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SUMMARY 
 
 

A number of pathogens have evolved strategies that allow them to survive and 

multiply inside eukaryotic cells. This lifestyle requires the ability to interact and 

influence different processes within the host cell. The bacteria need ways of avoiding 

detection and clearance. Moreover, the pathogen’s survival relies on its ability to 

establish a replicative niche, which is often a modified host cell compartment. A 

plethora of interactions between intracellular pathogens and host cell organelles have 

been described by different means. There is, however, a need to gain more knowledge 

about this subject.  

Our studies focus on Brucella, a zoonotic pathogen responsible for 500’000 

infections annually. Upon host entry, Brucella follows a complex trafficking process 

that allows the bacterium to avoid lysosome degradation and establish a replicative 

niche inside the host’s endoplasmic reticulum. The molecular mechanisms 

responsible for this process remain largely unknown. In my work, we employed a 

combination of light and electron microscopy techniques that allowed the 

visualization of different stages of the intracellular lifestyle of Brucella inside host 

cells. The goal was to shed new light on the interactions of the bacteria with different 

host cell organelles and cellular processes. 

In research article I, we present a more detailed description of the Brucella 

replicative niche by using three-dimensional correlative light and electron 

microscopy. This approach allowed us to resolve the interactions of the pathogen 

with the endoplasmic reticulum to a great detail. We provide strong indications that 

the replicative niche of Brucella is in fact integrated with the organelle. Our initial 

results in HeLa cells were additionally recapitulated using an in vivo model. 

In research article II, we look in more detail at the role of host cell factors in 

the intermediate trafficking of Brucella. We focus on a number of components of the 

retromer machinery that have been identified in a siRNA screen. We were able to 

show that knockdown of the protein VPS35 blocks the transition of the Brucella 

vacuole into the endoplasmic reticulum by arresting it at the late endosome stage. 

This suggests the role of a previously unknown mechanism in the establishment of 

the Brucella replicative niche.  
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Additionally, I present a series of unpublished results that are part of on-going 

research. They provide exciting new findings regarding the localization of Brucella 

during its intracellular trafficking towards the replicative niche. We have established 

new cell lines and reporter strains that were used in a combination of different 

imaging approaches to describe the occurrence of cytosolic Brucella at this stage. It 

remains to be determined if this novel observation represents a crucial step in 

Brucella biology or an off-pathway event.  

Together, the results improve our understanding of Brucella lifestyle inside 

host cells. We were able to identify new factors involved in the intermediate 

trafficking of Brucella and indicate previously unknown events that may occur in the 

process. We also provided a more detailed description of the replicative niche and 

improved the understanding of its interactions with the endoplasmic reticulum. 

Additionally, we explored the potential as well as limitations of combining different 

light and electron microscopy approaches for studying intracellular pathogens.  
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1. INTRODUCTION 
 

1.1. Organelles of mammalian cells and intracellular 

trafficking 
One of the most important evolutionary events responsible for the diversity of 

life on our planet was the development of organelles. Compartmentalization through 

the formation of different membranous structures allowed the primitive ancestors of 

eukaryotes to increase their complexity and explore new evolutionary possibilities. 

These include new metabolic pathways for energy production, protein synthesis and 

degradation and more sophisticated structural components. Modern eukaryotic cells 

are characterized by the presence of different organelles that have unique composition 

and specialized functions. These include the nucleus, endoplasmic reticulum (ER), 

Golgi apparatus, mitochondria and the endocytic pathway [1].  

One of the main issues arising from the existence of membranous cellular 

compartments is the need to transport components between them in an efficient and 

specific manner. Different mechanisms have evolved to accommodate that. These 

include pores and channels that transport small molecules, nuclear pores that allow 

diffusion of macromolecular assemblies and vesicles that can sequester and move 

cargos between membranes. Proper functioning of vesicular transport pathways is 

essential for maintaining the composition of different organelles. The transport needs 

to be bidirectional in order to allow adequate distribution of different molecules and 

preservation of homeostasis within the cell [1]. 

 

1.1.1. Trafficking routes and organelles of mammalian cells 
Different trafficking routes are responsible for creating links between all 

organelles of the eukaryotic cell in order to allow transport of components and 

preservation of homeostasis (Fig. 1). A complex network of interactions connects the 

endoplasmic reticulum (ER), the site of protein biosynthesis, with the plasma 

membrane. Trafficking routes can be understood as a means of bidirectional 

exchange between those two structures, with other organelles representing 
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intermediate stages that play specific roles. The transport of material is mediated by 

vesicles that can shuttle between membranes [2, 3]. 

Vesicular transport is a complex process that requires a carefully orchestrated 

series of events (Fig. 2). It starts with the recruitment and concentration of cargo by 

coat proteins followed by budding of the vesicle from the donor membrane. In the 

end, the vesicle travels to the acceptor membrane and fuses with it. Vesicle formation 

is mediated by a number of factors that include transmembrane and cytosolic proteins 

that can affect the overall geometry of the membrane. After vesicle formation, the 

cargo travels to the target membrane and fuses with it. Molecules responsible for this 

step include tethering factors responsible for long-distance interactions between the 

vesicle and acceptor membrane and SNARE (SNAP (Soluble NSF Attachment 

Protein) REceptor) proteins. SNAREs are short transmembrane proteins that take part 

in the fusion process. There are sets of both tethering molecules and SNAREs 

responsible for controlling different steps of the trafficking network, which provides 

specificity of interactions between cargos and target membranes [4, 5]. 

 

 

Figure 1. Intracellular trafficking pathways. The scheme illustrates major routes along which 

vesicular cargo is moved within the cell. The whole network can be divided into four major categories: 

the endoplasmic reticulum (ER), the Golgi complex, the endosome network the and plasma membrane. 

