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Preface

INCE THE EARLY 1980s, the study of bacterial pathogens and bacterial pathogenesis has received a

lot of attention, and progress has been spectacular, as illustrated in this volume. The combination
of various approaches, including classical genetics, molecular biology, and cell biology, over the last
20 years has led to the emergence of cellular microbiology. Genomics pushed the field even further,
providing a broader view of the multitude of strategies bacteria use during a productive infection.
Transcriptomics subsequently invaded the microbial world and highlighted the numerous unsus-
pected regulatory mechanisms that allow bacteria to optimally adapt to their hosts during infection.
Finally, transgenesis and sophisticated ex vivo and in vivo models have helped to place the numerous
studies of cultured cells into an in vivo context. Hence we have the necessary tools to go one step
further and understand infection in the context of all the other microbes, including commensals,
symbionts, and other pathogens, that are present during an infection. This opens exciting new
opportunities for discovery. This book thus sets the stage for the next generation of bacterial
pathogenesists!

We did not intend to cover the whole field of bacterial pathogenesis. We believe it is important to
build on what we know about some well-studied pathogens, so the book begins with chapters dedi-
cated to several important pathogens and their key features, such as the intracellular life cycles of
Chlamydia and Francisella, cellular invasion by Listeria and Shigella, the pathogenesis of meningo-
cocci, and the persistence of Helicobacter pylori and Salmonella. The second part of the book tran-
sitions to chapters describing either well-established concepts or new mechanisms emerging from
the study of various pathogens, including RNA-mediated regulation of virulence, the role of
quorum sensing in virulence, and epigenetics and bacterial infections. Finally, such a book could
not exist without chapters dedicated to vaccinology and new therapeutic approaches. In this
respect, the chapter on probiotics is particularly timely.

We thank the many colleagues who agreed to write for us. We are convinced that gathering in one
volume a series of chapters written by experts in their respective fields will be of great help for teaching
and preparation of reviews, grant proposals, and reports. This type of book also provides an impor-
tant forum forauthors to express their vision, and, in this respect, we believe that this volume is a gold
mine. The field is moving fast, yet there is so much we need to learn before we really understand in
detail how the microbiota influence infection and how each bacterium in a population plays a role in
infection. We hope that this book will be read for many years by researchers in various fields.

We thank Barbara Acosta and Richard Sever for continued support and patience during what at
some stages seemed an endless project.

PascaLe COSSART
STANLEY MALOY
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Bartonella and Brucella—Weapons and
Strategies for Stealth Attack

Houchaima Ben-Tekaya', Jean-Pierre Gorvel***, and Christoph Dehio’

'Focal Area Infection Biology, Biozentrum, University of Basel, 4052 Basel, Switzerland

’Faculté de Sciences de Luminy, Centre d'lmmunologie de Marseille-Luminy, Aix Marseille Université,

UM 2 Marseille Cedex, France
JINSERM, U 1104 Marseille, France
*CNRS, UMR 7280 Marseille, France

Correspondence: christoph.dehio@unibas.ch

Bartonella spp. and Brucella spp. are closely related a-proteobacterial pathogens that by
distinct stealth-attack strategies cause chronic infections in mammals including humans.
Human infections manifest by a broad spectrum of clinical symptoms, ranging from mild
to fatal disease. Both pathogens establish intracellular replication niches and subvert diverse
pathways of the host's immune system. Several virulence factors allow them to adhere to,
invade, proliferate, and persist within various host-cell types. In particular, type IV secretion
systems (T4SS) represent essential virulence factors that transfer effector proteins tailored to
recruit host components and modulate cellular processes to the benefit of the bacterial
intruders. This article puts the remarkable features of these two pathogens into perspective,
highlighting the mechanisms they use to hijack signaling and trafficking pathways of the host

as the basis for their stealthy infection strategies.

