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Abstract

Bartonella is a genus of facultative-intracellular bacteria causing a long-lasting intra-erythrocytic bacteremia

in their mammalian reservoir hosts. Clearance of the bacteremia has been described to be mediated by an-

tibodies. The exact clearance mechanism, however, has not been investigated so far. In this work, several

aspects related to the immune response against Bartonella have been studied in more detail, with an empha-

sis on the host’s protective antibody response.

For the manuscript "Neutralizing antibodies protect against murine Bartonella infection by interfering with

erythrocyte adhesion", infection of mice with B. taylorii served as a model for the infection of the natural

reservoir host by Bartonella. Bacteremia clearance kinetics and antibody responses were investigated in

different murine knock-out models. The clearance was observed to be independent of the presence of the

complement or Fc-receptors. An in-vitro erythrocyte adhesion inhibition assay was established, which cor-

related with protection by an immune serum or antibody in vivo and lead to the conclusion that neutralizing

antibodies protect by interfering with the red blood cell attachment of the bacteria. We identified a so far

understudied virulence factor, a predicted autotransporter on the bacterial surface, as a target of the murine

antibody response and suggest that it plays a role in erythrocyte adhesion.

Further experiments investigating the role of T-cells in clearing the bacteremia showed that although the

cytolytic response is negligible, T-help is essential for mounting a protective antibody response and thus

clearance.

Some experiments concerning both, the antibody and the T-cell response upon infection, were additionally

performed using B. birtlesii as a mouse model for Bartonella infection and indicate that the observations

made with B. taylorii are not species specific but seem to be common for lineage 4, if not for all Bartonella

species.

In addition, the vertical transmission of B. taylorii was investigated. The bacterium could be transmitted

from mother to embryo before birth, however, only if the mother had a deficiency in the adaptive immune

system. Immunocompetent offspring cleared the bacteremia after birth, indicating that there is no state of

immunological tolerance induced by transplacental transmission of Bartonella.
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1 Introduction

1.1 The innate immune system

The mammalian immune system is a crucial defense mechanism allowing the host to protect itself against

intruding pathogens of different kind.

When a pathogen passes the natural barriers such as the skin or mucous membranes, it is sensed by the

innate immune system, which can trigger the first inflammatory response. The adaptive immune system can

then provide a specific response in order to clear the infection.

The cells of the innate immune system react to stimuli provided by the pathogen, but not the host, in a non-

antigen specific manner [1]. These stimuli are called pathogen-associated molecular patterns (PAMPs) such

as lipopolysaccharide (LPS) from bacterial cell walls or CpG [2]. Those PAMPs are sensed by germline-

encoded pattern-recognition receptors (PRRs). PRRs are expressed by e.g. macrophages, dendritic cells

(DCs), mast cells, neutrophils, eosinophils and natural killer (NK) cells [3, 4] and can be present on cell

membranes, intracellularly or be secreted into different body fluids [5]. One of the most famous PRRs is the

Toll-like receptor 4 (TLR4), which is able to sense LPS [6].

Examples for secreted PRRs are serum amyloid protein or C-reactive protein, which can activate the com-

plement cascade via C1q [7]. The complement is a complex protein cascade triggering phagocytosis via the

opsonizing activity of C3b, further recruitment of macrophages and neutrophils and rupture of bacterial cell

walls by formation of the membrane attack complex [8] (see also 1.2.2.2).

Besides pathogen related molecules, PRRs can also sense molecules that are released by the host’s own cells

upon damage, unscheduled cell death or pathogen invasion. Those molecules are called damage-associated

molecular patterns (DAMPs) [4, 9].

Upon stimulation via PRRs, innate immune cells usually react with a fast pro-inflammatory cytokine re-

sponse. Subsequently antigen-presenting cells such as DCs upregulate costimulatory molecules in order to

activate the adaptive immune system [3].

1.2 The adaptive immune system

The adaptive immune system does not sense general PAMPs, but rather relies on recognizing specific anti-

gens. It can thus provide a specific response against a pathogen.

Lymphocytes differentiate during haemaotpoiesis from a common lymphoid progenitor. Lymphocytes in-

clude natural killer cells, which belong to the innate immune system, B- (bone marrow- or bursa- derived

cells) and T-cells (thymus derived cells). B- and T-cells are the main players in the adaptive immunity.

T-cells can be either cytolytic T-cells, which are responsible for the cell-mediated immune response, or T-

helper cells, which can provide signals to B-cells. B-cells produce protective antibodies upon activation,
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forming the humoral immune response. Upon activation, both, B- and T-cells, can undergo expansion and

can differentiate into effector or memory cells. Effector cells provide the immediate function of the cell

type in order to eliminate the pathogen. Memory cells patrol peripheral tissues in order to provide a faster

response upon re-encounter of the pathogen and can lead to up to life-long protection from reinfections.

1.2.1 T-cell mediated immunity

As mentioned, T-cells are divided into two major classes: cytotoxic and helper cells. CD8+ T-cells usually

differentiate into cytotoxic T-cells and their T-cell receptor (TCR) binds to peptides presented on major his-

tocompatibiliy complex (MHC) I by nucleated cells. CD4+ T-cells, usually serving as T-helper cells, are

restricted by MHCII on professional antigen presenting cells (APCs). Both groups of T-cells undergo clonal

expansion upon activation and are able to form memory cells. Cytotoxic T-cells may induce programmed

cell death in infected or cancerogeneous cells of the host. They do so by expressing Fas ligand or by releas-

ing granules. Fas ligand can directly interact with the Fas receptor on the target cell, inducing apoptosis.

The granules contain perforin, which forms pores in the target membranes, and granzymes, which are serin

proteases that can enter through those pores and activate caspases in order to induce apoptosis. Cytotoxic

T-cells are mostly involved in eliminating virus infected host cells e.g. during influenza or vaccinia virus

infection. In order to maintain a long lasting memory response, cytotoxic T-cells need to interact with CD4+

T-helper cells [10].

Besides providing help to cytotoxic T-cells, T-helper cells can also interact with B-cells in order to promote

the antibody response against a pathogen and induce class-switch to other antibody types. CD4+ T-helper

(Th) cells can be classified into different lineages, depending on their morphology, the expression pattern

of certain transcription factors, the cytokines they produce and the immunological program they promote

(reviewed in [10, 11]). Often a particular subset of Th effector cells can help to eliminate certain types of

pathogens but deregulation is often involved in severe unwanted inflammatory diseases.

Th1 cells are characterized by their expression of the transcription factor T-bet. They produce mostly IFNγ,

TNFα and TNFβ and promote cytolytic immune responses. Thus, a Th1 response is mostly involved in

infections with obligatory intracellular pathogens such as Leishmania [12], Salmonella [13], Listeria [14],

influenza A [15] or vaccinia virus [16]. Th1 cells may also activate infected macrophages and provide help

to B-cells, promoting the production of IgG2a or IgG2c in mice.

Th2 cells on the other hand promote antibody class switch towards IgG1 and IgE, express the transcription

factor GATA-3 and produce IL-4. Th2 cells promote an immune response against extracellular pathogens

and infections of mucosal tissues by supporting high antibody titers in order to neutralize the intruders.

Pathogens causing a classical Th2 response are helminthes and nematodes.

Th17 cells, as the name indicates, produce IL-17, but also IL-21 and IL-22. They express ROR-γt and share

features with both Th1 and Th2. It is believed that a Th17 response is triggered by certain infections caused

by fungi, Klebsiella [17], Citrobacter rodentium [18], Borrelia and Mycobacterium tuberculosis [19]. Th17

cells are reportedly necessary for their clearance. Th17 cells enhance the response of neutrophils and pro-

mote integrity of the natural barriers such as skin or intestine.

T follicular helper cells (Tfh) are present in the B-cell zones and promote high-affinity antibody production

and the formation of memory B-cells. Tfh express high levels of CXCR5 and the cytokines IL-10 and IL-21.
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Apart from to the so far mentioned T-helper cells, there is another category of CD4 T-cells: regulatory T-cells

(Treg). Tregs do not promote a pro-inflammatory response but rather secrete anti-inflammatory molecules

such as IL-10 and TGF-β and mediate immune homeostasis and self-tolerance. Treg cells may suppress the

action of other T-cell subsets.

The T-cell groups described so far are termed "classical T-cells". They recognize peptide antigens pre-

sented on MHCI or II. Sensing of presented antigen is the first signal for the T-cell to become activated.

Signal two is provided by costimulatory molecules, namely CD80 and CD86, on the surface of the APC

interacting with CD28 on the T-cell. The third signal are cytokines sensed by the T-cell. The third signal is

a crucial factor determining into which lineage the cell will differentiate.

There are however T-cells that do not fit the classical picture and are often called "non-classical" or "un-

conventional T-cells", mostly because they do not sense protein antigens presented on MHC molecules.

However, the more is known about those non-classical cells, the more they seem to play the same roles as

conventional ones [20].

One group of non-peptide restricted T-cells are CD1 restricted T-cells. The antigen presenting molecules

of the CD1 family (in mice there is only one isoform CD1d) can present lipids. Amongst CD1d-restricted

T-cells are invariant natural killer T (iNKT) cells reacting towards α-galactosylceramide, which is produced

by a large group of bacteria. Similar to PRRs, they recognize conserved molecules produced by pathogens

which is why they are also called innate-like T-cells. Whereas classical T-cells express highly variable

TCRs, iNKT-cells express an invariant TCR. They harbor a conserved TCR Vα chain and use only a lim-

ited number of Vβ chains to form their TCR. However, more adaptive-like CD1d-restricted T-cells have

been described. iNKT cells may secrete cytokines mimicking classical T-helper subsets as IL-4 or IFNγ

[21, 22]. Since mice lacking iNKT-cells are more susceptible to microbial infections, an important role for

CD1d-restricted T-cells in those infections has been suggested (CD1d antigen presentation and the biology

of CD1-restricted T-cells have been reviewed in [20, 23, 24]).

Mucosal-associated invariant T (MAIT) cells are a second group of non-peptide reactive T-cells. MAIT cells

recognize bacterial metabolites from riboflavin synthesis presented on the MHCI-related molecule 1 (MR1)

[25]. In humans, there is a third group of cells expressing a fixed γδTCR and reacting towards metabolites

from the mevalonate pathway. Similar to iNKT-cells, MAIT cells express a semi-variant TCR. Amongst

other implications, MR1-restricted T-cells have been reported to have anti-microbial effects during infec-

tion in humans and mice [26, 27, 28] (the immunbiology of MR1-restricted T-cells has been reviewed in

[20, 23, 24]). MAIT cells are believed to act in an innate manner by secreting pro-inflammatory cytokines

[24] and are by that able to provide help to B-cells and promote antibody production [29].

1.2.2 Antibody-mediated immunity

The first proof of the importance of protection by antibodies was provided in Behring’s famous experiment.

A passive serum transfer from tetanus infected to healthy animals resulted in protection of the recipients

[30]. Today even more is known about the role of antibodies in protecting from infections and there are

more and more monoclonal antibodies used in clinics as therapeutics.

Antibodies or immunoglobulins (Ig) are proteins produced by activated B-cells. They can exist as membrane
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Figure 1.1: Schematic overview of antibody structure and function. An antibody consists of two heavy
(dark green) and light chains (light green) forming its characteristic "Y"-shape. The variable
(V) and constant (C) regions of heavy (H) and light (L) chain, aswell as Fab- and Fc-fragments
are labeled. The antigen binding site (red) is located at the N-terminus. Sulfide bridges are
marked as black lines. Upon binding of the antigen, antibodies can mediate effector functions
in order to eliminate the pathogen (blue). They can cause activation of the complement via C1q
(left) or bind Fc-receptors (middle) and mediate functions such as antibody-dependent cellular
cytotoxicity and antibody-dependent cellular phagocytosis. Antibodies can also inactivate the
pathogen by neutralization (right). Antibody effector mechanisms will be discussed in more
detail in 1.2.2.2.

bound isoforms on the cell surface or they can be secreted. Antibodies are present in the serum, body fluids

and tissues. Depending on the isotype, antibodies can exist as monomers or multimers.

1.2.2.1 Antibody structure and isotypes

Antibodies consist of four peptide chains, two heavy and two light chains, forming a characteristic "Y"-

shape (see figure 1.1). Two domains called antigen-binding fragment (Fab) form the "arms" and one so-

called crystallizable fragment (Fc) or constant (C) region constitutes the "stem". The Fab region confers

the binding to the antigen and the Fc domain may drive antibody effector functions. For both, heavy and

light chain, the N-terminal variable (V) region is localized on the tip of the Fab. The V region contains

hypervariable complementary-determining regions (CDRs), giving the actual antigen binding capacity. The

hypervariable regions are flanked by less variable framework regions (FRs). During development, B-cells

undergo the so-called V(D)J recombination for heavy and light chains in order to produce an antibody with
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Figure 1.2: V(D)J recombination, class-switch reaction (CSR) and somatic hyper mutation (SHM): A)
Schematic overview of the genetic organization of the murine Ig heavy chain locus. One of the
12 D segments (purple) arranges with one of the 4 J (yellow) segments in order to then recombine
with one of the V segments (orange). The transcriptional regulator Eµ is shown in gray. B) After
V(D)J recombination the heavy chain can undergo SHM in the blue highlighted region or CSR
in the green highlighted region. The first constant (C in red) segment present is expressed. The
first one is naturally Cµ encoding for IgM. In an AID dependent reaction, this or more segments
can be removed in order to allow expression of one of the other C fragments, α encoding for
IgA, γ for IgG, ε for IgE and δ for IgD. Segments between two S (switch) regions (green) are
removed. In this example CSR is mediating a switch from IgM to IgA. Scheme adapted from
[31].
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a unique variable region for antigen binding. On the DNA level one of the existing D (diversity) segments

binds one of the J (joint) regions to then recombine with one of the V segments in intrachromosomal re-

combination reactions (figure 1.2). Binding and cleavage of these specific DNA segments is mediated by

the enzymes RAG1 and RAG2. Imprecise end joining between the segments guarantees further variability.

There are two gene families which can do a V(D)J reombination for the light chain: the κ and the λ family.

This again increases the variability. (V(D)J recombination has been reviewed in [31, 32, 33]).

Within the germinal center, the genes encoding for an antibody can undergo further modification. During

somatic hypermutation (SHM), there is massive accumulation of point mutations within the V region, allow-

ing to explore new binding sites with improved affinity. The first antibody expressed by a B-cell is IgM. The

heavy chain locus can then undergo class-switch recombination (CSR) resulting in a switch to a different

antibody isotype such as IgA or IgG. Different C segments encoding for different Ig isotypes are arranged in

a row with the first one being expressed. In an intrachromosomal recombination event, regions between the

switch regions are removed resulting in the expression of a new C segment (see figure 1.2). The CSR can

be triggered by direct T-help via the interaction of CD40 on the B-cell with its ligand CD40L on the T-cell

[34] or in a T-cell independent manner via the CD40L-related factors BAFF and APRIL, which are secreted

by APCs and can bind receptors on the B-cell [35]. The CSR changes the isotype of the antibody without

changing its specificity (SHM and CSR have been reviewed in [31]). Both reactions, SHM and CSR, are

dependent on the enzyme activation-induced cytidine deaminase (AID) [36].

IgM, the first antibody class expressed, is a pentamer. This allows enhanced avidity due to multi-site bind-

ing even when the binding affinity is weak [37]. IgM is further able to activate the complement [38, 39].

IgD can be expressed by alternative splicing from the same mRNA as IgM [40] but there is also evidence

that there can be a CSR towards IgD expression [41]. Membrane bound IgM and IgD (mIgM and mIgD)

are part of the B-cell receptor. In the bone marrow after successful V(D)J recombination B-cells acquire

mIgM and upon leaving the bone marrow also mIgD. Mature B-cells downregulate mIgD [42]. IgD exists

in a secreted form but was until recently believed to be irrelevant for the humoral immune response [43].

However, IgD seems to be able to replace IgM function in an IgM -/- mouse model [44], is suggested to

play an important role in bacterial control in mucosal tissues and can bind to basophils [45, 46]. IgA can

be present in the serum as a monomer or secreted into mucosal tissues as a dimer. IgA is reported to have

important function in the maintenance of commensal bacteria but also has been correlated with protective

functions in local infections [47]. IgE is protective in helminth infection and interacts with mast cells via

its own Fc-receptor FcεRI [48]. IgG is the most abundant isotype in the serum and has a well described

function in anti-pathogen control. IgG can be divided into further subclasses, in mice namely IgG1, IgG2a

or c, IgG2b and IgG3, which have different properties in binding receptors, activating complement or in

general in their effector functions.

1.2.2.2 Mechanisms of antibody effector functions

Binding of the antigen by an antibody can have several outcomes. As shown in figure 1.1, antibodies can

either neutralize the pathogen or mediate downstream effector mechanisms. The Fc domain can activate the

complement cascade or bind receptors and mediate phagocytosis, cellular toxicity or modulate the immune

response. The quality and magnitude of the effector mechanism can be influenced by the stoichiometry
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between antigen and Fab domain [49], the size of the immune complex [50] and antigen:antibody ratio

[49, 51].

One example of receptors bound by antigen-antibody complexes are Fc-receptors (FcRs). Four different

classes of FcRs binding IgG, called FcγRI - FcγRIV, have been described in mice. FcγRI, III and IV

are activating receptors with only FcγRI being a high affinity receptor. The others show low to medium

affinity for the ligand. FcγRI is believed to be activated by receptor crosslinking upon binding of immuno-

complexes. Low affinity receptors avoid binding of always present non-antigen-bound antibodies in the

surroundings. Binding of FcγRIIB results in inhibitory signaling. FcγRs are commonly expressed by cells

of the hematopoetic system. Innate immune cells such as macrophages, monocytes, DCs and others express

activating and inhibitory receptors. NK cells are reported to express only activating FcγRs. B-cells only

express FcγRIIB. FcγRs differ in their ability to bind IgG subtypes. FcγRI binds IgG2, FcγRII and III bind

IgG1 and 2. FcγRIV only binds IgG2. Mouse IgG3, however, has been reported to interact only weakly

with FcγRs (FcγR-antibody interaction have been reviewed in [52, 53, 54]).

Besides FcγRs, there are other receptors binding antibodies such as FcRn and the polymeric Ig receptor,

which are reported to transport Igs across membranes or the placenta [55, 56]. Intracellular sensing of anti-

gen bound antibodies is mediated by the FcR TRIM21 [57]. C-type lectin receptors such as the complement

initiators C1q and mannose-binding lectin (MBL) are also binding the Fc domain.

The following effector functions can be mediated by receptor binding of an antigen-antibody complex:

antibody-dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis and complement activa-

tion. Other important functions of antibodies independent of antibody receptors are neutralization and viral

release inhibition. During the latter, viral particles are trapped on the cell surface by protective antibodies,

which prevents budding of the newly formed viruses. This release inhibition has been shown for example

for influenza virus [58, 59], Marburg virus [60] and LCMV (Mehmet Sahin, manuscript in preparation).

Antibody-dependent cellular cytotoxicity (ADCC)
ADCC describes the killing of a target cell, e.g. an infected cell or a tumor cell, by NK cells via the release

of perforin and granzymes. Macrophages, DCs, neutrophils and others have also been described to act as

effector cells in ADCC. In general, the process is triggered by crosslinking of FcγRIII on the cell surface

(reviewed in [61, 62]).

ADCC has been reported to be an important mechanism for the control of different pathogens by the immune

system such as HIV [63, 64, 65], influenza [66], Plasmodium [67, 68], Chlamydia [69] and tuberculosis [70].

Antibody-dependent cellular phagocytosis (ADCP)
ADCP or opsonophagocytosis can be triggered by FcR or complement receptor binding and is mostly per-

formed by macrophages, monocytes and DCs but also by granulocytes. Antibody-opsonized targets are

taken up by the endocytic pathway followed by rapid trafficking to lysosomes and degradation. ADCP al-

lows directed antigen presentation after degradation and may be accompanied with reactive oxygen species

production, the secretion cytokines or antimicrobial peptides (reviewed in [61]). Antibody-controlled traf-

ficking of bacteria via opsonophagocytosis has been shown to be protective against the pathogens Legionella

and Salmonella [61, 71, 72]. However, this uptake mechanism can also be hijacked by intruding pathogens.

For example Leishmania opsonization enhances infectivity in vitro (personal communication with Fabienne
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Tacchini-Cottier) and it could be shown that this organism uses ADCP to modulate the host’s immune sys-

tem in its favour [73, 74, 75].

Antibody-mediated complement activation
The complement consists of several proteins present in the blood and is part of the innate immune system.

The complement cascade can be activated via C1q (classical pathway), MBL (lectin pathway) and the al-

ternative pathway that is independent of those two. It is important to note that the complement can also

be activated in a non-antibody dependent manner, for example by the sensing of PAMPs. All complement

activation pathways are integrated in the same cascade lading to cleavage of C3. A schematic overview of

the complement fighting a microbe is given in figure 1.3.

IgM as a pentamer can activate C1q after undergoing a conformational change upon antigen binding. The

Fc-regions of IgG promote hexamer formation, which allows interaction with C1q [76]. Murine IgG1 is

reported to activate the complement exclusively via the alternative pathway whereas IgG2 activates both the

classical and the alternative one [38]. Upon binding, C1q becomes active and cleaves C2 and C4 which then

form a C3 processing enzyme, the C3 convertase, in close proximity to the C1q complex. C3b, cleavage

product of C3, binds the C3 convertase forming the C5 convertase. This allows cleavage of C5 into C5a and

C5b. C5b recruits the other components of the membrane attack complex (MAC), named C6 through C9.

The MAC is able to destroy target cells of eukaryotic or Gram-negative bacterial origin. During the cascade,

several side-product peptides are produced that can recruit immune cells or generally mediate the immune

response. Further, complement components bound to pathogens can have opsonizing function. Binding of

immune complexes coated with complement to antigen-specific B-cells increases B-cell receptor signaling

and with that promotes survival of the cell (reviewed in [77, 78]).

The importance of complement activation by antibody-antigen complexes has been observed in several in-

fectious diseases. Complement-dependent effector mechanisms are crucial for the protective function of

antibodies against influenza [79], West Nile Virus [80], vaccinia virus [81] or Plasmodium [82]. In patients

who receive a therapeutic monoclonal antibody targeting the final stages of complement activation, elevated

risks of bacterial infections are a reported side effect [83]. Deficiencies in the classical complement pathway

are associated with increased infections by Streptococcus, Neisseria, Haemophilus and other encapsulated

bacteria [84].

Neutralization
Neutralizing antibodies (nAbs) can target the entry or replication of pathogens but also directly target their

released toxins or virulence factors. Prevention of cell entry may happen by interfering with the binding of

the pathogen to its corresponding receptor. This functionality is usually quantified using an in-vitro neutral-

ization assay. In viral infections, the presence of nAbs is in many cases a good - if not the best - correlate for

protection. In HIV infections, many patients develop neutralizing antibody responses, however viral escape

mutants emerge under the selective pressure of this response [86]. A smaller fraction of HIV patients mount

so-called broadly neutralizing antibodies (bnAbs). bnAbs target conserved regions of several virus subtypes

and are explored for the development of vaccine strategies [87]. Using the macaque model, infusion of HIV

nAbs [88, 89, 90] and bnAbs [91, 92] have been shown to protect against the infection. It has further been

suggested that bnAbs may act in a purely neutralizing and Fc-receptor- and complement-independent man-
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Figure 1.3: Overview over the antimicrobial action by the complement cascade. Three pathways can ac-
tivate the C3 convertase: the alternative pathway, the classical pathway with an antigen-antibody
complex activating C1q and the lectin pathway. Upon C3 cleavage by the C3 convertase, C3b
is deposited on the pathogen membrane and the C5 convertase is formed. Upon C5 cleavage,
C5b recruits C6-C9 in order to from the membrane attack complex (MAC) leading to lysis of
the pathogen (scheme adapted from [85]).
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ner against HIV [93]. The protective function of bnAbs has also been described for other viruses such as

hepatitis C [94] and Zika Virus [95]. nAbs preventing host cell entry or attachment have been also described

for non-viral pathogens such as Plasmodium [96, 97] and Streptococcus [98]. However, nAbs can also be

protective by intra-cellular effector mechanisms such as inhibiting adenoviral uncoating [99], inhibition of

viral transcription [100], replication [101] or the transport of viral DNA into the nucleus [102]. For Listera

and Anaplasma, nAbs have been reported to inhibit intracellular replication [103, 104]. nAbs have been

further described to be able to prevent staphylococcal biofilm formation [105]. In fungal infections, nAbs

can inhibit cell budding and with that fungal growth [106].

As already mentioned, nAbs do not have to bind an antigen inside or on the surface of pathogens but can

also neutralize secreted toxins or virulence factors. A neutralizing antibody against Shiga toxin was shown

to prevent the toxin from reaching the cytosol and to promote its release from the cell [107]. Neutralizing

antibodies targeting the anthrax toxin are used in clinics [108, 109].

Even though for many pathogens there appears to be one antibody effector mechanism which is the most

important one for clearing this specific infection, one can imagine that in a normal immunocompetent host

an antibody bound to its antigen will activate the complement and FcR mediated function. Neutralization

is probably the only mechanism in which simple binding to the pathogen might not be sufficient but the

right antigen needs to be targeted in order to provide protection. Often a combination of antibody effector

mechanisms might be necessary in order to clear the infection. In other cases, different antibody effector

mechanisms might be redundant.

1.3 The genus Bartonella

1.3.1 The life cycle of Bartonella and their host specificity

Bartonellae are Gram-negative, facultative-intracellular α-proteobacteria with at least 45 different species

described so far [110]. The phylogeny of Bartonella can be divided into four distinct lineages with the

human pathogens B. ancashensis and B. bacilliformis forming lineage 1 and a group of ruminant infecting

species forming lineage 2. Lineage 3 and 4 in parallel underwent adaptive radiation, which lead to them

becoming the lineages with the most species. Lineage 4 species, as B. birtlesii, B. quintana and B. taylorii

used in this study, harbor a VirB/VirD4 and a Trw type 4 secretion system (T4SS) (virulence factors will

be discussed in 1.3.3) [111, 112]. One hallmark of Bartonella species is their host specificity. Each species

infects only one or a group of closely related mammalian reservoir host species in which they establish a

persistent intra-erythrocytic bacteremia [113].

Bartonellae are transmitted between mammals via blood-sucking arthropod vectors, most dominantly fleas,

but also sandflies, body lice and potentially ticks [113, 114, 115]. Since Bartonella species have been

repeatedly detected in the feces or shown to replicate within the midgut of their vector [116, 117, 118, 119,

120, 121] it is believed that they are deposited on the host’s skin with the contaminated feces and then

enter the dermis through scratching [113, 117]. However, also direct transmission via oral shedding into the

salivary and bites has been reported [122, 123].

After entering the dermis, it is believed that Bartonella travels within the lymphatic vessels to reach a so-
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called primary niche where the bacteria replicate before seeding into the blood stream. First evidence for

this was an intra-venous rat infection model using B. tribocorum where bacteremia appeared only 3 days

post infection leading to the hypothesis that a primary replication niche must be present before erythrocyte

infection may occur [124]. Because of their tropism for endothelial cells, those were suggested to be the

primary site of replication [124, 125]. Later, in-vitro infection of DCs and an importance of migratory

cells during the early stage of infection was shown [126] leading to the hypothesis that upon entry into

the dermis, the bacteria are brought to their replication site by hijacking migratory DCs [113, 126]. This

is further supported by the fact that Bartonella are often found in lymph nodes of infected patients [127]

and that they can be found there 6 h after experimental mouse infection [128]. A schematic overview of

this suggested life cycle is shown in figure 1.4. However, also an extra-cellular route within the lymphatic

vessels and subsequent drainage into the blood stream were proposed since bacteria could be detected extra-

cellularily in the lymph of experimentally infected rats and appeared to inhibit their own phagocytosis [129].

More experiments will be necessary in order to clarify how Bartonella travels from the dermis to the blood

stream and of which nature the primary niche or first replication site is.

More is known about the whereabouts of Bartonella in the blood stream. Once in the blood, the bacteria

usually cause a long-lasting intra-erythrocytic bacteremia and can be taken up by a new arthropod vector

during a blood meal. It is assumed that Bartonella species of lineage 4, being non-haemolytic, cannot spread

from one erythrocyte to another [124]. In experimental conditions, the bacteremia lasts approximately 10

weeks, depending on the strain and the host species [124, 130, 131, 132, 133, 134].

The high host specificity of Bartonellae cannot be explained by the feeding restrictions of the arthropod

vector. An intra-erythrocytic bacteremia could only be experimentally achieved when infecting the natural

reservoir host [111, 124, 127, 130, 135, 136, 137, 138, 139]. The high host specificity might however be

explainable by the multi step infection cycle where several interactions with the host need to be fine tuned.

Improper immune modulation has been proposed as a reason for failed infection of non-reservoir hosts

[127]. Additionally, the adhesion towards and invasion of erythrocytes has been reported to be species-

specific. The molecules on the bacterial surface facilitating the adhesion towards red blood cells, namely

the Trw type 4 secretion system (discussed in 1.3.3), determine the ability to colonize erythrocyte of the

right reservoir host and seem to restrict the bacteria to the corresponding host [140].

1.3.2 Epidemiology and clinical picture

The prevalence of Bartonella species in wild animals and pets is very high all over the planet. In one study

100 % of wild deers tested in California and France were infected with Bartonella [141]. The overall preva-

lence in wild rodents in central Europe was reported to be 64.8 % [142]. Also human pets such as cats

and dogs have been reported to be important reservoirs, especially for B. henselase, the agent of cat scratch

disease (CSD) [143]. Recently 11 out of 12 cats in Southern Germany were shown to be PCR positive for

Bartonella even though only a small fraction of those cats were actually bacteremic [144]. In stray cats

the prevalence of bacteremia was reported to be 53 % [145]. However, besides wild life and domesticated

animals, Bartonella species have been also described in bats [146], a beluga whale [147], bees [148] and

others. Also co-infections with several Bartonella species at the same time have been reported [149].

When looking at Bartonella infections in humans, they can appear as a zoonosis, with the patient being an

17



Figure 1.4: Suggested life cycle of Bartonella. Bacteria are transmitted via the flea feces onto the host’s
skin (a) and enter the dermis by scratching. Afterward they most likely travel with the lymph,
hijacking DCs or other migratory cells (b) or passively in an extra-cellular state. After suggested
replication within endothelial cells (c) they are able to infect erythrocytes (d) where they replicate
(e), persist (f) and can be taken up during the next blood meal of a new arthropod vector. Graphic
taken from [127].

incidental host, or can be caused by species infecting humans as their natural reservoir host. B. bacilliformis

belongs to the latter group and causes Oroya fever and Carrion’s Disease, an emerging health problem in

Peru [150, 151, 152] that has been reported to spread towards Columbia and Ecuador [153, 154]. About 0.5

% of people in endemic regions show asymptomatic infection with an incidence of 12.7 % [155]. However,

an even more widespread subclinical infection rate has been suggested [152, 156]. Oroya fever presents the

acute phase of the infection. It can be mild but up to fatal and presents itself with anemia or more unspecific

symptoms such as fever, malaise or headache. The chronic phase may occur without previous experience

of Oroya fever. It is known as the Perruvian wart, a nodular skin lesion, or Carrion’s Disease, a sudden

profound heamolytic anemia [152].

B. quintana of lineage 4 is also infecting humans as its natural host. It is the agent of trench fever, which

had historical implications for Napoleon’s army and among the French army during World War I [157, 158].

More recently, it reemerged as urban trench fever associated with immune suppression, e.g. HIV infection,

or poor hygiene conditions, e.g. homelessness [159, 160]. Up to 14 % of homeless people in Marseille,

France, have been reported to be bacteremic [161]. Trench fever or 5-day fever in immunocompetent pa-

tients is usually accompanied with long-lasting bacteremia, periodic peaks of fever, headache or bone pain.