Locations of different coat complexes are indicated in color: COPI (red), COPII (blue) and clathrin 

(yellow). Arrows indicate the directionality of cargo exchange between organelles. Figure taken from 

[1] 
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Figure 2. Vesicle budding and fusion. The scheme illustrates stages of vesicle transport. (1) 

Initiation. Cargo proteins are recognized at donor membrane. The inner coat proteins are recruited to 

the membrane, inducing initial geometry changes. v-SNARE proteins are included into the future 

vesicle. (2) Budding. Outer coat proteins assemble and induce further geometry changes, leading to the 

formation of a spherical vesicle. (3) Scission. The membrane connecting the vesicle to the donor 

membrane is disrupted. (4) Uncoating. Coat proteins are released from vesicle surface. This requires 

conformation changes, which can be induced by GTP hydrolysis. Free coat proteins can be recycled to 

newly forming vesicles. (5) Tethering. The vesicle is recognized at the acceptor membrane through the 

interaction of specific tethering factors with GTP-bound Rab molecules. (6) Docking. Closer 

association of the vesicle with the acceptor membrane allows the interaction between the v-SNARE 

and three t-SNAREs. This leads to the formation of a four-helix bundle between the SNARE 

molecules. (7) Fusion. The SNARE complex induces fusion between two membranes. Soluble cargo is 

released into the lumen of the acceptor compartment. Membrane proteins become integrated into the 

acceptor membrane. Figure taken from [1] 

 

 

Anterograde pathway (ER to Golgi) 

 One of the most important and best-studied processes taking place in the ER 

is protein biosynthesis. Every protein that needs to enter the secretory pathway 

originates from there. As new polypeptides are generated by the ribosomes, they 

become translocated into the lumen of the ER or docked in its membrane via the pore 

of the Sec61 translocon. Nascent proteins that are meant for export are characterized 

by the presence of a signal recognition sequence [6]. They are recognized by specific 

receptors at ER exit sites (ERES), which in turn leads to the binding of the COPII 

coat. The process is initiated by Sec16, which forms a scaffold for the recruitment of 
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the coat components [7, 8]. This involves binding of the GTP-bound form of Sar1 

(Sar1-GTP) and Sec23-Sec24. This is followed by the attachment of the Sec13-Sec31 

complex, which drives membrane deformation and vesicle formation (Fig. 3) [9]. 

After scission from the membrane the COPII coat is disassembled [3] and the vesicles 

reach the ER-proximal side of the Golgi apparatus (cis-Golgi) through a region called 

the ER-Golgi intermediate compartment (ERGIC) [10, 11]. The recognition of the 

target membrane is mediated by tethering factors such as p115 and GM130 [12-14], 

while the fusion is mediated by SNARE proteins syntaxin-6 and Sec22B [13, 15]. 

The Golgi apparatus can be separated into several subcompartments. It is composed 

on a series of flattened cisternae. The vesicles delivered from the ER fuse with the 

Golgi stack at cis-Golgi. The cargo proteins are segregated and undergo post-

translational modifications. The cis cisternae gradually maturate into medial and trans 

cisternae. From there, the cargo can enter the compartment called the trans-Golgi 

network (TGN), from which they can be exported towards the plasma membrane in 

secretory granules [16]. 

 

 

Figure 3. Formation of COPII vesicles. The transmembrane protein Sec12p acts as a guanine 

nucleotide exchange factor (GEF) and converts cytosolic Sar1p-GDP into membrane-bound Sar1p-

GTP. Sar1p-GTP in turn forms the pre-budding complex by recruiting the Sec23p/Sec24p dimer 

through Sec23p binding. Proteins destined for export from the ER bind to Sec24p directly or through 

specific transmembrane receptors. The Sec13p/Sec31p subcomplex polymerizes onto the pre-budding 

complex, which leads to cargo concentration and further deformation of vesicle membrane. Picture 

taken from [1] 
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Retrograde trafficking 

There are different mechanisms that allow the transport of cargos in the 

direction opposite to the anterograde pathway. Retrograde trafficking is required in 

order for some cargos to be recycled from cis-Golgi back to the ER. In this case, the 

components of the COPI complex are responsible for the generation of vesicles. 

Although the process is orchestrated by a different set of proteins, there are many 

analogies with the anterograde pathway. It starts with the activation of a small 

GTPase Arf1, which binds to the membrane in its GTP-bound form and recruits the 

inner coat (β-COP, γ-COP, δ-COP, and ζ-COP) and outer coat (α-COP, β’-COP, and 

ε-COP) components. Similar to Sec23p/Sec24p and Sec13p/Sec31p complexes, these 

proteins orchestrate binding of cargo and membrane deformation that results in 

vesicle formation [17, 18]. 

 

Trafficking between the Golgi apparatus and plasma membrane 

Apart from the exchange of cargo vesicles between ER and Golgi, there is a 

rich set of interactions at the interface between the Golgi apparatus (notably the TGN) 

and the plasma membrane. Cargos that enter the cell through endocytosis (see section 

1.1.2) are initially located in an early endosome, from where then can be sorted in 

different ways. One possibility is that the endosome content gets directed to the 

degradative pathway, which results in endosome maturation followed by lysosome 

fusion. Certain cargos follow an alternative route. Some proteins, such as the 

transferrin receptor (TfR), avoid degradation and are redirected to the plasma 

membrane upon internalization [19]. This may occur directly from the early 

endosome through a Rab4-dependent mechanism or indirectly through recycling 

endosomes in a Rab11-dependent process [20]. Another alternative pathway allows 

trafficking from the plasma membrane via sorting endosomes to the TGN. This is 

mediated by the retromer complex, which consists of two subcomplexes: the Vps26-

Vps29-Vps35 trimer (cargo selective trimer or CTS), and a set of sorting nexins 

(SNX) (see section 3.2. for details about the retromer complex) [21-23].  
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1.1.2. Endocytic pathway 
 
Cargo uptake mechanisms 

There are several known mechanisms responsible for taking up different kinds 

of cargos from the outside environment. These include phagocytosis, 

macropinocytosis, clathrin-dependent endocytosis and different clathrin-independent 

pathways (Fig. 4).  