artonella spp. and Brucella spp. are Gram-
Bnegative facultative intracellular bacteria
causing bartonellosis and brucellosis, respec-
tively. These infections are typically chronic,
ranging from subclinical coursesto progressively
debilitating and possibly life-threatening diseas-
es. With a few exceptions in the genus Bartonella
where the host reservoir is human, Bartonella
spp. and Brucella spp. are zoonotic pathogens
transmitted from mammals to humans. Wild
animals are an important reservoir for the mul-
tiple species of both pathogenic genera. How-
ever, cats represent the major source for human
infection by Bartonella (Breitschwerdt and Kor-

dick 2000), whereas human infections by Bru-
cella typically originate from livestock (Pappas
etal. 2006). Therefore, individuals handling an-
imals or infected material have a higher risk of
getting infected either through direct contact or
by aerosols. For Brucella, persons consuming
infested animal products, often milk and its de-
rivatives, are also at risk of getting infected (Pap-
pas et al. 2006).

Via remarkably analogous mechanisms (Ba-
tut et al. 2004), Bartonella and Brucella invade
various cell types using (1) cell-surface mole-
cules that mediate host—pathogen interactions,
such as adhesion proteins and receptors from

Copyright () 2014 Cold Spring Harbor Laboratory Press; all rights reserved
Cite this article as Cold Spring Harb Perspect Med doi: 10.1101 /cshperspect.a010231
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the bacterial and host side, respectively; and (2)
type IV secretion systems (T4SS) that translo-
cate bacterial proteins termed effectors (Backert
and Meyer 2006; Llosa et al. 2009). Importantly,
effectors subvert intracellular trafficking and
both innate and acquired immune responses
(Roop et al. 2009; Harms and Dehio 2012; von
Bargen et al. 2012), thus maneuvering host pro-
cesses in favor of the pathogen.

BARTONELLA AND BRUCELLA: CLOSELY
RELATED PATHOGENS WITH DISTINCT
INFECTION SEQUELS

Bartonella spp. and Brucella spp. evolved from
a common ancestor and belong to the Rhizo-
biales order of the a-proteobacteria (Gillespie
et al. 2011), which includes microbes that co-
evolved with animal or plant hosts either as
pathogens or as symbionts (Fig. 1). The Barto-
nella genus is composed of 24 species sharing
a core genome and subdivided based on phylo-
genomic analysis in four phylogenetic lineages,
lineage 1 being the most ancestral lineage with
Bartonella bacilliformis as sole species (Saenz
et al. 2007; Engel and Dehio 2009; Engel et al.
2011). The Brucella genus includes 10 species
defined according to their preferential host
(Moreno et al. 2002) and divided, based on phy-
logenomic analysis, in four clades: Brucella
abortus—Brucella melitensis, Brucella suis—Bru-
cella canis, Brucella ovis, and Brucella ceti (Wat-
tam et al. 2009), with Brucella ovis being a po-
tential common ancestor (Foster et al. 2009).
Each species of the genera Bartonella or Bru-
cella infects one or few closely related mammals
as reservoir host(s) wherein they persist and
elicit diverse infection outcomes (Fig. 1). B. ba-
cilliformis and Bartonella quintana are an ex-
ception in having humans as the reservoir host
(Maguina et al. 2009). In their mammalian
reservoir hosts, Bartonella spp. typically cause
an intraerythrocytic bacteremia with an often
asymptomatic course (Chomel et al. 2009),
whereas Brucella provoke animal brucellosis, a
chronic infection characterized by abortion
probably due to the infection of trophoblasts,
infertility, or birth of weak infected offspring
(Hignett et al. 1966; Samartino and Enright

1993). Animal brucellosis is a significant eco-
nomic burden in the endemic regions that span
from central Asia to South America through
the Middle East and the Mediterranean region
(Pappas et al. 2006; Roop et al. 2009). Transmis-
sion of Bartonella is mediated by blood-sucking
(hematophagous) arthropod vectors (Billeter
etal. 2008; Tsai etal. 2011), whereas for Brucella,
transmission is direct between mammals via
contact with bacteria-rich material (Moreno
and Moriyon 2006).