However, the symptoms might vary with the patient [158, 162, 163]. In immunocompromised individuals

B. quintana can further cause bacillary angiomatosis, a vasoproliferative tumor that can be found mostly

in skin or liver [164, 165]. The skin lesion seems to be very similar if not the same as the Perruvian wart

described for B. bacilliformis [166, 167].
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The most common zoonotic pathogen amongst the genus Bartonella is B. henselae, the agent of catch

scratch disease (CSD). However, other species have been associated with human pathology such as cul-

ture negative endocarditis or CSD, for example B. clarridgeiae, B. grahamii, B. vinsonii and B. elizabethae

[168, 169, 170]. In immunocompromised patients, infection with B. henselae can also cause the described

bacillary angiomatosis like in the case of B. quintana. However in immunocompetent patient the asso-

ciated pathology is CSD, a usually benign, self-limiting lymphadenitis, which may be accompanied with

mild fever, headache and malaise [171]. CSD may however progress to present itself with more systemic

and severe symptoms such as arthritis, osteomyelitis, and numerous other, often atypical, manifestations

[152, 172]. About 40.000 cases of CSD, mostly in children and young adults, are reported in the U.S. an-

nually with approximately 2.000 hospitalizations [173], making CSD the most common disease associated

with Bartonella infection [127].

1.3.3 Virulence factors in the mammalian host

Bartonellae evolved several important virulence factors allowing them to successfully colonize their specific

host but also to avoid or even modulate its immune response. One example for their ability to avoid immune

recognition is their LPS. Instead of activating TLR-4, the PRR which would normally sense LPS and then

lead to immune activation and cytokine secretion, B. quintana LPS acts as a potent TLR-4 antagonist,

suppressing this proinflammatory pathway [174, 175]. B. henselae LPS was also shown to lack TLR-4-

activating properties because of its chemical modifications [176]. Further, no antibodies against the LPS of

B. henselae could be detected in its natural host, the cat [177].

One group of genes found to be essential for erythrocyte infection are hemin binding and hemin uptake

proteins [178, 179], which allow the bacteria to process hemin from their environment, namely the flea gut

and the blood stream. Bartonellae are not able to produce hemin themselves [180]. A more recent study

suggests that hemin binding proteins can also help to protect from hemin-induced toxicity [181]. Other

very important protein complexes of lineage 4, which lacks flagella as usually important virulence factors

in bacteria [127], are bacterial autotransporters, the VirB/D4 and the Trw type 4 secretion system (T4SS)

which will be discussed in more detail.

1.3.3.1 Trimeric autotransporter adhesins - host cell adhesion and antigenic variation

Amongst Gram-negative bacteria, trimeric autotransporter adhesins (TAAs) are common virulence factors

mediating adhesion to host proteins on cell surfaces or in the extracellular matrix (ECM) [182]. The best

described TAA is YadA from Yersinia, which has been shown to be essential for infection [183] because of

its ability to bind to ECM proteins [183, 184, 185]. Another prominent TAA is NadA of Neisseria, which is

crucial for the adhesion to and the invasion of epithelial cells [186].

In Bartonella, two main TAAs have been studied in detail: Bartonella adhesin A (BadA) of B. henselae

[187] and and the variably expressed outer membrane proteins (Vomp) family of B. quintana [188]. How-

ever, TAA genes have been found in most Bartonella species [189, 190, 191]. Both, BadA and Vomps,

have been shown to mediate attachment to the ECM and endothelial cells under conditions mimicking the

bloodstream [192].
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BadA of B. henselae is a huge protein with over 3000 amino acids, which is present in the outer mem-

brane of the bacterium and shares homologous domains with YadA. Besides being responsible for binding

collagen, fibronectin and laminin of the ECM and endothelial cells, most likely via β1-integrins, BadA was

also reported to prevent phagocytosis in macrophages. Further, BadA mediates the induction of proangio-

genic host factors such as hypoxia-induced factor HIF-1 [187]. Whereas the neck-stalk region of BadA is

suggested to bind to fibronectin, the head domain of BadA is responsible for cell adhesion and the angio-

genic reprogramming, namely the induction of HIF-1, vascular endothelial growth factor VEGF and IL-8

[193]. HIF-1 induction was also found in biopsies from B. henselae lesions in patients. The BadA dependent

HIF-1 induction was suggested to be upstream of the VEGF upregulation and to be responsible for increased

oxygen consumption, cellular hypoxia and decreased ATP levels in the host cell [194]. Infection on its own

may cause hypoxia due to higher consumption of oxygen. It is speculated that in addition the increased lev-

els of HIF-1 caused by BadA together with inhibition of apoptosis in endothelial cells (see 1.3.3.3) explains

the proangiogenic effect of Bartonella, which may in the end lead to bacillary angiomatosis [191]. This

proangiogenic surrounding might promote Bartonella colonization of the host, since they strongly depend

on hemin as a nutrient [113]. Recent findings suggest a strong role of BadA expression levels on the infec-

tivity of the murine lineage 4 strain B. taylorii during experimental in-vitro infection (unpublished results

by Katja Fromm).

The Vomp proteins of B. quintana are closely related to BadA and also mediate collagen binding. In a

rhesus macaque infection model a genomic rearrangement of the vomp locus, containing tandemly-arranged

copies of closely related vomp genes, has been observed during infection. This rearrangement was also

observed in direct isolates from human patients [188]. The deletion of the entire vomp locus in B. quintana

causes a loss of infectivity [195]. Also TAA defficient mutants of other Bartonella strains were no longer

infectious in vivo [140, 179]. Several findings indicate that TAAs such as BadA and Vomps are highly

immunogenic in the mammalian host [187, 190, 196, 197]. This may suggest that this rearrangement of

the vomp locus and in general the modular, repetitive arrangement of TAA genes in Bartonella, allowing

intragenic recombinations and phase variations, are immune evasion strategies [182, 188].

1.3.3.2 Other autotransporters - potential virulence factors in adhesion and beyond

Besides TAAs, Bartonella species also harbor other autotransporters belonging to the type V secretion sys-

tems. Some of them have been found to be essential for the infection of the natural host [140, 179]. One

clade of these autotransporters was shown to be upregulated during in-vitro infection and thus termed in-

ducible Bartonella autotransporters (Iba) [198, 199].

Little is known about the role of Ibas or similar autotransporters and their role during Bartonella pathogenic-

ity. In general, autotransporters of Gram-negative bacteria harbor a N-terminal passenger domain and a C-

terminal β-barrel domain. While the C-terminal domain is the anchor in the outer membrane, the N-terminal

region plays a role in the bacterial virulence (reviewed in [200, 201]). Autotransporters have been described

as important virulence factors amongst various bacterial pathogens, however, their role in infection remains

often enigmatic. Suggested roles for autotransporters are mediation of adhesion to host cells [201], such

as YapE of Yersinia [202], cleavage of host antibodies bound to the pathogen [203] and the degradation of
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hemoglobin to allow heme uptake [204].

Within the genus Bartonella, two Ibas have been studied in some detail. B. henselae harbors a CAMP-like

factor autotransporter (Cfa) which was identified as a cohemolysin [205]. The acidic repeat protein (Arp) of

the same species has been discovered because of its high immunogenicity in CSD patients while showing no

cross-reactivity with antibodies against other pathogens. However, no function was so far assigned to this

protein [206]. Preliminary data suggests that Ibas are also upregulated during the infection of the natural

host and that a mutant lacking the Arp homolog in B. tribocorum fails to establish bacteremia (unpublished

results by Anja Seubert).

Bartonella autotransporters including Ibas are important virulence factors. Exploring their functions in the

future will give more insight into the virulence strategy of this genus.

1.3.3.3 The VirB/D4 T4SS and secreted Bartonella effector proteins

Protein transfer into host cells via a type 4 secretion system evolved from DNA conjugation machineries

[207]. T4SSs are common virulence factors found in many bacterial species, for example in Helicobacter

pylori [208]. Bartonellae of lineages 3 and 4 harbor a VirB/D4 T4SS, which is homologous to the ones

from Rhizobium radiobacter (Agrobacterium tumefaciens) [111]. This protein complex contains 12 proteins

(nomenclated according to their homologous T4SS, VirB1-11 and and VirD4) and spans the inner and outer

membrane. It consists of a scaffold forming the translocation channel, a core complex and a pilus responsible

for the actual substrate translocation. VirD4 serves as the coupling protein (reviewed in [209]). However,

the main mechanism of substrate translocation remains unclear [127]. The putative tip of the Bartonella

VirB/D4 T4SS, VirB5, has been described as highly immunogenic [210].

The VirB/D4 T4SS is essential for successful colonization of the host [140, 179]. Using virB4- and virD4-

deficient mutants of B. tribocorum in a rat infection model lead to the complete loss of infectivity. Thus,

the VirB/D4 T4SS is indeed necessary for the establishment of bacteremia. Trans-complemented mutants

regained infectivity but the plasmids were not maintained in later stages of the infection, suggesting that the

T4SS is needed before the erythrocyte infection stage - most likely during trafficking from the dermal niche

or in order to establish a primary replication niche [211].

The VirB/D4 T4SS in Bartonella serves as a translocation machinery for Bartonella effector proteins (Beps)

[212]. The so far best understood Beps are the ones of B. henselae. Its effectors named BepA-G show a

modular domain architecture that is shared amongst all Bartonella species harboring Beps: An N-terminal

host interaction domain that is often a so-called FIC (filamentation induced by cyclic AMP) domain or

a tyrosin phosphorylation motif that is always followed by one or more Bartonella intracellular delivery

(BID) domains and a positive charged C-terminus [179, 212]. The FIC domain, if present, is believed

to mediate enzymatic effector function. It was shown that FIC domains in bacterial effectors can modify

their target with AMP, AMPylate it, and thus manipulate its function in the targeted cell [127, 213]. A

prominent example of a bacterial effector protein with an AMPylating FIC domain is VopS from Vibrio

parahaemolyticus [214]. Tyrosine phosphorylation motifs are also common in bacterial effectors [215].

Indeed those domains within Beps have been shown to be phosphorylated upon translocation [212] and

those of BepD-F were shown to interact with host SH2 domains which are key elements in host signaling

[216]. The BID domain together with the positively charged C-terminus are the secretion signal for the
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translocation machinery [212]. However, for BepA, the BID domain has been shown to also take part in

the host interaction and the effector function [217, 218]. More and more BID domains are found to play

an important role in mediating host cell manipulation indicating that their function goes beyond being a

secretion signal [126, 219] (and unpublished results of Sabrina Siamer and Yun-yueh Lu).

BepA, the ancestral Bep of lineage 4 [111], prevents apoptosis in the target cell by elevating cAMP levels and

by that protects infected HUVECs (human umbilical vein endothelial cells) from being cleared by cytolytic

T-cells in vitro [220]. BepA further has strong proangiogenic effects that are counteracted by BepG [217].

It is believed that BepG alone and BepC together with BepF can inhibit endocytosis of bacteria in order

to allow an uptake of a bigger bacterial aggregate termed the invasome [219, 221]. BepE counteracts the

effects of BepC, which may otherwise lead to cell fragmentation and thus allows DCs to migrate. This

finding strongly supports the idea of bacteria hijacking DCs in order to get to their replication niche [126].

BepD via its interaction with the transcription factor STAT-3 inhibits proinflammatory cytokine secretion by

macrophages and DCs and promotes anti-inflammatory cytokine secretion (unpublished results by Christoph

Schmutz, Yun-Yueh Lu and Isabel Sorg).

One study investigating BepE of B. quintana showed that host cells countermeasure the effector by targeting

it for degradation by autophagosomes [222].

1.3.3.4 The Trw T4SS and other factors involved in erythrocyte infection

Most studies concerning the erythrocyte infection of Bartonellae were performed using B. bacilliformis,

followed by B. henselae. In general, the infection of red blood cells is described to happen in four steps:

adhesion, deformation, entry and replication within the erythrocyte [223].

A glycolipid was suggested as the target of B. bacilliformis on the erythrocyte surface [224]. Also protein tar-

gets on the erythrocyte surface have been reported for this strain, namely spectrin, band 3 and glycophorins

A and B. Also in this case glycosylation was important [225]. Even though B. henselae does not bind hu-

man erythrocytes, it is able to bind the same target proteins as B. bacilliformis [226], indicating that the

target proteins bound by Bartonella might be conserved across species. However, neuraminidase or trypsin

had no effect on the infection of cat erythrocytes by B. henselae [227]. Indeed it was shown later that the

species of lineage 4, containing B. henselae, have a unique strategy for attaching to erythrocytes, which

also seems to provide an explanation for the strict host specificity of different species [140]. Members of

lineage 4 acquired a second T4SS - the Trw T4SS - highly homologous to the conjugation machinery of the

broad-host-range antibiotic resistance plasmid R388. This Trw T4SS was shown to be expressed in vitro

during mammalian cell infection and to be important for successful host colonization in vivo [228]. The

Trw T4SS was confirmed to be essential for the infection of the mammalian host in different transposon

screens [140, 179]. The Trw T4SS mediates attachment to the host erythrocyte in vitro and seems to be

causing the strict host specificity. [140]. Later it was shown that the tip of the Trw T4SS pilus TrwJ1 and 2

bind band 3 on the surface of erythrocytes [229]. The Trw system of Bartonella lacks the coupling protein

necessary for translocation of a substrate and is thus believed to have lost this function [230, 231]. Most of

the Trw components in Bartonella exist in tandem gene duplications which was postulated to allow binding

to variations in the erythrocyte surface proteins [232].

Upon attachment, B. bacilliformis was reported to cause severe deformations of the erythrocyte that allow
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the uptake of the bacteria. The uptake itself was suggested to happen by forced endocytosis [233]. Super-

natants of B. bacilliformis and B. henselae cultures were shown to cause red blood cell deformation [226],

however the nature for this so called "deformin" remains unknown. It was first suggested to be a secreted

protein [234, 235] but later shown to be a hydrophobic small molecule able to bind do serum proteins such

as albumin [236]. Invasion into the erythrocyte was shown to follow deformation [234], however the exact

mechanism of how the deformin is secreted or its molecular action remain elusive.

The invasion of erythrocytes by Bartonella is also not fully understood. It has been speculated that since

their ability to bind band 3 on the red blood cell surface [225, 229], the bacteria might be able to disconnect

the actin skeleton from the membrane. This would allow them to destabilize the integrity of the erythrocytes

in a similar manner to Plasmodium, the agent of malaria [127]. Further, the invasion associated locus (Ial)

present in the membrane of Bartonellae was shown to mediate erythrocyte invasion [140, 237]. The locus

encodes for two proteins, IalA and B, which are both necessary to mediate this function [238]. Insertion

mutants in IalA, B and the ABC transporter livG both still showed erythrocyte adhesion but failed to invade

[140]. Even though IalA has been described to be a nucleoside hydrolase [239, 240] and a structure for IalB

has been published (Protein Data Bank no. 3DTD), their function during the entry process is unknown. It

has been recently proposed, that IalAB could also help regulating the level of stress-induced nucleotides

during erythrocyte invasion, maybe due to the nucleoside hydrolase activity [223].

In a rat model using B. tribocorum of lineage 4, bacteria persist mostly if not exclusively inside erythrocytes.

It was observed that about one or two bacteria enter a red blood cell and then replicate inside a membrane-

bound compartment until they reach about 8 bacteria per erythrocyte. Interestingly, only about 1 % of the

total amount of erythrocytes were infected. It was further shown that B. tribocorum infects mature ery-

throcytes, not precursors, and is not haemolytic [124]. This goes in hand with observations from naturally

infected cats showing exclusively intraerythrocytic bacteria with approximately 5 % of the erythrocytes be-

ing infected with about 1 bacterium per red blood cell [241, 242]. However, in an experimental cat infection,

even though about 1 % of red blood cells were infected, only about 12 % of the detected bacteremia was

observed to be intra-cellular [227]. Studies with B. quintana infected human patients also showed no signs

of anemia or haemolysis but a very low amount of infected erythrocytes. 0.001 - 0.005 % infected red blood

cells were reported per patient [243]. The only exception from this seems to be B. bacilliformis, which can

lead to an average of 60 % infected erythrocytes in patients and haemolytic anemia, most likely caused by

the host’s immune response [151, 152, 233, 244].

1.3.4 The immune response against Bartonella

As a stealth pathogen, Bartonella evades or even modulates the host’s immune system to its own favour.

Its LPS is a TLR-4 antagonist and it can dampen the pro-inflammatory cytokine response while promot-

ing an anti-inflammtory one as discussed above. However, since experimental infections (for example in

[124, 188]) and CSD in immunocompetent patients are usually self-limiting, it is clear that the immune

response of the host must be able to eliminate the infection. In addition, complications such as bacillary an-

giomatosis described in immunosuppressed patients underline the importance of the host’s immune system

[245]. In the macaque model, only immunosuppressed animals showed this disease phenotype upon infec-

tion with B. quintana (personal communication with Prof. Jane E. Koehler). However, different, partially
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contradicting data has been reported about the immune response against Bartonella. The findings seem to

depend on the particular strain - host combination observed, for example when comparing the reservoir host

with an incidental host. Differences between natural and experimental infection have also been reported.

The early stage of B. bacilliformis infection in patients is described to show transient immunosuppresion

with elevated IL-10 levels, CD4+ T-cell lymphopenia and a Th1 response [151, 246, 247, 248, 249]. It is

believed that the humoral immune response against B. bacilliformis, giving rise to neutralizing antibodies,

provides protection [245]. This hypothesis is based on the high seroprevalence in endemic regions and in-

creased susceptibility of foreigners to the infection [166], the fact that outer membrane proteins (OMPs) of

B. bacilliformis appear to be highly immunogenic [250] and the finding that bacteria of this species exposed

to anti-flagellin antiserum showed reduced invasion of human erythrocytes [251]. However, the appearance

of the Peruvian wart despite a present antibody response and the presence of asymptomatic carrier’s sug-

gests that a protective antibody response is not sufficient to eliminate the bacteria from their replication site

in endothelial cells. Thus, an important role for the cellular immune response has been postulated [245].

Also for B. quintana infection, antibody responses are observed in patients and even used for diagnostics

[169, 252]. Amongst the most immunogenic OMPs of B. quintana are the Vomp family and hemin-binding

proteins [196].

Infection of human patients with B. henselae is an incidental infection. The lymphoadenopathy and gran-

ulomas observed in CSD patients together with the lack of bacteremia are believed to be caused by the

lack of adaptation to the incidental host [113] and/or because in immunocompetent patients the adaptive

immune system can prevent a systemic infection [245]. A specific cellular immune response against B.

henselae was detected in patients [253] and a high antibody response was reported. The latter is used for

diagnostics similar to B. quintana [254]. The IgG response targets a main antigen of 83 kDa that seems

to be shared by B. henselae and B. quintana [255] and a smaller 17 kDa protein [210]. Also BadA seems

to be a major antigen of B. henselae [187]. When bound to an antibody, B. henselae uptake and killing

by macrophages is increased. Further, the complement was reported to kill this bacterium very efficiently

[256]. Interestingly, B-cells from CSD granulomas were shown to express the transcription factor T-bet,

suggesting a T-independent class-switch reaction [257].

An often used model for the immune response against Bartonella during CSD is the inoculation of mice,

an artificial, experimental host, with B. henselae. The granulomas from patients were described to be rich

in B-cells, neutrophils [257] and macrophages undergoing apoptosis [258]. Similar findings with granulo-

mas rich in proliferating and recruited lymphocytes, mostly B-cells, could be observed after subcutaneous

infection of Balb/c and C57BL/6 mice. Further, infection with B. henselae caused a lower type I interferon

response than infection with a strain naturally infecting mice [259]. After intraperitoneal injection, B. hense-

lae caused granulomas in the liver and a Th2 signature in C57BL/6 mice [260]. In a Balb/c infection model

a Th1 response was reported [128, 261] and IgA production was observed [128]. Clearance of the infection

with B. henselae was also observed in nude mice, indicating that there might be a T-cell-independent clear-

ance mechanism [262].

However, the natural reservoir of B. henselae is the cat. A specific antibody response, which in a few cases

failed to prevent relapses, and a Th2 type response were reported for naturally infected cats [197, 263].

In experimentally infected cats a Th1 response was observed and even though an antibody response was

detected, IFNγ and TNFα production were suggested to be more important for clearance of the bacteremia

24



[264]. The antibody response caused by immunization with killed B. henselae did prevent the occurrence of

lesions but not bacteremia upon infection [265]. In a neonatal cat infection study, cats cleared the infection

simultaneously, no matter if they produced antibodies against B. henselae or not. This lead to the suggestion

that IgG is not necessary for clearance [266].

Other models have been used to study the immune response against Bartonella in its natural host. Dogs have

been experimentally infected with B. vinsonii subspecies berkhoffii and showed signs of immunosuppres-

sion such as reduced and impaired CD8+ counts and reduced MHCII molecules on B-cells [130]. Using B.

birtlesii, naturally infecting mice, in a Balb/c model showed a higher and prolonged bacteremia for CD4-/-

mice whereas CD8-/- were comparable to the wildtype (WT) infection. The double knock-out CD4 x CD8

-/- showed an intermediate phenotype. This data set suggested that T-helper cells are necessary in order

to mount a protective antibody response which can then mediate clearance [267]. Notably, splenectomized

mice as well as splenectomized cats show a higher bacteremia at the peak of infection but clear the infection

only slightly delayed compared to non-splenectomized control animals [268, 269]. In order to investigate

the importance of the adaptive immune system and especially the antibody response, C57BL/6 mice lacking

B- and T-cells (Rag1-/-) or B-cells alone (JHT) were infected with B. grahamii, which can be naturally

found in mice. Both models did not clear the infection. Antiserum from WT mice that show elevated

anti-Bartonella antibodies transferred into JHT mice resulted in clearance of the bacteremia. Thus, it was

concluded that the adaptive immune system and especially B-cells producing antibodies are necessary for

clearance [134]. It was speculated that in the natural host neutralizing antibodies can prevent the entry into

the erythrocyte, but that intra-erythrocytic bacteria are protected since red blood cells cannot present antigen

via MHCI [124, 134]. Even though the proof for this hypothesis is still missing, there is evidence for B.

bacilliformis that entry into red blood cells can be prevented when treating the bacteria with an anti-flagellin

serum [251]. Similarly, an antiserum against IalB prevented entry of B. birtlesii into murine erythrocytes

[270].

As in cats, also in rodents there seems to be a discrepancy between the experimental model and natural

infection. No antibody response could be detected in infected rodents captured from the wild [271, 272].

Also the high prevalence, for example 64.8 % of rodents in Europe being infected [142], suggests either

longer infection duration than in experimental infections or often occurring reinfections. Experimentally

infected cats cleared the infection between 1 and 8 months after infection and were protected against re-

infection whereas naturally infected cats had reoccurring bacteremic cycles during a year of observation

[273]. Kosoy et. al did not only show a lack of antibody response but could also detect Bartonella in em-

bryos and neonates of captured rodents and explained the high prevalence of Bartonellae in the wild with

transplacental transmission and induced immunological tolerance in the offspring [271]. An experimental

mouse model using B. birtlesii confirmed transplacental transmission going in hand with placental lesions

and fetal resorption [274]. Also one case of potential transplacental transmission of Bartonella in a patient

has been reported [275]. However, no transplacental transmission was observed in a feline model of B.

henselae [273] or for B. bovis in cattle [276].

Neonatally infected mice clear the infection, which speaks against the induction of immunological toler-

ance towards Bartonella after vertical transmission (unpublished observations by Yun-yueh Lu). A study

performed with neonatally infected cats did not only show the clearance of the bacteremia in the infected
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animals but also that they produce antibodies [266]. Another explanation for the high prevalence could be

the usually high diversity of Bartonella species and strains within one species that co-infect single animals

[149, 277]. Genomic variation could allow relapses and avoidance of the immune response [278]. Also

reinfections by different strains have been suggested to prolong bacteremia [133]. Variation of surface pro-

teins within a species during infection have been reported [188], as well as mosaic-like structures of genetic

variants within primary isolates [279] and potential horizontal gene transfer during infection [280]. All

those mechanisms could be explored by the bacteria in order to evade the antibody response by changing

the antigen on the cell surface. Also an effect by the natural transmission by the arthropod vector on the

course of bacteremia cannot be excluded.

It remains enigmatic what causes the differences between the experimental model and natural infection, a

failure of the immune response, an effective avoidance mechanism of Bartonella or both. However, with-

out a detailed clearance mechanism known, it is difficult to speculate about potential evasion mechanisms

explored by Bartonella in order to prolong the infection or to allow reinfections.
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2 Aim of the thesis

The aim of this study was to investigate the adaptive immune response against Bartonella in the murine

model. The focus was on the clearance of the bacteremia by the protective antibody response, but other

aspects were also explored.

The strain B. taylorii, naturally infecting rodents including mice, was so far only scarcely used for experi-

mental infections despite its several advantages compared to previously used strains, such as its robustness

in growth, the possibility of experimental mouse infection and existing protocols for genetic manipulation.

Thus, while implementing the B. taylorii model, the pilot experiments were additionally performed with B.

birtlesii in mice.

The first goal was to determine factors of the host’s immune system which are essential for clearing the

infection. Since the primary and replication niche of Bartonella are so far not well described, the focus was

on the clearance of the bacteremia, which is easily accessible by determination of the blood cfu count. By

infection of several murine knock out models and analyzing their capacity to clear the infection, different

antibody effector functions were explored, as well as the role of T-cells. The second goal was to describe

the mechanism of antibody mediated clearance by finding a suitable in-vitro correlate for protection. A flow

cytometry based in-vitro erythrocyte adhesion inhibition assay also allowed the screening for functional

monoclonal antibodies against B. taylorii and with that the exploration of the third goal, the determination

of possible targets of protective antibodies on the surface of Bartonella.

Transplacental transmission of Bartonella causing life-long persistent bacteremia and immunological toler-

ance in the offspring was suggested in the literature. Thus, we also set out to investigate the capability of B.

taylorii to be transmitted from mother to offspring via the placenta and the resulting bacterial burden in the

offspring.

27



3 Results and discussion

3.1 Antibody mediated clearance of Bartonella

3.1.1 Manuscript in preparation

3.1.1.1 Statement of contribution

This draft of the manuscript "Neutralizing antibodies protect against murine Bartonella infection by interfer-

ing with erythrocyte adhesion" covers most of the work prepared in the course of this thesis. Katja Fromm

and Claudia Mistl were involved in some of the animal experimentation, Jarosław Sędzicki provided aid for

the microscopy and the plasmid for constant GFP expression in bacteria.

3.1.1.2 Manuscript: Neutralizing antibodies protect against murine Bartonella infection by
interfering with erythrocyte adhesion
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Abstract27

Bartonella is a genus of facultative-intracellular bacteria causing a long-lasting intra-erythrocytic bacteremia28

in their mammalian reservoir host. Clearance of the bacteremia has been described to be mediated by29

antibodies, the exact clearance mechanism has, however, not been investigated so far.30

Murine B. taylorii infection served as a model for the infection of the natural host. Exploring clearance kinetics31

and antibody responses in different murine knock-out models revealed that clearance of the bacteremia is32

independent of the complement or Fcγ receptors. Further, we could show that whereas the specificity of an33

antibody is important for its functionality in vivo, the antibody type - IgM or IgG - is redundant. An in-vitro34

erythrocyte adhesion inhibition assay correlated with protection of an immune serum or antibody in vivo35

and might explain the clearance mechanism of neutralizing antibodies by interfering with red blood cell36

adhesion. A neutralizing and highly specific monoclonal antibody against B. taylorii, targeting a putative37

autotransporter on the bacterial surface, was sufficient to provide protection in vivo, revealing the importance38

of a so far understudied virulence factor during infection but also for protection by the host’s immune system.39

Investigating the role of T-cells in clearing the bacteremia showed that, whereas the cytolytic response can40

be neglected, direct T-help via CD40L is essential for clearance. Our data suggests that there is a high41

redundancy amongst T-cell subtypes which are able to provide this help to B-cells in order to clear the42

infection.43

This study describes in detail how neutralizing antibodies protect against Bartonella infection by preventing44

erythrocyte adhesion of the bacteria and suggests a role for a so far scarcely studied autotransporter in RBC45

attachment.46
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Introduction47

Bartonellae are fastidious, facultative-intracellular Gram-negative bacteria. Their hallmark is the establish-48

ment of a long-lasting intra-erythrocytic bacteremia in the species specific mammalian host. In clinics,49

Bartonella infections are caused by human-specific species such as B. quintana, causing trench fever, or50

zoonotic pathogens such as B. henselae, the agent of cat scratch disease. In immunocompetent patients,51

Bartonella infections usually present themselves as self-limiting but long-lasting with mild to life-threatening52

symptoms [Maguiña and Gotuzzo, 2000, Maguiña et al., 2009].53

After transmission by an arthropod vector, the bacteria enter the dermis. It is believed that they travel54

within the lymphatic vessels to reach their so far unknown primary niche where they can replicate and55

seed into the blood stream. Bartonella then infects red blood cells (RBCs) allowing the uptake by a new56

arthropod vector during a blood meal [Seubert et al., 2001, Chomel et al., 2009, Minnick and Battisti, 2009,57

Harms and Dehio, 2012, Hong et al., 2017].58

Using B. tribocorum in the rat as a model for the infection of the natural reservoir host, it was shown that the59

bacteremia appears around day 7 post infection after intra-dermal (i.d.) inoculation and lasts for several weeks60

[Okujava et al., 2014]. This abacteremic window after infection is suggested to be necessary in order for the61

bacteria to travel to, infect and replicate within the primary niche. After infection of the RBCs, the bacteria62

replicate and reside within erythrocytes until the end of their life span. Being non-haemolytic, it is assumed63

that they do not spread from RBC to RBC [Schülein et al., 2001]. The infection of erythrocytes by Bar-64

tonella is reported to be a three step-mechanism: attachment, deformation and invasion [Deng et al., 2018].65

Several virulence factors involved in this process have been identified, such as the Trw type-IV secretion66

system [Vayssier-Taussat et al., 2010] or the invasion associated locus (Ial) encoding for IalA and IalB67

[Mitchell and Minnick, 1995, Coleman and Minnick, 2001, Vayssier-Taussat et al., 2010]. The erythrocyte68

adhesion step was reported to be crucial for the strict host-specificity [Vayssier-Taussat et al., 2010] and69

the virulence factors involved in erythrocyte infection were identified to be essential for successful host70

colonization of Bartonella in two transposon screens [Saenz et al., 2007, Vayssier-Taussat et al., 2010].71

A study using B. grahamii in mice showed that antibodies mediate the spontaneous clearance of the bacteremia72

[Koesling et al., 2001]. This goes in hand with reports of high species-specific IgG titers in rats after infection,73

which protect from reinfections with the same strain [Kosoy et al., 1999]. An induced antibody response has74

also been reported for B. henselae-infected cats [Kabeya et al., 2006, Kabeya et al., 2009, Vigil et al., 2010].75

However, neonatally infected cats seem to fail to mount an antibody response while still clearing the infection76

[Guptill et al., 1999]. An importance for the cellular immune response in the natural host has also been sug-77

gested [Karem, 2000]. Infection of mice lacking CD4 with a murine Bartonella strain resulted in an increased78

and prolonged bacteremia, indicating a role of T-help in the establishment of the protective antibody response.79

Mice lacking CD8 did not show a phenotype [Marignac et al., 2010]. Even though the exact protective mech-80

anism of the antibody response is unknown, it has been speculated that neutralizing antibodies might interfere81

with the infection of the host’s erythrocytes [Karem, 2000, Schülein et al., 2001, Koesling et al., 2001]. In-82

deed, antisera raised against the flagellum of B. bacilliformis and ialB of B. birtlesii were shown to prevent83

erythrocyte infection by the respective species in vitro [Scherer et al., 1993, Deng et al., 2016]. However, it84

remained unknown, if those neutralizing antibodies are produced in vivo and if, which virulence factors are85

targeted by the mammalian host.86
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In this study we explore the murine immune response against B. taylorii, a species naturally infecting rodents,87

including mice. We find evidence confirming that antibodies interfering with erythrocyte adhesion are88

produced in vivo and mediate clearance of the bacteremia. Fc-receptor mediated functions or the complement89

are dispensable. A highly specific neutralizing monoclonal antibody isolated from an infected mouse against90

a putative Bartonella autotransporter is sufficient to provide clearance of the bacteremia. We also describe91

that while the cytolytic immune response is negligible, CD40L-mediated T-help is indeed important for the92

protective antibody response against Bartonella. However, there seems to be a high redundancy in which93

cell types are able to provide this help. This work confirms a long existing hypothesis about how Bartonella94

bacteremia is cleared and stresses the importance of so far not well understood autotransporters in infection.95