Clathrin-mediated endocytosis (CME) is the best-studied pathway among 

endocytic processes. It involves recruitment of clathrin on the inner side of the 

plasma membrane, which causes increased membrane curvature and formation of a 

vesicle around the cargo [24]. The scission of the fully formed vesicle requires the 

polymerization of dynamin around the neck of the vesicle, which leads to membrane 

fission [25]. Receptors responsible for the recruitment of clathrin include the low-

density lipoprotein receptor (LDLR), epidermal growth factor receptor (EGFR) and 

transferrin receptor (TfR) [26-28].  

Macropinocytosis is a clathrin- and dynamin-independent process that enables 

the uptake of liquid phase in a non-selective manner. It is characterized by the 

formation of large membrane ruffles on the surface of the plasma membrane that then 

fold back and fuse with the membrane. The ruffling is caused by actin remodeling 

and the activity of PI3 kinase and CDC42 [29, 30].  

 One of the better-studied clathrin-independent endocytosis pathways is the 

caveolin-mediated endocytosis [31, 32]. It involves the formation of structures termed 

caveolae through the assembly of caveolins, which are integral membrane proteins 

that induce membrane curvature [32-34]. Similar to CME, the formation of vesicles is 

dynamin-dependent [35].  

Phagocytosis is a receptor-mediated process that allows internalization of 

large particles. These include viruses, bacteria and cell debris. The process requires 

the involvement of different receptors and downstream signaling. The receptors can 

recognize various factors, such as pathogen-associated molecular patterns (PAMPs) 

or opsonized particles. Phagocytosis is characterized by actin polymerization leading 

to the formation of pseudopodia, which then engulf the particle. Since this process 

requires remodeling of the actin network, it requires the activation of Rac1 and 

CDC42 [36, 37]. 
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Figure 4. Mechanisms of uptake in eukaryotic cells. Phagocytosis is a process of internalizing large 

particles, including entire bacteria. It results in the formation of the phagosome, which is directed 

towards endosome fusion. Macropinocytosis is needed for the uptake of liquid phase. Both 

phagocytosis and macropinocytosis are involved in the uptake of relatively large volumes and require 

actin remodeling. Clathrin-dependent endocytosis requires the formation of clathrin pits at the plasma 

membrane, which leads to the budding of clathrin vesicles. There are also clathrin-independent (CI) 

processes that can be both orchestrated by caveolin or caveolin-independent. Most of the cargo taken 

up from the plasma membrane is directed towards the endosome. In some cases this occurs through 

intermediate compartments, such as the caveosome or glycosyl phosphatidylinositol-anchored protein 

enriched early endosomal compartments (GEEC). Dynamin is essential for clathrin- and caveolin-

dependent endocytosis as well as in some of the independent processes. Figure taken from [38]. 
 

Endosome maturation 

 Engulfment of different cargos by membranes through endocytosis results in 

the formation of an early endosome (EE). Cargos that are directed for degradation 

enter the lysis pathway. It is characterized the replacement of the EE marker Rab5, a 

GTPase, by late endosome (LE) markers such as Rab7 and LAMP1 [39]. The pH of 

the organelle is gradually lowered by the activity of the proton pump v-ATPase [39, 

40]. In parallel, the phosphate composition of the endosome membrane changes. 

Notably, phosphatidylinositol-3-phosphate (PtdIns(3)P) is converted to 

phosphatidylinositol-3,5-bisphosphate (PtdIns(3,5)P2) [41]. Proteins from the EE 

surface that need to be degraded are sequestered into luminal invaginations that are 

eventually separated from the membrane and form intraluminal vesicles (ILVs). The 

process requires the action of the endosomal sorting complexes required for transport 

(ESCRT) [42, 43]. Endosomes containing ILVs form multivesicular bodies (MVBs). 
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The process ends with lysosome fusion and lysis of the endosome content by 

hydrolases [41, 44]. Alternatively, the cargo taken up at the plasma membrane can 

avoid degradation and be sent to different organelles, such as the TGN. 

 

1.1.3. The endoplasmic reticulum (ER)  
 
Structural and functional characteristics of the ER 

The ER constitutes around half of the total membrane surface and around 10% 

of volume in a typical eukaryotic cell [45]. It fulfills a number of key functions. One 

of the main roles of the ER is the synthesis, modification and quality control of 

proteins. Other functions include synthesis of sterols and lipids, calcium homeostasis, 

carbohydrate metabolism and neutralization of harmful substances [46]. The 

morphology of the ER is extremely complex compared to other organelles. It is a 

continuous system of membranes that includes the nuclear envelope and a meshwork 

of sheets and tubules [47-49]. The organelle can be divided into a number of 

subcompartments that play different roles, such as rough ER (RER) and smooth ER 

(SER) (Fig. 5). The former has mostly sheet-like architecture. It is decorated with 

ribosomes and is responsible for synthesizing proteins for export. SER is more 

tubular and plays different roles, such as lipid synthesis and conferring contacts of ER 

with other organelles [50].  

The appearance of the ER can differ substantially across cell types. Cells 

involved in extensive secretion of proteins (pancreatic acinar cells or plasma cells) 

are characterized by the abundance of ribosome-studded sheets. Hepatocytes are in 

turn equipped with a rich SER network responsible for the metabolism of 

carbohydrates and detoxification. In muscle cells, a specialized form of SER called 

the sarcoplasmic reticulum is responsible for highly regulated release of Ca2+ that 

controls contraction. Lastly, the nuclear envelope is rich in complex nuclear pore 

complexes (NPCs) that orchestrate the exchange of molecules between the cytosol 

and nucleoplasm [45, 51]. The ER is closely associated with other cellular structures. 

These include cytoskeleton components, the plasma membrane and different 

organelles, such as mitochondria and endosomes [52-55]. The structures comprising 

the ER are highly dynamic, i.e. they are constantly forming and collapsing. The 

organelle constantly undergoes shape changes mediated by membrane fission and 
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fusion events between different components of the network. Some of the morphology 

changes are very dramatic, the best example is the collapse of the nuclear envelope 

during cell division [56-58]. 
 

