infection is treated with a combination of doxycycline and hydroxychloroquine (Eldin et al.,

2017). In infected cellsC. burnetii persists in a highly acidic compartment. This acidic

environment inhibits the activity of antibiotics. The combination of doxycycline with an

alkalinizing agent like hydroxychloroquine supports the restoration of the bactericidal e�ect

of the antibiotic (Eldin et al., 2017). However, chronic Q fever requires treatment for several

months up to years. Thus, there is no e�ective therapy for chronic infection available so far.

A better understanding of the pathogenicity mechanisms ofC burnetii, especially during

persistence infection might provide useful knowledge for the development of more e�ective

treatment options.

As C. burnetii is a zoonotic pathogen it potentially infects a wide range of di�erent verteb-
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rates. Cattle, sheep and goats are the most common reservoirs but also invertebrates like

ticks can carry C. burnetii (Honarmand, 2012). The main cause of infection in humans are

infected domestic life stocks. The transmission ofC. burnetii usually occurs via inhalation

of contaminated aerosols like animal feces, urine or birth products (Qiu and Luo, 2017).

These products are often shed into the environment by infected animals and can contain

high numbers ofC. burnetii. Normally infected animals do not represent with symptoms.

Only pregnant animals show symptoms which manifest in reproductive disorders like infertil-

ity, stillbirth or abortion (Porter et al., 2011). One of the biggest and most recently Q fever

outbreaks in Europe occurred between 2007 and 2010 in the Netherlands when Q fever was

detected in two dairy goat farms with more than 4000 cases of human infections reported

(van der Hoek et al., 2012). The number of reported Q fever cases per year in Germany

ranges between 100 to 300. In 2017, 107 cases were reported (Robert Koch-Institut, 2018),

but the number of actual cases is presumably much higher due to asymptomatic and mild

course of infection in many cases.

People close to farms or working at farms are at much higher risk of infection. The bacteria

can be spread over several kilometers via contaminated aerosolized soil. One reason whyC.

burnetii is so highly infectious is the low dose of bacteria needed to cause infection. Already

one to ten bacteria can cause disease (Honarmand, 2012). Additionally,C. burnetii is highly

stable and persists over a long period of time in the environment due to the establishment

of a so-called small cell variant (SCV) (Eldin et al., 2017).C. burnetii has a biphasic devel-

opmental cycle and can transit due to morphological di�erentiation between the metabolic

active and larger large cell variant (LCV) and the SCV (Sandoz et al., 2016b). The SCV is

a spore-like dormant, non-replicative, metabolic inactive variant which is characterized by

condensed chromatin and a thick envelope making the bacterium highly resistant to chemical

and environmental stress (Eldin et al., 2017).

Another factor determining the virulence ofC. burnetii is the LPS. The virulent Phase I

C. burnetii strains harbor a full-length smooth LPS and carry a so-called O-antigen that

contains unusual sugars (Abnave et al., 2017). The irreversible transition to Phase II occurs

for example after several passaging in tissue culture (Hackstadt et al., 1985). The Phase II
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C. burnetii strains harbor a truncated, rough LPS due to genomic deletion of the O-antigen

and the Phase II strains are de�ned as avirulent (Maurin and Raoult, 1999).

C. burnetii is taken up via phagocytosis by alveolar macrophages after inhalation. Once in

the host cell, C. burnetii tra�cs through the endocytic pathway to establish the so-called

Coxiella containing vacuole (CCV), a lysosome-derived organelle in which the bacterium

survives and replicates (van Schaik et al., 2013). During establishment the CCV undergoes

heterotypic fusion with endocytic, lysosomal, secretory and autophagosomal host cell vesicles

as well as homotypic fusion with other CCVs (Weber and Faris, 2018). At the end the CCV

occupies nearly the whole cell cytoplasm of infected cells.