In addition, it gives rise to a new target for possible vaccine strategies and introduces a new mouse model for96

studying Bartonella infection of the natural reservoir host.97
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Results98

Fcγ-receptor mediated function and complement are dispensable for clearing99

Bartonella bacteremia.100

B. taylorii, a species naturally found in mice, was used as an experimental model in this study. We compared101

the course of the bacteremia in wildtype (WT) C57Bl/6 mice to animals lacking the adaptive immune system102

or only B-cells. Both, Rag1-/- and JHT mice, have been described to develop life-long persistent bacteremia103

after infection with B. grahamii [Koesling et al., 2001]. Upon i.d. inoculation, similar to observations104

previously made with B. tribocorum in the rat [Okujava et al., 2014], the mice remained abacteremic for a105

period of about 5-7 days. In WT mice, the infection peaked around day 12-14 post infection with about 105106

bacteria per ml of blood. The bacteremia was then cleared within 50 days post infection (dpi) (Figure 1A).107

No relapses were ever observed for WT mice. Infected Rag1-/- and JHT mice showed a persistent bacteremia108

which remained on a plateau of about 106 cfu/ml for JHT mice and 107 cfu/ml for Rag1-/- for at least a year109

(Figure 1A, data shown for 200 dpi).110

The lack of clearance in Rag1-/- and JHT mice indicated the importance of the adaptive immune system,111

especially antibodies, for the clearance of the bacteremia also for B. taylorii. The differences in bacterial titers112

between the WT and the mutant animals might be explained by a protective antibody response beginning to113

clear the bacteremia before the bacteria can reach their maximum titers.114

In order to focus more on the antibody effector mechanism leading to clearance of the bacteremia, we next115

infected mice lacking all α chains of Fcγ-receptors and the major protein of the complement cascade C3116

(FcγRnull x C3-/-). In this model, antibodies can no longer activate the complement or mediate effector117

functions such as antibody-mediated cellular cytotoxicity or antibody-mediated phagocytosis. However,118

there was no difference in the course of the bacteremia between FcγRnull x C3-/- and WT mice (Figure 1B),119

indicating that those effector mechanisms are dispensable for the clearance of the bacteremia.120

This was further supported by the fact that immune serum from B. taylorii infected WT mice transferred into121

WT or FcγRnull x C3-/- recipients on day 3 post infection (Figure 1C-E) was protective. On day 3 the mice122

are still abacteremic and should not yet have produced antibodies of their own. Administration of protective123

serum on this day did prevent the occurrence of the bacteremia - most likely by neutralizing the bacteria124

before entering the blood stream as this was independent on the presence of complement or Fcγ receptors.125

Protective antibodies against Bartonella interfere with the adhesion towards126

erythrocytes.127

Interference with erythrocyte infection was one suggested effector mechanism for protection by antibodies128

[Karem, 2000, Schülein et al., 2001, Koesling et al., 2001]. In order to be able to quantify this protective,129

neutralizing capacity of antibodies, we modified an in-vitro Bartonella RBC infection assay previously130

established in our group [Vayssier-Taussat et al., 2010]. Murine erythrocytes were purified and infected with131

GFP-expressing B. taylorii. The infection rate was quantified using flow cytometry. In order to observe a132

potential interference of protective antibodies with the infectivity, the bacteria were preincubated with naïve133

or immune serum before the infection (Figure 2A). Immune serum prevented the occurrence of GFP+ RBCs134

in a concentration-dependent manner whereas naïve serum had no effect (Figure 2B and C). Heat-inactivation135
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of the immune serum in order to remove complement components had no effect on its suppression of RBC136

interaction (Figure S2A). Only a negligible bactericidal effect of the immune serum on B. taylorii was137

observed when performing cfu counts after 24 h of growth in the presence of serum (Figure S2B), indicating138

that the effect cannot be explained by killing of the bacteria.139

In order to investigate if the immune serum interferes with the adhesion to or the entry into the erythrocytes,140

we performed confocal microscopy (Figure 2D) and gentamycin protection assays (Figure 2E) with the141

infected RBCs. Gentamycin does not enter eukaryotic cells and is only able to kill extra-cellular bacteria. As142

has been described previously for a 24 h infection time point in vitro [Vayssier-Taussat et al., 2010], most,143

if not all, bacteria observed were extra-cellular. Microscopy showed exclusively bacteria attached to the144

surface of RBCs (Figure 2D). B. taylorii remained gentamycin-sensitive during the assay. In comparison,145

erythrocytes obtained from mice infected with B. taylorii contained gentamycin-insensitive bacteria (Figure146

2E), as expected for an intra-erythrocytic pathogen. This erythrocyte adhesion interference (EAI) assay147

does not entirely reflect the situation in the animal because of the discrepancy in localization of the bacteria.148

However, it allows the quantification of the quality of an antibody or immune serum. As the EAI assay149

correlates very well with the protective function in vivo, we hypothesize that is still serves as a model for150

what could happen in the animal since prevention of bacterial attachment also prevents the infection of the151

cell.152

We infected WT mice with B. taylorii and observed the development of the EAI titer over time (Figure 2F).153

Between day 7 and 14 post infection the EAI titer sharply rose and was maintained during the course of154

the bacteremia, reaching top titers of 1:1024. This time course reflects the expected kinetic of an antibody155

response after inoculation with a pathogen. When comparing the course of the bacteremia with the EAI156

titers, one can observe that peaking EAI titers appeared when the blood cfu count started to drop and were157

maintained on similar levels until the end of the bacteremia.158

To observe the detection limit of the established EAI assay, we transferred immune serum into mice lacking a159

B-cell response and observed the EAI titer over time (see Figure 3A and B). µMT mice, which lack B-cells160

similar to the JHT model, also showed life-long persistent bacteremia. We injected immune serum into161

infected µMT mice >100 dpi. This lead to clearance of the bacteremia within 30 days after transfer. The162

EAI titers, however, could only be observed until 14 days post transfer, when the mice were still bacteremic163

(Figure 3B). This could indicate that the EAI assay, even though its functional readout correlates with164

protection, has only limited sensitivity. In uninfected µMT mice, the drop of the EAI titer after serum165

transfer followed a similar kinetic (Figure S3A), showing that EAI titers are not masked by antibodies bound166

to free bacteria. The observations from Figure 3B also support the notion that the intra-erythrocytic state167

is a dead-end for Bartonella and that from there they cannot reseed into RBCs or other cells even when168

the protective antibody response disappears. Interestingly, immune serum transfer also depletes potential169

blood seeding replication sites since the mice became sterile after immune serum treatment and cleared the170

bacteremia after the disappearance of the protective immune serum.171
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EAI titers correlate with protection and reveal the independence of the protective172

antibody response of the Ig type.173

Next, we infected AID-/- mice, lacking antibody class switch, and sIgM-/- mice, no longer able to secrete174

IgM, to investigate the importance of the antibody class. So far, anti-Bartonella IgG titers have been reported175

for infected mice [Koesling et al., 2001], but the importance of the class switch is unknown. As a control, we176

also crossed the double knock-out AID-/- x sIgM-/- which is no longer able to secrete antibodies.177

AID-/- and sIgM-/- mice had similar bacteremia kinetics as WT mice, whereas AID-/- x sIgM-/- showed178

persistent bacteremia like µMT mice (Figure 3C). Clearance could be clearly correlated with the presence of179

an EAI titer during the infection. Comparable titers could be observed for WT, AID-/- and sIgM-/- mice 2 and180

6 weeks post infection, whereas the double knockout and µMT mice failed to produce protective antibodies181

(Figure 3D, complete EAI titer kinetics are shown in Figure S3B-F). Even though the functional EAI titers182

are similar, measuring IgM and IgG titers against outer membrane proteins of B. taylorii revealed that as183

expected AID-/- mice only produce IgM and sIgM-/- mice only IgG (Figure 3E). Thus, as long as functional184

antibodies can be produced - independent whether they are IgM or switched - the infection is cleared.185

To exclude redundant effects, we crossed the strain AID-/- x C3-/-. In this model only IgM can be produced,186

however this IgM response can no longer activate the complement cascade. The clearance of the bacteremia187

and production of functional antibodies in AID-/- x C3-/- was similar to WT and AID-/- mice (Figure S3G188

and H).189

A specific antibody response is necessary to clear Bartonella bacteremia.190

So far, we have shown that antibodies from immune animals clear the bacteremia in a complement- and191

Fc-receptor-independent manner, most likely by neutralization. We could correlate the specificity and192

functionality of those antibodies with in-vitro methods, namely ELISA (Figure 3E) and the EAI assay193

(Figures 2F and 3D). To proove that specificity of the neutralizing antibodies confirms protection in vivo, we194

used mouse models with restricted antibody repertoires. T11µMT mice express a transgenic heavy chain for195

an anti-VSV antibody in the µMT background, lacking endogenous heavy chains. Thus, T11µMT mice can196

only recombine light chains in order to produce specific antibodies as their heavy chains are fixed to bind an197

antigen which is irrelevant for Bartonella infection. Upon infection, T11µMT mice showed an increased titer198

at the peak of the bacteremia and cleared with several weeks delay compared to WT animals. In fact, within199

the first 4 weeks the bacteremia of T11µMT resembled the kinetic of the µMT mice before clearing the200

infection (Figure 4A). This delayed clearance could be explained with a delayed antibody response, which201

was only measurable 11 weeks post infections (Figure 4B).202

To confirm the findings from the T11µMT model, we also infected MD4 mice, which express a transgene203

for an antibody against hen-egg lysozyme. Allelic exclusion should prevent those mice from producing a204

normal antibody response. The phenotype of the MD4 mice was milder than for the T11µMT model, with205

a modestly increased bacterial titer at the peak of the infection and a delay of the bacterial clearance of 1206

week. 2 out of 4 MD4 mice became again bacteremic for 2 weeks before finally clearing the infection (Figure207

4C). The milder phenotype of the MD4 mice could be explained by the fact that they started to produce a208

protective antibody response already 2 weeks post infection and reached similar titers as WT mice around209

6 weeks post infection. MD4 mice failed to maintain titers as high as WT mice 11 weeks post infection,210
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which could explain the rebound infection in 50 % of the animals (Figure 4D). Complete EAI titer kinetics211

for T11µMT and MD4 mice are shown in Figure S4.212

A neutralizing monoclonal antibody recognizing a B. taylorii autotransporter is213

protective in vivo.214

We then wanted to find out more about the antigens targeted in a protective antibody response against215

Bartonella.216

After producing hybridomas from B. taylorii immunized Balb/c mice, we obtained a monoclonal antibody,217

LS4G2, which interfered with erythrocyte adhesion of B. taylorii in vitro (Figure 5A). The purified antibody218

had no bactericidal effect (Figure S5A) and bound to live bacteria (Figure 5B, C). LS4G2 is highly specific219

for B. taylorii IBS296 used in this study, since it did not bind to other tested B. taylorii isolates or the rodent-220

borne species B. birtlesii and B. tribocorum (Figure S5B). Structured illumination microscopy revealed that221

the antibody LS4G2 binds to the surface of B. taylorii. A heterogeneous staining pattern was observed222

amongst the bacterial population. A smaller fraction of the bacteria remained unstained, however, most of223

them displayed a homogeneous fully surrounded staining. Some bacteria showed a possible intermediate224

phenotype, with surrounding stained foci on their surface (Figure 5B).225

LS4G2 was selected for its in-vitro activity in the EAI assay. To observe its protective capacity in vivo, mice226

were infected with B. taylorii and obtained LS4G2 or an isotype on day 3 post infection (Figure 5D). To prove227

that LS4G2 is indeed protective because of its neutralizing function, we transferred the antibody into WT228

C57Bl/6 (Figure 5E) and into FcγRnull x C3-/- (Figure 5F) mice. LS4G2 had a similar activity to immune229

serum in vivo (Figure 1C-E). Independent on the presence of complement and Fcγ-receptors, the antibody230

suppressed the occurrence of bacteremia in infected mice.231

In order to find the target bound by LS4G2, we performed immunoprecipitation from the solubilized232

membrane protein fraction of B. taylorii followed by mass spectrometry analysis. The analysis revealed233

a so far undescribed 75 kDa outer membrane protein (OPB34894.1) harboring a predicted autotransporter234

β-barrel domain. It was over 30-fold enriched compared to the isotype control and had a coverage of 68 %235

(see table S1). Homology analysis revealed that the protein is present in most, if not all, Bartonella species236

of lineage 4 with varying homology between species and isolates (data not shown). However, no function237

has been assigned to any of the homologs so far. Similar inducible Bartonella autotransporters (Ibas) have,238

however, been found to be essential for the infection of the natural host in different transposon screens239

[Saenz et al., 2007, Vayssier-Taussat et al., 2010].240

Further analysis of the identified target of LS4G2 and its function in pathogenicity will also provide further241

insight in the immmune response against Bartonella.242

T-help via CD40L from redundant sources is necessary for clearance of B. taylorii.243

The almost 10-fold difference observed in bacterial titers between JHT and Rag1-/- animals (Figure 1A) lead244

us to explore also the importance of the T-cell response. The cellular immune response has been suggested to245

clear potential seeding niches [Karem, 2000].246

In order to address this, we infected mice lacking all T-cell compartments (TCRβδ-/-) and compared the247

clearance kinetic with WT mice and mice lacking classical CD4 T-help (MHCII-/-) or CD8 killing (KbDb-/-).248
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In contrary to previous findings, in which CD4-/- mice showed increased bacterial burden and delayed249

clearance [Marignac et al., 2010], MHCII-/- mice cleared the infection as WT and KbDb-/- animals. TCRβδ-250

/- animals, however, showed a persistent bacteremia for at least 150 dpi (see Figure 6A). A role for CD8251

killing can be excluded, since also β2M-/- mice, another model lacking cytotoxic T-cell responses, cleared the252

infection normally (Figure S6A and B). To investigate if T-cells restricted by other molecules than MHCII-/-253

are providing help to B-cells in order to produce antibodies clearing the Bartonella infection, we infected254

CD1d-/- and MR1-/- mice. CD1d on antigen presenting cells is a molecule, which is able to present lipids to255

lymphocytes; MR1 presents bacterial metabolites [Corbett et al., 2014, Mori et al., 2016, Lepore et al., 2018].256

However, CD1d-/- and MR1-/- animals cleared similar to WT mice (Figure 6B), suggesting that T-help257

is either not required for clearance or that there is a high redundancy between cell types providing this258

help. Infection of CD40L-/- animals, in which direct help from T-cells do B-cells is not possible, revealed a259

persistent bacteremia in this model (Figure 6C). The course of the bacteremia was similar to WT mice until260

shortly before the clearance. At this point CD40L-/- animals stopped to control the bacteremia and Bartonella261

persisted in low to intermediate titers. As previously described for these mice [Whitmire et al., 1996], we262

found that CD40L-/- mice, despite producing a protective antibody response early after infection (week 2 and263

6 post infection), failed to maintain the response in later time points (Figure 6D, complete antibody kinetics264

are shown in Figure S6C).265

Since this finding supports the hypothesis, that a direct action of T-helper cells is important, which can be266

provided by T-cells restricted by different antigen molecules, we compared TCRβδ-/- to the single knock267

outs TCRβ-/- and TCRδ-/-. Invariant T-cells restricted by other molecules express exclusively αβ-TCRs.268

Indeed, TCRδ-/- mice produced protective antibodies and cleared the infection like WT animals, whereas269

TCRβ-/- mice showed the same phenotype as TCRβδ-/- animals. Both failed to produce a protective antibody270

response (Figure 6E and F, complete antibody kinetics are shown in Figure S6D-G).271

This data supports the notion that T-help is important for clearance of the bacteremia, most likely by272

supporting the antibody response. There seems to be a high redundancy amongst T-cells being able to provide273

this help.274
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Discussion275

Neutralizing antibodies are one of the main means of protection against pathogens by the adaptive immune276

system. Various functions have been described for neutralizing antibodies, such as prevention of host cell entry277

or attachment of viruses [Lu et al., 2018] and Plasmodium [Dutta et al., 2003, Irani et al., 2015] or inhibition278

of intra-cellular replication of Anaplasma [Wang et al., 2006] and Listeria [Edelson and Unanue, 2001]. For279

Bartonella infections, neutralizing antibodies were previously suggested to mediate clearance [Karem, 2000,280

Schülein et al., 2001, Koesling et al., 2001]. Antisera raised against purified proteins of different species281

could prevent RBC infection in vitro [Scherer et al., 1993, Deng et al., 2016]. However, the presence of282

neutralizing antibodies in vivo and their potential targets have not yet been investigated. In this work, we283

confirm that neutralizing antibodies are produced during Bartonella infection and mediate protection by284

preventing RBC attachment.285

Our study introduced B. taylorii as a new mouse model for Bartonella infection. Its main advantages over286

previously used species such as B. grahamii [Koesling et al., 2001] or B. tribocorum [Schülein et al., 2001,287

Okujava et al., 2014] are the ability to use the murine infection model, its robustness and genetic acces-288

sibility. We have shown that B. taylorii infection follows kinetics similar to previously described ro-289

dent models of related Bartonella species [Schülein et al., 2001, Koesling et al., 2001, Marignac et al., 2010,290

Okujava et al., 2014]. We could confirm the intra-erythrocytic state of Bartonella in the natural host291

[Schülein et al., 2001] and the importance of antibodies in clearing the infection [Koesling et al., 2001].292

Bacteremia kinetics and serum transfers indicate that antibodies clear Bartonella infection in a complement-293

and Fc-receptor independent fashion. Despite potential complement activation and antibody-mediated-294

phagocytosis or -cytotoxicity in WT animals, those mechanisms are dispensable for clearance. Interestingly,295

Fc-dependent functions were recently shown to be also redundant in a model for broadly neutralizing anti-296

bodies against HIV [Parsons et al., 2019].297

To our knowledge, we are the first ones to report that infected animals indeed produce antibodies interfering298

with erythrocyte adhesion upon Bartonella infection. We could further correlate the occurrence of these299

antibodies with clearance of the bacteremia in several mouse models and show that different antibody classes300

are redundant for this function. The EAI assay, established in this study, gives a good correlate for the protec-301

tive capacity of the antibody response and serves as a model for what happens in vivo. It has, however, its302

limitations. The hallmark of Bartonella infection in vivo is the intra-erythrocytic state. In our hands, in-vitro303

infection resulted in almost exclusively extra-cellular bacteria attached to erythrocytes, a finding that has been304

observed for similar time points before [Vayssier-Taussat et al., 2010]. Erythrocyte infection by Bartonella305

has been described as a strict three step mechanism: attachment, deformation and invasion [Deng et al., 2018].306

Thus, antibodies interfering with the first step, adhesion to the RBC, would also prevent the following steps.307

A serum against IalB, a protein involved in entering the erythrocyte [Vayssier-Taussat et al., 2010] prevented308

RBC infection in vitro [Deng et al., 2016], suggesting that antibodies targeting later steps would also be309

functional.310

We have shown that the neutralizing monoclonal antibody LS4G2, obtained from an infected mouse, is311

sufficient to provide protection in vivo. It was selected because of its in-vitro activity in the EAI assay and312

further confirms that this assay is a good correlate for in vivo protection. Interestingly, the target of LS4G2 is313

not one of the previously described molecules involved in RBC attachment or infection, such as the Trw-314
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type IV secretion system, IalA, IalB or LivG [Mitchell and Minnick, 1995, Coleman and Minnick, 2001,315

Vayssier-Taussat et al., 2010], but a predicted autotransporter. In other Bartonella species, this protein316

and other autotransporters have been found to be essential for the colonization of the natural reservoir317

host in two transposon screens [Vayssier-Taussat et al., 2010, Saenz et al., 2007], to be highly immunogenic318

[Riess et al., 2004, Gilmore et al., 2005, Litwin et al., 2007, Boonjakuakul et al., 2007, Vigil et al., 2010]319

and to be upregulated during in-vitro infection [Seubert et al., 2001, Quebatte et al., 2010]. Autotransporters320

have so far not been associated with RBC cell adhesion in Bartonella infection. However, in general, auto-321

transporters have often been found to be important for adhesion towards host cells or the extra-cellular matrix322

[Henderson and Nataro, 2001]. Other functions assigned to this class of proteins have been cleavage of anti-323

bodies bound to the pathogen [Mistry and Stockley, 2006], involvement in heme uptake [Otto et al., 2005]324

or functioning as a cohemolysin [Litwin and Johnson, 2005]. The most studied ones in Bartonella are the325

family of variable outer membrane proteins (Vomps), that mediate collagen adhesion [Zhang et al., 2004],326

and Bartonella adhesin A (BadA), which mediates adhesion and proangiogenic reprogramming of the host327

[Riess et al., 2004, Kaiser et al., 2008].328

The role of the Vomps of B. quintana has been studied in the experimental macaque model. They have been329

shown to be essential during infection [MacKichan et al., 2008] and rearrangement of the vomp locus has330

been observed during experimental infection and in isolates from human patients, which was suggested to be331

an immune evasion strategy [Zhang et al., 2004]. Interestingly, even though we found homologs of the target332

of LS4G2 in all related Bartonella species, they had varying homology on the amino acid sequence level. This333

might explain the high specificity of LS4G2, which exclusively binds the strain the mouse was immunized334

with. A high variation of this important but immunogenic protein between different Bartonella species335

or even different strains within one species could be an essential immune evasion mechanism within this genus.336

337

In accordance to previous findings [Marignac et al., 2010], our results indicate the importance of direct338

T-help in clearing the bacteremia. Their main role seems to be the maintenance of the antibody production339

long enough to mediate clearance. At the same time, there seems to be high redundancy amongst T-cells340

providing this help. A common feature of those T-cells is the expression of an αβTCR, but they can be341

restricted by different antigen presenting molecules. We could further confirm that the cytotoxic T-cell342

response does not play a major role in clearing Bartonella bacteremia, in accordance with previous findings343

[Marignac et al., 2010].344

Our results also suggest that the important role of antibodies in clearing Bartonella infection goes beyond345

the interference with erythrocyte infection. Previous results suggest that the bacteria cannot reinfect other346

cells after entering RBCs, indicating that the pathogen does not spread from RBCs within the same host347

[Schülein et al., 2001]. Thus, all reinfection cycles into erythrocytes have to come from another replication348

site. If cytotoxic T-cells would control this replication site, once this niche is cleared, the bacteremia should349

spontaneously decrease independently of the presence of protective antibodies. However, the presented350

work and previously described data [Koesling et al., 2001] show that in mice without B-cells the bacteremia351

persists. A cytolytic T-cell response should be present in these mice. Only administration of immune serum352

lead to clearance. Thus, we hypothesize that antibodies are also responsible for the clearance of potential353

replication niches of Bartonella and that the cytolytic T-cell response is also dispensable for this step. A354

short-lived replication site from where bacteria would regularly seed into the blood stream as well as into new355
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replication sites would allow neutralizing antibodies to not only interfere with erythrocyte attachment but to356

also block the interaction with other cell types and prevent the seeding of a new replication niche. However,357

since there is no proof of an intra-cellular replication niche in vivo, neutralizing antibodies preventing the358

replication of extra-cellular bacteria could also be an explanation.359

360

Taken together, our data for the first time shows the existence of neutralizing antibodies against Bartonella361

in the natural host. In addition, we indicate one target of this antibody response, a so-far poorly studied362

outer membrane protein. Our data suggests that this protein is a virulence factor playing a role in erythrocyte363

attachment. Further studies of this virulence factor and its function will allow deeper insight into the infection364

strategy of Bartonella and the immune response of the host. Importantly, the role of autotransporters might365

not be limited to RBC infection. They could be also involved in the attachment to other cell types and thus366

important for seeding of the replication niche. Besides their unknown function, their immunogenicity and the367

observation that a monoclonal antibody against one protein is sufficient for clearance makes autotransporters368

interesting targets for potential vaccines against Bartonella. However, more research is needed in order to be369

able to design a vaccine strategy that is able to circumvent the high variability of this protein amongst the370

bacteria of one species or the entire genus.371
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Materials and Methods575

Bacterial strains and plasmids576

B. birtlesii IBS325 LSB002 [Bermond et al., 2000], B. taylorii IBS296 LSB001 [Harms et al., 2017b] and577

B. tribocorum IBS506 LSB009 [Heller et al., 1998] were grown at 35◦C, 5 % CO2 on Columbia blood578

agar (CBA) containing 5 % defibrinated sheep blood and appropriate antibiotics (streptomycin 100 µg/ml,579

gentamycin 20 µg/ml). Bacteria were streaked 5 and expanded 2 days prior to usage.580

E. coli strains were cultivated in lysogeny broth or on solid agar plates containing the appropriate antibiotics581

(kanamycin 30 µg/ml, gentamycin 10 µg/ml) or diaminopimelic acid (DAP, 1 mM) at 37◦C over night.582

The plasmid pLS04 was generated by replacing the kanamycin resistance cassette of pJC43 (kind gift form583

Jean Celli [Celli et al., 2005]) with a gentamycin resistance cassette from pPG100 [Schülein et al., 2005].584

The entire sequence of pJC43 excluding the kanamycin resistance cassette was amplified by PCR with primers585

prJS370 and prJS371. The 833 bp fragment of pPG100 constituting the gentamycin resistance gene and586

upstream promoter region was amplified by PCR using primers prJS372 and prJS373. Both fragments were587

combined using the In-Fusion HD cloning kit (Takara, Kyoto, Japan). The plasmid pLS04 was conjugated588

into Bartonella as previously described [Harms et al., 2017a] resulting in B. tayorii LSB115.589

590

Primer sequences:591

prJS370: 5’ CTCATCCTGTCTCTTGATCAGATC592

prJS371: 5’ AGATCTGGGGTTCGAAATGACCG593

prJS372: 5’ TCAAGAGACAGGATGAGAAGCCCTGCAAAGTAAACTGG594

prJS373: 5’ TTTCGAACCCCAGATCTTTAGGTGGCGGTACTTGGG595

596

597

Animal experimentation598

Animal handling was performed in accordance with the Swiss Animal Protection law and local animal599

welfare bodies. The animal experiments in this work were approved by the Veterinary Office of the Canton600

Basel-Stadt (License number 1741).601

All animals were kept at SPF (specific pathogen free) conditions. WT animals C57/BL6 and Balb/c602

were obtained from Janvier labs, Le Genest-Saint-Isle, France. The homozygous murine knock-out603

strains AID-/- [Muramatsu et al., 2000], β2M-/- [Zijlstra et al., 1989], C3-/- [Wessels et al., 1995], JHT604

[Chen et al., 1993], KbDb-/- [Vugmeyster et al., 1998], MHCII-/- [Koentgen et al., 1993], Rag1-/-605

[Mombaerts et al., 1992], sIgM-/- [Tsiantoulas et al., 2017], TCRβδ-/- [Mombaerts et al., 1993] and T11-606

µMT [Klein et al., 1997] were bread at the Laboratory Animal Science Center (LASC, University of Zurich,607

Switzerland). FcγR4alpha x C3 -/- (Mehmet Sahin, manuscript in preparation), were bred at the transgenic608

mouse core facility (TCMF, University of Basel, Switzerland). µMT mice [Kitamura et al., 1991] were609

obtained from Jackson Laboratories, Maine, USA. The strains CD1d-/- [Smiley et al., 1997] and MR1-/-610

[Treiner et al., 2003] were a kind gift from Prof. Genaro De Libero, University of Basel. All mice were in611

C57Bl/6 background. AID x C3-/- was obtained by crossing AID-/- and C3-/-. TCRβ-/- and TCRδ-/- single612
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knock outs were obtained by back-crossing TCRβδ-/- with WT C57/Bl6.613

614

Animals were infected i.d. with 107 cfu bacteria in PBS. Blood was drawn in 3 % sodium citrate on615

several days post infection. For blood cfu count, whole blood was frozen at -80◦C, thawed and plated in a616

limited dilution series on blood agar (see above). For serum analysis, the blood samples were centrifuged for617

5 min at RT at 5000 x g in serum tubes (Sarstedt, Nümbrecht, Germany). Serum was frozen at -20◦C until618

usage.619

Immune serum was obtained 45 dpi from immunized C57Bl/6 mice and pooled from 20 animals. Naïve620

or immune serum were injected in 100 µl i.v.. Antibodies were given in a dose of 250 µg in PBS i.v.. If621

indicated, the serum was heat-inactivated at 60◦C for 30 min before usage.622

Erythrocyte infection623

Murine Erythrocytes were isolated from Balb/c mice after blood collection in 3 % sodium citrate from the tail624

vein or by terminal bleeding. Erythrocytes were purified using a Ficoll-gradient and kept at 4◦C in DMEM625

(Gibco) 10 % FCS for up to two weeks until usage.626

For EAI assay, a serial dilution of sera or antibodies was performed in a U-bottom 96-well plate in DMEM627

10% FCS. 105 bacteria were added per well and incubated for 2 h at 35◦C and 5 % CO2. 106 (MOI 0.1)628

erythrocytes were added in 100 µl DMEM 10% FCS. After 24 h the supernatant was removed and the cells629

were fixed in 1% PFA and 0.2 % GA in PBS for 10 min at 4◦. FACS buffer (2 % FCS in PBS) was added and630

the plates were analyzed in flow cytometry (CantoII from BD, New Jersey, USA, using the HTS autosampler)631

or stained for Confocal microscopy.632

Microscopy633

Bacteria were grown as described above, collected in PBS and stained with purified antibody for 1 h at RT.634

Bacteria were then washed with PBS, centrifuged at 4000 x g for 5 min and stained with the secondary635

antibody (anti-mouse IgG-Alexa 568, Biolegend, California, USA) for 1 h at 4◦C in the dark. After another636

wash, the bacteria were fixed in 3.7 % PFA for 10 min at 4◦ in the dark.637

RBCs were infected as described above. Erythrocytes were then stained with anti-Ter119-Alexa 647638

(Biolegend, California, USA) for 1 h at 4◦C in the dark. After washing and centrifugation at 100 x g, 5min,639

the cells were fixed in 3.7 % PFA for 10 min at 4◦ in the dark.640

Fixed erythrocyte samples were centrifuged at 100 x g for 5 min. Stained bacteria samples were centrifuged641

at 4000 x g for 5 min. For both types of samples, the supernatant was removed and the cell pellet was642

resuspended in ProLong Diamond Antifade mountant (Thermo Fisher Scientific, Waltham, MA). 15 µl of643

suspension was applied on 18 mm, #1.5 thickness coverslips (Thermo Fisher Scientific, Waltham, MA)644

and mounted onto glass slides (Thermo Fisher Scientific, Waltham, MA). After 24 h of curing at room645

temperature, the coverslips were sealed with nail polish.646

Confocal images were acquired with a SP8 confocal microscope (Leica) equipped with 488 and 638 nm647

solid-state lasers and a Plan Apo CS2 63x, 1.40 NA oil objective.648

3D-SIM was performed using a DeltaVision OMX-Blaze system (version 4; GE Healthcare) equipped with649

488 and 568 nm solid-state lasers, Plan Apo N 63x, 1.42 NA oil objective and 4 liquid-cooled sCMOs cameras650
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(pco Edge, full frame 2560 x 2160; Photometrics). Optical z-sections were separated by 0.125 µm. Exposure651

times were between 3 and 10 ms, with three rotations of the illumination grid.652

Multichannel imaging was achieved through sequential acquisition of wavelengths by separate cameras.653

First, the channels were aligned in the image plane and around the optical axis using predetermined shifts654

measured using a target lens and the SoftWoRx alignment tool. Afterwards, they were carefully aligned using655

alignment parameters from control measurements made with 0.5 µm diameter multi-spectral fluorescent656

beads (Invitrogen, Thermo Fisher Scientific). Raw 3D-SIM images were processed and reconstructed using657

the DeltaVision OMX SoftWoRx software package (GE Healthcare) (Gustafsson, 2000). The final voxel size658

was 40 nm x 40 nm x 125 nm.659

Gentamycin protection assay660

Blood from infected animals or over night in-vitro infected erythrocytes (see above) were incubated for 2 h at661

35◦C, 5 % CO2 either in PBS alone or in PBS containing 40 µg/ml gentamycin. Cells were washed 3 times662

by adding at least 1 ml of PBS and centrifugation at 100 x g for 5 min. Cell pellets were frozen at -80◦C for663

erythrocyte lysis and plated in serial dilutions on blood agar plates.664

Antibody binding assay665

A serial dilution series of monoclonal antibody or isotype was performed in a U-bottom 96-well plate.666