 

 

Figure 5. The ER network. The diagram shows different subcompartments of the ER. These include 

the nuclear envelope, RER and SER. The nuclear envelope is perforated by NPCs, which allows the 

diffusion of macromolecular complexes. The RER is studded with ribosomes and consists mostly of 

flattened cisternae. The SER does not host ribosomes and is predominantly built by ER tubes. Picture 

taken from [59] 
  

In order to accommodate the large variety of shapes, there has to be a range of 

membrane curvatures within the organelle. Structural proteins of the ER are mostly 

responsible for introducing different membrane geometries. Other mechanisms, such 

as asymmetric lipid distribution between membrane leaflets, are believed to play a 

limited role [48, 52, 60]. Proteins introduce membrane curvature in many ways, 

including membrane deformation by force-generating proteins, highly-curved protein 

scaffolds and hydrophobic wedging (insertion of proteins into the outer membrane 

leaflet) [48, 61, 62]. In some cases the forces extending the ER tubules are generated 

by assembling microtubules or motor proteins sliding along the cytoskeleton [63, 64]. 

Curvature-stabilizing proteins can be divided into two families, the DP1/ 

REEP/Yop1p proteins and the reticulons. Both groups are characterized by long 

hydrophobic hairpin motifs (or wedge domains) that partially span the membrane 
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[65-68]. Overexpression or depletion of those proteins leads to changes in the ER 

sheet-to-tube ratio [48, 65, 69, 70] and recombinant Yop1p and Rtn1p are sufficient 

to convert proteoliposomes into tubules in vitro [71]. 

ER sheets do not require stabilization and can form spontaneously. The degree 

of curvature at the edges of sheets resembles the one of ER tubes, which has been 

linked to local enrichment of reticulons [71, 72]. The constant thickness of ER sheets 

is maintained in different ways. Proteins such as CLIMP-63, p180, and kinectin are 

enriched in those structures and are believed to accommodate even spacing between 

membranes through their coiled-coil domains [73]. Their overexpression has been 

linked to proliferation of sheet structures, while depletion leads to a decrease of 

luminal width [45, 72]. 

The nuclear envelope consists of two membranes that build sheet-like 

structures. Both membranes remain mostly separated, but come into contact at 

nuclear pore complexes (NPCs) [51, 74]. The spacing between the inner and outer 

membranes is around 40-50 nm, which is less than in a typical ER sheet. Membrane 

proteins interact with chromatin and nuclear lamina, stabilizing the flat areas of the 

nuclear envelope [51]. The best-described interactions are between transmembrane 

complexes of SUN proteins (Sun 1 and Sun 2) and nesprins, which constitute a linker 

between the envelope and cytoskeleton elements such as actin and intermediate 

filaments [45, 75, 76]. 

One of the key elements of the ER is the three-way junction, which constitutes 

an intersection of tubules and is responsible for the network-like structure of the 

organelle. Creation of this kind of assembly requires fusion of tubules. Atlastins, a 

family of dynamin-related GTPases, are believed to play a pivotal role in this process. 

These integral membrane proteins can be found mainly at spots of high curvature, 

such as ends of tubules and edges of sheets [77, 78]. Atlastins interact with both the 

DP1/REEP/Yop1p and reticulon families and orchestrate formation of three-way 

junctions through homotypic fusion [79-83]. The mechanism is believed to involve in 

trans tethering between GTP-bound atlastin oligomers form opposing membranes, 

followed by GTP hydrolysis and conformation changes that pull the membranes 

closer. The curvature generated during this process destabilizes the membrane and 

leads to fusion [45, 84-86]. It is unknown whether atlastins are responsible for all 

fusion events occurring between ER tubules, as there are reports of other factors 

being involved [83]. 
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The overall shape of the ER is also stabilized through interactions with the 

cytoskeleton, plasma membrane and other organelles. The association with 

cytoskeleton varies across different kingdoms of life. In animal cells, the interactions 

between ER and microtubules are particularly important and occur through a number 

of mechanisms [63, 64, 87]. Examples of interactions include the association of the 

microtubule-severing protein spastin with atlastin and DRP1 [88-90]. CLIMP-63 has 

been shown to mediate the attachment of ER sheets to microtubules [91]. Interactions 

with the plasma membrane also play a crucial role in ER integrity. In yeast, the 

depletion of ER-plasma membrane tethering proteins Ist2, tricalbins, Scs2 and Scs22 

lead to detachment and accumulation of ER membranes in the cytoplasm [54]. 

 

ER stress and the unfolded protein response (UPR) 

A large proportion of the eukaryotic proteome is synthesized and processed at 

the ER. The ER lumen provides an environment for protein folding and 

glycosylation. A number of protein chaperones, such as binding immunoglobulin 

protein (BiP), calnexin and calreticulin, are responsible for those processes [92]. 

When the amount of proteins that require folding exceeds the processing capacity of 

the ER, unfolded proteins start to accumulate. This can be caused by different stress 

conditions, including elevated biosynthesis, perturbations in calcium homeostasis and 

redox balance [93]. Accumulation of unfolded proteins induces ER stress and 

activates the unfolded protein response (UPR). This evolutionarily conserved 

mechanism inhibits translation, increases the protein folding capacity of the ER and 

induces ER-associated degradation (ERAD). This reduces cellular stress and helps 

preserving homeostasis. In cases where balance cannot be restored, UPR leads to 

programmed cell death [94]. Additionally, the UPR activates pathways associated 

with innate immunity, which links it to detection of intracellular pathogens [95]. 