Essential for the pathogenicity ofC. burnetii is a T4SS (Mo�att et al., 2015). This secretion

system is related to the Dot/Icm system ofL. pneumophilaand is crucial for the intracellular

replication of C. burnetii (Beare et al., 2011). Within hours after infection the CCV acidi�es

which promotes bacterial replication, formation of the T4SS and subsequently translocation

of e�ector proteins (van Schaik et al., 2013). The beginning of translocation of e�ector pro-

teins can be observed between 8 and 24 h post infection (Newton et al., 2013). Approximately

150 e�ector proteins have been identi�ed (L•uhrmann et al., 2017). The majority of these

remain uncharacterized so far. Studies focusing on the function of single e�ector proteins

revealed that they target diverse host cell signaling pathways in order to support infection,

and the loss of one e�ector can already signi�cantly impair the ability ofC. burnetii to grow

inside host cells, indicating little redundancy between them (Weber et al., 2013). Pathways

manipulated by C. burnetii e�ectors include subversion of vesicle tra�cking, modulation of

host gene expression, inhibition of in
ammasome activation, autophagy or inhibition of host

cell apoptosis (Larson et al., 2016). The inhibition of host cell apoptosis was shown to be

important for C. burnetii intracellular replication and to be dependent on bacterial protein

synthesis (L•uhrmann and Roy, 2007; Voth et al., 2007).

Analysis of single e�ector protein function revealed thatC. burnetii e�ector proteins pre-

vent intrinsic and extrinsic apoptosis. The e�ector AnkG (CBU0781) was shown to prevent

pathogen-induced apoptosis and to bind to the mitochondrial host protein p32 (Eckart et al.,

2014; L•uhrmann et al., 2010). The interaction of AnkG with p32 and importin-� 1 was shown
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to be crucial for migration of AnkG into the nucleus and nuclear localization of AnkG was

shown to be essential for its anti-apoptotic activity (Eckart et al., 2014; Sch•afer et al., 2017).

The e�ector protein CaeA (CBU1524) was shown to block intrinsic and extrinsic apoptosis

(Bisle et al., 2016; Klingenbeck et al., 2013). An glutamic acid / lysine (EK) repetition motif

within CaeA was identi�ed to be essential for the anti-apoptotic activity of the protein (Bisle

et al., 2016). Additionally, the e�ector protein CaeB (CBU1532) was identi�ed to have a

strong anti-apoptotic activity preventing intrinsic apoptosis induction (Klingenbeck et al.,

2013).

1.5.1 The e�ector protein CaeB

The C. burnetii e�ector protein CaeB was originally identi�ed by Carey et al. (2011). In this

study the authors performed a screen to identify novelC. burnetii e�ector proteins using a

genomic DNA library to generate random fragments fused to the adenylate cyclase enzyme

that enables detection of translocation of e�ector proteins into host cells. The screen resulted

in identi�cation of 11 potential e�ector proteins with CaeB being one of them. In this study

localization of ectopically expressed CaeB was analyzed. CaeB was shown to associate with

mitochondria in HeLa cells, but the expression also a�ected the morphology of the cells

leading to cell rounding and aggregation of mitochondria (Carey et al., 2011). This could

indicate that CaeB negatively in
uences cell viability. However, later it was shown that

CaeB displays anti-apoptotic activity and prevents intrinsic apoptosis (Klingenbeck et al.,

2013). Apoptosis induction in mammalian cells induced via irradiation with UV light or

staurosporine treatment was blocked by the presence of CaeB (Klingenbeck et al., 2013).

While the exact mode of action of CaeB was not determined, the authors demonstrated

that CaeB inhibits the intrinsic apoptotic pathway by preventing MOMP and therefore

cytochrome c release without altering the steady state level of Bcl-2 family member proteins

(Klingenbeck et al., 2013). In a more recent study CaeB was shown to display ER localization

upon ectopic expression in HeLa cells (Rodr��guez-Escudero et al., 2016). Thus, the exact

sub-cellular localization and mode of action of CaeB in host cells remain elusive so far.
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1.6 Objectives of the study

Pathogens are able to interfere with a variety of di�erent host cell mechanisms in order to

overcome host cell mediated defense mechanisms and to ensure their own survival and rep-

lication. The induction of cell death is a conserved and common strategy in order to prevent

pathogen infection and progression. Therefore, many pathogens have developed multiple

mechanisms in order to prevent host cell apoptosis.

The obligate intracellular bacterium C. burnetii manipulates host cell signaling via a rep-

ertoire of di�erent e�ector proteins. Some of them, including the e�ector CaeB, have been

shown to prevent host cell death. The mode of action and the molecular mechanisms under-

lining the anti-apoptotic activity of CaeB are so far incompletely understood.