Bacteria were grown as for the EAI assay and added with 107 bacteria per well. After 1h at RT in the dark,667

bacteria were washed with FACS buffer (2 % FCS in PBS, centrifugation at 4000 x g, 5 min) The bacteria668

were fixed with 3.7 % PFA for 10 min at 4◦ in the dark and resuspended in FACS buffer before analysis via669

flow cytometry (CantoII from BD, New Jersey, USA, using the HTS autosampler).670

ELISA671

Purification of Bartonella outer membrane proteins (OMP) was performed as has been described previously672

[Otsuyama et al., 2016].673

For antibody titers in serum, anti murine IgG-HRP or anti murine IgM-biotin and streptavidin-HRP (Biole-674

gend, California, USA) were used.675

In brief, ELISA plates (corning, New York, USA) were coated over night with purified Bartonella OMP (1676

mg per 96-well plate) in coating buffer (Biolegend, California, USA). The plates were washed with 0.05677

% Tween in PBS and blocked 1h at RT with 1x ELISA buffer (Biolegend, California, USA). After another678

wash, sera were added in dilution series for 3h at RT. After 3 washes, detection antibody was added in the679

recommended dilution for 1 h at RT. If necessary streptavidin-HRP was added after another 3 washes for 30680

min at RT. After 5 washes 1x ELISA substrate (Genetech, California, USA) was added at RT for 5-10 min681

and stopped with 1 M phosphoric acid. Plates were read at 450 and 570 nm.682

Hybridoma production683

For hybridoma production the DiSH Kit from Enzo Life Sciences, New York, USA, was used. Balb/c mice684

were infected with 107 cfu B. taylorii i.d. 6 weeks before i.v. reinfection with 107 cfu. 2 weeks later, the685
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animals were boosed with 107 cfu heat inactivated bacteria (3 h at 60 ◦C) and the spleens were harvested 2686

days later. A collagenase digest (3 mg/ml Collagenase IV, 2 % FCS, in RPMI) was performed for 30-60 min687

at 37◦C. The digestion mixture was put through a cell strainer and approx. 10 ml of RPMI + 10 % FCS were688

added. The cells were centrifuged for 10 min at 300 x g at 4◦C and a red blood cell lysis was performed by689

resuspending the pellet in ACK buffer (150 mM NH4Cl, 10 mM KHCO3 and 0,1 mM EDTA). After 1 min at690

RT, 10 ml of RPMI + 10 % FCS was added and the cells were centrifuged again and used according to the691

DiSH Kit protocol. In brief, the obtained lymphocytes were washed with WCM. Myeloma fusion partner692

SP2ab grown in PMC medium, washed once with WCM and added to the lymphocyte pellet in a ration of 1:5693

Sp2ab : lymphocyte. After centrifugation for 10 min at 4◦C, 300 x g, the cell pellet was warmed to 37◦C in a694

water bath. While keeping the pellet in the water bath, PEG1000 was added drop wise to the cell mixture.695

After 60 sec at 37◦C, 4 ml of prewarmed WCM were added drop wise over the course of 2 min while keeping696

the cells at 37◦C. Another 5 ml were added over the course of 1 min. Another 6 ml were added over the697

course of 1 min. After 10 min at 37◦C, 30 ml of FCM were added and the cells were centrifuged at 150 x g698

for 5 min. The cells were then incubated over night in FCM at 37◦C, 5 % CO2. The fused cells were plated699

in semisolid medium (AbeoClone from Enzo Life Sciences) until the appearance of single colonies, approx.700

after 8 days. Clones were then harvested in RCM, expanded in ECM and screened for specificity using the701

EAI assay. Hybridoma clones were then grown in RPMI (sigma) + 10 % FCS.702

703

Purification of monoclonal antibody704

Sequencing of the antibody expressed by a hybridoma cell line was performed by Absolute Antibody, UK.705

signal peptide and VH of LS4G2:706

ATGAAATGCAGCTGGGTCATCTTCTTCCTGATGGCAGTGGTTATAGGAATCAATTCAGAGGTTCA707

GCTGCAGCAGTCTGGGGCAGAGCTTGTGAGGTCAGGGGCCTCAGTCAAGTTGTCCTGCACAGCTT708

CTGGCTTCAACATTAAAGACTACTATATGGATTGGGTGAAGCAGAGGCCTGAACAGGGCCTGGAG709

TGGATTGGATGGATTGATCCTGAGAATGGTGATAGTGAATATGCCCCGAAGTTCCAGGGCAAGGC710

CACTATGACTGCAGACACATCCTCCAACACAGCCTACCTGCAGCTCAGCAGCCTGACATCTGAGG711

ACACTGCCGTCTATTACTGTAATGCCGGACAGCTCGGGCTAGGAGCTTACTGGGGCCAAGGGACT712

CTGGTCACTGTCTCTGCA713

714

VL of LS4G2:715

ATGTCAGTAGGACAGAAGGTCACTATGAGCTGCAAGTCCAGTCAGAGCCTTTTAAATAGTAGCAAT716

CAAAAGAACTATTTGGCCTGGTACCAGCAGAAACCAGGACAGTCTCCTAAACTTCTGGTATACTT717

TGCATCCACTAGGGAATCTGGGGTCCCTGATCGCTTCATAGGCAGTGGATCTGGGACAGATTTCA718

CTCTTACCATCAGCAGTGTGCAGGCTGAAGACCTGGCAGATTACTTCTGTCAGCAACATTATAGC719

ACTCCTCGGACGTTCGGTGGAGGCACCAAGCTGGAAATCAAAC720

721

The antibody LS4G2 is of the IgG3 isotype with a κ light chain. The corresponding gene fragments722

were synthesized (Genscript, New Jersey, USA). For recombinant expression, rearranged V regions of LS4G2723

were subcloned into the CMV-promoter-driven mammalian expression vector pXLG1.2, followed by the724
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Cγ2a constant domain (kindly provided by Prof. Shozo Izui, University of Geneva), corresponding to the725

Genbank sequences for mouse IgG2a (J00470.1). The procedure for the light chain was identical.726

Antibodies were expressed by transient co-transfection of HEK and CHO cells (Protein Production and727

Structure Core Facility, EPFL, Lausanne, Switzerland) and purified on protein G columns (GE Healthcare,728

Illinois, USA) with ÄKTAprime plus (GE Healthcare, Illinois, USA) followed by PBS dialysis.729

For conjugation of the purified antibody we used the lightning link labeling kit from Expedeon (Sygnis,730

Heidelberg, Germany) according to the manufacturer’s protocol.731

Immunoprecipitation732

Bartonella taylorii was grown as described before. Bacteria were collected in wash buffer (50 mM HEPES733

pH 7.4, 200 mM NaCl, 5% glycerol) containing benzoase and protease inhibitors and lyzed using French734

Press and centrifuged at 10.000 x g for 10 min at 4◦C. The supernatant was centrifuged at 100.000 x g at735

4◦C to obtain the membrane protein fraction. The pellet was solubilized over night at 4◦C with 1 % DDM in736

wash buffer and again centrifuged at 100.000 x g at 4◦C. The supernatant was incubated for 3h at 4◦C with737

antibody or isotype. 100 µl of UltraLink Resin (Thermo Fisher Scientific, Waltham, MA) was added for 2h738

at RT. The mixture was centrifuged at 6000 x g and the beads were washed 3 times with excess wash buffer739

before elution with 20 ul of Laemmli buffer.740

After TCA precipitation, the samples were prepared for LC-MS/MS. Sample preparation, mass spectrometry741

and data analysis was performed as previously described for B. henselae [Québatte et al., 2013].742

Data analysis743

Statistical analysis of the obtained data was performed using GraphPad Prism Software. Unpaired student’s744

t-test were used for the analysis of the gentamycin protection assay and growth analysis and two-way ANOVA745

was used for the comparison of bacteremia curves.746
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Figure 1: Antibodies mediate clearance of Bartonella bacteremia. Mice were infected with 107 cfu B.
taylorii i.d.. The blood cfu count after infection is shown for A) C57Bl/6 wildtype (WT) vs. Rag1-/-
and JHT and B) WT vs. FcγRnull C3-/- mice. C) Schematic overview of the experimental setup
used in D and E: mice were infected on day 0, 100 µl naïve or immune serum raised against B.
taylorii was transferred on day 3 and blood was drawn in the following days to determine the
bacteremia. The blood cfu count after serum transfer is shown for WT (D) and FcγRnull C3-/-
(E) recipients. Data was collected from at least 4 mice per group. The figures show representative
data from at least two independent experiments. Statistical analysis was performed using two-way
ANOVA and P-values are given for significant findings.
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Figure 2: Antibodies clear the bacteremia by RBC adhesion inhibition. A) Schematic overview of the
EAI assay. RBCs were infected with GFP+ B. taylorii (moi 0.1) preincubated with immune or
naïve serum. The infection rate was quantified using flow cytometry. B) Exemplary FACS plots
of infected erythrocytes from the EAI assay: uninfected and RBCs infected with free bacteria or
those that have been preincubated with immune serum. C) EAI assay titration curve of naïve and
immune serum. The mean of the no serum control is given as a dashed line. D) Confocal images of
murine RBCs (stained with anti-Ter119) infected with GFP+ B. taylorii (moi 0.1). E) Gentamycin
(Gm) protection assay of in-vitro infected RBCs (moi 0.1) compared to RBCs obtained from mice
infected with 107 cfu B. taylorii 14 dpi (ex vivo). SN = RBC supernatant. F) Comparison between
blood cfu count of WT C57Bl/6 mice after infection with 107 cfu B. taylorii i.d. with their measured
EAI titer (right Y-axis). In-vitro data was collected in technical triplicates. In vivo experiments
were performed using at least 3 mice per group. The figures show representative data from at least
two independent experiments. Statistical analysis was performed using unpaired t-test and P-values
are given for significant findings.
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Figure 3: Functionality of protective antibodies against Bartonella is Ig-type independent. A)
Schematic overview of the serum transfer experiment shown in B: µMT mice were infected
with 107 cfu B. taylorii i.d.. After establishment of persistent bacteremia 100 µl of immune serum
were injected i.v.. B) Blood cfu count (left Y-axis) of µMT mice before and after serum transfer on
day 146 post infection. EAI titers (right Y-axis) after transfer are shown for mice which obtained
serum. C) C57Bl/6 WT mice were compared with AID-/-, sIgM-/-, AID x sIgM-/- and µMT mice
for blood cfu counts after infection with 107 cfu B. taylorii i.d. D) EAI titers weeks 2 and 6 post
infection for A. E) IgM (right Y-axis) and IgG (left Y-axis) titers against B. taylorii outer membrane
proteins (OMPs) measured by ELISA 6 weeks post infection for A. Data was collected from at least
4 mice per group. The figures show representative data from at least two independent experiments.
Statistical analysis was performed using two-way ANOVA and P-values are given for significant
findings.
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Figure 4: Functionality of protective antibodies against Bartonella is specificity dependent. Mice were
infected with 107 cfu B. taylorii i.d. A and C) Blood cfu count for WT mice compared to T11µMT
and µMT (A) or MD4 (B) mice. EAI titers for weeks 2, 6 and 11 post infection are shown
respectively in C and D. Data was collected from at least 4 mice per group. The figures show
representative data from at least two independent experiments. Statistical analysis was performed
using two-way ANOVA and P-values are given for significant findings.
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Figure 5: A monoclonal neutralizing antibody is protective in vivo. A) Titration curve of the hybridoma
supernatant LS4G2 in EAI assay compared to other - negative - hybridoma clones. B) Structured
illumination microscopy of GFP expressing B. taylorii (green) stained with LS4G2 (left pictures,
red) compared to isotype control (right picture). C) Titration curve of binding of purified LS4G2
(IgG2a) conjugated to PE to live B. taylorii compared to isotype control, quantified by flow
cytometry. D) Schematic overview of the experiments shown in E and F: Mice were infected with
107 cfu B. taylorii i.d. on d0. 250 µg purified LS4G2 or an isotype control was transferred on day 3
post infection. E) Blood cfu count after transfer of 250 µg purified LS4G2 or an isotype control
compared to 100 µl immune serum into WT C57Bl/6 mice. F) Blood cfu count after transfer of 250
µg purified LS4G2 or an isotype control into FcγR null x C3-/- mice. In-vitro data was collected in
technical triplicates. In vivo data was collected from at least 4 mice per group. The figures show
representative data from at least two independent experiments.
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Figure 6: T-help is important for the formation of protective antibodies clearance of Bartonella bac-
teremia but there is high redundancy in the involved cell types. Mice were infected with 107

cfu B. taylorii i.d.. Blood cfu counts are shown for C57Bl/6 (WT) mice compared to MHCII-/-,
KbDb-/- and TCRβδ (A), C57Bl/6 mice compared to CD1d-/- and MR1-/- (B), C57Bl/6 mice
compared to CD40L-/- (C) and C57Bl/6 mice compared to TCRβ, TCRδ and TCRβδ (E). EAI
titers on different time points post infection are shown for C57Bl/6 mice compared to CD40L-/-
(D) and C57Bl/6 mice compared to TCRβ-/-, TCRδ-/-, and TCRβδ-/- (F). Data was collected
from at least 4 mice per group. The figures show representative data from at least two independent
experiments. Statistical analysis was performed using two-way ANOVA and P-values are given for
significant findings. C shows data for single mice.
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Figure S2: Functionality of EAI assay is due to neutralization, not complement in serum or bacteri-
cidal effects. A) Effect of immune serum before and after heat-inactivation on the inhibition of
erythrocyte adhesion of GFP+ B. taylorii. The mean of the no serum control is given as a dashed
line. B) Growth analysis of B. taylorii during the conditions of the EAI assay. Cfu count shown
for bacteria grown in the presence of immune serum (normal and heat-inactivated), naive serum
and in medium only. All data obtained in technical triplicates. The figures show representa-
tive data from at least three independent experiments. The results were analyzed using unpaired
t-tests and P-values are given for significant findings.
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Figure S3: Observation of the EAI titers in different mouse models over time. A) Comparison of mea-
sured EAI titers after serum transfer into infected and uninfected µMT mice. B-F) For the ex-
periments shown in figure 3B-D blood cfu counts (left Y-axis) compared to obtained EAI titers
(right Y-axis) are shown for WT C57Bl/6 (B), AID-/- (C), sIgM-/- (D), AID x sIgM-/- (E), µMT
and (F). G and H) AID x C3-/- were infected with 107 cfu B. taylorii i.d.. Blood cfu counts are
shown in comparison to WT and AID-/- mice (G). Blood cfu counts (left Y-axis) in comparison
to EAI titers (right Y-axis) are shown for AID -/- x C3 -/- in H. Data was collected from at least 4
mice per group. The figures show representative data from at least two independent experiments.
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Figure S4: Observation of EAI titers in mice with reduced antibody repertoire over time. Blood cfu
counts (left Y-axis) compared to measured EAI titers (right Y-axis) over time for the experiments
shown in figure 4: WT (A), T11µMT (B), µMT (C) and MD4 (D) mice. Data was obtained from
at least 4 mice per group. The figure shows representative data from at least two independent
experiments.
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Figure S5: Monoclonal neutralizing antibody LS4G2 is not bactericidal and highly specific. A) Growth
analysis of B. taylorii during the conditions of the EAI assay. Cfu count shown for bacteria in-
cubated in the presence of LS4G2 or only in medium. B) Surface staining of B. taylorii (Bta)
IBS296 compared to B. taylorii isolates #57 and #370 and to B. birtlesii (Bbi) IBS325 and B.
tribocorum (Btrb) IBS506 by LS4G2-PE, quantified by Flow Cytometry. All data obtained in
technical triplicates. The figure shows representative data from at least two independent exper-
iments. The results were analyzed using unpaired t-tests and P-values are given for significant
findings.
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Figure S6: Clearance of the bacteremia correlates with a measurable antibody titer in different T-cell
deficient mice. Mice were infected with 107 cfu B. taylorii i.d.. Blood cfu count (A) and EAI
titer (B) is shown for WT C57Bl/6 compared to β2M-/- mice. Comparison between the course of
bacteremia and obtained EAI titers for the experiments shown in figure 6 are given for CD40L-/-
(C), WT C57Bl/6 (D), TCRβ-/- (E), TCRδ-/- (F) and TCRβδ-/- (G). Data was collected from
at least 4 mice per group. The figures show representative data from at least two independent
experiments.
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isotype LS4G2 isotype LS4G2
outer membrane autotransporter barrel domain-containing protein [Bartonella taylorii] OPB34894.1 75 kDa 5,00% 68% 3 96
hypothetical protein Btaycd_012310, partial [Bartonella taylorii] OPB34623.1 45 kDa 46% 24
membrane protease FtsH catalytic subunit [Bartonella taylorii] OPB35138.1 79 kDa 2,60% 27% 2 19
outer membrane autotransporter barrel domain-containing protein [Bartonella taylorii] OPB35004.1 84 kDa 0,00% 24% 0 14
serine protease Do [Bartonella taylorii] OPB35116.1 54 kDa 15% 8
outer membrane autotransporter barrel domain-containing protein [Bartonella taylorii] OPB34803.1 118 kDa 10% 9
signal peptide peptidase SppA [Bartonella taylorii] OPB35302.1 24 kDa 4,60% 28% 1 7
Do/DeqQ family serine protease [Bartonella taylorii] OPB35259.1 50 kDa 14% 6
amino acid ABC transporter ATP-binding protein, PAAT family [Bartonella taylorii] OPB34936.1 28 kDa 31% 9
HemY protein [Bartonella taylorii] OPB35802.1 58 kDa 14% 6
Outer membrane protein beta-barrel domain-containing protein [Bartonella taylorii] OPB34763.1 34 kDa 3,50% 15% 1 4
Protein of unknown function (DUF1460) [Bartonella taylorii] OPB34828.1 31 kDa 0,00% 7,40% 0 2
peptide/nickel transport system ATP-binding protein [Bartonella taylorii] OPB35089.1 30 kDa 0,00% 13% 0 3
NADH dehydrogenase subunit G [Bartonella taylorii] OPB35491.1 75 kDa 1,20% 2,50% 1 2
hypothetical protein Btaycd_006300 [Bartonella taylorii] OPB35316.1 63 kDa 5,10% 2
signal recognition particle-docking protein FtsY [Bartonella taylorii] OPB35683.1 45 kDa 2,00% 4,10% 1 2
signal peptidase I Serine peptidase, MEROPS family S26A [Bartonella taylorii] OPB35541.1 32 kDa 0,00% 11% 0 3
Tetratricopeptide repeat-containing protein, partial [Bartonella taylorii] OPB35140.1 40 kDa 5,80% 3
peroxiredoxin Q/BCP [Bartonella taylorii] OPB35019.1 17 kDa 19% 3
acetyl-CoA carboxylase carboxyltransferase subunit alpha [Bartonella taylorii] OPB35437.1 34 kDa 6,50% 2
hypothetical protein Btaycd_011900, partial [Bartonella taylorii] OPB34758.1 19 kDa 27% 4
carbohydrate ABC transporter ATP-binding protein, CUT1 family [Bartonella taylorii] OPB35621.1 40 kDa 16% 4
peptide/nickel transport system ATP-binding protein [Bartonella taylorii] OPB35090.1 32 kDa 7,60% 2
protein translocase subunit secF /protein translocase subunit secD [Bartonella taylorii] OPB35072.1 92 kDa 38% 37% 2
SSU ribosomal protein S4P [Bartonella taylorii] OPB35501.1 24 kDa 63% 76% 1 2
Porin subfamily protein [Bartonella taylorii] OPB35613.1 44 kDa 43% 51% 30 34
SSU ribosomal protein S7P [Bartonella taylorii] OPB34930.1 18 kDa 57% 65% 14 26
LSU ribosomal protein L3P [Bartonella taylorii] OPB35285.1 26 kDa 60% 63% 20 21
protein of unknown function (DUF3472) [Bartonella taylorii] OPB34226.1 38 kDa 45% 42% 10 17
SSU ribosomal protein S19P [Bartonella taylorii] OPB35281.1 10 kDa 59% 67% 15 17
protease FtsH subunit HflK [Bartonella taylorii] OPB35737.1 42 kDa 35% 34% 15 14
SSU ribosomal protein S16P [Bartonella taylorii] OPB35795.1 13 kDa 49% 59% 12 15
protease FtsH subunit HflC [Bartonella taylorii] OPB35736.1 36 kDa 21% 27% 13 15
bacterial translation initiation factor 3 (bIF-3) [Bartonella taylorii] OPB35206.1 15 kDa 39% 37% 11 18
LSU ribosomal protein L20P [Bartonella taylorii] OPB35903.1 15 kDa 53% 53% 8 10
chaperonin GroEL [Bartonella taylorii] OPB34236.1 58 kDa 18% 24% 7 15
SSU ribosomal protein S3P [Bartonella taylorii] OPB35279.1 27 kDa 19% 43% 12 11
LSU ribosomal protein L4P [Bartonella taylorii] OPB35284.1 23 kDa 31% 53% 9 12
LSU ribosomal protein L15P [Bartonella taylorii] OPB35266.1 17 kDa 41% 46% 4 15
LSU ribosomal protein L17P [Bartonella taylorii] OPB35260.1 16 kDa 51% 52% 7 11
SSU ribosomal protein S13P [Bartonella taylorii] OPB35263.1 14 kDa 60% 60% 7 10
ETC complex I subunit conserved region [Bartonella taylorii] OPB35559.1 12 kDa 43% 58% 8 11
LSU ribosomal protein L13P [Bartonella taylorii] OPB34909.1 17 kDa 58% 58% 10 9
SSU ribosomal protein S9P [Bartonella taylorii] OPB34910.1 18 kDa 43% 49% 3 13
F-type H+-transporting ATPase subunit beta [Bartonella taylorii] OPB35101.1 57 kDa 8,40% 34% 10 9
Beta-barrel assembly machine subunit BamD [Bartonella taylorii] OPB35754.1 30 kDa 20% 15% 6 8
SSU ribosomal protein S2P [Bartonella taylorii] OPB35823.1 28 kDa 8,60% 26% 3 12
translation elongation factor 1A (EF-1A/EF-Tu) [Bartonella taylorii] OPB35842.1 43 kDa 35% 5 4
outer membrane immunogenic protein [Bartonella taylorii] OPB34085.1 30 kDa 18% 22% 2 8
SSU ribosomal protein S15P [Bartonella taylorii] OPB35710.1 10 kDa 42% 42% 13
LSU ribosomal protein L19P [Bartonella taylorii] OPB35776.1 16 kDa 34% 51% 6 7
ATP synthase F1 subcomplex alpha subunit [Bartonella taylorii] OPB35103.1 56 kDa 7,80% 12% 4 6
SSU ribosomal protein S5P [Bartonella taylorii] OPB35268.1 20 kDa 32% 24% 5 9
LSU ribosomal protein L28P [Bartonella taylorii] OPB35786.1 11 kDa 51% 58% 4 6
hypothetical protein Btaycd_003160 [Bartonella taylorii] OPB35594.1 30 kDa 15% 30% 7 6
membrane fusion protein, multidrug efflux system [Bartonella taylorii] OPB35126.1 40 kDa 6,00% 12% 4 6
protein translocase subunit yajC [Bartonella taylorii] OPB35047.1 16 kDa 16% 43% 3 7
Metal-dependent hydrolase, endonuclease/exonuclease/phosphatase family [Bartonella taylorii]OPB35173.1 33 kDa 13% 14% 2 4
SH3 domain-containing protein [Bartonella taylorii] OPB34921.1 23 kDa 22% 9,10% 3 7
LSU ribosomal protein L29P [Bartonella taylorii] OPB35277.1 8 kDa 20% 20% 4 3
Beta-barrel assembly machine subunit BamA [Bartonella taylorii] OPB34973.1 89 kDa 1,00% 7,50% 5 2
hypothetical protein Btaycd_010000 [Bartonella taylorii] OPB34941.1 24 kDa 17% 21% 3 4
SSU ribosomal protein S17P [Bartonella taylorii] OPB35276.1 9 kDa 42% 42% 1 6
sodium/proton antiporter, NhaA family [Bartonella taylorii] OPB35317.1 49 kDa 4,20% 6,60% 5 4
SSU ribosomal protein S18P [Bartonella taylorii] OPB35471.1 10 kDa 45% 45% 4 5
LSU ribosomal protein L24P [Bartonella taylorii] OPB35274.1 11 kDa 32% 32% 2 5
LSU ribosomal protein L27P [Bartonella taylorii] OPB35108.1 10 kDa 25% 25% 4 4
hypothetical protein Btaycd_010010 [Bartonella taylorii] OPB34942.1 20 kDa 14% 18% 4 3
SSU ribosomal protein S20P [Bartonella taylorii] OPB35872.1 10 kDa 13% 20% 3 3
bacterial translation initiation factor 2 (bIF-2) [Bartonella taylorii] OPB35706.1 93 kDa 3,30% 2,60% 2 4
LSU ribosomal protein L14P [Bartonella taylorii] OPB35275.1 13 kDa 26% 27% 1 2
SSU ribosomal protein S11P [Bartonella taylorii] OPB35262.1 14 kDa 20% 37% 2 2
SSU ribosomal protein S21P [Bartonella taylorii] OPB35242.1 9 kDa 22% 31% 3 4
LSU ribosomal protein L21P [Bartonella taylorii] OPB35109.1 18 kDa 19% 15% 2 5
SSU ribosomal protein S12P [Bartonella taylorii] OPB34931.1 14 kDa 22% 14% 2 3
3',5'-cyclic AMP phosphodiesterase CpdA [Bartonella taylorii] OPB35238.1 34 kDa 22% 2,70% 4 3
transcription termination factor Rho [Bartonella taylorii] OPB35692.1 47 kDa 9,00% 3 2
hypothetical protein Btaycd_011810 [Bartonella taylorii] OPB34768.1 27 kDa 15% 15% 6 1
LSU ribosomal protein L16P [Bartonella taylorii] OPB35278.1 16 kDa 26% 26% 4
LSU ribosomal protein L22P [Bartonella taylorii] OPB35280.1 14 kDa 16% 22% 3 3
LSU ribosomal protein L35P [Bartonella taylorii] OPB35904.1 8 kDa 33% 33% 3 3
Endonuclease YncB, thermonuclease family [Bartonella taylorii] OPB33638.1 21 kDa 6,00% 27% 2 4

coverage # peptides 
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Multidrug resistance efflux pump [Bartonella taylorii] OPB35098.1 37 kDa 9,00% 3,90% 3 2
protein translocase subunit secY/sec61 alpha [Bartonella taylorii] OPB35265.1 49 kDa 3,80% 5,40% 1 2
hypothetical protein Btaycd_009990 [Bartonella taylorii] OPB34940.1 20 kDa 15% 6,70% 3 1
LSU ribosomal protein L2P [Bartonella taylorii] OPB35282.1 30 kDa 9,40% 12% 2 2
membrane fusion protein, macrolide-specific efflux system [Bartonella taylorii] OPB35219.1 45 kDa 0,00% 10% 2 2
single-strand binding protein [Bartonella taylorii] OPB35326.1 19 kDa 29% 0 3
Conjugal transfer protein TrbH [Bartonella taylorii] OPB34753.1 15 kDa 14% 18% 4
LSU ribosomal protein L6P [Bartonella taylorii] OPB35270.1 20 kDa 18% 2 2
tRNA(Ile)-lysidine synthase [Bartonella taylorii] OPB35139.1 57 kDa 3,40% 4
protein translocase subunit secG [Bartonella taylorii] OPB33915.1 16 kDa 17% 25% 1 2
LSU ribosomal protein L30P [Bartonella taylorii] OPB35267.1 8 kDa 13% 31% 1 2
MFS transporter, MHS family, alpha-ketoglutaratepermease [Bartonella taylorii] OPB35740.1 48 kDa 2,80% 4,40% 1 2
hypothetical protein Btaycd_009980 [Bartonella taylorii] OPB34939.1 9 kDa 12% 23% 1 2
Beta-barrel assembly machine subunit BamE [Bartonella taylorii] OPB35200.1 17 kDa 12% 6,50% 2 1
Global cell cycle regulator GcrA [Bartonella taylorii] OPB35879.1 19 kDa 5,10% 13% 1 2
SSU ribosomal protein S1P [Bartonella taylorii] OPB35893.1 63 kDa 3,90% 2
LSU ribosomal protein L25P [Bartonella taylorii] OPB35164.1 23 kDa 14% 2

table S1: mass spectrometry analysis of LS4G2 immunoprecipitation. 
              Overview of all found proteins in eluted fraction from IP with LS4G2 or isotype control. FDR 0.1.



3.1.2 Additional experiments: The antibody response against B. birtlesii

3.1.2.1 Results and discussion

Some of the mouse infections with B. taylorii reported in the manuscript (3.1.1.2) have been additionally

performed with a second strain of lineage 4, B. birtlesii. B. birtlesii is also naturally found in mice. The data

is, however, less robust and the strain repeatedly showed growth problems. Thus, quantification of cfu was

sometimes problematic. We decided to continue the experiments only with B. taylorii.

In general, the findings with B. birtlesii are very similar to the ones reported with B. taylorii, some phe-

notypes are, however, less pronounced. C57Bl/6 WT animals stayed sterile for 5-7 days after intra-dermal

inoculation with B. birtlesii and cleared within 30-40 days (figure 3.1A). The peak of the bacteremia was

with approximately 104 cfu per ml of blood lower than for B. taylorii. Mice lacking the adaptive immune

system or only B-cells, namely Rag1-/- and JHT animals, showed a persistent bacteremia after infection

with B. birtlesii (figure 3.1A), comparable to B. taylorii (see 3.1.1.2) or B. grahamii [134]. The 10-fold

differences observed between the different models after B. taylorii infection were not observed with B.

birtlesii. Infection of FcγRnull x C3-/- (figure 3.1B), AID-/- and sIgM-/- animals (figure 3.1C) with B.

birtlesii revealed that also in this model, the mutant mouse strains cleared the bacteremia independently of

the presence of complement or Fc-receptors and independently of the nature of the antibody type (IgM or

IgG). However, for B. birtlesii there might have been a very mild prolongation of 1 week in the clearance of

the bacteremia in FcγRnull x C3-/- (figure 3.1B) and AID-/- (figure 3.1C) mice compared to WT animals - a

finding that has not been observed for B. taylorii. If this is biologically significant, however, is questionable.

In order to investigate the role of the T-cell response, MHCII-/-, KbDb-/- and TCRβδ-/- mice were also in-

fected with B. birtlesii. Again, similar findings were observed compared to the same mouse strains infected

with B. taylorii (see 3.1.1.2). MHCII-/- and KbDb-/- animals cleared comparable to WT animals, whereas

TCRβδ-/- mice showed persistent bacteremia (figure 3.1D).

These findings observed from B. birtlesii infections lead to the same conclusion as the findings from B.

taylorii infections. Bartonella bacteremia is cleared by neutralizing antibodies, independent of the domi-

nant antibody Ig type and independent of the presence of complement or Fc-receptors. In mice without a

T-cell compartment, the bacteremia persists, in mouse strains lacking either classical T-help or T-killing, the

bacteremia is cleared. In general, these findings promote the idea that the observations for B. taylorii are not

strain- or species-specific effects but show general mechanisms for the whole genus Bartonella.

3.1.2.2 Material and methods

Cultivation of bacteria B. birtlesii IBS325 LSB002 [281] was grown at 35◦C, 5 % CO2 on Tryptic soy

agar (TSA) containing 5 % defibrinated sheep blood. Bacteria were streaked 5 and expanded 2 days prior to

usage.

Animal experimentation
Animal handling was performed in accordance with the Swiss Animal Protection law and local animal wel-

fare bodies. The animal experiments in this work were approved by the Veterinary Office of the Canton

Basel-Stadt (License number 1741).
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Figure 3.1: Neutralizing antibodies also clear B. birtlesii bacteremia. Mice were infected with 107 cfu B.
birtlesii i.d.. Blood cfu counts are shown for A) WT C57Bl/6 vs. Rag1-/- and JHT , B) WT vs.
FcγRnull C3-/- C) WT vs AID-/- and sIgM-/- and D) WT vs MHCII-/-, KbDb-/- and TCRβδ-/-
mice. Data was collected with at least 3 mice per group. The figures show representative data
from at least two independent experiments.
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All animals were kept at SPF conditions. C57/BL6 WT animals were obtained from Janvier labs, Le Genest-

Saint-Isle, France. The homozygous knock-out strains AID-/- [36], JHT [282], KbDb-/- [283], MHCII-/-

[284], Rag1-/- [285] and TCRβδ-/- [286] were bred at the Laboratory Animal Science Center (LASC, Uni-

versity of Zurich, Switzerland). FcγR4alpha x C3 -/- (Mehmet Sahin, manuscript in preparation) were bred

at the transgenic mouse core facility (TCMF, University of Basel, Switzerland).