There are three sensors that are responsible for the activation of UPR: the 

inositol-requiring enzyme 1 (IRE1), double-stranded RNA-dependent protein kinase 

R (PERK) and activating transcription factor 6 (ATF6). All of them are located in the 

ER membrane and have a cytosolic effector domain linked to an ER-luminal domain 

through a transmembrane helix [92, 94, 96]. All three proteins can independently 

detect different inputs indicating ER stress [97, 98]. This results in the activation of 
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signaling pathways of the UPR, which leads to an increase in chaperone production, 

arrest in translation (apart from proteins involved in UPR) and degradation of 

misfolded proteins though ERAD [99]. UPR activation also results in ER expansion 

though the induction of autophagy and increased lipid biogenesis. The combination of 

selective autophagy with elevated lipid production increases ER volume and capacity 

to resolve stress [100-102].  

 

1.1.4. Interactions of pathogen with host organelles and trafficking 

pathways 
 

Intracellular pathogens 

There are several bacterial pathogens that thrive inside host cells (Fig. 6). 

Intracellular lifestyle has many advantages for the bacteria. Inside eukaryotic cells, 

the bacteria are shielded from immune recognition and competing microbes. They 

may also benefit from host cell nutrients and use them for growth. There are, 

however, several risks associated with choosing such a strategy. Most bacteria enter 

the host cell through the phagosome, which is specialized in detecting and 

neutralizing threats. In more advanced hosts, like vertebrates, the endolysosomal 

compartments and the host cytosol have factors that may lead to the activation of the 

immune system [103]. Intracellular pathogens have evolved numerous mechanisms of 

manipulating the host cells. These involve structural modifications of the surface of 

the bacterial cells and usage of effector proteins that affect different aspects of the 

host cell’s trafficking processes [104-106].  

 

Internalization of bacterial pathogens 

Due to their size, bacterial pathogens need to be internalized by the host cell 

through engulfment in a large portion of the plasma membrane. Dependent on the 

species, this process may involve different mechanisms. Most bacteria fall into one of 

two major categories of entry type, which are the zipper and trigger mechanisms (Fig. 

6).  

The zipper mechanism requires clathrin structures. It occurs although bacteria 

are much larger than the usual cargo limit for clathrin-coated vesicles, which is 

around 100 nm [107]. Clathrin is involved at early steps of the process. Listeria 
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monocytogenes, a gram-positive bacterium, is the best-known pathogen using the 

zipper mechanism. The bacterium expresses proteins Internalin A (InlA) and 

Internalin B (InlB) that bind to host cell surface molecules (E-cadherin and c-Met, 

respectively), which in turn leads to Arp2/3-dependent actin remodeling [108-110].  

 

 

 
Figure 6. Intracellular pathogens. The illustration depicts strategies of entry and survival of 

intracellular pathogens. Listeria monocytogenes uses two internalins to induce entry through zipper 

mechanism. This is followed by vacuole lysis and actin-based motility. Chlamydia trachomatis 

intercepts sphingomyelin-rich cargos trafficking from the Golgi apparatus. Shigella injects type III 

secretion system (T3SS) effectors that induce entry through the trigger mechanism, vacuole formation 

and subsequent escape into the cytosol. The bacteria also induce actin comet tails for movement and 

cell-to-cell spread. Salmonella uses T3SS-1 to induce entry into the host cell and formation of its 

vacuole. The activity of T3SS-2 is required for the maintenance of the Salmonella intracellular niche. 

Alternatively, the bacteria can escape into the cytosol in a process that is T3SS-2-independent. 

Brucella uses its T4SS to change the nature of the phagosome from endosome-like to an ER-associated 

replicative niche. Coxiella burnetii is the only known pathogen that replicates inside a lysosome-

derived vacuole. Bartonella henselae can enter host epithelial cells in a large cluster termed the 

“invasome”. Mycobacterium and Legionella are taken up by macrophages and end up enclosed in 

phagosomes. Legionella induces acquisition of ER markers by its vacuole, while Mycobacterium 

blocks phagosome maturation and lysosome fusion. Picture taken form [111]. 
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Similarly, Yersinia pseudotuberculosis uses Invasin that interacts with β1-

integrins, leading to the activation of Arp2/3. The local changes in actin structure 

result in deformations of the plasma membrane that gradually engulf the bacteria 

[112, 113].  

In the trigger mechanism, the plasma membrane forms large ruffles that 

surround the bacterium. The process is similar to macropinocytosis. Salmonella, for 

example, uses T3SS-1 effectors SopE and SopE2 to induce this process. Both 

proteins are guanine nucleotide exchange factors (GEFs) that activate Cdc42 and 

Rac1 [114]. Effectors SipC and SipA lead to polymerization and bundling of actin 

[115, 116], which causes the formation of large structures on the host cell surface that 

eventually engulf the bacteria. 

The pathogen Bartonella henselae uses an unusual strategy of host entry. The 

bacteria can enter the host cell as large aggregates termed invasomes that are taken up 

in bulk by endothelial cells [117, 118]. The process is triggered by T4SS effectors 

and involves large-scale actin rearrangements [119, 120]. 

 

Nature of the intracellular niche 

Once inside the host cell, the bacteria may form a replicative niche inside a 

membrane-bound compartment. This requires inhibiting the fusion of the phagosome 

with lysosomes or modifying the physiological conditions of the vacuole. In many 

cases the compartment gains characteristics of some host organelles [121]. There is a 

group of pathogens that follow an alternative approach and escape from the 

phagosome into the cytosol. The phagosome lumen and the cytosol represent two 

drastically different environments in terms of nutrient access, pathogen recognition 

and possibilities for cell-to-cell spreading [121].  