The epidemiology of Bartonella and Bru-
cella infections as well as the interaction of these
bacteria with and persistence within specific
host cells suggest some host specificity that
determines the selective incidence in certain
mammals (Dehio and Sander 1999; Breitsch-
werdt and Kordick 2000; Tsolis 2002). This
host specificity is governed by the intraerythro-
cytic persistence and the prevalence and ecology
of the hematophagous vectors for Bartonella
(Harms and Dehio 2012) and possibly by ef-
fectors translocated via the T4SS and distinc-
tive gene sets localized to islands acquired by
phage-mediated integration for Brucella (Paul-
sen et al. 2002; Andersson and Kempf 2004;
de Jong and Tsolis 2012). When incidentally
transmitted to humans, Bartonella and Brucella
cause chronic infections that are frequently mis-
diagnosed, misreported, and therefore underes-
timated (Schwartzman 1996; Velho et al. 2003;
Pappas et al. 2006).

Human bartonellosis ranges from the be-
nign self-limiting manifestation of cat scratch
disease (CSD) caused by infection with Barto-
nella henselae and possibly Bartonella clarridg-
eiae (Kordick et al. 1997), to a devastating he-
molytic anemia caused by B. bacilliformis. B.
henselae spreads in the feline reservoir by cat
fleas (Ctenocephalides felis) (Chomel et al. 1996)
and is transmitted to humans probably via inoc-
ulation of contaminated flea feces during a cat
scratch or bite (Chomel et al. 2009). Symptoms
of CSD are mainly lymphadenopathy (lymph
node swelling) and occasionally fatigue and fe-
ver (Lamps and Scott 2004). B. quintana causes
trench fever, a disease with persistent bacteremia
that spreads under poor hygiene conditions by
body lice (Pediculus humanus corporis) and oc-

2 Cite this article as Cold Spring Harb Perspect Med doi: 10.1101 /cshperspect.a010231
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casionally by cat fleas (Rolain et al. 2003). The
symptoms are a 5-d cyclic fever, bone pain, and
headache (Byam and Lloyd 1920; Ohland Spach
2000). A sequel of CSD and trench fever is bacil-
lary angiomatosis: an outgrowth of vasopro-
liferative tumors affecting mainly the skin but
also the liver (bacillary peliosis), spleen, bone
marrow, eyes, or other organs and leading to
extraerythrocytic bacteremia, neuroretinitis, in-
fective endocarditis, and various neurological
symptoms such as encephalitis (Maguina et al.
2009). B. bacilliformis, which is endemic in the
Andes, where the natives show persistent asymp-
tomatic bacteremia and might thus serve as a
reservoir for infection (Ricketts 1948), is trans-
mitted by the sand fly (Lutzomyia verrucarum),
and is the sole Bartonella pathogen eliciting a
biphasic life-threatening illness called Carrion’s
disease. During the acute phase of this disease,
which is termed Oroya fever and is rarely devel-
oped by the natives of the endemic regions,
B. bacilliformis can infect a majority of the eryth-
rocytes (Maguina et al. 2001), triggering a he-
molytic anemia attributable to the hemophago-
cytosis of the infected erythrocytes by mono-
nuclear phagocytes in spleen, lymph nodes, and
liver (Walker and Winkler 1981; Maguina et al.
2009). This results in fever, hepatosplenomegaly
(enlargement of the liver and spleen), lymph-
adenopathy, anemia (Fisman 2000; Janka
2007), and ultimately fatal suffocation or septi-
cemia killing more than 80% of the untreated
invalids (Ricketts 1948; Maguina et al. 2009).
The second, chronic phase of Carrion’s disease,
called verruga peruana, is characterized by vaso-
proliferative skin lesions that clinically resemble
bacillary angiomatosis caused by B. henselae and
B. quintana (Maguina et al. 2009).