Animals were infected i.d. with 107 cfu bacteria in PBS. Blood was drawn in 3 % sodium citrate on several

days post infection. For blood cfu count, whole blood was frozen at -80◦C, thawed and plated in a limited

dilution series on blood agar (see above).
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3.2 Additional preliminary results concerning the in-vitro
erythrocyte adhesion assay

3.2.1 Summary

The establishment of the erythrocyte adhesion inhibition assay allowed the exploration of additional ques-

tions. First we analyzed if the assay is specific for anti-B. taylorii immune serum or if there would be an

effect of an irrelevant serum. Second, we wondered if the assay could potentially be transferred to a more

clinical set up using B. quintana and human erythrocyte infection.

An immune serum raised against a different murine Bartonella strain did not have an effect on the ery-

throcyte adhesion by B. taylorii. B. quintana appeared to adhere to human erythrocytes in similar settings,

however in lower frequencies than B. taylorii. In principle, the assay might be also used for B. quintana and

seems to be highly specific for evaluating the functionality of a serum.

When we were still looking for the target of LS4G2, the monoclonal antibody neutralizing B. taylorii, we

hypothesized that a protein of the Trw T4SS, described to be important for RBC adhesion [140], might be a

potential target. Later findings contradicted this hypothesis revealing a putative autotransporter as the target

(3.1.1.2). Nevertheless, the Trw expression during different growth conditions was investigated. Mutants

lacking TrwK, an integral protein of the machinery, were constructed. They appeared, however, to still ad-

here to erythrocytes.

The results described in the following part are of preliminary nature.

3.2.2 Results and discussion

The erythrocyte adhesion inhibition assay is specific for the strain-immune serum combination used
Anti-B. taylorii immune serum, in opposite to naïve serum, was able to inhibit erythrocyte adhesion during

in-vitro infection (3.1.1.2). In order to assess the specificity of the assay, we used an immune serum raised

against the mouse-specific species B. birtlesii. Preincubation of GFP-expressing B. taylorii with specific

immune serum lead to reduction in the occurrence of GFP+ erythrocytes while the serum against B. birtlesii

had no effect (figure 3.2A). Thus, the established assay indeed measures only the effect of a specific anti-

body response.

Adhesion of B. quintana to human erythrocytes is assessable by flow cytometry
When establishing the EAI assay, we learned that we would obtain a patient isolate and serum collection

from our collaborator, Prof. Jane E. Koehler. To investigate if our assay conditions would allow observation

of attachment of B. quintana to human erythrocytes and maybe later to investigate if those patients pro-

duced neutralizing titers, a GFP expression plasmid was conjugated into B. quintana. We purified human

erythrocytes and performed the erythrocyte adhesion assay with different moi (figure 3.2B). We could ob-

serve GFP+ erythrocytes, however, only with higher moi than used for B. taylorii. Thus, generally speaking,

this assay could be used for the B. quintana-human system after moi adjustment.
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Figure 3.2: Preliminary experiments show that the EAI assay is specific, that ∆trwK mutants might
still be able to bind RBCs and that a neutralization assay would be possible using B. quin-
tana and human erythrocytes. A) EAI assay comparing the effect of immune serum raised
against B. taylorii (anti-Bta) or against B. birtlesii (anti-Bbi) on the ability of GFP+ B. taylorii
to bind murine RBCs. The dashed line gives the mean of the no serum control. B) moi titra-
tion of B. quintana expressing GFP for the infection of human erythrocytes quantified by flow
cytometry. C) B. taylorii (Bta) isolates IBS296, #370 and #57 harboring the plasmid p5-18
(B. henselae Trw promotor fused to gfp) in order to assess their Trw T4SS expression levels.
GFP+ bacteria were quantified via flow cytometry after being grown on CBA or TSA and with
or without overnight (o/n) incubation in DMEM 10 % FCS. D) moi titration of B. taylorii WT
vs ∆trwK, both expressing GFP, in erythrocyte adhesion, quantified by flow cytometry. E) Ex-
emplary confocal images of (D) with moi 0.1, RBCs stained with anti-Ter119. All experiments
shown in this figure were performed in technical triplicates but are preliminary results and have
to be interpreted with caution.
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Trw T4SS expression of B. taylorii in different growth conditions and observations made with the
∆trwK mutant
After obtaining the monoclonal LS4G2, which binds and neutralizes specifically B. taylorii IBS296, we

speculated about potential targets. One suggestion was a protein of the Trw T4SS, which has been described

to mediate RBC adhesion [140]. Later, however, we identified the target to be a putative autotransporter.

Plasmids carrying a gfp gene under the control of the Trw promotor of B. henselae had been constructed

previously [228]. The plasmids were conjugated into the B. taylorii strains IBS296, #57 and #370. The

GFP expression as a correlate for the Trw T4SS expression was quantified by flow cytometry. Different

growth media (CBA and TSA) were compared, since they seem to promote different expression levels of

BadA and the VirB/D4 T4SS (unpublished observations by Katja Fromm). Further, bacteria were taken

from plate or incubated over night in DMEM 10 % FCS, the erythrocyte infection medium and which had

been shown to induce VirB/D4 T4SS expression in B. henselae (personal communication with Dr. Maxime

Québatte) (figure 3.2C). B. taylorii IBS296 with constitutive GFP expression served as a positive control.

For IBS296, the expression was higher on CBA compared to growth on TSA plates and it could be in general

improved by incubation in medium. #370 always showed elevated expression levels, the same is true for

#57, besides coming directly from TSA plates. This data indicates that different isolates of the same species

might have varying expression levels of virulence factors. In the conditions used in this study, directly from

CBA plates or in medium, a vast majority of the bacteria expressed the Trw T4SS.

To further assess the role of the Trw T4SS in B. taylorii infection, we made use of the mutants lacking the

TrwK protein provided by Jonas Körner. TrwK is an integral part of the machinery, the absence of this

protein should prevent the assembly of the Trw T4SS. A similar mutant in B. birtlesii has been previously

described to no longer bind to erythrocytes [140]. In our hands, however, GFP+ erythrocytes were observed

in similar frequencies for WT B. taylorii or the ∆trwK mutant when infected with GFP-expressing bacteria

(figure 3.2D). Also in confocal microscopy, we could observe the association of bacteria with erythrocytes

for both cases (figure 3.2E). Several clones of ∆trwK mutants were tested, all showing similar results, all

were previously validated by PCR (data not shown). This data sets suggests that either B. taylorii has a way

to compensate for the lack or TrwK in its assembly of the Trw T4SS or in its way to attach to erythrocytes,

suggesting that the Trw T4SS or TrwK alone might be dispensable for this species in order to adhere to

RBCs. With later findings (see 3.1.1.2) showing that a predicted autotransporter is the target of the protective

monoclonal antibody LS4G2 and suggesting a role for this virulence factor in RBC adhesion, the second

hypothesis becomes more likely. The possible redundancy of the Trw T4SS and the autotransporter or other

reasons for the attachment of the ∆trwK mutant of B. taylorii to RBCs will have to be examined in future

experiments.

3.2.3 Material and methods

Bacterial strains and growth conditions B. taylorii IBS296 WT (LSB001), expressing GFP (LSB115),

harboring p5-18 (LSB066), ∆trwK expressing GFP (LSB123), B. taylorii #57 and #370 harboring p5-18

(LSBLSB069, LSB072) and B. quintana with IPTG inducible GFP expression (LSB050) were grown on

CBA (or TSA if indicated) containing the appropriate antibiotics (streptomycin 100 µg/ml, gentamycin 20

µg/ml, kanamycin 30 µg/ml) and 5 % defibrinated sheep blood.
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If indicated, the bacteria were incubated over night in DMEM containing the appropriate anitbiotics and 10

% FCS.

Erythrocyte infection and microscopy
RBCs were purified, infected, analyzed and imaged as previously described (3.1.1.2).
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3.3 Transplacental transmission of Bartonella taylorii in mice

3.3.1 Summary

One issue in Bartonella research are discrepancies in the course of infection between the experimental in

vivo models and findings in animals captured from the wild. This concerns in particular the course of the

bacteremia, which is described to be longer in wild animals than in experimental infections. Further, relapses

have been observed in captured animals, whereas they are not present or if at all extremely rare in exper-

imental animals [273]. A lack of antibodies in infected captured animals [271, 272] compared to a strong

humoral immune response in experimental mouse infection [134], together with reported transplacental

transmission of Bartonella [271, 274, 275] lead to the general hypothesis that those bacteria are transmitted

from mother to offspring, inducing immunological tolerance and life-long persistence in the offspring.

In order to tackle questions related to vertical transmission, we used again the B. taylorii mouse model.

Transplacental transmission took place only when the infected mother was immunosupressed, lacking the

adaptive immune system (Rag1-/-). We were unable to observe transmission in immunocompetent WT ani-

mals. Bacteremic pups from Rag1-/- parents do show life-long persistent infection as their parents. However

if infected Rag1-/- mothers were mated with WT males, resulting in Rag1+/- offspring, bacteremic pups

cleared the infection within weeks. Thus, even though transplacental transmission is possible, immunocom-

petent offspring does not develop life-long bacteremia.

3.3.2 Results

A murine model using B. birtlesii-infected Balb/c mice showed transplacental transmission of the bacterium

and resorption of potentially infected fetuses [274]. We similarly infected C57Bl/6 and Balb/c females with

B. taylorii and performed matings on day 10 post infection (figure 3.3A). However, we failed to detect B.

taylorii in embryos extracted on gestation day 18 or living offspring of WT mothers (figure 3.3B and data

not shown). Also fetal resorptions were not observed.

We then infected immunosuppresed Rag1-/- females and again performed mating on day 10 post infection.

In order to observe the effect of the immune system of the offspring, those Rag1-/- females were mated

with either C57Bl/6 WT or Rag1-/- males (resulting in Rag1+/- and Rag1-/- offspring). In contrast to WT

females, vertical transmission has been observed in infected Rag1-/- mothers (figure 3.3B) independent on

the genotype of the male. 0 - 66.7 % of the offspring of Rag1-/- mothers were infected, with an average of

40 %. This made no difference when analyzing extracted embryos (25-62.5 % were B. taylorii positive) or

living offspring, suggesting that the transmission is indeed transplacental and is happening before birth (fig-

ure 3.3C). We compared the bacteremic burden of immunocompromised (Rag1-/-) with immunocompetent

(Rag1+/-) offspring. Rag1-/- animals displayed life-long persistent bacteremia with similar titers observed

for infected adult Rag1-/- animals (figure 3.3D, see also 3.1.1.2). Rag1+/- offspring, however, cleared the in-

fection between 50 and 86 days after birth (on average 76 days, see figure 3.3D) showing that transplacental

transmission of B. taylorii does not lead to a life-long persistent bacteremia.
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Figure 3.3: Transplacental transmission of B. taylorii is dependent on the immunosuppressive state
of the mother and does not induce life-long persistent bacteremia in the offspring. A)
Schematic overview of the experiments performed: WT C57Bl/6 or Rag1-/- females were in-
fected with 107 cfu B. taylorii i.d. 10 days before mating with uninfected WT C57Bl/6 or Rag1-/-
males. Either embryos were extracted 1 day before the calculated birth date or the bacteremia
was analyzed in living offspring. B) Percentage of bacteremic offspring per litter. C) Compari-
son of bacteremic offspring of Rag1-/- mothers per litter before and after birth. D) Bacteremia
of living offspring of Rag1-/- mothers mated with WT C57Bl/6 males (Rag1+/- offspring) and
Rag1-/- males (Rag1-/- offspring). Statistical analysis was performed using unpaired t-test and
P-values are given for significant findings.
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3.3.3 Discussion

Transplacental transmission of different Bartonella species has been previously reported in rodents [271,

274] and a human case [275]. However, vertical transmission could not be demonstrated in cats and cattle

[273, 276]. Taken together with our data for B. taylorii in mice, transplacental transmission of Bartonella

is possible. However, it seems highly dependent on the immune status of the mother, since only immuno-

suppressed animals were able to transmit the infection to their offspring (figure 3.3B). We failed to observe

vertical transmission or fetal resorptions, as have been previously reported for B. birtlesii in Balb/c mice

[274]. Thus, it might also be strain dependent if Bartonella can cross the placenta in an immunocompetent

host. As previously discussed, the resorption of an infected fetus might then be a result of the maternal

immune system [274].

To our knowledge we were the first ones to experimentally investigate the course of the bacteremia in murine

offspring which got infected by bacteria crossing the placenta. Previous experiments with neonatal infection

of C57Bl/6 mice with B. taylorii did not lead to life-long persistent bacteremia (unpublished observations by

Yun-yueh Lu). Similar observations have been made in cats using B. henselae [266]. Even though suggested

by the lack of an antibody response in infected captured rodents from the wild [271, 272], we do not find

evidence for a life-long persistent bacteremia in immunocompetent offspring. Immunsuppressed (Rag1-/-)

offspring from infected Rag1-/- mothers showed persistent bacteremia whereas Rag1+/- offspring cleared

the infection. We believe that there is no evidence for immunological tolerance in the offspring caused by

transplacental transmission. The formal proof could be provided by analyzing the serum of Rag1+/- off-

spring with the methods developed in 3.1.1.2.

These experiments provide evidence that there is no life-long persistent bacteremia after transplacental trans-

mission in the offspring. Thus, the differences between experimental infection and infected animals captured

from the wild must be explained differently. As discussed in the introduction, alternative reasons could be

the high rate of co-infections [149, 277], aswell as variations of surface proteins between different strains

or even within subspecies [188, 278, 279, 280]. The high specificity of immune serum or a protective mon-

oclonal risen against one isolate of a species (see 3.1.1.2) support that even with a pre-existing immunity

against a different Bartonella species or a different substrain of the same species, reinfection could be pos-

sible.

Even though we find no evidence for immunological tolerance or life-long persistence of the bacteria in

infected offspring after transplacental transmission, the vertical transmission itself is still a powerful alter-

native to transmission via the arthropod vector allowing the bacteria to spread amongst a population.

3.3.4 Material and methods

Cultivation of bacteria
Bartonella taylorii IBS 296 (LSB001) [287] was grown at 35◦C, 5 % CO2 on Columbia blood agar (CBA)

containing 5 % defibrinated sheep blood and 100 µg/ml streptomycin (Sm). Bacteria were streaked 5 and

expanded 2 days before usage.

Animal experimentation Animal handling was performed in accordance with the Swiss Animal Protection

law and local animal welfare bodies. The animal experiments in this work were approved by the Veterinary
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Office of the Canton Basel-Stadt (License number 1741).

All animals were kept at SPF conditions. WT animals C57/BL6 and Balb/c obtained from Janvier labs.

Rag1-/- [285] were bred at the Laboratory Animal Science Center (LASC, University of Zurich, Switzer-

land).

Female adult mice were infected with 107 cfu B. taylorii i.d. under anesthesia with isofluorane. Blood

takings followed by limited dilution plating on CBA with Sm confirmed infection. On day 10 pi, the mice

were mated with uninfected adult males (C57/BL6 or Rag1-/-) for 7 days. Females were checked daily

for the formation of vaginal plugs. Embryos were extracted via caesarian section on day 18 of gestation,

homogenized and plated on CBA with Sm. Blood takings followed by limited dilution plating on CBA with

Sm was performed on living offspring starting 5 weeks after birth.
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4 Concluding remarks and outlook

The work reported in this thesis focuses on different aspects of the immune response against Bartonella.

The manuscript "Neutralizing antibodies protect against murine Bartonella infection by interfering with ery-

throcyte adhesion" in section 3.1.1.2 discusses the protective antibody response against the murine species

B. taylorii, describes in detail by which mechanism antibodies can mediate clearance of the bacteremia and

suggests a target bound by those antibodies. The potential role of this target and its interaction with pro-

tective antibodies will be discussed in more detail later in this chapter and are promising starting points for

follow-up experiments.

The manuscript also reports observations made about the T-cell response against B. taylorii. We confirmed

the cytolytic T-cell response to be dispensable for clearing Bartonella infection and direct T-help via CD40L

to be crucial for the protective antibody response. However, we observed a high redundancy among cell

types within the T-cell compartment that can mediate this function. Our data suggests that MHCII restricted

CD4 T-cells might be redundant with T-cells restricted by other antigen presenting molecules such as CD1d

or MR1 in mice. To dissect the role of those different T-cells in more detail, murine double- or even triple-

knock out strains lacking combinations of MHCII, MR1 and CD1d would be necessary. This very fastidious

approach could give final proof of the hypothesized redundancy and indicate if all three or just two of those

are actually functionally redundant in this case.

Similar to the T-helper cell response, the different immunoglobulin types seem to be highly redundant during

Bartonella infection. Both, IgM and IgG, were able to mediate clearance of the bacteremia. Both findings,

the redundancy amongst T-helper cells and amongst antibody types, are reassuring, showing that the mam-

malian immune system often does not rely on one single mechanism but is able to circumvent the lack e.g.

of MHCII-restricted T-cells or class switch.

The results presented in section 3.1.2 were obtained with B. birtlesii, a second species naturally found in

mice. They allow drawing the same conclusions and support the notion that the findings observed with B.

taylorii as a model organism can be translated to at least the rodent-borne, if not all Bartonella species of

lineage 4.

As reported in section 3.3, we also briefly looked at potential immunological tolerance against Bartonella

after vertical transmission. While we observed transplacental transmission in immunosuppressed mothers,

we do not find evidence for immunological tolerance or life-long bacteremia in the offspring. These find-

ings, however, might still have important implications when it comes to spreading of the bacteria amongst a

population or in clinics in case of pregnant patients.

It could be interesting in the future to study the mechanism of how those bacteria interact with or even

cross the placenta, in order to gain a deeper understanding of the infection strategy of Bartonella. Although

it might be a passive, incidental process, it might also be a fine-tuned mechanism with specific virulence
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factors involved.

4.1 Outlook for the manuscript: Following up on the antibody
response against B. taylorii and the role of the identified
autotransporter in infection

The manuscript in section 3.1.1.2 provides a detailed analysis of the humoral immune response in mice

against the pathogen B. taylorii. It shows the presence and stresses the importance of a specific neutralizing

antibody response for the clearance of the bacteremia. We also provide evidence that prevention of adhesion

or in general interference with the erythrocyte infection is the key functionality for this protective immune

response.

The most recent results obtained for the manuscript, being the target for the monoclonal LS4G2 and the

antibodies’ protective function during in vivo infection, lead to new questions: 1) What is the role of the

identified autotransporter during infection? 2) How conserved is the target and its function within one or

more Bartonella species, e.g. the human pathogenic ones? Could antigenic variation of this protein within

species or strains within a species be an immune evasion strategy? 3) Can this autotransporter be used as a

target to develop a vaccine strategy?

4.1.1 The role of the identified autotransporter during infection

The data presented in this thesis suggests that the target of LS4G2 is involved in erythrocyte attachment of

Bartonella. However, the proof for this is still lacking and other functions of the identified putative auto-

transporter during Bartonella colonization of the mammalian host cannot be excluded. Autotransporters of

other Gram-negative bacteria have been associated with host cell adhesion. Since this autotransporter can

be found in a broad variety of related Bartonella species, its role during infection, its potential interaction

partners from the host side and its regulation would be of general interest for the field.

The first steps would be the generation of a B. taylorii mutant lacking the identified target of LS4G2. Rein-

troduction of the protein from plasmid or in the chromosome would serve as an essential complementation

control. Important validation experiments, also for the functionality of LS4G2 and the established erythro-

cyte adhesion interference assay, could be done with this setup of mutant strains. Binding of LS4G2 and

a polyclonal immune serum to the mutant should be investigated. To observe if this autotransporter plays

a role in RBC attachment, a comparison of in-vitro erythrocyte infection rates of the mutant and the com-

plemented strain with WT bacteria should be performed. Similarly, attachment to other cell types such as

macrophages or DCs of the mutant compared to WT bacteria should be investigated.

Several autotransporters of Bartonella, including the target of LS4G2, have been shown to be essential for

and to be upregulated during infection. Previously unpublished data from our lab confirmed that a B. tri-

bocorum mutant lacking a similar autotransporter loses infectivity in vivo. These findings encourage us to

test the generated B. taylorii mutant strains in mice. Confirming the hypothesis that the target of LS4G2 is

essential for the infection would be a crucial experiment for further studies of this virulence factor.

Subsequently, the role of the predicted autotransporter during the infection should be studied in more

detail. Potential interaction partners on the host cell surface should be identified - for example by co-
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immunoprecipitation from cell lysate followed by mass spectrometry. The abundance of these interaction

partners on different cell types could further indicate if the autotransporter is limited to mediating attach-

ment to RBCs or if it could be involved in the adhesion towards other cell types or have additional functions.

Further, previous data suggests that autotransporters may be induced upon infection. By generating fluores-

cent reporter constructs, the regulation and presence of the autotransporter under different conditions could

be studied.

4.1.2 The conservation of the identified autotransporter in Bartonella and
potential immune escape by antigenic variation of this protein

The monoclonal antibody LS4G2 is highly specific in binding to the B. taylorii isolate it was raised against.

BLAST analysis of the identified target revealed that related autotransporters are present in all species of

lineage 4, showing, however, highly variable homology on the amino acid sequence level. A more detailed

bioinformatic analysis comparing the sequence of this autotransporter amongst different Bartonella species

could show which domains of the protein vary the most and if there are stretches that are highly conserved.

However, the conservation of the target of LS4G2 is not only interesting when comparing different species

but also when comparing different strains within a species. Variation of this potent antigen within a species

could allow reinfection of an animal with a closely related sub-species.

In our lab, we have currently 3 B. taylorii isolates, also used in the manuscript for LS4G2 binding analysis.

Further, we recently obtained a collection of sequential isolates after experimental macaque infection and

primary patient isolates of the related species B. quintana, naturally infecting humans. Sequencing of the

respective locus of those strains and analysis of their homology in this particular protein could give inter-

esting information about which parts of the autotransporter are more conserved than others. Together with

further analysis and experiments, this could give rise for ideas if there are immunodominant parts of this

protein, which might be more variable amongst isolates, and parts which have to be more conserved in order

to retain the function of the autotransporter, which would be less variable amongst the isolates. In the hands

of our collaborators, the sequential isolates from experimental macaque infection were previously used to

identify the vomp locus, which undergoes rearrangement during infection to evade the host’s immune sys-

tem by modifying its gene product, an outer membrane protein, on the surface of the bacterium. A similar

study could investigate whether the locus encoding the target of LS4G2 also undergoes rearrangement in the

host during the infection.

The library of human B. quintana isolates comes with a corresponding serum collection from the same pa-

tients. Similar studies for binding of the corresponding serum to the bacterium, as have been performed for

LS4G2 and B. taylorii, could show if those patients produce antibodies binding to the corresponding iso-

late. If so, erythrocyte adhesion inhibition assays could be performed using an in-vitro infection of human

RBCs by B. quintana. If EAI titers are measurable in human patients, our hypothesis that interference with

erythrocyte attachment is a common theme in anti-Bartonella immunity would be validated.

Last but not least, even though the genetic manipulation of B. quintana is more fastidious than for B. taylorii,

the respective mutant lacking the autotransporter could be constructed, followed by similar experiments as

suggested for the B. taylorii mutant, in order to look for the conservation of the function of this protein.
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4.1.3 Developing a vaccine strategy against Bartonella

As a proof of concept of LS4G2 being protective in vivo because of its neutralizing capacity upon binding

of its target on the bacterial surface, mice immunized with this autotransporter should be able to mount an

antibody response protecting them from infection.

A simple pilot experiment for this could be the purification of the whole autotransporter or a fraction of

the protein lacking the transmembrane domain from an E. coli expression system. Mice could then be

immunized with the protein and an adjuvant, the antibody response of the mice against the autotransporter

observed by ELISA and successfully immunized mice could be infected with B. taylorii. Observing the

occurrence or absence of the bacteremia could serve as a read-out for protection.

If our hypothesis holds true and immunization with this protein allows protection against infection and

expecting the functional conservation of the autotransporter, this finding might allow the design of an anti-

Bartonella vaccine. Even though, Bartonella is not a life-threatening or severe pathogen in most parts

of the world, vaccination could be beneficial in some situations. Since cat-scratch disease is a threat to

HIV-infected or other immunosuppressed patients, vaccinating their pets against B. henselae could protect

them from this zoonotic infection. With climate change allowing the spread of the vectors and growing

poverty on this planet, a vaccination against B. bacilliformis or B. quintana could be important measures

in endemic areas or amongst people living in low-hygiene conditions. Due to the fact that B. bacilliformis

is more distant to the other species, we can, however, at this point only speculate about vaccines against

the other mentioned species. Further, a general vaccination approach would also be possible if there are

enough conserved regions within the target that could be used for immunization. However, if the identified

autotransporter turns out to be too variable within sub-strains of a species, designing a vaccine on this basis

would become more fastidious and maybe impossible.

4.2 The life cycle of Bartonella and how the protective immune
response of the host may interfere with it

Upon deposit of the flea feces on the host’s skin, the bacteria are brought into the dermis by scratching.

Different reports suggest that they then either travel free in the draining lymph or hijack dendritic cells in

order to reach their primary replication niche. As a stealth pathogen, Bartonella evades the host’s immune

system or even modulates it to its own favor. For example, Bartonella LPS is a TLR4 antagonist and se-

creted effector proteins reprogram the host cell to switch on an anti-inflammatory cytokine response instead

of a pro-inflammatory one. It is believed that the bacteria are so protected from the immune system until

they enter their replicative niche. The nature of this niche is not well understood. Because of the bacteria’s

tropism for endothelial cells in vitro the general hypothesis is that they replicate within those cells before

seeding into the blood stream. However, the nature of the replication niche might be blood or lymphatic

endothelial cells, a different cell type or even extra-cellular. The identification of this replicative niche re-

mains, one of the great so far unreached goals of the field.

Our mouse infection model using B. taylorii confirms previous observations with different Bartonella

species-host combinations. The blood of the animals remains sterile after inoculation for several days be-

fore the occurrence of the bacteremia. We, as others before, used the intra-dermal inoculation route in order

79



to mimic the transmission by the arthropod vector. Similar observations have been also made with intra-

venous infection routes. It is generally accepted that this delay in bacteremia development is because the

bacteria need go through their replication niche in order to be able to infect red blood cells. It was further

previously hypothesized that this step is necessary in order to upregulate virulence factors involved in this

process. After infection of the erythrocyte, Bartonella replicates within it and can be taken up by the next

arthropod vector during a blood meal. The species of lineage 4 are described to be non-haemolytic. Thus,

the RBC is considered to be a kind of "dead end" from which the bacteria do no longer re-enter the infection

cycle within the mammalian host. The data presented in this thesis supports this hypothesis as B. taylorii

was found to be intra-erythrocytic within the murine host and as in mice lacking B-cells the bacteremia

continued to decline even after the transferred immune serum was no longer detectable. However, to our

knowledge the final proof for this notion, for example blood transfer from an infected to a naïve animals in

order to observe whether the recipients develop bacteremia, has not been performed yet. Previous experi-

ments from the rat infection model do, however, show that regular infection waves seed from the replicative

niche into the blood stream, respectively into the RBCs, until the bacteremia is finally cleared.

This study investigated how the host’s immune system is able to break the infection cycle of Bartonella in

order to fight the infection. Within erythrocytes, which are not able to present antigen via MHC molecules,

the bacteria are well protected from the immune system. It was previously suggested that neutralizing an-

tibodies interfere with RBC infection and that maybe cytolytic T-cells control the replicative niche within

endothelial cells. Due to the inaccessibility of the replication site, we focused on the clearance of the bac-

teremia in this study. We could confirm that neutralizing antibodies can prevent the interaction of free

bacteria with the erythrocyte. Thus, these antibodies break the infection cycle of Bartonella by stopping the

seeding from the replication niche into the red blood cells. The infection cycle of Bartonella and the in-

terference of antibodies are schematically summarized in figure 4.1, for simplicity reasons endothelial cells

are shown as the site of replication. However, our findings suggest that antibodies can also interfere with

at least one more step during this cycle. We could show that cytolytic T-cells are dispensable for clearance,

suggesting that they are also not controlling the replication niche. Instead, serum transfer experiments into

mice lacking B-cells suggest that antibodies also interfere with the maintenance or re-seeding of replication

sites. This allows two different explanations. The first option would be that the replication niche is actually

extracellular, thus cytolytic T-cells could not even target this niche but neutralizing antibodies might for

example block replication. This hypothesis is supported by the fact that the bacteria are found extra cellu-

larly in biopsies from CSD patients. The second explanation would be an intra-cellular replication niche

which would be for some reason protected from cytolytic T-cells. BepA has been shown to be antiapoptotic

and might prevent induced cell death in the infected cell or maybe Bartonella avoids the presentation of an

epitope targeted by cytolytic T-cells. In both cases, neutralizing antibodies could prevent the re-seeding of

new replication sites by interfering again with the host cell attachment.

As mentioned before, the identification of the replication site within the natural host should be one of the

main priorities when studying the infection strategy of Bartonella. An approachable first step would be the

investigation whether this niche is intra- or extra-cellular. Administration of gentamycin, an antibiotic that

does not enter eukaryotic cells, during infection would eliminate extra-cellular replication sites. Giving the

antibiotic in the early phase after inoculation before the bacteria are found in the blood stream would give
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Figure 4.1: How antibodies interfere with the life cycle of Bartonella: After being transmitted from the
arthropod vector, the bacteria (cyan) travel from the dermis to their replication niche, which has
been hypothesized to be within endothelial cells (1). After replication, Bartonella seeds into the
blood stream. They may interact with so far uninfected endothelial cells (2) in order to establish
a new replication niche (3) or infect erythrocytes. For this, they need to first attach (4), then
deform (5) and finally enter the red blood cell (6). They replicate within the erythrocyte (7) and
remain within it until the end of the cells’ life span or until the uptake by a new arthropod vector
during a blood meal. Neutralizing antibodies (yellow) produced by the host’s immune system
can interfere with this infection strategy. By binding the antigen on the bacterial surface (8), the
antibodies may prevent attachment to new endothelial cells and erythrocytes until the bacteremia
is cleared.
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insight whether they are mostly intra- or extra-celluar in this period. Giving the antibiotic in later bacteremic

stages of the infection would eliminate replication sites if they are extra-cellular. However, those experi-

ments would need to be performed in a host lacking antibodies in order to really only observe the effect of

the antibiotic.

Tagging of the bacteria such as by fluorescent or luminescent markers followed by imaging approaches

might be a way, even though a very fastidious one, to identify the whereabouts of the replication site. In

general, solving the enigma of the primary or replicative niche would allow better in-vitro models for study-

ing different aspects of the infection of Bartonella, such as effector functions. Once the replication niche is

identified, it could also be of interested to repeat some of the experiments performed in this study in order

to validate the clearance mechanism of the replication niche by the host’s immune system.

With recently established in-vitro protocols for the infection of cell lines and primary cells with B. taylorii

in our lab, this model might be the first in the history of Bartonella research that can be used as a robust

model, both in vitro and in vivo, for the infection of the natural reservoir host. Further exploration of this

model will shed light into many more aspects of the infection strategy of Bartonella.

82



5 Bibliography

[1] Charles Janeway. Immunogenecity signals 1,2,3... and 0. Immunology Today, 10(9):283 – 286, 1989.

[2] C.A. Janeway. Approaching the asymptote? Evolution and revolution in immunology. Cold Spring

Harbor Symposia on Quantitative Biology, 54:1–13, 1989.

[3] Charles A. Janeway and Ruslan Medzhitov. Innate immune recognition. Annual Review of Immunol-

ogy, 20(1):197–216, 2002. PMID: 11861602.

[4] Marco E. Bianchi. DAMPs, PAMPs and alarmins: all we need to know about danger. Journal of

Leukocyte Biology, 81(1):1–5, 2007.