 

Vacuolar bacteria 

Bacteria that thrive inside membranous compartments have established ways 

of preventing the fusion of the phagosome with lysosomes. Each species has 

developed its own unique strategy for survival. The goal is achieved by introducing 

effectors that interfere with trafficking processes. One approach is causing an arrest in 

endosome maturation. Species like Mycobacterium tuberculosis and Salmonella 

achieve that by secreting phosphoinositide phosphatases that keep the lipid 

composition of their vacuoles in an EE-like state [122, 123].  
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Salmonella enterica serovar Typhimurium (S. Typhimurium) is equipped with 

two type III secretion systems (T3SS-1 and T3SS-2). The T3SS-1 plays a role in 

entry into host cells. One of its effectors, SopB, plays multiple roles in the formation 

of the Salmonella-containing vacuole (SCV) [124]. Following entry, the SCV 

localizes to the perinuclear region, close to the Golgi apparatus. The T3SS-2 is 

important later during infection. Its effector SifA induces formation of tubules from 

the surface of the SCV, which helps in the maintenance of the organelle [125]. Lack 

of T3SS-2 has been linked to vacuole rapture (see below) [125, 126]. 

Other species allow limited interactions of their vacuoles with late 

endosomes. In case of Brucella, the initial acidification of the vacuole triggers the 

expression of a VirB type IV secretion system (T4SS) that introduces effector 

proteins [127]. These induce interactions of the Brucella-containing vacuole (BCV) 

with ERES, which results in the formation of an ER-associated replicative niche 

(rBCV) [128]. Legionella employs a repertoire of over 200 effector proteins to 

establish a niche with ER-like characteristics. In this case, however, this is achieved 

by interactions of the Legionella-containing vacuole (LCV) with ARF1-dependent 

trafficking [129].  

 

Cytosolic bacteria and phagosomal escape 

Some pathogens have evolved ways to disrupt the endosome membrane and 

escape into the cytosol, which allows them to avoid lysosome fusion upon entry (Fig. 

7) [130, 131]. The mechanism of escape from the phagosome has been well studied 

for a number of bacteria, e.g. Listeria, Francisella and Shigella flexneri. In case of 

Listeria, molecules secreted by the bacterium induce escape. These include proteins 

listeriolysine O (LLO) and phospholipases PI-PLC and PC-PLC [132, 133]. The 

process requires additional factors, such as Ca2+ flux across LLO pores that slows 

down endosome maturation and delays lysosome fusion [134]. Francisella tularensis 

is believed to follow a similar trafficking route. Factors IglC, MglA and FF1103 have 

been linked to cytosol access. More recently, the role of the type VI secretion system 

(T6SS) effectors PdpC and PdpD has been identified as factors responsible for 

vacuole rapture [135]. Upon release, the pathogen divides rapidly and eventually 

breaks free to infect neighboring cells [136]. Shigella flexneri entry into host cells 

involves introduction of effector proteins through the mxi-spa T3SS [137]. The 

effectors IpaB and IpaC have been linked to destabilization of eukaryotic membranes 
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[138-140]. Additionally, there are indications that the escape requires the assembly of 

autophagy machinery in the proximity of the vacuole, indicating that some host 

factors need to be recruited [141, 142]. Once in the cytosol, Shigella employs actin-

based motility. The process occurs through massive recruitment of actin and the 

assembly of “comet tails”, which in turn pushes the bacterium across the cell body. It 

is induced by the protein IcsA, which recruits actin at one pole of the bacterium. This 

allows avoiding detection and even results in cell-to-cell spreading [143, 144].  

 

 

Figure 7. The impact of phagosome escape of pathogens. (A) Different factors can trigger host 

signaling pathways during phagosome rapture. These include damaged membranes and different 

molecules associated with the bacteria, such as secreted effector proteins, flagellin, peptidoglycan and 

bacterial nucleic acids. (B) Phagosome rapture may have different outcomes depending on bacteria 

species and host cell type. Host cell death may occur through pyroptosis, necrosis or different, non-

canonical mechanisms. Autophagy (blue line) plays an important role in pathogen recognition and 

control. Some bacteria inhibit autophagy (left). In the case of Shigella, the formation of a septin cage 

(green lines) is interdependent with autophagy. Figure was adapted from [121]. 
 

Until recently, there had been a clear separation of intracellular pathogens into 

either vacuolar or cytosolic. However, there is a number of recent reports that 

challenge this categorization [121]. It seems that at least some pathogens may belong 

to both groups, with different intracellular localizations playing distinct roles. In case 

of Salmonella, a small subpopulation can be found directly in the cytosol at an early 

stage of infection. These bacteria were shown to enter a hyper-replicative stage that 
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results in a large number of cytosolic bacteria [126]. The vacuole escape of 

Salmonella seems to be connected with lack of T3SS-2 expression and the absence of 

SifA [125], suggesting that some of the bacteria are programmed to enter this path. 

Recent evidence suggests that the fate of intracellular Salmonella depends on the 

interactions of the SCV with host cell factors such as VAMP7 and COPII [145]. For 

M. tuberculosis, there is a series of reports that seem to contradict the traditional 

dogma of vacuolar localization [146-148]. One study indicated that the majority of M. 

tuberculosis could be found directly in the cytosol of dendritic cells (DCs) 96 h post 

infection [146]. The localization in the cytoplasm is dependent on the type VII 

secretion system (T7SS) ESX-1, which was additionally shown to be important for 

the recognition of M. tuberculosis by autophagy machinery [146, 149, 150]. This 

suggests that the vacuole escape might be an active process that is required for 

intracellular survival of Mycobacteriae.  

 

Interactions of cytosolic bacteria with host defenses 

The cytosol of eukaryotes contains several factors that pose a threat to 

bacteria. These include antimicrobial peptides [151] and immune receptors that 

recognize PAMPs and can activate the immune system or autophagy [152, 153]. In 

some cases, however, those responses may be beneficial for the pathogen. 

Activation of cell death is often triggered by the detection of cytosolic 

bacteria. It can occur through different mechanisms. Shigella has been shown to 

activate pyroptosis through endosome damage [139]. Shigella vacuole rapture has 

also been linked to a caspase-independent pathway that involves loss of mitochondria 

membrane potential [141]. At the same time, the bacterium seems to activate pro-

survival signaling that inhibits cell death until later infection stages [154]. The escape 

of Salmonella into the cytosol induces cell death in the population of infected cells 

carrying hyper-replicating bacteria. There is evidence suggesting that these bacteria 

express flagellum components and the T3SS-1 genes. This leads to caspase-1-

mediated pyroptosis and release of interleukin-18 [126]. It is speculated that this 

process is responsible for massive inflammation occurring during Salmonella 

infection. 