Human brucellosis or Malta fever is a ne-
glected, debilitating, relapsing, and often travel-
related febrile disease. It is endemic in several
regions where animal brucellosis is prevalent
and is estimated to be the major bacterial zoo-
nosis worldwide. Malta fever is demanding to
treat with antibiotics, and there are no vaccines
for humans that prevent infection (Memish and
Balkhy 2004; Young 2005; Pappas et al. 2006;
Ariza et al. 2007; Pappas 2010). It is transmitted
by contact with infected animals, most often

goats, sheep, or camels infected with B. meliten-
sts, cattle infected with B. abortus, or swine in-
fected with B. suis. In rare cases, marine mam-
mals infected with Brucella pinnipedialis or B.
ceti (Sohn et al. 2003; Foster et al. 2007; What-
more et al. 2008), dogs infected with B. canis,
desert wood rats infected with Brucella neoto-
mae, and sheep infected with B. ovis are carri-
ers (Corbel 1997). Brucella inopinata, isolated
from brucellosis and chronic pneumonia pa-
tients (Scholz et al. 2010; Tiller et al. 2010),
and Brucella microti, isolated from vole and fox-
es (Scholz et al. 2008), are recently uncovered
strains whose transmission to humans is un-
clear. Symptoms of the acute phase of human
brucellosis are flu-like periodic fevers with mus-
cle and joint pain followed by lymphadenopa-
thy, hepatosplenomegaly, and development of
granulomas at multiple sites of the body (Fran-
co et al. 2007a). Common complications, some
of which are fatal if not promptly diagnosed and
treated, are arthritis, liver abscess formation,
neurobrucellosis, endocarditis, and even abor-
tion in the endemic regions (Khan et al. 2001;
Young 2005; Franco et al. 2007b).

BARTONELLA AND BRUCELLA:
HOMOLOGOUS VIRULENCE SYSTEMS
FOR SNEAKY HOST-CELL INVASION

Bartonella and Brucella encode conserved viru-
lence factors that are essential for host-cell in-
vasion as shown by in vitro and in vivo studies
(Table 1). These include the VirB T4SS and ad-
hesion molecules.

Machineries Indispensable for Host
Interactions

VirB Type IV Secretion Systems:
Master Virulence Factors

VirB T4SS are central virulence factors dictating
the success of infection. The VirB T4SS of Bar-
tonella species (lineages 3 and 4) and Brucella
species are related but distinct in their sub-
unit composition: VirB2-VirB11 and VirB1-
VirB12, respectively. They bridge the bacterial
inner membrane, periplasm, and outer mem-

4 Cite this article as Cold Spring Harb Perspect Med doi: 10.1101 /cshperspect.a010231



Table 1. Virulence factors of Bartonella and Brucella

Bartonella and Brucella

Bartonella

Brucella

T4SSs
VirB

Vbh

Trw

VirB T4SS effectors

Regulatory systems
Two-component
regulatory systems
(TC systems)
Quorum-sensing
systems

Adhesion molecules
Flagella

Trimeric
autotransporters
Hemin-binding
proteins
LPS
Lipid A

Core-polysaccharide

O-polysaccharide

Confined to lineages 3 and 4:
VirB2-VirB11 and coupling
protein VirD4
Essential for infection

Confined to lineage 2
Putative role in infection

Confined to lineage 4
Mediates erythrocyte invasion
Essential for persistence

Beps: inhibit apoptosis; promote
angiogenesis; promote
invasome formation in
B. henselae

BatR/BatS
Regulate essential gene
transcription (i.e., virB)

Confined to lineages 1-3
Mediate motility, erythrocytes’
adhesion and invasion
Escape recognition by TLR5

BadA, Vomps
Essential for infection

Hbp

Essential for growth

Pentaacylated with long fatty acid
side chain

Inhibits TLR4 proinflammatory

response and promotes
interaction with DCs
Uncharacterized function(s)

Uncharacterized function(s)