[5] Ruslan Medzhitov and Charles A Janeway. Innate immunity: impact on the adaptive immune re-

sponse. Current Opinion in Immunology, 9(1):4 – 9, 1997.

[6] Jesse C. Chow, Donna W. Young, Douglas T. Golenbock, William J. Christ, and Fabian Gusovsky.

Toll-like receptor-4 mediates lipopolysaccharide-induced signal transduction. Journal of Biological

Chemistry, 274(16):10689–10692, 1999.

[7] Alok Agrawal, Annette K. Shrive, Trevor J. Greenhough, and John E. Volanakis. Topology and

structure of the C1q-binding site on C-reactive protein. The Journal of Immunology, 166(6):3998–

4004, 2001.

[8] K Murphy and C Weaver. Innate immunity: the first lines of defense. Janeway’s Immunobiology (9th

ed.), page 49 ff., 2017.

[9] Daolin Tang, Rui Kang, Carolyn B. Coyne, Herbert J. Zeh, and Michael T. Lotze. Pamps and damps:

signal 0s that spur autophagy and immunity. Immunological Reviews, 249(1):158–175, 2012.

[10] K Murphy and C Weaver. T-cell mediated immunity. Janeway’s Immunobiology (9th ed.), page 49

ff., 2017.

[11] Yisong Y. Wan and Richard A. Flavell. How diverse-CD4 effector T cells and their functions. Journal

of Molecular Cell Biology, 1(1):20–36, 2009.

[12] P Scott, P Natovitz, R L Coffman, E Pearce, and A Sher. Immunoregulation of cutaneous leishmania-

sis. T cell lines that transfer protective immunity or exacerbation belong to different T helper subsets

and respond to distinct parasite antigens. Journal of Experimental Medicine, 168(5):1675–1684,

1988.

83



[13] Pietro Mastroeni, S. Clare, S. Khan, J. A. Harrison, C. E. Hormaeche, H. Okamura, M. Kurimoto,

and G. Dougan. Interleukin 18 contributes to host resistance and gamma interferon production in

mice infected with virulent Salmonella typhimurium. Infection and Immunity, 67(2):478–483, 1999.

[14] N A Buchmeier and R D Schreiber. Requirement of endogenous interferon-gamma production for

resolution of Listeria monocytogenes infection. Proceedings of the National Academy of Sciences,

82(21):7404–7408, 1985.

[15] Timo Sareneva, Sampsa Matikainen, Masashi Kurimoto, and Ilkka Julkunen. Influenza A virus-

induced IFN-alpha/beta and IL-18 synergistically enhance IFN-gamma gene expression in human T

cells. The Journal of Immunology, 160(12):6032–6038, 1998.

[16] Mari Tanaka-Kataoka, Toshio Kunikata, Satoru Takayama, Kanso Iwaki, Kunihiro Ohashi, Masao

Ikeda, and Masashi Kurimoto. In vivo antiviral effect of interleukin 18 in a mouse model of vaccinia

virus infection. Cytokine, 11(8):593 – 599, 1999.

[17] Kyle I. Happel, Patricia J. Dubin, Mingquan Zheng, Nico Ghilardi, Christie Lockhart, Lee J. Quinton,

Anthony R. Odden, Judd E. Shellito, Gregory J. Bagby, Steve Nelson, and Jay K. Kolls. Divergent

roles of IL-23 and IL-12 in host defense against Klebsiella pneumoniae. Journal of Experimental

Medicine, 202(6):761–769, 2005.

[18] Paul R. Mangan, Laurie E. Harrington, Darrell B. O’Quinn, Whitney S. Helms, Daniel C. Bullard,

Charles O. Elson, Robin D. Hatton, Sharon M. Wahl, Trenton R. Schoeb, and Casey T. Weaver.

Transforming growth factor-β induces development of the TH17 lineage. Nature, 441:231–234,

2006.

[19] Carmen Infante-Duarte, Heidi F. Horton, Michael C. Byrne, and Thomas Kamradt. Microbial

lipopeptides induce the production of IL-17 in Th cells. The Journal of Immunology, 165(11):6107–

6115, 2000.

[20] Marco Lepore, Lucia Mori, and Gennaro De Libero. The conventional nature of non-MHC-restricted

T cells. Frontiers in Immunology, 9:1365, 2018.

[21] You Jeong Lee, Keli L Holzapfel, Jinfang Zhu, Stephen C Jameson, and Kristin A Hogquist. Steady-

state production of IL-4 modulates immunity in mouse strains and is determined by lineage diversity

of iNKT cells. Nature Immunology, 14:1146–1154, 2013.

[22] Laurent Gapin. Development of invariant natural killer T cells. Current Opinion in Immunology,

39:68 – 74, 2016.

[23] Lucia Mori, Marco Lepore, and Gennaro De Libero. The Immunology of CD1- and MR1-Restricted

T Cells. Annual Review of Immunology, 34(1):479–510, 2016. PMID: 26927205.

[24] Wenyong Huang, Wenjing He, Xiaomin Shi, Xiaoshun He, Lang Dou, and Yifang Gao. The role of

CD1d and MR1 restricted T cells in the liver. Frontiers in Immunology, 9:2424, 2018.

84



[25] Alexandra J. Corbett, Sidonia B. G. Eckle, Richard W. Birkinshaw, Ligong Liu, Onisha Patel, Jen-

nifer Mahony, Zhenjun Chen, Rangsima Reantragoon, Bronwyn Meehan, Hanwei Cao, Nicholas A.

Williamson, Richard A. Strugnell, Douwe Van Sinderen, Jeffrey Y. W. Mak, David P. Fairlie, Lars

Kjer-Nielsen, Jamie Rossjohn, and James McCluskey. T-cell activation by transitory neo-antigens

derived from distinct microbial pathways. Nature, pages 361–365, 2014.

[26] Marco Lepore, Artem Kalinichenko, Alessia Colone, Bhairav Paleja, Amit Singhal, Andreas

Tschumi, Bernett Lee, Michael Poidinger, Francesca Zolezzi, Luca Quagliata, Peter Sander, Evan

Newell, Antonio Bertoletti, Luigi Terracciano, Gennaro De Libero, and Lucia Mori. Parallel T-cell

cloning and deep sequencing of human MAIT cells reveal stable oligoclonal TCRβ repertoire. Nature

Communications, 5(3866), 2014.

[27] Z Chen, H Wang, C D’Souza, S Sun, L Kostenko, S B G Eckle, B S Meehan, D C Jackson, R A

R A Strugnell, H Cao, N Wang, D P Fairlie, L Liu, D I Godfrey, J Rossjohn, J McCluskey, and

A J Corbett. Mucosal-associated invariant T-cell activation and accumulation after in vivo infection

depends on microbial riboflavin synthesis and co-stimulatory signals. Mucosal Immunology, 10:58–

68, 2017.

[28] Isaac G. Sakala, Lars Kjer-Nielsen, Christopher S. Eickhoff, Xiaoli Wang, Azra Blazevic, Ligong

Liu, David P. Fairlie, Jamie Rossjohn, James McCluskey, Daved H. Fremont, Ted H. Hansen, and

Daniel F. Hoft. Functional heterogeneity and antimycobacterial effects of mouse mucosal-associated

invariant T cells specific for riboflavin metabolites. The Journal of Immunology, 195(2):587–601,

2015.

[29] Michael S. Bennett, Shubhanshi Trivedi, Anita S. Iyer, J. Scott Hale, and Daniel T. Leung. Human

mucosal-associated invariant T (MAIT) cells possess capacity for B cell help. Journal of Leukocyte

Biology, 102(5):1261–1269, 2017.

[30] E. Behring and S Kitasato. Über das zustandekommen der diphtherie-immunität und der tetanus-

immunität bei thieren. Dtsch. Med. Wochenschrift, 49:1113–1114, 1890.

[31] Ziqiang Li, Caroline J. Woo, Maria D. Iglesias-Ussel, Diana Ronai, and Matthew D. Scharff. The gen-

eration of antibody diversity through somatic hypermutation and class switch recombination. Genes

& Development, 18(1):1–11, 2004.

[32] S. Tonegawa. Somatic generation of antibody diversity. Nature, 302(5909):575–81, 1983.

[33] Marjorie A Oettinger. V(D)J recombination: on the cutting edge. Current Opinion in Cell Biology,

11(3):325 – 329, 1999.

[34] Randolph J. Noelle, Meenakshi Roy, David M. Shepherd, Ivan Stamenkovico, Jeffrey A. Ledbetter,

and Alejandro Aruffo. Pillars article: A 39-kda protein on activated helper T cells binds CD40 and

transduces the signal for cognate activation of B cells. proc. natl. acad. sci. 1992. 89: 6550–6554. The

Journal of Immunology, 197(11):4195–4199, 2016.

85



[35] V. Gorbacheva, K. Ayasoufi, R. Fan, W. M. Baldwin III, and A. Valujskikh. B Cell Activating Factor

(BAFF) and a Proliferation Inducing Ligand (APRIL) Mediate CD40-Independent Help by Memory

CD4 T Cells. American Journal of Transplantation, 15(2):346–357, 2015.

[36] Masamichi Muramatsu, Kazuo Kinoshita, Sidonia Fagarasan, Shuichi Yamada, Yoichi Shinkai, and

Tasuku Honjo. Class switch recombination and hypermutation require activation-induced cytidine

deaminase (AID), a potential RNA editing enzyme. Cell, 102(5):553 – 563, 2000.

[37] K. Onoue, A. L. Grossberg, Y. Yagi, and D. Pressman. Imnunoglobulin M antibodies with ten com-

bining sites. Science, 162(3853):574–576, 1968.

[38] G G Klaus, M B Pepys, K Kitajima, and B A Askonas. Activation of mouse complement by different

classes of mouse antibody. Immunology, 38(4):687–695, 1979.

[39] B Heyman, L Pilström, and M J Shulman. Complement activation is required for IgM-mediated

enhancement of the antibody response. Journal of Experimental Medicine, 167(6):1999–2004, 1988.

[40] R Maki, W Roeder, A Traunecker, C Sidman, M Wabl, W Raschke, and S Tonegawa. The role

of DNA rearrangement and alternative RNA processing in the expression of immunoglobulin delta

genes. Cell, 24(2):353 – 365, 1981.

[41] Christophe Arpin, Odette de Bouteiller, Diane Razanajaona, Isabelle Fugier-Vivier, Francine Brière,

Jacques Banchereau, Serge Lebecque, and Yong-Jun Liu. The normal counterpart of IgD myeloma

cells in germinal center displays extensively mutated IgVH gene, cmu-cdelta switch, and lambda light

chain expression. Journal of Experimental Medicine, 187(8):1169–1178, 1998.

[42] John G. Monroe, Wendy L. Havran, and John C. Cambier. B lymphocyte activation: Entry into cell

cycle is accompanied by decreased expression of IgD but not IgM. European Journal of Immunology,

13(3):208–213, 1983.

[43] Roland Geisberger, Marinus Lamers, and Gernot Achatz. The riddle of the dual expression of IgM

and IgD. Immunology, 118(4):429–437, 2006.

[44] Claudia Lutz, Birgit Ledermann, Marie H. Kosco-Vilbois, Adrian F. Ochsenbein, Rolf M. Zinker-

nagel, Georges Köhler, and Frank Brombacher. IgD can largely substitute for loss of igM function in

B cells. Nature, 393:797–801, 1998.

[45] Kang Chen, Weifeng Xu, Melanie Wilson, Bing He, Norman W Miller, Eva Bengten, Eva-Stina Ed-

holm, Paul A Santini, Poonam Rath, April Chiu, Marco Cattalini, Jiri Litzman, James B Bussel, Bihui

Huang, Antonella Meini, Kristian Riesbeck, Charlotte Cunningham-Rundles, Alessandro Plebani,

and Andrea Cerutti. Immunoglobulin D enhances immune surveillance by activating antimicrobial,

proinflammatory and B cell-stimulating programs in basophils. Nature Immunology, 10:889–898,

2009.

[46] Jin Huk Choi, Kuan-wen Wang, Duanwu Zhang, Xiaowei Zhan, Tao Wang, Chun-Hui Bu, Cassie L.

Behrendt, Ming Zeng, Ying Wang, Takuma Misawa, Xiaohong Li, Miao Tang, Xiaoming Zhan,

86



Lindsay Scott, Sara Hildebrand, Anne R. Murray, Eva Marie Y. Moresco, Lora V. Hooper, and Bruce

Beutler. IgD class switching is initiated by microbiota and limited to mucosa-associated lymphoid

tissue in mice. Proceedings of the National Academy of Sciences, 114(7):E1196–E1204, 2017.

[47] A J Macpherson, K D McCoy, F-E Johansen, and P Brandtzaeg. The immune geography of IgA

induction and function. Mucosal Immunology, 1:11–22, 2008.

[48] Shuichi Kubo, Toshinori Nakayama, Kunie Matsuoka, Hiromichi Yonekawa, and Hajime Kara-

suyama. Long term maintenance of IgE-mediated memory in mast cells in the absence of detectable

serum IgE. The Journal of Immunology, 170(2):775–780, 2003.

[49] Theodore C. Pierson, Qing Xu, Steevenson Nelson, Theodore Oliphant, Grant E. Nybakken,

Daved H. Fremont, and Michael S. Diamond. The stoichiometry of antibody-mediated neutralization

and enhancement of west nile virus infection. Cell Host Microbe, 1(2):135 – 145, 2007.

[50] Anja Lux, Xiaojie Yu, Chris N. Scanlan, and Falk Nimmerjahn. Impact of immune complex size

and glycosylation on IgG binding to human FcgammaRs. The Journal of Immunology, 190(8):4315–

4323, 2013.

[51] Carlos P. Taborda, Johanna Rivera, Oscar Zaragoza, and Arturo Casadevall. More is not neces-

sarily better: Prozone-like effects in passive immunization with IgG. The Journal of Immunology,

170(7):3621–3630, 2003.

[52] Hilde M Dijstelbloem, Cees G.M Kallenberg, and Jan G.J van de Winkel. Inflammation in autoim-

munity: receptors for IgG revisited. Trends in Immunology, 22(9):510 – 516, 2001.

[53] Falk Nimmerjahn and Jeffrey V. Ravetch. Fcgamma receptors: Old friends and new family members.

Immunity, 24(1):19 – 28, 2006.

[54] Falk Nimmerjahn and Jeffrey V. Ravetch. Fcγ receptors as regulators of immune responses. Nature

Reviews Immunology, 8:34–47, 2008.

[55] Derry C. Roopenian and Shreeram Akilesh. FcRn: the neonatal Fc receptor comes of age. Nature

Reviews Immunology, 7:715–725, 2007.

[56] F-E Johansen and C S Kaetzel. Regulation of the polymeric immunoglobulin receptor and IgA trans-

port: new advances in environmental factors that stimulate pIgR expression and its role in mucosal

immunity. Mucosal Immunology, 4:598–602, 2011.

[57] William A McEwan, Jerry C H Tam, Ruth E Watkinson, Susanna R Bidgood, Donna L Mallery, and

Leo C James. Intracellular antibody-bound pathogens stimulate immune signaling via the Fc receptor

TRIM21. Nature Immunology, 14:327–336, 2013.

[58] W. R. Dowdle, J. C. Downie, and W. G. Laver. Inhibition of virus release by antibodies to surface

antigens of influenza viruses. Journal of Virology, 13(2):269–275, 1974.

87



[59] D M Shariff, J Davies, M Desperbasques, M Billstrom, H J Geerligs, G W Welling, S Welling-Wester,

A Buchan, and G R B Skinner. Immune inhibition of virus release from human and nonhuman cells

by antibody to viral and host cell determinants. Intervirology, 32:28–36, 1991.

[60] Masahiro Kajihara, Andrea Marzi, Eri Nakayama, Takeshi Noda, Makoto Kuroda, Rashid Manzoor,

Keita Matsuno, Heinz Feldmann, Reiko Yoshida, Yoshihiro Kawaoka, and Ayato Takada. Inhibition

of marburg virus budding by nonneutralizing antibodies to the envelope glycoprotein. Journal of

Virology, 86(24):13467–13474, 2012.

[61] Sarah M. Fortune Lenette L. Lu, Todd J. Suscovich and Galit Alter. Beyond binding: antibody

effector functions in infectious diseases. Nature Reviews Immunology, 18:46–61, 2018.

[62] Markus Biburger, Anja Lux, and Falk Nimmerjahn. Chapter three - how immunoglobulin G antibod-

ies kill target cells: Revisiting an old paradigm. Advances in Immunology, 124:67 – 94, 2014.

[63] Margaret E. Ackerman, Anastassia Mikhailova, Eric P. Brown, Karen G. Dowell, Bruce D. Walker,

Chris Bailey-Kellogg, Todd J. Suscovich, and Galit Alter. Polyfunctional HIV-specific antibody

responses are associated with spontaneous HIV control. PLOS Pathogens, 12(1):1–14, 01 2016.

[64] Amy W. Chung, Musie Ghebremichael, Hannah Robinson, Eric Brown, Ickwon Choi, Sophie Lane,

Anne-Sophie Dugast, Matthew K. Schoen, Morgane Rolland, Todd J. Suscovich, Alison E. Ma-

han, Larry Liao, Hendrik Streeck, Charla Andrews, Supachai Rerks-Ngarm, Sorachai Nitayaphan,

Mark S. de Souza, Jaranit Kaewkungwal, Punnee Pitisuttithum, Donald Francis, Nelson L. Michael,

Jerome H. Kim, Chris Bailey-Kellogg, Margaret E. Ackerman, and Galit Alter. Polyfunctional Fc-

Effector Profiles Mediated by IgG Subclass Selection Distinguish RV144 and VAX003 Vaccines.

Science Translational Medicine, 6(228):228ra38–228ra38, 2014.

[65] Dan H. Barouch, Kathryn E. Stephenson, Erica N. Borducchi, Kaitlin Smith, Kelly Stanley, Anna G.

McNally, Jinyan Liu, Peter Abbink, Lori F. Maxfield, Michael S. Seaman, Anne-Sophie Dugast,

Galit Alter, Melissa Ferguson, Wenjun Li, Patricia L. Earl, Bernard Moss, Elena E. Giorgi, James J.

Szinger, Leigh Anne Eller, Erik A. Billings, Mangala Rao, Sodsai Tovanabutra, Eric Sanders-Buell,

Mo Weijtens, Maria G. Pau, Hanneke Schuitemaker, Merlin L. Robb, Jerome H. Kim, Bette T. Korber,

and Nelson L. Michael. Protective efficacy of a global HIV-1 mosaic vaccine against heterologous

SHIV challenges in rhesus monkeys. Cell, 155(3):531 – 539, 2013.

[66] Wenqian He, Gene S. Tan, Caitlin E. Mullarkey, Amanda J. Lee, Mannie Man Wai Lam, Florian

Krammer, Carole Henry, Patrick C. Wilson, Ali A. Ashkar, Peter Palese, and Matthew S. Miller.

Epitope specificity plays a critical role in regulating antibody-dependent cell-mediated cytotoxicity

against influenza A virus. Proceedings of the National Academy of Sciences, 113(42):11931–11936,

2016.

[67] Regis W. Tiendrebeogo, Bright Adu, Susheel K. Singh, Morten H. Dziegiel, Issa Nébié, Sodiomon B.

Sirima, Michael Christiansen, Daniel Dodoo, and Michael Theisen. Antibody-dependent cellular in-

hibition is associated with reduced risk against febrile malaria in a longitudinal cohort study involving

ghanaian children. Open Forum Infectious Diseases, 2(2):ofv044, 2015.

88



[68] Ali Jafarshad, Morten H. Dziegiel, Rasmus Lundquist, Leif K. Nielsen, Subhash Singh, and Pierre L.

Druilhe. A novel antibody-dependent cellular cytotoxicity mechanism involved in defense against

malaria requires costimulation of monocytes FcgammaRII and FcgammaRIII. The Journal of Im-

munology, 178(5):3099–3106, 2007.

[69] Terri Moore, Godwin A. Ananaba, Jacqueline Bolier, Samera Bowers, Tesfaye Belay, Francis O.

Eko, and Joseph U. Igietseme. Fc receptor regulation of protective immunity against Chlamydia

trachomatis. Immunology, 105(2):213–221, 2002.

[70] Lenette L. Lu, Amy W. Chung, Tracy R. Rosebrock, Musie Ghebremichael, Wen Han Yu, Patricia S.

Grace, Matthew K. Schoen, Fikadu Tafesse, Constance Martin, Vivian Leung, Alison E. Mahan,

Magdalena Sips, Manu P. Kumar, Jacquelynne Tedesco, Hannah Robinson, Elizabeth Tkachenko,

Monia Draghi, Katherine J. Freedberg, Hendrik Streeck, Todd J. Suscovich, Douglas A. Lauffen-

burger, Blanca I. Restrepo, Cheryl Day, Sarah M. Fortune, and Galit Alter. A functional role for

antibodies in tuberculosis. Cell, 167(2):433 – 443.e14, 2016.

[71] Nicole Joller, Stefan S. Weber, Andreas J. Müller, Roman Spörri, Petra Selchow, Peter Sander, Hubert

Hilbi, and Annette Oxenius. Antibodies protect against intracellular bacteria by Fc receptor-mediated

lysosomal targeting. Proceedings of the National Academy of Sciences, 107(47):20441–20446, 2010.

[72] Andrés A. Herrada, Francisco J. Contreras, Jaime A. Tobar, Rodrigo Pacheco, and Alexis M. Kalergis.

Immune complex-induced enhancement of bacterial antigen presentation requires Fcgamma receptor

III expression on dendritic cells. Proceedings of the National Academy of Sciences, 104(33):13402–

13407, 2007.

[73] Margaret Mentink Kane and David M. Mosser. The role of IL-10 in promoting disease progression

in leishmaniasis. The Journal of Immunology, 166(2):1141–1147, 2001.

[74] Laurence U. Buxbaum and Phillip Scott. Interleukin 10- and Fcgamma Receptor-Deficient Mice

Resolve Leishmania mexicana Lesions. Infection and Immunity, 73(4):2101–2108, 2005.

[75] Fayyaz S. Sutterwala, Gary J. Noel, Padmini Salgame, and David M. Mosser. Reversal of proinflam-

matory responses by ligating the macrophage Fcgamma receptor type I. Journal of Experimental

Medicine, 188(1):217–222, 1998.

[76] Christoph A. Diebolder, Frank J. Beurskens, Rob N. de Jong, Roman I. Koning, Kristin Strumane,

Margaret A. Lindorfer, Marleen Voorhorst, Deniz Ugurlar, Sara Rosati, Albert J. R. Heck, Jan G. J.

van de Winkel, Ian A. Wilson, Abraham J. Koster, Ronald P. Taylor, Erica Ollmann Saphire, Dennis R.

Burton, Janine Schuurman, Piet Gros, and Paul W. H. I. Parren. Complement is activated by IgG

hexamers assembled at the cell surface. Science, 343(6176):1260–1263, 2014.

[77] Nicolas S. Merle, Sarah Elizabeth Church, Veronique Fremeaux-Bacchi, and Lubka T. Roumenina.

Complement system part i - molecular mechanisms of activation and regulation. Frontiers in Im-

munology, 6:262, 2015.

89



[78] Nicolas S. Merle, Remi Noe, Lise Halbwachs-Mecarelli, Veronique Fremeaux-Bacchi, and Lubka T.

Roumenina. Complement system part ii: Role in immunity. Frontiers in Immunology, 6:257, 2015.

[79] Ying Wu, MyungSam Cho, David Shore, Manki Song, JungAh Choi, Tao Jiang, Yong-Qiang Deng,

Melissa Bourgeois, Lynn Almli, Hua Yang, Li-Mei Chen, Yi Shi, Jianxu Qi, An Li, Kye Sook Yi,

MinSeok Chang, Jin Soo Bae, HyunJoo Lee, JiYoung Shin, James Stevens, SeoungSuh Hong, Cheng-

Feng Qin, George F. Gao, Shin Jae Chang, and Ruben O. Donis. A potent broad-spectrum protective

human monoclonal antibody crosslinking two haemagglutinin monomers of influenza A virus. Nature

Communications, 6(7708), 2015.

[80] Matthew R. Vogt, Kimberly A. Dowd, Michael Engle, Robert B. Tesh, Syd Johnson, Theodore C.

Pierson, and Michael S. Diamond. Poorly neutralizing cross-reactive antibodies against the fusion

loop of west nile virus envelope protein protect in vivo via Fcgamma receptor and complement-

dependent effector mechanisms. Journal of Virology, 85(22):11567–11580, 2011.

[81] Mohammed Rafii-El-Idrissi Benhnia, Megan M. McCausland, John Laudenslager, Steven W.

Granger, Sandra Rickert, Lilia Koriazova, Tomoyuki Tahara, Ralph T. Kubo, Shinichiro Kato, and

Shane Crotty. Heavily isotype-dependent protective activities of human antibodies against vaccinia

virus extracellular virion antigen B5. Journal of Virology, 83(23):12355–12367, 2009.

[82] Michelle J. Boyle, Linda Reiling, Gaoqian Feng, Christine Langer, Faith H. Osier, Harvey Aspeling-

Jones, Yik Sheng Cheng, Janine Stubbs, Kevin K.A. Tetteh, David J. Conway, James S. McCarthy,

Ivo Muller, Kevin Marsh, Robin F. Anders, and James G. Beeson. Human antibodies fix complement

to inhibit Plasmodium falciparum invasion of erythrocytes and are associated with protection against

malaria. Immunity, 42:580–590, 2015.

[83] Esther Benamu and Jose G. Montoya. Infections associated with the use of eculizumab: recom-

mendations for prevention and prophylaxis. Current Opinion in Infectious Diseases, 29:319–329,

2016.

[84] Sanjay Ram, Lisa A. Lewis, and Peter A. Rice. Infections of people with complement deficiencies

and patients who have undergone splenectomy. Clinical Microbiology Reviews, 23(4):740–780, 2010.

[85] Shicui Zhang and Pengfei Cui. Complement system in zebrafish. Developmental & Comparative

Immunology, 46(1):3 – 10, 2014.

[86] Douglas D. Richman, Terri Wrin, Susan J. Little, and Christos J. Petropoulos. Rapid evolution of

the neutralizing antibody response to HIV type 1 infection. Proceedings of the National Academy of

Sciences, 100(7):4144–4149, 2003.

[87] Laura M. Walker, Sanjay K. Phogat, Po-Ying Chan-Hui, Denise Wagner, Pham Phung, Julie L. Goss,

Terri Wrin, Melissa D. Simek, Steven Fling, Jennifer L. Mitcham, Jennifer K. Lehrman, Frances H.

Priddy, Ole A. Olsen, Steven M. Frey, Phillip W. Hammond, Stephen Kaminsky, Timothy Zamb,

Matthew Moyle, Wayne C. Koff, Pascal Poignard, and Dennis R. Burton. Broad and potent neutraliz-

ing antibodies from an african donor reveal a new HIV-1 vaccine target. Science, 326(5950):285–289,

2009.

90



[88] Riri Shibata, Tatsuhiko Igarashi, Nancy Haigwood, Alicia Buckler-White, Robert Ogert, William

Ross, Ronald Willey, Michael W. Cho, and Malcolm A. Martin. Neutralizing antibody directed

against the HIV-1 envelope glycoprotein can completely block HIV-1/SIV chimeric virus infections

of macaque monkeys. Nature Medicine, 5:204–210, 1999.

[89] Timothy W. Baba, Vladimir Liska, Regina Hofmann-Lehmann, Josef Vlasak, Weidong Xu, Sey-

oum Ayehunie, Lisa A. Cavacini, Marshall R. Posner, Hermann Katinger, Gabriela Stiegler, Bruce J.

Bernacky, Tahir A. Rizvi, Russell Schmidt, Lori R. Hill, Michale E. Keeling, Yichen Lu, Joel E.

Wright, Ting-Chao Chou, and Ruth M. Ruprecht. Human neutralizing monoclonal antibodies of

the IgG1 subtype protect against mucosal simian-human immunodeficiency virus infection. Nature

Medicine, 6:200–206, 2000.

[90] John R. Mascola, Gabriela Stiegler, Thomas C. VanCott, Hermann Katinger, Calvin B. Carpenter,

Chris E. Hanson, Holly Beary, Deborah Hayes, Sarah S. Frankel, Deborah L. Birx, and Mark G.

Lewis. Protection of macaques against vaginal transmission of a pathogenic HIV-1/SIV chimeric

virus by passive infusion of neutralizing antibodies. Nature Medicine, 6:207–210, 2000.

[91] Brian Moldt, Eva G. Rakasz, Niccole Schultz, Po-Ying Chan-Hui, Kristine Swiderek, Kimberly L.

Weisgrau, Shari M. Piaskowski, Zachary Bergman, David I. Watkins, Pascal Poignard, and Dennis R.

Burton. Highly potent HIV-specific antibody neutralization in vitro translates into effective protec-

tion against mucosal SHIV challenge in vivo. Proceedings of the National Academy of Sciences,

109(46):18921–18925, 2012.

[92] Rajeev Gautam, Yoshiaki Nishimura, Amarendra Pegu, Martha C. Nason, Florian Klein, Anna

Gazumyan, Jovana Golijanin, Alicia Buckler-White, Reza Sadjadpour, Keyun Wang, Zachary

Mankoff, Stephen D. Schmidt, Jeffrey D. Lifson, Michel C. Mascola, John R.and Nussenzweig,

and Malcolm A. Martin. A single injection of anti-HIV-1 antibodies protects against repeated SHIV

challenges. Nature, 533:105–109, 2016.

[93] Matthew S. Parsons, Wen Shi Lee, Anne B. Kristensen, Thakshila Amarasena, Georges Khoury,

Adam K. Wheatley, Arnold Reynaldi, Bruce D. Wines, P. Mark Hogarth, Miles P. Davenport, and

Stephen J. Kent. Fc-dependent functions are redundant to efficacy of anti-HIV antibody PGT121 in

macaques. The Journal of Clinical Investigation, 129(1):182–191, 1 2019.

[94] Mansun Law, Toshiaki Maruyama, Jamie Lewis, Erick Giang, Alexander W Tarr, Zania Stamataki,

Pablo Gastaminza, Francis V Chisari, Ian M Jones, Robert I Fox, Jonathan K Ball, Jane A McKeating,

Norman M Kneteman, Dennis R Burton, Tatsuhiko Igarashi, Nancy Haigwood, Alicia Buckler-White,

Robert Ogert, William Ross, Ronald Willey, Michael W. Cho, and Malcolm A. Martin. Broadly

neutralizing antibodies protect against hepatitis C virus quasispecies challenge. Nature Medicine,

14:25–27, 2008.

[95] Haiyan Zhao, Estefania Fernandez, Kimberly A. Dowd, Scott D. Speer, Derek J. Platt, Matthew J.

Gorman, Jennifer Govero, Christopher A. Nelson, Theodore C. Pierson, Michael S. Diamond, and

Daved H. Fremont. Structural basis of zika virus-specific antibody protection. Cell, 166(4):1016 –

1027, 2016.

91



[96] Sheetij Dutta, J. David Haynes, J. Kathleen Moch, Arnoldo Barbosa, and David E. Lanar. Invasion-

inhibitory antibodies inhibit proteolytic processing of apical membrane antigen 1 of Plasmodium

falciparum merozoites. Proceedings of the National Academy of Sciences, 100(21):12295–12300,

2003.

[97] Vashti Irani, Paul A. Ramsland, Andrew J. Guy, Peter M. Siba, Ivo Mueller, Jack S. Richards, and

James G. Beeson. Acquisition of functional antibodies that block the binding of erythrocyte-binding

antigen 175 and protection against Plasmodium falciparum malaria in children. Clinical Infectious

Diseases, 61(8):1244–1252, 2015.

[98] Ravinder Kaur, Naveen Surendran, Martina Ochs, and Michael E. Pichichero. Human Antibodies to

PhtD, PcpA, and Ply Reduce Adherence to Human Lung Epithelial Cells and Murine Nasopharyngeal

Colonization by Streptococcus pneumoniae. Infection and Immunity, 82(12):5069–5075, 2014.

[99] Robin Varghese, Yeshi Mikyas, Phoebe L. Stewart, and Robert Ralston. Postentry Neutralization of

Adenovirus Type 5 by an Antihexon Antibody. Journal of Virology, 78(22):12320–12332, 2004.