Therefore, the aim of this study was to elucidate the function of theC. burnetii T4SS e�ector

protein CaeB in more depth.

To this end the study focused on three major points.

(i) The localization of CaeB was investigated inN. benthamianaand the ability of CaeB to

prevent apoptosisin planta was analyzed in order to determine if CaeB targets a conserved

cell death signaling pathway.

(ii) The ability of CaeB to prevent ER stress-induced cell death and to interfere with UPR

signaling in mammalian as well as plant cells was investigated.

(iii) Whether and how C. burnetii manipulates ER stress signaling during infection of mam-

malian cells was determined.
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2.1 Localization of CaeB in N. benthamiana

In this study the ability of the anti-apoptotic T4SS e�ector CaeB from C. burnetii to func-

tion in a heterologous model system was investigated.

Di�erent localizations to di�erent sub-cellular compartments have been proposed for ectop-

ically expressed CaeB in mammalian cells (Carey et al., 2011; Rodr��guez-Escudero et al.,

2016). Carey et al. (2011) showed that expression of CaeB in HeLa cells led to mitochon-

drial localization of the protein. In later reports CaeB was found to localize to the ER

when ectopically expressed in HeLa cells (Rodr��guez-Escudero et al., 2016). Thus, the exact

localization of CaeB in mammalian cells remains elusive.

In order to investigate if CaeB functions in the heterologous model system, the localiza-

tion of CaeB was analyzed in the model plantN. benthamianato evaluate the sub-cellular

localization of CaeBin planta. Therefore a binary Gateway-based plasmid was used which

enables constitutive active expression ofcaeB under the control of the Cauli
ower Mosaic

Virus (CaMV) 35S promoter and also links the green 
uorescence protein (GFP) to the C-

terminus of CaeB. To enable expression of GFP-tagged CaeB,N. benthamianaleaves were

transiently transformed usingAgrobacteria-mediated expression. Two days post in�ltration

the localization of CaeB was analyzed via confocal laser scanning microscopy. In order to

analyze if CaeB co-localizes with the ER, the ER marker ER-mCherry was co-expressed with

GFP-tagged CaeB (Nelson et al., 2007). The ER marker consists of a signal peptide from

25
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the A. thaliana wall-associated receptor kinase 2 (AtWAK2) protein fused to the N-terminal

end of mCherry and an ER retention signal HDEL at the C-terminal end of mCherry (Nelson

et al., 2007). As shown in Figure 2, expression of CaeB resulted in ER localization, indicated

by the reticular and network-like structure and by the co-localization with the ER-mCherry

marker. This demonstrates that CaeB localizes to the ERin planta and supports the results

obtained by Rodr��guez-Escudero et al. (2016) which also demonstrated ER localization of

CaeB in mammalian cells.

Figure 2. CaeB co-localizes with the ER in N. benthamiana . GFP-CaeB and
ER-mCherry were transiently co-expressed inN. benthamiana leaves usingAgrobacteria-
mediated transformation. ER localization of CaeB was imaged under a confocal laser scan-
ning microscope 2 days post in�ltration. The yellow 
uorescence in the merged image in-
dicates co-localization of GFP-CaeB and the ER marker ER-mCherry. Scale bar represents
20µm.
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2.1.1 Localization of CaeB � 23 in N. benthamiana

The protein sequence of CaeB was analyzed with the help of a protein prediction tool to

identify functional domains or sub-cellular targeting sequences within the protein. The pre-

diction based onpredictprotein (www.predictprotein.org) suggested that CaeB harbors one

transmembrane helix in the region of amino acids 12-35 and a non-cleavable signal peptide

consisting of the �rst 23 amino acids. An ER retention signal could not be identi�ed in

the protein sequence of CaeB. To determine if the �rst 23 amino acids of CaeB are neces-

sary for ER localization of the protein, a N-terminal deleted version of CaeB (CaeB�23 )

was generated. For CaeB�23 the N- and C-terminal GFP fusion constructs GFP-CaeB�23

and CaeB�23 -GFP were generated and transiently expressed inN. benthamianaplants using

Agrobacteria-mediated expression.