VirB1-VirB12
Essential for infection

Btpl: modulates microtubules” dynamics
and TLR4-mediated signaling

CstA: interacts with Sec24A

PrpA: elicits T-cell-independent IL-10
secretion RicA: interacts with Rab2-GDP

BPE005, BPE123, BPE275, BPE043, BvfA,
VceA, VceC, BPE043, BPE152: unclear
function

BvrR/BvrS
Regulate essential gene transcription (i.e.,
virB)

VibR/BIxR
Regulate numerous genes (i.e., vceA, vceC)

Act as T355?
Essential for virulence

BtaE
Essential for infection
OMP25/31

Heptaacylated with long fatty acid side chain
Inhibits TLR4 proinflammatory response

[nhibits complement activation and DC’s
maturation
Inhibits T-cell activation

brane and extend into extracellular pili. This
multiprotein complex functions as a transloca-
tion pore through which effector proteins are
transferred into host cells, possibly by a piston
mechanism (O’Callaghan et al. 1999; Sieira et

al. 2000; Cascales and Christie 2003; Hwang and
Gelvin 2004; Christie et al. 2005; Schroder and
Dehio 2005; Zygmunt et al. 2006; Saenz et al.
2007; Wallden et al. 2010; Engel et al. 2011; de
Jong and Tsolis 2012). As a canonical T4SS, the

Cite this article as Cold Spring Harb Perspect Med doi: 10.1101 /cshperspect.a010231 5
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Bartonella VirB system comprises an effector-
recognition component: the coupling protein
VirD4 (Schroder and Dehio 2005), which has
no homolog in Brucella, and which instead ex-
presses the unique VirB12 (O’Callaghan et al.
1999). The genes of the VirB T4SSs are encoded
as operons (Berger and Christie 1994), which
either locate together with effector genes (Bar-
tonella lineage 4) or not (Bartonella lineage 3
and Brucella) (Schulein et al. 2005; Engel et al.
2011; de Jong and Tsolis 2012).

Because biosynthesis of the multiprotein
VirB T4SS and its translocated effectors is costly
for the bacterial cells, expression is tightly reg-
ulated on the transcriptional level. For instance,
in B. henselae, the virB operon and the genes
encoding the coupling protein and the translo-
cated effectors are maximally induced at physi-
ological pH (Quebatte et al. 2010), whereas the
virB operon expression in virulent Brucella
strains is maximally induced in acidic milieus
reminiscent of the lumen of Brucella-contain-
ing vacuoles (BCVs) (Boschiroli et al. 2002;
Rouot et al. 2003).

The well-studied family of bacterial two-
component regulatory systems (TC) is com-
posed of pairs of a histidine kinase and an inter-
acting response regulator. The surface-exposed
histidine kinase becomes autophosphorylated
upon sensing of an extracellular stimulus. The
phosphate group is subsequently transferred to
the response regulator, which, in turn, triggers
transcriptional changes (Casino etal. 2010). The
VirB T4SS of Bartonella and Brucella are tran-
scriptionally controlled by homologous TCs,
that is, BatR/BatS in Bartonella is most active
at pH7.4 (Quebatte et al. 2010), and BvrR/BvrS
in Brucella is most active at low pH (Martinez-
Nunez et al. 2010; Viadas et al. 2010; Lacerda
et al. 2013).

In Brucella, the loci encoding the VirB T4SS
and other virulence factors like flagella and out-
er membrane proteins are controlled by addi-
tional regulatory systems such as the quorum-
sensing LuxR-type regulators VjbR and BIxR,
the starvation-sensing stringent response regu-
lator Rsh (RelA/SpoT homolog), and small reg-
ulatory RNAs (sRNA) (Roop et al. 2009; von
Bargen et al. 2012).