[100] Mohammed S. Aiyegbo, Gopal Sapparapu, Benjamin W. Spiller, Ilyas M. Eli, Dewight R. Williams,

Robert Kim, David E. Lee, Tong Liu, Sheng Li, Virgil L. Woods, Jr, David P. Nannemann, Jens

Meiler, Phoebe L. Stewart, and James E. Crowe, Jr. Human rotavirus VP6-specific antibodies mediate

intracellular neutralization by binding to a quaternary structure in the transcriptional pore. PLOS

ONE, 8(5):1–14, 05 2013.

[101] Dihan Zhou, Yan Zhang, Qiaoli Li, Yaoqing Chen, Benxia He, Jingyi Yang, Haobo Tu, Lei Lei, and

Huimin Yan. Matrix protein-specific IgA antibody inhibits measles virus replication by intracellular

neutralization. Journal of Virology, 85(21):11090–11097, 2011.

[102] Yoshiyuki Ishii, Keiko Tanaka, Kazunari Kondo, Takamasa Takeuchi, Seiichiro Mori, and Tadahito

Kanda. Inhibition of nuclear entry of HPV16 pseudovirus-packaged DNA by an anti-HPV16 L2

neutralizing antibody. Virology, 406(2):181 – 188, 2010.

[103] Xueqi Wang, Takane Kikuchi, and Yasuko Rikihisa. Two monoclonal antibodies with defined epi-

topes of P44 major surface proteins neutralize anaplasma phagocytophilum by distinct mechanisms.

Infection and Immunity, 74(3):1873–1882, 2006.

[104] Brian T Edelson and Emil R Unanue. Intracellular antibody neutralizes Listeria growth. Immunity,

14(5):503 – 512, 2001.

[105] Hubert Lam, Augustus Kesselly, Svetlana Stegalkina, Harry Kleanthous, and Jeremy A. Yethon.

Antibodies to PhnD inhibit staphylococcal biofilms. Infection and Immunity, 82(9):3764–3774, 2014.

[106] Marcio L. Rodrigues, Luiz R. Travassos, Kildare R. Miranda, Anderson J. Franzen, Sonia Rozental,

Wanderley de Souza, Celuta S. Alviano, and Eliana Barreto-Bergter. Human antibodies against a

purified glucosylceramide from cryptococcus neoformans inhibit cell budding and fungal growth.

Infection and Immunity, 68(12):7049–7060, 2000.

92



[107] Greice Krautz-Peterson, Susan Chapman-Bonofiglio, Karen Boisvert, Hanping Feng, Ira M. Herman,

Saul Tzipori, and Abhineet S. Sheoran. Intracellular neutralization of shiga toxin 2 by an a subunit-

specific human monoclonal antibody. Infection and Immunity, 76(5):1931–1939, 2008.

[108] Srinivas Kammanadiminti, Ravi Kumar Patnaikuni, Jason Comer, Gabriel Meister, Chris Sinclair, and

Shantha Kodihalli. Combination therapy with antibiotics and anthrax immune globulin intravenous

(AIGIV) is potentially more effective than antibiotics alone in rabbit model of inhalational anthrax.

PLOS ONE, 9(9):1–10, 09 2014.

[109] Thi-Sau Migone, G. Mani Subramanian, John Zhong, Letha M. Healey, Al Corey, Matt Devalaraja,

Larry Lo, Stephen Ullrich, Janelle Zimmerman, Andrew Chen, Maggie Lewis, Gabriel Meister, Karen

Gillum, Daniel Sanford, Jason Mott, and Sally D. Bolmer. Raxibacumab for the treatment of inhala-

tional anthrax. New England Journal of Medicine, 361(2):135–144, 2009. PMID: 19587338.

[110] Udoka Okaro, Anteneh Addisu, Beata Casanas, and Burt Anderson. Bartonella species, an emerging

cause of blood-culture-negative endocarditis. Clinical Microbiology Reviews, 30(3):709–746, 2017.

[111] Philipp Engel, Walter Salzburger, Marius Liesch, Chao-Chin Chang, Soichi Maruyama, Christa Lanz,

Alexandra Calteau, Aurélie Lajus, Claudine Médigue, Stephan C. Schuster, and Christoph Dehio.

Parallel evolution of a type IV secretion system in radiating lineages of the host-restricted bacterial

pathogen Bartonella. PLOS Genetics, 7(2):1–16, 02 2011.

[112] Alexander Wagner and Christoph Dehio. Role of distinct type-IV-secretion systems and secreted ef-

fector sets in host adaptation by pathogenic Bartonella species. Cellular Microbiology, 21(3):e13004,

2019.

[113] Bruno B. Chomel, Henri-Jean Boulouis, Edward B. Breitschwerdt, Rickie W. Kasten, Muriel

Vayssier-Taussat, Richard J. Birtles, Jane E. Koehler, and Christoph Dehio. Ecological fitness and

strategies of adaptation of Bartonella species to their hosts and vectors. Vet. Res., 40(2):29, 2009.

[114] JL Marie, PE Fournier, JM Rolain, S Briolant, B Davoust, and D. Raoult. Molecular detection of

Bartonella quintana, B. Elizabethae, B. Koehlerae, B. Doshiae, B. Taylorii, and Rickettsia felis in

rodent fleas collected in Kabul, Afghanistan. Am J Trop Med Hyg., 74:436–9, 2006.

[115] JM Rolain, M Franc, B Davoust, and D. Raoult. Molecular detection of Bartonella quintana, B.

koehlerae, B. henselae, B. clarridgeiae, Rickettsia felis, and Wolbachia pipientis in cat fleas, france.

Emerg Infect Dis., 9:338–42, 2003.

[116] M. Hertig. Phlebotomus and Carrión’s Disease: II. transmission experiments with wild sandflies. Am.

J. Trp. Med. Hyg., 1-22:11–22, 1942.

[117] Didier Raoult and Véronique Roux. The body louse as a vector of reemerging human diseases.

Clinical Infectious Diseases, 29(4):888–911, 1999.

[118] R. Weigl. Further studies on Rickettsia rochalimae. Am. J. Trp. Med. Hyg., 27:14–15, 1924.

93



[119] Molina-Pasquel C Vinson J.W., Varela G. Trench fever, III. induction of clinical disease in volunteers

inoculated with rickettsia quintana propagated on blood agar. Am. J. Trp. Med. Hyg., 18:713–722,

1969.

[120] JA Higgins, S Radulovic, DC Jaworski, and AF. Azad. Acquisition of the cat scratch disease agent

Bartonella henselae by cat fleas (Siphonaptera: Pulicidae). J Med Entomol., 33:490–5, 1996.

[121] JL Finkelstein, TP Brown, KL O’Reilly, J Jr Wedincamp, and LD. Foil. Studies on the growth of

Bartonella henselae in the cat flea (Siphonaptera: Pulicidae). J Med Entomol., 39:915–9, 2002.

[122] Edward B. Breitschwerdt, Ricardo G. Maggi, Betsy Sigmon, and William L. Nicholson. Isolation of

Bartonella quintana from a woman and a cat following putative bite transmission. Journal of Clinical

Microbiology, 45(1):270–272, 2007.

[123] David Y. Namekata, Rickie W. Kasten, Dawn A. Boman, Mary H. Straub, Laurie Siperstein-Cook,

Karen Couvelaire, and Bruno B. Chomel. Oral shedding of Bartonella in cats: Correlation with

bacteremia and seropositivity. Veterinary Microbiology, 146(3):371 – 375, 2010.

[124] Ralf Schülein, Anja Seubert, Christian Gille, Christa Lanz, Yves Hansmann, Yves Piémont, and

Christoph Dehio. Invasion and persistent intracellular colonization of erythrocytes. Journal of Ex-

perimental Medicine, 193(9):1077–1086, 2001.

[125] Christoph Dehio. Interactions of Bartonella henselae with vascular endothelial cells. Current Opinion

in Microbiology, 2(1):78 – 82, 1999.

[126] Rusudan Okujava, Patrick Guye, Yun-Yueh Lu, Claudia Mistl, Florine Polus, Muriel Vayssier-

Taussat, Cornelia Halin, Antonius G. Rolink, and Christoph Dehio. A translocated effector required

for Bartonella dissemination from derma to blood safeguards migratory host cells from damage by

co-translocated effectors. PLOS Pathogens, 10(6):1–19, 06 2014.

[127] Alexander Harms and Christoph Dehio. Intruders below the radar: Molecular pathogenesis of Bar-

tonella spp. Clinical Microbiology Reviews, 25(1):42–78, 2012.

[128] Karem, Dubois, Mcgill, and Regnery. Characterization of Bartonella henselae-specific immunity in

BALB/c mice. Immunology, 97(2):352–358, 1999.

[129] Jiehua Hong, Yan Li, Xiuguo Hua, Yajie Bai, Chunyan Wang, Caixia Zhu, Yuming Du, Zhibiao

Yang, and Congli Yuan. Lymphatic circulation disseminates Bartonella infection into bloodstream.

The Journal of Infectious Diseases, 215(2):303–311, 2017.

[130] Brandee L Pappalardo, Talmage T Brown, Mary Tompkins, and Edward B Breitschwerdt. Im-

munopathology of Bartonella vinsonii (berkhoffii) in experimentally infected dogs. Veterinary Im-

munology and Immunopathology, 83(3):125 – 147, 2001.

[131] Kazuhiro Yamamoto, Bruno B. Chomel, Rickie W. Kasten, Carrie M. Hew, David K. Weber, and

Wilson I. Lee. Experimental infection of specific pathogen free (SPF) cats with two different strains

of Bartonella henselae type I: A comparative study. Vet. Res., 33(6):669–684, 2002.

94



[132] Kazuhiro Yamamoto, Bruno B. Chomel, Rickie W. Kasten, Carrie M. Hew, David K. Weber, Wilson I.

Lee, Jane E. Koehler, and Niels C. Pedersen. Infection and re-infection of domestic cats with various

Bartonella species or types: B. henselae type I is protective against heterologous challenge with B.

henselae type II. Veterinary Microbiology, 92(1):73 – 86, 2003.

[133] M. Arvand, J. Viezens, and J. Berghoff. Prolonged Bartonella henselae bacteremia caused by rein-

fection in cats. Emerging Infectious Diseases, 14(1):152–154, 2008.

[134] Jan Koesling, Toni Aebischer, Christine Falch, Ralf Schülein, and Christoph Dehio. Cutting edge:

Antibody-mediated cessation of hemotropic infection by the intraerythrocytic mouse pathogen Bar-

tonella grahamii. The Journal of Immunology, 167(1):11–14, 2001.

[135] Chomel, Bruno B., Henn, Jennifer B., Kasten, Rickie W., Nieto, Nathan C., Foley, Janet, Papageor-

giou, Sophia, Allen, Claire, and Koehler, Jane E. Dogs are more permissive than cats or guinea pigs

to experimental infection with a human isolate of Bartonella rochalimae. Vet. Res., 40(4):27, 2009.

[136] Lynn Guptill, Leonard Slater, Ching-Ching Wu, Tsang-Long Lin, Lawrence T. Glickman, David F.

Welch, and Harm HogenEsch. Experimental infection of young specific pathogen-free cats with

Bartonella henselae. The Journal of Infectious Diseases, 176(1):206–216, 1997.

[137] Beronica Infante, Sandra Villar, Sandra Palma, Jenny Merello, Roberto Valencia, Luis Torres, Jamie

Cok, Palmira Ventosilla, Ciro Manguina, Humberto Guerra, and Cesar Henriquez. BALB/c Mice

resist infection with Bartonella bacilliformis. BMC Research Notes, 1:103, 2008.

[138] Dorsey L. Kordick, Talmage T. Brown, KwangOk Shin, and Edward B. Breitschwerdt. Clinical and

pathologic evaluation of chronic Bartonella henselae or Bartonella clarridgeiae infection in cats.

Journal of Clinical Microbiology, 37(5):1536–1547, 1999.

[139] M.Y Kosoy, E.K Saito, D Green, E.L Marston, D.C Jones, and J.E Childs. Experimental evidence

of host specificity of Bartonella infection in rodents. Comparative Immunology, Microbiology and

Infectious Diseases, 23(4):221 – 238, 2000.

[140] Muriel Vayssier-Taussat, Danielle Le Rhun, Hong Kuan Deng, Francis Biville, Sandra Cescau, An-

toine Danchin, Geneviève Marignac, Evelyne Lenaour, Henri Jean Boulouis, Maria Mavris, Lionel

Arnaud, Huanming Yang, Jing Wang, Maxime Quebatte, Philipp Engel, Henri Saenz, and Christoph

Dehio. The Trw type IV secretion system of Bartonella mediates host-specific adhesion to erythro-

cytes. PLOS Pathogens, 6(6):1–10, 06 2010.

[141] V. A. Lobanov, A. A. Gajadhar, B. Al-Adhami, and H. M. Schwantje. Molecular study of free-ranging

mule deer and white-tailed deer from british columbia, canada, for evidence of Anaplasma spp. and

Ehrlichia spp. Transboundary and Emerging Diseases, 59(3):233–243, 2012.

[142] Eva Špitalská, Lenka Minichová, Elena Kocianová, L’udovít Škultéty, Lenka Mahríková, Zuzana

Hamšíková, Mirko Slovák, and Mária Kazimírová. Diversity and prevalence of Bartonella species

in small mammals from Slovakia, Central Europe. Parasitology Research, 116(11):3087–3095, Nov

2017.

95



[143] Bruno B. Chomel, Henri-Jean Boulouis, Soichi Maruyama, and Edward B. Breitschwerdt. Bartonella

spp. in pets and effect on human health. Emerg Infect Dis., 12:389–394, 2006.

[144] M. Bergmann, T. Englert, B. Stuetzer, J. R. Hawley, M. R. Lappin, and K. Hartmann. Prevalence

of Bartonella species infections in cats in Southern Germany. Veterinary Record, 180(13):325–325,

2017.

[145] Remy Heller, Marc Artois, Vincent Xemar, Dominique De Briel, Herve Gehin, Benoit Jaulhac, Henri

Monteil, and Yves Piemont. Prevalence of Bartonella henselae and Bartonella clarridgeiae in Stray

Cats. Journal of Clinical Microbiology, 35(6):1327–1331, 1987.

[146] MY Kosoy, Y Bai, T Lynch, IV Kuzmin, M Niezgoda, and R Franka. Bartonella spp. in bats, kenya.

Emerg Infect Dis., 16:1875–1881, 2010.

[147] Ricardo G. Maggi, Stephen A. Raverty, Sally J. Lester, David G. Huff, Martin Haulena, Susan L.

Ford, Ole Nielsen, John H. Robinson, and Edward B. Breitschwerdt. Bartonella henselae in captive

and hunter-harvested beluga (delphinapterus leucas). Journal of Wildlife Diseases, 44(4):871–877,

2008. PMID: 18957643.

[148] Lucie Kesnerovy, Roxane Moritz, and Philipp Engel. Bartonella apis sp. nov., a honey bee gut

symbiont of the class alphaproteobacteria. International Journal of Systematic and Evolutionary

Microbiology, 66(1):414–421, 2016.

[149] A N Gurfield, H J Boulouis, B B Chomel, R Heller, R W Kasten, K Yamamoto, and Y Piemont. Coin-

fection with Bartonella clarridgeiae and Bartonella henselae and with different Bartonella henselae

strains in domestic cats. Journal of Clinical Microbiology, 35(8):2120–2123, 1997.

[150] Ciro Maguiña and Eduardo Gotuzzo. Bartonellosis: New and old. Infectious Disease Clinics of North

America, 14(1):1 – 22, 2000.

[151] Ciro Maguina, Patricia J. Garcia, Eduardo Gotuzzo, Luis Cordero, and David H. Spach. Bartonellosis

(carrión’s disease) in the modern era. Clinical Infectious Diseases, 33(6):772–779, 2001.

[152] Ciro Maguiña, Humberto Guerra, and Palmira Ventosilla. Bartonellosis. Clinics in Dermatology,

27(3):271 – 280, 2009. Tropical Dermatology: Part III.

[153] Philip Cooper, Ronald Guderian, Wilson Parades, Robert Daniels, Divi Perera, Mauricio Espinel, Ma-

cias Valdez, and George Griffin. Bartonellosis in zamora chinchipe province in ecuador. Transactions

of The Royal Society of Tropical Medicine and Hygiene, 90(3):241–243, 1996.

[154] Bruce Alexander. A review of bartonellosis in Ecuador and Colombia. The American Journal of

Tropical Medicine and Hygiene, 52(4):354–359, 1995.

[155] Judith Chamberlin, Larry W. Laughlin, Sofia Romero, Nelson Solórzano, Scott Gordon, Richard G.

Andre, Paul Pachas, Heidi Friedman, Carlos Ponce, and Douglas Watts. Epidemiology of endemic

Bartonella bacilliformis: A prospective cohort study in a peruvian mountain valley community. The

Journal of Infectious Diseases, 186(7):983–990, 2002.

96



[156] Margaret Kosek, Rosa Lavarello, Robert H. Gilman, Jose Delgado, Ciro Maguiña, Manuela

Verástegui, Andres G Lescano, Vania Mallqui, Jon C. Kosek, Sixto Recavarren, and Lilia Cabrera.

Natural history of infection with Bartonella bacilliformis in a nonendemic population. The Journal

of Infectious Diseases, 182(3):865–872, 2000.

[157] Didier Raoult, Olivier Dutour, Linda Houhamdi, Rimantas Jankauskas, Pierre-Edouard Fournier,

Yann Ardagna, Michel Drancourt, Michel Signoli, Vu Dang La, Yves Macia, and Gérard Aboud-

haram. Evidence for louse-transmitted diseases in soldiers of napoleon’s grand army in vilnius. The

Journal of Infectious Diseases, 193(1):112–120, 2006.

[158] Lloyd L. Byam W. Trench fever: its epidemiology and endemiology. Proc. R Soc. Med., 13:1–27,

1920.

[159] M Pape, P Kollaras, K Mandraveli, A Tsona, S Metallidis, P Nikolaidis, and S Alexiou-Daniel.

Occurrence of Bartonella henselae and Bartonella quintana among human immunodeficiency virus-

infected patients. Annals of the New York Academy of Sciences, 1063(1):299–301, 2005.

[160] James W. Bass, Judy M. Vincent, and Donald A. Person. The expanding spectrum of Bartonella

infections: I. Bartonellosis and trench fever. The Pediatric Infectious Disease Journal, 16:2–10,

1997.

[161] Philippe Brouqui, Bernard Lascola, Veronique Roux, and Didier Raoult. Chronic Bartonella quintana

bacteremia in homeless patients. New England Journal of Medicine, 340(3):184–189, 1999. PMID:

9895398.

[162] Michael E. Ohl and David H. Spach. Bartonella quintana and urban trench fever. Clinical Infectious

Diseases, 31(1):131–135, 2000.

[163] J. W. Vinson, G. Varela, and C. Molina-Pasquel. Trench fever. The American Journal of Tropical

Medicine and Hygiene, 18(5):713–722, 1969.

[164] Janet C. Mohle-Boetani, Jane E. Koehler, Timothy G. Berger, Philip E. LeBoit, Carol A. Kemper,

Arthur L. Reingold, Brian D. Plikaytis, Jay D. Wenger, and Jordan W. Tappero. Bacillary angiomato-

sis and bacillary peliosis in patients infected with human immunodeficiency virus: Clinical charac-

teristics in a case-control study. Clinical Infectious Diseases, 22(5):794–800, 1996.

[165] A Plettenberg, T Lorenzen, B T Burtsche, H Rasokat, T Kaliebe, H Albrecht, T Mertenskoetter,

J Bogner, R Stoehr, and A Schoefer. Bacillary Angiomatosis in HIV-infected patients - an epidemio-

logical and clinical study. Dermatology, 201:326–331, 2000.

[166] H Caceres-Rios, J Rodriguez-Tafur, F Bravo-Puccio, C Maguina-Vargas, CS Diaz, DC Ramos, and

R. Patarca. Verruga peruana: an infectious endemic angiomatosis. Crit Rev Oncog., 6(1):47–56,

1995.

[167] PE LeBoit, TG Berger, BM Egbert, TS Yen, MH Stoler, TA Bonfiglio, JA Strauchen, CK English,

and DJ. Wear. Epithelioid haemangioma-like vascular proliferation in AIDS: Manifestation of cat

scratch disease bacillus infection? Lancet, 331:960–963, 1988.

97



[168] V. Roux, S.J. Eykyn, S. Wyllie, and D. Raoult. Bartonella vinsonii subsp. berkhoffii as an agent of

afebrile blood culture-negative endocarditis in a human. J Clin Microbiol, 38:1698–1700, 2000.

[169] D Raoult, PE Fournier, and M Drancourt. Diagnosis of 22 new cases of Bartonella endocarditis.

Annals of Internal Medicine, 125(8):646–652, 1996.

[170] D L Kordick, E J Hilyard, T L Hadfield, K H Wilson, A G Steigerwalt, D J Brenner, and E B

Breitschwerdt. Bartonella clarridgeiae, a newly recognized zoonotic pathogen causing inocula-

tion papules, fever, and lymphadenopathy (cat scratch disease). Journal of Clinical Microbiology,

35(7):1813–1818, 1997.

[171] Erick Huarcaya, Ciro Maguina, Jenny Merello, Jaime ok, Richard Birtles, Beronica Infante, Jose

Vidal, Afilio Tello, and Palmira Ventosilla. A prospective study of cat-scratch disease in Lima-Peru.

Rev. Inst. Med. trop. S. Paulo, 44(6), 2002.

[172] S. Batts and D.M. Demers. Spectrum and treatment of cat-scratch disease(short survey). Pediatric

Infectious Disease Journal, 23:1161–1162, 2004.

[173] AM Margileth. Cat scratch disease. Adv Pediatr Infect Dis., 8:1–21, 1993.

[174] Calin Popa, Shahla Abdollahi-Roodsaz, Leo A. B. Joosten, Nozomi Takahashi, Tom Sprong, Gio-

vanni Matera, Maria Carla Liberto, Alfredo Foca, Marcel van Deuren, Bart Jan Kullberg, Wim B.

van den Berg, Jos W. M. van der Meer, and Mihai G. Netea. Bartonella quintana lipopolysaccharide

is a natural antagonist of toll-like receptor 4. Infection and Immunity, 75(10):4831–4837, 2007.

[175] Shahla Abdollahi-Roodsaz, Leo A.B. Joosten, Marije I. Koenders, Isabel Devesa, Mieke F. Roelofs,

Timothy R.D.J. Radstake, Marleen Heuvelmans-Jacobs, Shizuo Akira, Martin J.H. Nicklin, Fátima

Ribeiro-Dias, and Wim B. van den Berg. Stimulation of TLR2 and TLR4 differentially skews the

balance of T cells in a mouse model of arthritis. The Journal of Clinical Investigation, 118(1):205–

216, 1 2008.

[176] Ulrich Zähringer, Buko Lindner, Yuriy A. Knirel, Willem M. R. van den Akker, Rosemarie Hiestand,

Holger Heine, and Christoph Dehio. Structure and biological activity of the short-chain lipopolysac-

charide from Bartonella henselae ATCC 49882T. Journal of Biological Chemistry, 279(20):21046–

21054, 2004.

[177] Matthew R. Chenoweth, Craig E. Greene, Duncan C. Krause, and Frank C. Gherardini. Predominant

outer membrane antigens of Bartonella henselae. Infection and Immunity, 72(6):3097–3105, 2004.

[178] Henri L Saenz and Christoph Dehio. Signature-tagged mutagenesis: technical advances in a negative

selection method for virulence gene identification. Current Opinion in Microbiology, 8(5):612 – 619,

2005.

[179] Henri L Saenz, Philipp Engel, Michele C Stoeckli, Christa Lanz, Günter Raddatz, Muriel Vayssier-

Taussat, Richard Birtles, Stephan C Schuster, and Christoph Dehio. Genomic analysis of Bartonella

identifies type IV secretion systems as host adaptability factors. Nature Genetics, 39:1469–1476,

2007.

98



[180] Cecilia M. Alsmark, A. Carolin Frank, E. Olof Karlberg, Boris-Antoine Legault, David H. Ardell,

Björn Canbäck, Ann-Sofie Eriksson, A. Kristina Näslund, Scott A. Handley, Maxime Huvet, Bernard

La Scola, Martin Holmberg, and Siv G. E. Andersson. The louse-borne human pathogen Bartonella

quintana is a genomic derivative of the zoonotic agent Bartonella henselae. Proceedings of the

National Academy of Sciences, 101(26):9716–9721, 2004.

[181] Julie A. Roden, Derek H. Wells, Bruno B. Chomel, Rickie W. Kasten, and Jane E. Koehler. Hemin

Binding Protein C Is Found in Outer Membrane Vesicles and Protects Bartonella henselae against

Toxic Concentrations of Hemin. Infection and Immunity, 80(3):929–942, 2012.

[182] Dirk Linke, Tanja Riess, Ingo B. Autenrieth, Andrei Lupas, and Volkhard A.J. Kempf. Trimeric

autotransporter adhesins: variable structure, common function. Trends in Microbiology, 14(6):264 –

270, 2006.

[183] Anu Tamm, Ann-Mari Tarkkanen, Timo K. Korhonen, Pentti Kuusela, Paavo Toivanen, and Mikael

Skurnik. Hydrophobic domains affect the collagen-binding specificity and surface polymerization as

well as the virulence potential of the yada protein of Yersinia enterocolitica. Molecular Microbiology,

10(5):995–1011, 1993.

[184] Yasmin El Tahir, Pentti Kuusela, and Mikael Skurnik. Functional mapping of the Yersinia entero-

colitica adhesin YadA. identification of eight NSVAIG - S motifs in the amino-terminal half of the

protein involved in collagen binding. Molecular Microbiology, 37(1):192–206, 2000.

[185] R. Tertti, M. Skurnik, T. Vartio, and P. Kuusela. Adhesion protein YadA of Yersinia species mediates

binding of bacteria to fibronectin. Infection and Immunity, 60:3021–3024, 1992.

[186] Maurizio Comanducci, Stefania Bambini, Brunella Brunelli, Jeannette Adu-Bobie, Beatrice Aricò,

Barbara Capecchi, Marzia Monica Giuliani, Vega Masignani, Laura Santini, Silvana Savino, Dan M.

Granoff, Dominique A. Caugant, Mariagrazia Pizza, Rino Rappuoli, and Marirosa Mora. NadA, a

novel vaccine candidate of Neisseria meningitidis. Journal of Experimental Medicine, 195(11):1445–

1454, 2002.

[187] Tanja Riess, Siv G.E. Andersson, Andrei Lupas, Martin Schaller, Andrea Schäfer, Pierre Kyme,

Jörg Martin, Joo-Hee Wälzlein, Urs Ehehalt, Hillevi Lindroos, Markus Schirle, Alfred Nordheim,

Ingo B. Autenrieth, and Volkhard A.J. Kempf. Bartonella adhesin a mediates a proangiogenic host

cell response. Journal of Experimental Medicine, 200(10):1267–1278, 2004.

[188] Peng Zhang, Bruno B. Chomel, Maureen K. Schau, Jeanna S. Goo, Sara Droz, Karen L. Kelmin-

son, Smitha S. George, Nicholas W. Lerche, and Jane E. Koehler. A family of variably expressed

outer-membrane proteins (Vomp) mediates adhesion and autoaggregation in Bartonella quintana.

Proceedings of the National Academy of Sciences, 101(37):13630–13635, 2004.

[189] Eva C. Berglund, A. Carolin Frank, Alexandra Calteau, Olga Vinnere Pettersson, Fredrik Granberg,

Ann-Sofie Eriksson, Kristina Näslund, Martin Holmberg, Hillevi Lindroos, and Siv G. E. Andersson.

Run-off replication of host-adaptability genes is associated with gene transfer agents in the genome

of mouse-infecting Bartonella grahamii. PLOS Genetics, 5(7):1–16, 07 2009.

99



[190] Robert D. Gilmore, Travis M. Bellville, Steven L. Sviat, and Michael Frace. The Bartonella vinsonii

subsp. arupensis immunodominant surface antigen BrpA Gene, encoding a 382-kilodalton protein

composed of repetitive sequences, is a member of a multigene family conserved among Bartonella

species. Infection and Immunity, 73(5):3128–3136, 2005.

[191] Patrick O. Kaiser, Tanja Riess, Fiona O’Rourke, Dirk Linke, and Volkhard A.J. Kempf. Bartonella

spp.: Throwing light on uncommon human infections. International Journal of Medical Microbiol-

ogy, 301(1):7 – 15, 2011.

[192] Niklas F. Müller, Patrick O. Kaiser, Dirk Linke, Heinz Schwarz, Tanja Riess, Andrea Schäfer, Jo-

hannes A. Eble, and Volkhard A. J. Kempf. Trimeric autotransporter adhesin-dependent adherence of

Bartonella henselae, Bartonella quintana, and Yersinia enterocolitica to matrix components and en-

dothelial cells under static and dynamic flow conditions. Infection and Immunity, 79(7):2544–2553,

2011.

[193] Patrick O. Kaiser, Tanja Riess, Carola L. Wagner, Dirk Linke, Andrei N. Lupas, Heinz Schwarz,

Günter Raddatz, Andrea Schäfer, and Volkhard A. J. Kempf. The head of Bartonella adhesin A is

crucial for host cell interaction of Bartonella henselae. Cellular Microbiology, 10(11):2223–2234,

2008.

[194] Volkhard A.J. Kempf, Maria Lebiedziejewski, Kari Alitalo, Joo-Hee Wälzlein, Urs Ehehalt, Jean-

nette Fiebig, Stephan Huber, Burkhardt Schütt, Christian A. Sander, Steffen Müller, Guntram Grassl,

Amir S. Yazdi, Bernhard Brehm, and Ingo B. Autenrieth. Activation of hypoxia-inducible factor-1 in

bacillary angiomatosis. Circulation, 111(8):1054–1062, 2005.

[195] Joanna K. MacKichan, Helen L. Gerns, Yu-Ting Chen, Peng Zhang, and Jane E. Koehler. A SacB

Mutagenesis Strategy Reveals that the Bartonella quintana Variably Expressed Outer Membrane Pro-

teins Are Required for Bloodstream Infection of the Host. Infection and Immunity, 76(2):788–795,

2008.

[196] Jenni K. Boonjakuakul, Helen L. Gerns, Yu-Ting Chen, Linda D. Hicks, Michael F. Minnick, Scott E.

Dixon, Steven C. Hall, and Jane E. Koehler. Proteomic and immunoblot analyses of Bartonella quin-

tana total membrane proteins identify antigens recognized by sera from infected patients. Infection

and Immunity, 75(5):2548–2561, 2007.

[197] Adam Vigil, Rocio Ortega, Aarti Jain, Rie Nakajima-Sasaki, Xiaolin Tan, Bruno B. Chomel,

Rickie W. Kasten, Jane E. Koehler, and Philip L. Felgner. Identification of the feline humoral immune

response to Bartonella henselae infection by protein microarray. PLOS ONE, 5(7):1–11, 07 2010.

[198] Maxime Quebatte, Michaela Dehio, David Tropel, Andrea Basler, Isabella Toller, Guenter Raddatz,

Philipp Engel, Sonja Huser, Hermine Schein, Hillevi L. Lindroos, Siv G. E. Andersson, and Christoph

Dehio. The BatR/BatS two-component regulatory system controls the adaptive response of Bartonella

henselae during human endothelial cell infection. Journal of Bacteriology, 192(13):3352–3367, 2010.

100



[199] Anja Seubert, Ralf Schulein, and Christoph Dehio. Bacterial persistence within erythrocytes: A

unique pathogenic strategy of Bartonella spp. International Journal of Medical Microbiology,

291(6):555 – 560, 2001.

[200] Nathalie Dautin and Harris D. Bernstein. Protein secretion in Gram-negative bacteria via the auto-

transporter pathway. Annual Review of Microbiology, 61(1):89–112, 2007. PMID: 17506669.

[201] Ian R. Henderson and James P. Nataro. Virulence functions of autotransporter proteins. Infection and

Immunity, 69(3):1231–1243, 2001.

[202] Matthew B. Lawrenz, Jonathan D. Lenz, and Virginia L. Miller. A novel autotransporter adhesin is

required for efficient colonization during bubonic plague. Infection and Immunity, 77(1):317–326,

2009.