Autophagy has been originally described as a catabolic process activated by 

nutrient starvation, which allows the cell to recycle material [155]. The mechanism is 
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triggered by the presence of ubiquitin that is covalently linked to proteins or 

membranes destined for autophagy. Ubiquitin is recognized by a series of adaptors 

that eventually link it physically to LC3 (Atg8 in yeast), which in turn recruits a 

double membrane that engulfs and isolates the cargo from the rest of the cell volume, 

forming an autophagosome. The process eventually leads to lysosome fusion and 

degradation of the autolysosome content [156]. In healthy cells, the process is used to 

recycle nutrients and entire organelles, including damaged mitochondria in a process 

called mitophagy [157].  

Escape of pathogens into the cytosol often triggers autophagy and in many 

cases this has been linked to bacteria clearance. The factors responsible for the 

recruitment of autophagy proteins include different components of bacterial cells, 

such as DNA, peptidoglycan and flagellar motor elements [158, 159]. In case of 

Shigella, autophagy is connected to septin binding [160]. Septins are a conserved 

group of GTP-binding proteins that form oligomeric complexes and play various 

roles in different cellular processes [161]. They have been identified as a factor 

restricting cytosolic Shigella by assembling into cages on bacterial surface. siRNA 

experiments suggest that both septins and autophagy components are required for 

either of the processes to take place, suggesting that they are strongly interconnected 

[160]. Other pathogens, such as Listeria and group A Streptococcus (GAS), are 

marked with LC3 and engulfed by autophagy membranes following phagosome 

escape. This process does not, however, involve septin caging [162]. Cytosolic 

Francisella has a strategy of delaying detection by autophagy for more than ten hours 

[136, 163]. The O-antigen on the bacteria’s surface is responsible for evasion of 

autophagy through the Atg5 pathway [163, 164].  

 

Interactions of pathogens with the ER 

As mentioned above, intracellular bacteria are typically enclosed inside 

phagosomes upon entry. Many of the survival strategies involve modifications of this 

compartment, which introduce properties of other, less bactericidal compartments. 

Some pathogen species manage to induce the interaction of the phagosome with the 

ER (Fig. 8). The ER lies at the crossroads of key metabolic processes and is rich in 

nutrients. In addition, the ER has presumably limited antimicrobial capacity, which 

reduces the risk of neutralization by the host [93].  
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Figure 8. Intracellular pathogens interacting with the ER. Legionella pneumophila uses Dot/ICM 

T4SS effectors DrrA, LepB and RalF to intercept early secretory vesicles to its phagosome. These 

effectors modify the activities of host GTPases RAB1 and ARF1 on the surface of the phagosome, 

which leads to a bypass of the endocytic pathway and eventual fusion with the ER. This leads to the 

formation of an ER-derived Legionella-containing vacuole (LCV). Brucella spp. resides in a vacuole 

termed the Brucella-containing vacuole (BCV), which initially travels along the endocytic pathway. 

The BCV localizes to the ER exit sites (ERESs) and fuses with the ER. The process induced by the 

effectors secreted by a VirB T4SS and small GTPases SAR1 and RAB2. Another effector, RicA, is 

required for the accumulation of GTP-bound form of RAB2 on the BCV. Chlamydia uses its type III 

secretion system (T3SS) to control host trafficking and transform its vacuole into a large inclusion that 

interacts with the ER at specific contact sites. Figure taken from [93] 
 

Despite ER being and advantageous environment for bacterial proliferation 

and persistence, there are only few examples of bacteria species that have evolved to 

colonize it. The first known examples of pathogens interacting with the ER were 

Legionella pneumophila and Brucella spp. It was demonstrated that the replicative 

vacuoles of those species are decorated with ribosomes and derived from the ER both 

ultrastructurally and functionally [128, 165-171]. Later, other species such as 

Legionella longbeachae [172], Chlamydia trachomatis [173, 174] and Simkania 

negevensis [175] have been shown replicate in organelles that closely interact with 

the ER.  

In case of L. pneumophila and Brucella spp., the trafficking to the ER 

involves the activity of a T4SS (Legionella Dot/Icm and Brucella VirB T4SS), which 

introduces effector proteins that alter trafficking pathways of the host [128, 176, 177]. 
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This results in subversion of early secretory vesicles. Each of the pathogens, 

however, uses a distinct mechanism. Phagocytosis of L. pneumophila leads to the 

formation of the Legionella-containing vacuole (LCV). Instead of following the 

phagocytic pathway, the LCV intercepts secretory vesicles trafficking between ER 

and Golgi. The vesicles are tethered to the LCV and eventually fuse with it. The 

vacuole changes its characteristics to an ER-like compartment that becomes 

replication-permissive [170, 171, 178-180]. The whole process is tightly orchestrated 

by a set of T4SS effectors, which induce recruiting of vesicles to the LCV and 

unusual pairing of SNARE proteins [176, 177, 181-184]. 

Chlamydia spp. resides in a spacious vacuole called the Chlamydia inclusion. 

The organelle intercepts vesicles trafficking from the Golgi to the plasma membrane. 

This allows the acquisition of sphingolipids, which are necessary for the biogenesis 

of the vacuole and growth of the bacteria [185, 186]. The inclusion has been shown to 

form contact points, or synapses, with the ER. Those structures are believed to deliver 

material to the inclusion and are important for intracellular for bacterial growth [173, 

174]. 