The VirB-translocated Bartonella effector
proteins (Bep; named BepA—BepG in B. hense-
lae) display a composite domain architecture
characterized by an amino-terminal effector
domain and a carboxy-terminal secretion signal
(Schmid et al. 2004; Dehio 2005; Schulein et al.
2005; Engel et al. 2011). The carboxy-terminal
secretion signal is bipartite and composed of
a Bep intracellular delivery domain (BID) of
approximately 140 amino acids and a short,
nonconserved, positively charged tail sequence
(Schulein et al. 2005). Besides mediating T4SS-
dependent translocation into host cells, some
BID domains can also directly modulate host-
cellular pathways. For instance, the BID domain
of BepA promotes apoptosis inhibition and
angiogenesis (Schmid et al. 2006; Scheidegger
et al. 2009). The amino-terminal effector do-
main is best exemplified by the FIC (filamenta-
tion induced by cyclic AMP) domain, which is
present in some effectors of lineage 3 and most
effectors of lineage 4 (Engel et al. 2011). This
domain mediates AMPylation, the covalent
transfer on an adenyl monophosphate (AMP)
moiety onto the hydroxyl side chains of host
target proteins like the small GTPases of the
Rho family (Palanivelu et al. 2011; Engel et al.
2012). Effectors lacking an FIC domain show
duplicated BID domains and/or amino-termi-
nal tyrosine motifs that get phosphorylated in-
side host cells by Src family kinase(s) (Schulein
et al. 2005; Selbach et al. 2009).

The few described putative Brucella effec-
tors have unclear functions and only one com-
mon feature: a nonconserved carboxy-terminal
positively charged amino acid sequence consid-
ered essential for VirB T4SS-dependent translo-
cation (von Bargen et al. 2012). Examples are
(1) VceA and VceC, which belong to the VjbR
regulon, consequently having their expression
coregulated with the VirB T4SS (de Jong et al.
2008); (2) BPE123, whose translocation addi-
tionally depends on a Sec-secretion signal at the
amino terminus; and (3) BPE005, BPE275, and
BPE043 (Table 1) (Marchesini etal. 2011). Oth-
er putative effectors with indefinite positively
charged amino acid carboxy-terminal sequenc-
es are (1) RicA, which is the sole effector hav-
ing an assigned host partner, the guanosine di-
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phosphate (GDP)-bound form of the small
GTPase Rab2 (de Barsy et al. 2011); (2) Btpl
(TcpB in B. melitensis), which regulates innate
immune responses via its Toll /interleukin-1 re-
ceptor (TIR) domain (Cirl et al. 2008; Salcedo
etal. 2008) and possibly modulates microtubule
dynamics (Radhakrishnanetal.2011); (3) PrpA,
a proline-racemase family member, which reg-
ulates immune responses (Spera et al. 2006); (4)
CstA (conserved Sec24A-targeted protein A),
which controls Brucella intracellular trafficking
(de Barsy et al. 2012); and (5) BvfA, which is
required for Brucella intracellular replication
(Lavigne et al. 2005).

Instead of the VirB T4SS, some Bartonella
species encode a VirB homologous (Vbh) T4SS
(Fig. 1) (Dehio 2008). Vbh was likely the first
T4SS acquired by the Bartonella lineage and is
present in all species of lineage 2. It is believed
to have been functionally replaced within line-
ages 3 and 4 by the subsequently acquired VirB
T4SS (some lineage 4 species still encode non-
functional remnants of Vbh) (Fig. 1). Vbh com-
ponents display protein sequence identity of
40%—80% with their VirB homologs, suggest-
ing that the two systems have only recently di-
verged from a common ancestor (Saenz et al.
2007). Further to the Vbh system, the vbh locus
encodes a putative effector protein with the can-
onical FIC-BID architecture of the VirB-trans-
located Beps, advocating a potential role in vir-
ulence (Engel et al. 2011).