[203] Dippica Mistry and Robert A. Stockley. IgA1 protease. The International Journal of Biochemistry &

Cell Biology, 38(8):1244 – 1248, 2006.

[204] Ben R. Otto, Robert Sijbrandi, Joen Luirink, Bauke Oudega, Jonathan G. Heddle, Kenji Mizu-

tani, Sam-Yong Park, and Jeremy R. H. Tame. Crystal structure of hemoglobin protease, a heme

binding autotransporter protein from pathogenic Escherichia coli. Journal of Biological Chemistry,

280(17):17339–17345, 2005.

[205] Christine M. Litwin and Joel M. Johnson. Identification, cloning, and expression of the camp-like

factor autotransporter gene (cfa) of Bartonella henselae. Infection and Immunity, 73(7):4205–4213,

2005.

[206] Christine M. Litwin, Mindy L. Rawlins, and Erica M. Swenson. Characterization of an Immunogenic

Outer Membrane Autotransporter Protein, Arp, of Bartonella henselae. Infection and Immunity,

75(11):5255–5263, 2007.

[207] A. Carolin Frank, Cecilia M. Alsmark, Mikael Thollesson, and Siv G. E. Andersson. Functional

divergence and horizontal transfer of type IV secretion systems. Molecular Biology and Evolution,

22(5):1325–1336, 2005.

[208] Steffen Backert and Matthias Selbach. Role of type IV secretion in Helicobacter pylori pathogenesis.

Cellular Microbiology, 10(8):1573–1581, 2008.

[209] Karin Wallden, Angel Rivera-Calzada, and Gabriel Waksman. Microreview: type IV secretion sys-

tems: versatility and diversity in function. Cellular Microbiology, 12(9):1203–1212, 2010.

[210] B Anderson, E Lu, D Jones, and R Regnery. Characterization of a 17-kilodalton antigen of Bartonella

henselae reactive with sera from patients with cat scratch disease. Journal of Clinical Microbiology,

33(9):2358–2365, 1995.

[211] Ralf Schulein and Christoph Dehio. The VirB/VirD4 type IV secretion system of Bartonella is es-

sential for establishing intraerythrocytic infection. Molecular Microbiology, 46(4):1053–1067, 2002.

101



[212] Ralf Schulein, Patrick Guye, Thomas A. Rhomberg, Michael C. Schmid, Gunnar Schröder, An-

nette C. Vergunst, Ilaria Carena, and Christoph Dehio. A bipartite signal mediates the transfer of

type IV secretion substrates of Bartonella henselae into human cells. Proceedings of the National

Academy of Sciences, 102(3):856–861, 2005.

[213] Craig R. Roy and Shaeri Mukherjee. Bacterial FIC proteins AMP up infection. Science Signaling,

2(62):pe14–pe14, 2009.

[214] Melanie L. Yarbrough, Yan Li, Lisa N. Kinch, Nick V. Grishin, Haydn L. Ball, and Kim Orth. AMPy-

lation of Rho GTPases by Vibrio VopS disrupts effector binding and downstream signaling. Science,

323(5911):269–272, 2009.

[215] Steffen Backert and Matthias Selbach. Tyrosine-phosphorylated bacterial effector proteins: the ene-

mies within. Trends in Microbiology, 13:2476–484, 2005.

[216] M Selbach, FE Paul, S Brandt, P Guye, O Daumke, S Backert, C Dehio, and M. Mann. Host cell

interactome of tyrosine-phosphorylated bacterial proteins. Cell Host Microbe, 5:397–403, 2009.

[217] F. Scheidegger, Y. Ellner, P. Guye, T. A. Rhomberg, H. Weber, H. G. Augustin, and C. Dehio. Distinct

activities of Bartonella henselae type IV secretion effector proteins modulate capillary-like sprout

formation. Cellular Microbiology, 11(7):1088–1101, 200.

[218] Michael C. Schmid, Ralf Schulein, Michaela Dehio, Geertrui Denecker, Ilaria Carena, and Christoph

Dehio. The virb type IV secretion system of Bartonella henselae mediates invasion, proinflammatory

activation and antiapoptotic protection of endothelial cells. Molecular Microbiology, 52(1):81–92,

2004.

[219] Matthias C. Truttmann, Thomas A. Rhomberg, and Christoph Dehio. Combined action of the type

IV secretion effector proteins Bepc and Bepf promotes invasome formation of Bartonella henselae

on endothelial and epithelial cells. Cellular Microbiology, 13(2):284–299, 2011.

[220] Michael C Schmid, Florine Scheidegger, Michaela Dehio, Nadège Balmelle-Devaux, Ralf Schulein,

Patrick Guye, Cuddapah S Chennakesava, Barbara Biedermann, and Christoph Dehio. A translocated

bacterial protein protects vascular endothelial cells from apoptosis. PLOS Pathogens, 2(11):1–15, 11

2006.

[221] Thomas A. Rhomberg, Matthias C. Truttmann, Patrick Guye, Yvonne Ellner, and Christoph Dehio. A

translocated protein of Bartonella henselae interferes with endocytic uptake of individual bacteria and

triggers uptake of large bacterial aggregates via the invasome. Cellular Microbiology, 11(6):927–945,

2009.

[222] Chunyan Wang, Jiaqi Fu, Meng Wang, Yuhao Cai, Xiuguo Hua, Yuming Du, Zhibiao Yang, Yan

Li, Zhenxia Wang, Huiming Sheng, Na Yin, Xiaoyun Liu, Jane E. Koehler, and Congli Yuan. Bar-

tonella quintana type IV secretion effector BepE-induced selective autophagy by conjugation with

K63 polyubiquitin chain. Cellular Microbiology, 0(0):e12984, 2018. e12984 CMI-18-0172.R3.

102



[223] Hongkuan Deng, Qiuxiang Pang, Bosheng Zhao, and Muriel Vayssier-Taussat. Molecular mecha-

nisms of Bartonella and mammalian erythrocyte interactions: A review. Frontiers in Cellular and

Infection Microbiology, 8:431, 2018.

[224] T S Walker and H H Winkler. Bartonella bacilliformis: colonial types and erythrocyte adherence.

Infection and Immunity, 31(1):480–486, 1981.

[225] Eric L Buckles and E McGinnis Hill. Interaction of Bartonella bacilliformis with human erythrocyte

membrane proteins. Microbial Pathogenesis, 29(3):165 – 174, 2000.

[226] Sachiko Iwaki-Egawa and Garret M. Ihler. Comparison of the abilities of proteins from Bartonella

bacilliformis and Bartonella henselae to deform red cell membranes and to bind to red cell ghost

proteins. FEMS Microbiology Letters, 157(1):207–217, 1997.

[227] Jane R. Mehock, Craig E. Greene, Frank C. Gherardini, Tae-Wook Hahn, and Duncan C. Krause.

Bartonella henselae invasion of feline erythrocytes in vitro. Infection and Immunity, 66(7):3462–

3466, 1998.

[228] Anja Seubert, Rosemarie Hiestand, Fernando De La Cruz, and Christoph Dehio. A bacterial conju-

gation machinery recruited for pathogenesis. Molecular Microbiology, 49(5):1253–1266, 2003.

[229] Hon Kuan Deng, Danielle Le Rhun, Evelyne Le Naour, Sarah Bonnet, and Muriel Vayssier-Taussat.

Identification of Bartonella Trw host-specific receptor on erythrocytes. PLOS ONE, 7:1–10, 07 2012.

[230] E Cabezón, E Lanka, and F de la Cruz. Requirements for mobilization of plasmids RSF1010 and

ColE1 by the IncW plasmid R388: trwB and RP4 traG are interchangeable. Journal of Bacteriology,

176(14):4455–4458, 1994.

[231] Christoph Dehio. Infection-associated type IV secretion systems of Bartonella and their diverse roles

in host cell interaction. Cellular Microbiology, 10(8):1591–1598, 2008.

[232] Björn Nystedt, A. Carolin Frank, Mikael Thollesson, and Siv G. E. Andersson. Diversifying selec-

tion and concerted evolution of a type IV secretion system in Bartonella. Molecular Biology and

Evolution, 25(2):287–300, 2008.

[233] L A Benson, S Kar, G McLaughlin, and G M Ihler. Entry of Bartonella bacilliformis into erythrocytes.

Infection and Immunity, 54(2):347–353, 1986.

[234] G Mernaugh and G M Ihler. Deformation factor: an extracellular protein synthesized by Bartonella

bacilliformis that deforms erythrocyte membranes. Infection and Immunity, 60(3):937–943, 1992.

[235] You-Han Xu, Zhi-Yun Lu, and Garret M Ihler. Purification of deformin, an extracellular protein syn-

thesized by Bartonella bacilliformis which causes deformation of erythrocyte membranes. Biochim-

ica et Biophysica Acta (BBA) - Biomembranes, 1234(2):173 – 183, 1995.

[236] Steven C Derrick and Garret M Ihler. Deformin, a substance found in Bartonella bacilliformis culture

supernatants, is a small, hydrophobic molecule with an affinity for albumin. Blood Cells, Molecules,

and Diseases, 27(6):1013 – 1019, 2001.

103



[237] Sherry A. Coleman and Michael F. Minnick. Establishing a Direct Role for the Bartonella bacilli-

formis Invasion-Associated Locus B (IalB) Protein in Human Erythrocyte Parasitism. Infection and

Immunity, 69(7):4373–4381, 2001.

[238] S J Mitchell and M F Minnick. Characterization of a two-gene locus from Bartonella bacilliformis

associated with the ability to invade human erythrocytes. Infection and Immunity, 63(4):1552–1562,

1995.

[239] Jared L. Cartwright, Phillipa Britton, Michael F. Minnick, and Alexander G. McLennan. The IalA

invasion gene of Bartonella bacilliformis encodes a (di)nucleoside polyphosphate hydrolase of the

MutT motif family and has homologs in other invasive bacteria. Biochemical and Biophysical Re-

search Communications, 256(3):474 – 479, 1999.

[240] G. Bernard Conyers and Maurice J. Bessman. The gene, ialA, associated with the invasion of human

erythrocytes by Bartonella bacilliformis, designates a Nudix hydrolase active on dinucleoside 5’-

polyphosphates. Journal of Biological Chemistry, 274(3):1203–1206, 1999.

[241] D L Kordick and E B Breitschwerdt. Intraerythrocytic presence of Bartonella henselae. Journal of

Clinical Microbiology, 33(6):1655–1656, 1995.

[242] J. M. Rolain, B. La Scola, Z. Liang, B. Davoust, and D. Raoult. Immunofluorescent detection of

intraerythrocytic Bartonella henselae in naturally infected cats. Journal of Clinical Microbiology,

39(8):2978–2980, 2001.

[243] Jean-Marc Rolain, Cédric Foucault, Régis Guieu, Bernard La Scola, Philippe Brouqui, and Didier

Raoult. Bartonella quintana in human erythrocytes. The Lancet, 360(9328):226 – 228, 2002.

[244] César Reynafarje and José Ramos. The hemolytic anemia of human bartonellosis. Blood, 17(5):562–

578, 1961.

[245] Kevin L. Karem. Immune aspects of Bartonella. Critical Reviews in Microbiology, 26:133–45, 2000.

[246] Erick Huarcaya, Ivan Best, Juan Rodriguez-Tafur, Ciro Maguina, Nelson Solorzano, Julio Menacho,

Douglas Lopez De Guimaraes, Jose Chauca, and Palmira. Ventosilla. Cytokines and T-lymphocute

count in patients in the acute and chronic phases of Bartonella bacilliformis infection in an endemic

area in peru: a pilot study. Revista do Instituto de Medicina Tropical de Sao Paulo, 53(3):149–154,

2011.

[247] Erick Huarcaya, Ciro Maguina, Ivan Best, Nelson Solorzano, and Lawrence Leeman. Immunological

response in cases of complicated and uncomplicated bartonellosis during pregnancy. Rev. Inst. Med.

trop. S. Paulo, 49(5):335–337, 2007.

[248] U Garcia-Caceres and FU. Garcia. Bartonellosis. An immunodepressive disease and the life of Daniel

Alcides Carrion. Am J Clin Pathol., 95(4):S58–66, 1991.

[249] Maria J. Pons, Cláudia Gomes, Ruth Aguilar, Diana Barrios, Miguel Angel Aguilar-Luis, Joaquim

Ruiz, Carlota Dobaño, Juana del Valle-Mendoza, and Gemma Moncunill. Immunosuppressive and

104



angiogenic cytokine profile associated with Bartonella bacilliformis infection in post-outbreak and

endemic areas of carrion’s disease in peru. PLOS Neglected Tropical Diseases, 11(6):1–16, 06 2017.

[250] M F Minnick. Identification of outer membrane proteins of Bartonella bacilliformis. Infect Immun.,

62(6):2644–2648, 1994.

[251] D C Scherer, I DeBuron-Connors, and M F Minnick. Characterization of Bartonella bacilliformis

flagella and effect of antiflagellin antibodies on invasion of human erythrocytes. Infection and Immu-

nity, 61(12):4962–4971, 1993.

[252] David H. Spach and Jane E. Koehler. Bartonella-associated infections. Infectious Disease Clinics of

North America, 12(1):137 – 155, 1998.

[253] M. Arvand, M. E. Mielke, K. Sterry, and H. Hahn. Detection of specific cellular immune response to

Bartonella henselae in a patient with cat scratch disease. Clin. Infect. Dis., 27:1533, 1998.

[254] R.L Regnery, J.G Olson, B.A Perkins, and W Bibb. Serological response to Rochalimaea henselae

antigen in suspected cat-scratch disease. The Lancet, 339(8807):1443 – 1445, 1992. Originally

published as Volume 1, Issue 8807.

[255] M C Rodriguez-Barradas, J C Bandres, R J Hamill, J Trial, J E Clarridge, R E Baughn, and R D

Rossen. In vitro evaluation of the role of humoral immunity against Bartonella henselae. Infection

and Immunity, 63(6):2367–2370, 1995.

[256] Svena L. McGill, Russell L. Regnery, and Kevin L. Karem. Characterization of human immunoglob-

ulin (Ig) isotype and IgG subclass response to Bartonella henselae infection. Infection and Immunity,

66(12):5915–5920, 1998.

[257] William Vermi, Fabio Facchetti, Elena Riboldi, Holger Heine, Sara Scutera, Sarah Stornello, Daniela

Ravarino, Paola Cappello, Mirella Giovarelli, Raffaele Badolato, Mario Zucca, Francesca Gentili,

Marco Chilosi, Claudio Doglioni, Alessandro Negro Ponzi, Silvano Sozzani, and Tiziana Musso.

Role of dendritic cell–derived CXCL13 in the pathogenesis of Bartonella henselae B-rich granuloma.

Blood, 107(2):454–462, 2006.

[258] S Schweyer and A Fayyazi. Activation and apoptosis of macrophages in cat scratch disease. The

Journal of Pathology, 198(4):534–540, 2002.

[259] S Kunz, K Oberle, A Sander, C Bogdan, and U. Schleicher. Lymphadenopathy in a Novel Mouse

Model of Bartonella-Induced Cat Scratch Disease Results from Lymphocyte Immigration and Pro-

liferation and Is Regulated by Interferon-α/β. The American Journal of Pathology, 172(4):1005 –

1018, 2008.

[260] Mardjan Arvand, Ralf Ignatius, Thomas Regnath, Helmut Hahn, and Martin E. A. Mielke. Bar-

tonella henselae-specific cell-mediated immune responses display a predominantly Th1 phenotype in

experimentally infected C57BL/6 mice. Infection and Immunity, 69(10):6427–6433, 2001.

105



[261] Hidenori Kabeya, Akiko Yamasaki, Mikako Ikariya, Rie Negishi, Bruno B. Chomel, and Soichi

Maruyama. Characterization of Th1 activation by Bartonella henselae stimulation in BALB/c mice:

Inhibitory activities of interleukin-10 for the production of interferon-gamma in spleen cells. Veteri-

nary Microbiology, 119(2):290 – 296, 2007.

[262] H Kabeya, E Tsunoda, S Maruyama, and T. Mikami. Immune responses of immunocompetent

and immunocompromised mice experimentally infected with Bartonella henselae. J Vet Med Sci.,

65(4):479–84, 2003.

[263] Hidenori Kabeya, Makiko Sase, Masaya Yamashita, and Soichi Maruyama. Predominant T helper

2 immune responses against Bartonella henselae in naturally infected cats. Microbiology and Im-

munology, 50(3):171–178, 2006.

[264] Hidenori Kabeya, Tamao Umehara, Hiroki Okanishi, Izumi Tasaki, Misako Kamiya, Akihiro Misawa,

Takeshi Mikami, and Soichi Maruyama. Experimental infection of cats with Bartonella henselae

resulted in rapid clearance associated with T helper 1 immune responses. Microbes and Infection,

11(6):716 – 720, 2009.

[265] Kathy L. OReilly, Katy A. Parr, Tracy P. Brown, Belinda Tedder-Ferguson, and Daniel T. Scholl.

Passive antibody to Bartonella henselae protects against clinical disease following homologous chal-

lenge but does not prevent bacteremia in cats. Infection and Immunity, 69(3):1880–1882, 2001.

[266] Lynn Guptill, Leonard Slater, Ching-Ching Wu, Lawrence T Glickman, Tsang-Long Lin, David F

Welch, Julie Tobolski Crippen, and Harm Hogen-Esch. Immune response of neonatal specific

pathogen-free cats to experimental infection with Bartonella henselae. Veterinary Immunology and

Immunopathology, 71(3):233 – 243, 1999.

[267] G. Marignac, F. Barrat, B. Chomel, M. Vayssier-Taussat, C. Gandoin, C. Bouillin, and H.J. Boulouis.

Murine model for Bartonella birtlesii infection: New aspects. Comparative Immunology, Microbiol-

ogy and Infectious Diseases, 33(2):95 – 107, 2010.

[268] Hong Kuan Deng, Danielle Rhun, Benoit Lecuelle, Evelyne Naour, and Muriel Vayssier-Taussat.

Role of the spleen in Bartonella spp. infection. FEMS Immunology & Medical Microbiology,

64(1):143–145, 2011.

[269] Jane E. Sykes, Jennifer B. Henn, Rickie W. Kasten, Claire Allen, and Bruno B. Chomel. Bartonella

henselae infection in splenectomized domestic cats previously infected with hemotropic Mycoplasma

species. Veterinary Immunology and Immunopathology, 116(1):104 – 108, 2007.

[270] Hongkuan Deng, Qiuxiang Pang, Huiqing Xia, Danielle Le Rhun, Evelyne Le Naour, Chengliang

Yang, Muriel Vayssier-Taussat, and Bosheng Zhao. Identification and functional analysis of invasion

associated locus B (IalB) in Bartonella species. Microbial Pathogenesis, 98:171 – 177, 2016.

[271] Michael Y. Kosoy, Russell L. Regnery, Olga I. Kosaya, Dana C. Jones, Eric L. Marston, and James E.

Childs. Isolation of Bartonella spp. from embryos and neonates of naturally infected rodents. ournal

of Wildlife Diseases, 34(2):305–309, 1998.

106



[272] Michael Kosoy, Eric Mandel, Douglas Green, Eric Marston, Dana Jones, and James Childs. Prospec-

tive studies of Bartonella of rodents. part ii. diverse infections in a single rodent community. Vector-

Borne and Zoonotic Diseases, 4(4):296–305, 2004. PMID: 15671736.

[273] Rachel C. Abbott, Bruno B. Chomel, Rickie W. Kasten, Kim A. Floyd-Hawkins, Yoko Kikuchi,

Jane E. Koehler, and Niels C. Pedersen. Experimental and natural infection with Bartonella henselae

in domestic cats. Comparative Immunology, Microbiology and Infectious Diseases, 20(1):41 – 51,

1997.

[274] Henri J. Boulouis, Francine Barrat, Delphine Bermond, Florence Bernex, Danièle Thibault, Rémy

Heller, Jean-Jacques Fontaine, Yves Piémont, and Bruno B. Chomel. Kinetics of Bartonella birtlesii

infection in experimentally infected mice and pathogenic effect on reproductive functions. Infection

and Immunity, 69(9):5313–5317, 2001.

[275] Edward B. Breitschwerdt, Ricardo G. Maggi, Peter Farmer, and Patricia E. Mascarelli. Molecular

Evidence of Perinatal Transmission of Bartonella vinsonii subsp. berkhoffii and Bartonella henselae

to a Child. Journal of Clinical Microbiology, 48(6):2289–2293, 2010.

[276] S. Chastant-Maillard, H.-J. Boulouis, K. Reynaud, S. Thoumire, C. Gandoin, C. Bouillin, N. Cor-

donnier, and R. Maillard. Lack of transplacental transmission of Bartonella bovis. Comparative

Immunology, Microbiology and Infectious Diseases, 38:41 – 46, 2015.

[277] A M Bergmans, C M de Jong, G van Amerongen, C S Schot, and L M Schouls. Prevalence of

Bartonella species in domestic cats in the netherlands. Journal of Clinical Microbiology, 35(9):2256–

2261, 1997.

[278] Hidenori Kabeya, Soichi Maruyama, Mitsuhiro Irei, Rena Takahashi, Masaya Yamashita, and Takeshi

Mikami. Genomic variations among Bartonella henselae isolates derived from naturally infected cats.

Veterinary Microbiology, 89(2):211 – 221, 2002.

[279] Julia Berghoff, Juliane Viezens, Lynn Guptill, Massimo Fabbi, and Mardjan Arvand. Bartonella

henselae exists as a mosaic of different genetic variants in the infected host. Microbiology,

153(7):2045–2051, 2007.

[280] Juliane Viezens and Mardjan Arvand. Simultaneous presence of two different copies of the 16S rRNA

gene in Bartonella henselae. Microbiology, 154(9):2881–2886, 2008.

[281] D Bermond, R Heller, F Barrat, G Delacour, C Dehio, A Alliot, H Monteil, B Chomel, H J Boulouis,

and Y Piémont. Bartonella birtlesii sp. nov., isolated from small mammals (Apodemus spp.). Inter-

national Journal of Systematic and Evolutionary Microbiology, 50(6):1973–1979, 2000.

[282] J Chen, M Trounstine, FW Alt, F Young, C Kurahara, JF Loring, and D Huszar. Immunoglobulin gene

rearrangement in B cell deficient mice generated by targeted deletion of the JH locus. Int Immunol.,

5(6):647–56, 1993.

107



[283] Yulia Vugmeyster, Rickard Glas, Béatrice Pérarnau, François A. Lemonnier, Herman Eisen, and

Hidde Ploegh. Major histocompatibility complex (MHC) class I KbDb -/- deficient mice possess

functional CD8+ T cells and natural killer cells. Proceedings of the National Academy of Sciences,

95(21):12492–12497, 1998.

[284] F Koentgen, G Suess, C Stewart, M Steinmetz, and Bluethmann H. Targeted disruption of the MHC

class II Aa gene in C57BL/6 mice. Int Immunol., 5:957–64, 1993.

[285] Peter Mombaerts, John Iacomini, Randall S. Johnson, Karl Herrup, Susumu Tonegawa, and Vir-

ginia E. Papaioannou. Rag-1-deficient mice have no mature B and T lymphocytes. Cell, 68(5):869 –

877, 1992.

[286] Peter Mombaerts, Alan R. Clarke, Michael A. Rudnicki, John Iacomini, Shigeyoshi Itohara, Juan J.

Lafaille, Lili Wang, Yoshiaki Ichikawa, Rudolf Jaenisch, Martin L. Hooper, and Susumu Tonegawa.

Mutations in T-cell antigen receptor genes α and β block thymocyte development at different stages.

Nature, 360:225–231, 1992.

[287] Alexander Harms, Francisca H.I.D. Segers, Maxime Quebatte, Claudia Mistl, Pablo Manfredi, Jonas

Körner, Bruno B. Chomel, Michael Kosoy, Soichi Maruyama, Philipp Engel, and Christoph Dehio.

Evolutionary dynamics of pathoadaptation revealed by three independent acquisitions of the VirB/D4

Type IV secretion system in Bartonella. Genome Biology and Evolution, 9(3):761–776, 2017.

[288] Jean-Marc Rolain, Muriel Vayssier-Taussat, Gregory Gimenez, Catherine Robert, Pierre-Edouard

Fournier, and Didier Raoult. Genome sequence of Bartonella birtlesii, a bacterium isolated from

small rodents of the genus Apodemus. Journal of Bacteriology, 194(17):4779–4779, 2012.

[289] Rémy Heller, Philippe Riegel, Yves Hansmann, Gilles Delacour, Delphine Bermond, Christoph De-

hio, Francois Lamarque, Henri Monteil, Bruno Chomel, and Yves Piémont. Bartonella tribocorum

sp. nov., a new Bartonella species isolated from the blood of wild rats. International Journal of

Systematic and Evolutionary Microbiology, 48(4):1333–1339, 1998.

[290] Michaela Dehio, Alexander Knorre, Christa Lanz, and Christoph Dehio. Construction of versatile

high-level expression vectors for Bartonella henselae and the use of green fluorescent protein as a

new expression marker. Gene, 215(2):223 – 229, 1998.

108



6 Acknowledgements

I would like to thank Prof. Christoph Dehio and Prof. Daniel Pinschewer for giving me the opportunity to

work on this project in their labs and for guiding me through this project while giving me all the freedom to

explore different aspects of the immune response against Bartonella.

Prof. Hanspeter Pircher was so kind to be part of my PhD committee and gave important input into the

story. Without him, the hybridoma production and LS4G2 would not have happened.

Thanks to everyone who helped during the experiments - mostly Katja and Claudia in the animal facil-

ity, Jarek for the help with microscopy, Jonas, Maxime and Jarek for advise in cloning strategies, Isa and

Claudia for running the Dehio lab, Maxime for being the running lexicon on Bartonella, Mariana for helping

with the purification of the monoclonals, Janine and Stella from the FACS Core Facility, Alexia from the

Imaging Core Facility, Ulli and her colleagues from the Proteomics Core Facility and Alain and his team

from the animal facility.

Thanks to Jarek, Alex, Maxime, Isa and Katja for helping with and reading the manuscript or parts of

the thesis.

Thanks to everyone else who helped or just supported me in any kind during this journey.

Both groups took me in even though I was officially belonging only 50 % to both - I never felt excluded

from anything and I am grateful to have you as colleagues! So a big thank you to the Dehios: all Alexs,

Carsten, Claudia, Clement, Colin, Isa, Jarek, Jen, Jonas, Kathrin, Katja, Lu, Maren, Marianna, Maxime,

Sabrina, Selma, Simon, Simone and Therese! Also to the Pinschewers: Anna, Ben, Karen, Katrin, Kerstin,

Maggie, Mariana, Mehmet, Min, Mirela, Peter, Sandra, Weldy and Yusuf!

At this point also thanks you to all the administrative stuff - Claudia, Anne-Céclie, Michaela, Connie, Nicole

and Sonia - for doing so much stuff in the background so that we don’t have to worry about anything. Thanks

also to the media kitchen on the 4th floor!

Also a big thank you to my family and friends who supported me throughout this period, even though it

is not always easy to be there for an always stressed PhD student: My mother Beate, my sister Annika, Car-

menza, Hansjörg, Fransi, Tabea, Dani, Ronja, Debe, Jacky, Walli, Rainer, Denise, Mirela, ... and everyone I

forgot right now!

Last but not least thank you, Jarek - I guess you haven’t been mentioned enough in this part so far, for

being my non-stop scientific and non-scientific support 24/7 and just thanks for being who you are.

109



7 Appendix

7.1 LS strain and plasmid lists

name strain description plasmid growth conditions
LSE013 E. coli β2150 for conjugation into Bartonella pCD353 Km
LSE020 E. coli β2150 for conjugation into Bartonella p5-18 Km
LSE025 E. coli β2150 for conjugation into Bartonella pLS04 Gm
LSE029 E. coli β2150 for conjugation into Bartonella pKSC009 Km
LSE031 E. coli LS4G2 light chain (murine kappa) pLS09 Amp

StrataPack R©

LSE033 E. coli LS4G2 heavy chain (murine IgG2a) pLS06 Amp
StrataPack R©

LSE035 E. coli LS4G2 heavy chain (murine IgG3) pLS08 Amp
StrataPack R©

Table 7.1: E. coli strain list. Amp = ampiciline, Gm = gentamycine, Km = kanamycine

name strain abbreviation plasmid growth conditions source
LSB001 B. taylorii IBS296 Bta WT CBA Sm [287]
LSB002 B. birtlesii IBS325 Bbi WT TSA [288]
LSB009 B. tribocorum IBS506 Btrb WT CBA Sm [289]
LSB040 B. taylorii IBS296 Bta GFP IPTG ind. pCD353 CBA Sm Km
LSB045 B. quintana Bqu WT / JK31 CBA Prof. Jane Koehler
LSB048 B. taylorii no. 370 Bta no. 370 HIA Dr. Yves Piemont
LSB049 B. taylorii no. 57 Bta no. 57 HIA R. Birtles
LSB050 B. quintana Bqu GFP pCD353 CBA Km
LSB066 B. taylorii IBS296 Bta IBS296 p5-18 p5-18 CBA Km
LSB069 B. taylorii no. 57 Bta no. 57 p5-18 p5-18 HIA Km
LSB072 B. taylorii no. 370 Bta no. 370 p5-18 p5-18 HIA Km
LSB115 B. taylorii IBS296 Bta GFP pLS04 CBA Sm Gm
LSB118 B. taylorii IBS296 ∆TrwK CBA Sm Km
LSB123 B. taylorii IBS296 ∆TrwK Bta ∆TrwK pLS04 CBA Sm Km Gm

Table 7.2: Bartonella strain list. CBA = columbia blood agar, HIA = heart infusion agar, Gm = gen-
tamycine, Km = kanamycine, Sm = streptomycine
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name description resistance source
p5-18 B. henselae Trw promoter - GFP Km [228]

pCD353 IPTG inducible GFP expression Km [290]
pKSC009 disruption of B. taylorii TrwK Km Jonas Körner

pLS03 constant dsRED expression Gm
pLS04 constant GFP expression Gm
pLS06 LS4G2 heavy chain (murine IgG2a) Amp

for mammalian cell expression
pLS08 LS4G2 heavy chain (murine IgG3) Amp

for mammalian cell expression
pLS09 LS4G2 light chain (murine kappa) Amp

for mammalian cell expression

Table 7.3: Plasmid list. Amp = ampiciline, Gm = gentamycine, Km = kanamycine
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7.2 Abbreviations

ADCC Antibody-dependent cellular cytotoxicity

ADCP Antibody-dependent cellular phagocytosis

AID activation-induced cytidine deaminase

APC antigen presenting cell

Arp acidic repeat protein

BadA Bartonell adhesin A

Bbi B. birtlesii

Bep Bartonella effector protein

Bhe B. henselae

bnAb broadly neutralizing antibody

Bta B. taylorii

Bqu B. quintana

C region constant region

CBA columbia blood agar

CDR complementary-determining region

Cfa CAMP-like factor autotransporter

CSD cat scratch disease

CSR class switch reaction

DAMP danger-associated molecular pattern

DC dendritic cell

EAI erythrocyte adhesion inhibition

ECM extracellular matrix

Fab antigen-binding fragment

Fc crystallizable fragment

FcR Fc receptor

FIC filamentation induced by cyclic AMP
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FR framework region

HIA heart infusion agar

HIF hypoxia induced factor

i.d. intra dermally

Ial invasion associated locus

Iba inducible Bartonella autotransporters

IFN interferon

Ig immunoglobulin

IL interleukin

iNKT invariant natural killer T-cell

LPS lipopolysaccharide

MAC membrane attack complex

MAIT mucosal-associated invatiant T-cell

MBL mannose-binding lectin

MHC major histocompatibiliy complex

mIgD/M membrane bound IgD or IgM

MOI multiplicity of infection

MR1 MHCI-related molecule 1

nAb neutralizing antibody

NK natural killer cell

OMP outer membrane protein

PAMP pathogen-associated molecular pattern

PRR pattern recognition receptor

RBC red blood cell

RT room temperature

SHM somatic hypermutation

T4SS type 4 secretion system
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TAA trimeric autotransporter adhesin

TCR T-cell receptor

Th T-helper cell

TLR toll-like receptor

TNF tumor necrosis factor

Treg regulatory T-cell

TSA tryptic soy agar

V region variable region

VEGF vascular endothlial growth factor

Vomp variably expressed outer membrane protein
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