Loss of the potential signal sequence, including parts of the region with the potential trans-

membrane helix, resulted in loss of ER localization of CaeB (Figure 3). CaeB�23 -GFP

expression led to localization of the protein to the plasma membrane, indicated by the thin

and band-like structure at the cell periphery, and into chloroplasts (Figure 3A). The localiza-

tion to the plasma membrane was veri�ed by co-expression of CaeB�23 -GFP with the plasma

membrane marker PM-mCherry (Nelson et al., 2007). As shown in Figure 3B, co-expression

of PM-mCherry and CaeB�23 -GFP resulted in co-localization of both proteins.

The expression of GFP-CaeB�23 on the other hand resulted in cytoplasmic localization of the

fusion protein and additionally to an accumulation of GFP-CaeB�23 around the chloroplasts

(Figure 3C). Co-expression of the PM-mCherry marker together with GFP-CaeB�23 showed

that GFP-CaeB�23 does not localize to the plasma membrane and instead accumulates in

the cytoplasm as shown in Figure 3D.

Taken together, these data indicate that the �rst 23 amino acids of CaeB are necessary to

facilitate ER localization of the protein in N. benthamiana.
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Figure 3. Sub-cellular localization of CaeB � 23 in N. benthamiana . The proteins
indicated were transiently expressed inN. benthamianaleaves usingAgrobacteria-mediated
transformation and imaged under a confocal laser scanning microscope 2 days post in�ltra-
tion. (A) Localization of CaeB�23 -GFP. The Upper panel shows an overview of a plant cell
and the lower panel a close-up of chloroplasts. CaeB�23 -GFP, chlorophyll auto-
uorescence
and the merged image are shown.(B) Co-localization of CaeB�23 -GFP and PM-mCherry.
The yellow 
uorescence indicates co-localization of GFP-CaeB and the plasma membrane
marker PM-mCherry. (C) Localization of GFP-CaeB�23 . The Upper panel shows an over-
view of a plant cell and the lower panel a close-up of chloroplasts. GFP-CaeB�23 , chlorophyll
auto-
uorescence and the merged image are shown.(D) Co-expression of CaeB�23 -GFP and
the PM-mCherry plasma membrane marker. Scale bars represent 20µm.
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2.2 CaeB-mediated cell death inhibition in planta

2.2.1 Bax-induced cell death

The previous results suggest that CaeB displays the same localization in plant and mam-

malian cells. Therefore, CaeB might display a similar function inN. benthamiana like in

mammalian cells. Thus, the ability of CaeB to suppress cell deathin planta induced by

di�erent stimuli was tested. CaeB was shown to have anti-apoptotic activity in mammalian

cells and to act downstream of Bax activation (Klingenbeck et al., 2013). Bax is a member

of the Bcl-2 family and plays a major role in apoptosis induction in mammalian cells, as

it leads to MOMP (Kalkavan and Green, 2018). Even though Bax does not exist in plants

the expression of mammalian Baxin planta leads to the induction of cell death with similar

features like the HR (Lacomme and Santa Cruz, 1999). The exact mode of action is not

completely understood, but cell death is presumably induced via pore-formation of mito-

chondria (Yoshinaga et al., 2005).

Thus, the ability of CaeB to inhibit Bax-induced cell death inN. benthamianawas analyzed.

The expression of Bax was kept under the control of a dexamethasone (Dex) inducible pro-

moter to avoid immediate induction of cell death and to allow expression of CaeB or AvrPtoB

before. AvrPtoB, a T3SS e�ector protein ofPst, was described before to be able to block

Bax-induced cell death inN. benthamiana (Abramovitch et al., 2003) and was used as a

positive control for this assay. Leaves were in�ltrated withAgrobacteria for the expression

of Bax alone or together with GFP-CaeB or AvrPtoB. Bax expression was induced 1 day

post in�ltration by spraying leaves with a 25µM Dex-solution. As shown in Figure 4A, the

expression of Bax resulted in a rapid and strong induction of cell death as indicated by the

formation of necrotic lesions. As expected, the additional expression of AvrPtoB resulted in

a clear suppression of cell death as there were no phenotypic symptoms visible after 2 days

post Bax induction (Figure 4A). The expression of Bax together with CaeB also resulted in

clear suppression of cell death (Figure 4A), which indicates that CaeB is able to suppress

Bax-induced cell death.
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