Adhesion Molecules: Key for Host-Pathogen
Interaction

Adhesion molecules are often multifunctional
membrane-exposed proteins and complexes
necessary for Bartonella attachment to host cells
(O’Rourke et al. 2011). Homologs of some of
these adhesins are also present in Brucella, al-
though their function is less scrutinized (von
Bargen et al. 2012). They interact with host ex-
tracellular matrix (ECM) components (e.g.,
fibronectin, collagen) and receptors (e.g., integ-
rins for Bartonella and sialic acid—bound re-
ceptors for Brucella) (Fig. 2). Such molecules
include the Trw T4SS (for Bartonella), flagella,
autotransporter adhesins, the ATP-binding cas-
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sette (ABC) systems, the hemin-binding pro-
teins, and further outer membrane proteins
(OMP) such as in Bartonella OMP89 and
OMP43, a homolog of Brucella OMP2b (Dabo
et al. 2006).

Trw T4SS. Trw is a T4SS that functionally
diversified to an adhesion complex crucial for
persistence of all Bartonella lineage 4 species
(Schroder and Dehio 2005). The trw locus com-
prises an operon encodinga typical T4SSbutasa
particularity displays multiple tandem-repeated
gene copies encoding variant forms of the extra-
cellular pilus component. The Bartonella Trw
T4SS is closely related to the canonical Trw con-
jugation system of the conjugative plasmid R388
and was thus probably gained by horizontal gene
transfer (Seubert et al. 2003). The Trw T4SS
mediates erythrocyte adhesion of lineage 4 spe-
cies in a host-specific manner. The subsequent
invasion process requires the invasion-associat-
ed locus, containing lalA and lalB, and/or the
[alAB-independent erythrocyte invasion locus,
[iv (Seubert et al. 2003; Dehio 2004; Schroder
and Dehio 2005; Saenz et al. 2007; Vayssier-
Taussat et al. 2010; Deng et al. 2012).

Flagella. Flagella are bacterial nanomachines
that mediate motility. The filament of flagella
that is composed of a single protein, flagellin, is
assembled by the basal body by a pathway ho-
mologous to the type 3 secretion system (T3SS)
(Hueck 1998; Kirov 2003). In motile Bartonella
species (lineages 1-3, except Bartonella bovis),
flagella are considered to mediate erythrocyte
internalization as a mechanical force or as ad-
hesion molecules, as shown exemplarily for B.
bacilliformis (Walker and Winkler 1981; Mer-
naugh and Ihler 1992). Bartonella species of
lineage 4 that are nonmotile owing to the loss
of flagella do mediate erythrocyte interaction
via the Trw T4SS, which suggests that Trw has
functionally replaced flagella for establishing in-
teraction with erythrocytes (Dehio 2008). Bru-
cella are nonmotile bacteria, yet flagella genes
are essential for their virulence (Lestrate et al.
2003). Debatably, the basal body may function
as a T3SS rather than establishing a motile
nanomachine (Fretin et al. 2005).

Autotransporter Adhesins. This family me-
diates adhesion to nucleated cells and interac-
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Figure 2. Intracellular life of Bartonella and Brucella. Bartonella and Brucella invade cells in vacuolar structures
(BCV) or, in the case of B. henselae, as an aggregate in invasomes. Once internalized, these structures interact
with specific host components and compartments subverting their function. AIM, Autophagy initiation mark-
ers; COPII, coatomer protein II; ER, endoplasmic reticulum; ERGIC, ER-Golgi intermediate compartment;
ERES, ER exit sites; MVB, multivesicular bodies; T4SS, type IV secretion system.
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tions with ECM, belongs to the type 5 secre-
tion system (T5SS), and comprises two-partner
systems (TPSs), classical monomeric autotrans-
porter adhesins (CAAs), and trimeric auto-
transporter adhesins (TAAs). TPS filamentous
haemagglutinins in Bartonella are putative ad-
hesins encoded by multiple genes, indicating
functional redundancy (O’Rourke et al. 2011).
CAAs and TAAs are characterized by an amino-
terminal signal peptide, a passenger domain,
and a carboxy-terminal translocation domain
(van Ulsen 2011). CAAs important for infection
are in Brucella are OmaA (outer membrane
autotransporter A) (Bandara et al. 2005) and
BmaC (Posadas et al. 2012), and in Bartonella
are Arp (acidic repeat protein) (Litwin et al.
2007) and Cfa (cAMP-like factor autotrans-
porter) (Litwin and Johnson 2005), two mem-
bers of the Iba (inducible Bartonella autotrans-
porter) group whose expression is induced
during infection. TAAs are essential for viru-
lence and have a head—stalk—anchor structure
forming modular length—adaptable trimerized
cell surface-exposed filaments (Linke et al
2006). Examples are BtaE in Brucella (Ruiz-Ran-
wez et al. 2013) and in Bartonella, B. henselae
adhesin A (BadA) and the homologous B. quin-
tana variably expressed outer membrane pro-
teins (Vomps) (Zhang et al. 2004; Muller et al.
2011). Bartonella TAAs additionally induce
angiogenesis and serum resistance (O’Rourke et
al. 2011). Interestingly, BadA expression on the
bacterial surface masks the activity of the VirB
T4SS (Lu et al. 2013), but these two major vir-
ulence factors are differentially regulated on the
transcriptional level via the TC system BatS/
BatR, indicating that the two act at different
stages of the infection process.

ATP-Binding Cassette Transporter Systems.
ABC transporters are a family of transport sys-
tems that hydrolyze adenosine triphosphate
(ATP) (Davidson and Chen 2004; Davidson
et al. 2008). Examples are the heme HutABC/
HmuV (Parrow et al. 2009) and iron FatBCD
and Sit/YfeABCd (Battisti et al. 2006) uptake
systems as well as the ugp-encoded glycerol 3-
phosphate importers (Saenz et al. 2007) in Bar-
tonella. Such an importer is in Brucella surface
protein41 (SP41), which probably interacts with
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sialylated host receptors (Castaneda-Roldan et
al. 2006).

Hemin-Binding Proteins. Hemin-binding
proteins (Hbps in Bartonella and OMP25/31
in Brucella) constitute a family of porin-like out-
er membrane proteins that bind hemin (Battisti
etal. 2006; Dabo et al. 2006; Delpino et al. 2006;
Caro-Hernandez et al. 2007). Hemin is essential
for Bartonella growth (Sander et al. 2000), ren-
dering these bacteria the most hemin-depen-
dent microbes.

Strategies for Host Invasion
Lessons Learned from In Vitro Studies

Our understating of cellular invasion processes
during Bartonella and Brucella infections is
greatly based on in vitro infection models. These
comprise primary cells and immortalized cell
lines: professional phagocytes (e.g., macrophag-
es, monocytes, dendritic cells), nonprofessional
phagocytic cells (e.g., epithelial cells, fibroblasts,
endothelial cells), erythrocytes for Bartonella,
and trophoblasts for Brucella (Anderson et al.
1986; Benson et al. 1986; Kordick and Breitsch-
werdt 1995; Roop et al. 2009; Harms and De-
hio 2012; von Bargen et al. 2012; Salcedo et al.
2013). Entry into cells leads to the establish-
ment of BCVs (Bartonella/Brucella-containing
vacuoles), structures formed when Bartonella
and Brucella are taken up as single bacteria or
as small bacterial clumps (Moreno and Gorvel
2004; Eicher and Dehio 2012). Some Bartonella
species additionally enter host cells in aggregates
of hundreds of bacteria, leading to the establish-
ment of an invasion structure known as the in-
vasome (Fig. 2) (Dehio et al. 1997).

Uptake into BCVs or Invasomes: Alternative
Routes of Bacterial Entry Exemplified
by B. henselae

At early stages of B. henselae interaction with
host cells (also at subsequent stages in the case
of VirB-T4SS deficiency), individual bacteria
trigger a zipper-like entry mechanism involving
Rho, Rac, Cdc42, tyrosine phosphorylation,
and/or a5B1-integrin (Fig. 2) (Hill et al. 1992;
Brouqui and Raoult 1996; Williams-Bouyer and
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