Brucella uses its VirB T4SS effectors to induce the interaction of the 

Brucella-containing vacuole with ERES [128, 187]. The details of the mechanism 

used by Brucella spp. will be discussed below in Section 1.2 of the Introduction. 
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1.2. Interactions of Brucella with host cells 

1.2.1. The genus Brucella and brucellosis 
The bacteria belonging to the genus Brucella are gram-negative, facultative 

intracellular pathogens, classified as α-Proteobacteria. There have been 11 species 

described so far. Brucellae are the causative agents of brucellosis, a zoonosis that has 

major health and economic impact around the world. The disease can be transmitted 

to humans, which occurs mostly through contaminated milk products. With around 

500’000 new cases reported annually worldwide, brucellosis is the most important 

zoonotic infection. The bacteria can colonize different organs and reproduce in 

various cell types, including macrophages, dendritic cells and placenta trophoblasts. 

This leads to a debilitating condition, which is hard to diagnose and eliminate [188-

190]. 

 

1.2.2. Brucella entry 
Brucella is capable of invading both phagocytic and non-phagocytic cells 

(Fig. 9). Attachment of Brucella to macrophages and epithelial cells is mediated by 

several factors, such as surface protein 41 (SP41), fibronectin and vironectin [191, 

192]. Interaction with fibronectin is mediated by the autotransporter BmaC [193]. 

Entry into non-phagocytic cells occurs through unknown receptors. It requires the 

activity of Rac, Rho and Cdc42 and involves actin polymerization [194]. Entry into 

trophoblast giant cells depends on Hsc70 and ezrin [195]. 

During macrophage entry, non-opsonized Brucellae need to associate with 

lipid rafts. There are two receptors that have been proposed to play a role. The class 

A scavenger receptor (SR-A) is believed to interact with Brucella lipopolysaccharide 

(LPS), while the cellular prion receptor PrPc was proposed to bind Hsp60 [196, 197]. 

The process occurs through phosphoinositide-3-kinase (PI3K)-dependent membrane 

ruffling [196, 198-200]. There is no data suggesting that Brucella actively induces its 

own internalization. The T4SS remains inactive during entry and is induced only 

upon the acidification of the phagosome [127]. 
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Figure 9. Intracellular lifestyle of Brucella. The scheme summarizes the findings concerning the 

entry, trafficking and replication of Brucella. Green boxes indicate factors involved in chosen 

trafficking steps in detail. Brucella entry occurs at lipid rafts (orange). Cyclic β-1,2-glucan (CβB) 

produced by the bacterium is believed to deplete the cholesterol from phagosome membrane. The 

Brucella-containing vacuole (BCV) traffics along the endocytic pathway, interacting with early and 

late endosomes. Acidification of the vacuole induces the expression of a T4SS that delivers effector 

proteins into the host. This results in interaction of the BCV with early secretory vesicles at ER exit 

sites (ERES), which in turn leads to the establishment of an ER-derived replicative BCV (rBCV). After 

several rounds of replication, the bacteria interact with autophagy in a non-canonical manner. Picture 

taken from [201]. 
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1.2.3. Intracellular trafficking of Brucella 
Internalization of Brucella leads to the formation of an EE-like compartment 

called the Brucella-containing vacuole (BCV), which remains non-replicative 

(nrBCV) during the first stages of trafficking. EE markers, such as Rab5 and EEA1 

have been found on the surface. As the vacuole maturates, EE markers are gradually 

replaced by LE markers Rab7 and LAMP1 [128, 168, 169, 202, 203]. Lowering of 

the pH induces the expression of T4SS, which translocates a number of effector 

proteins into the host cell [127, 187, 204]. This leads to changes in the trafficking of 

the BCV that only allow limited interactions of the organelle with lysosomes, 

preventing degradation of the bacteria [128, 169, 202, 205]. Instead, the bacteria 

establish a replicative niche (replicative BCV or rBCV), which is associated with the 

host ER [202, 206]. Although the exact mechanism remains unknown, it is believed 

that interactions of the BCV with vesicles originating from ERES gradually change 

the nature of the vacuole. This was demonstrated by showing the colocalization of 

Sar1 and the COPII complex colocalizing with the BCV [128, 168, 169, 207]. 

Despite clear evidence that the T4SS plays a key role in this transition, there is 

limited data on the exact mechanism by which the effectors orchestrate it.  

The effector protein RicA was shown to interact with the inactive form of 

GTPase Rab2, which is found mostly in ERGIC and orchestrates Golgi-to-ER 

trafficking [208]. The ricA deletion did not lower the ability of Brucella for 

intracellular survival and replication. In fact, the mutant displayed faster LE escape 

and enhanced proliferation, indicating that the effector has a regulatory effect on 

bacteria replication [209, 210]. There are reports suggesting that the importance of 

Brucella effectors stretches beyond orchestrating intermediate trafficking stages. In a 

recent study, BspB has been shown to affect Golgi-to-ER trafficking through 

interacting with the COG tethering complex [211]. This function of BspB seems to 

play a role not only in the establishment of the rBCV, but is also required for efficient 

bacterial growth. At the same time, the deletion of bspB does not completely prevent 

intracellular replication of the bacteria, which suggest a more modulatory role of the 

protein. There are also indications that a functional T4SS is required during post-

replication stages of Brucella life cycle, possibly orchestrating egress from the host 

cell [212]. Despite those finding, our knowledge about the role of T4SS effectors in 
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Brucella infection remains limited. Further research needs to indicate the actual 

mechanism of action of those effectors. 

 

1.2.4. The replicative niche of Brucella 
Upon establishing the replicative niche, Brucella undergoes several rounds of 

division, with a doubling rate of around 3 hours. The process lasts until the host cell 

volume is completely overwhelmed with bacteria [213].  

The rBCV has been described as ‘ER-derived’ or ‘ER-associated’. Several ER 

markers, such as calnexin, calreticulin, Sec61β, PDI and surface ribosomes were 

shown to colocalize with dividing Brucellae. A characteristic feature of the rBCV is 

the relative isolation of the bacteria – most of the vacuoles are compact and contain 

from one up to a few bacteria when visualized by transmission electron microscopy 

(TEM) [128, 165, 169]. This distinguishes Brucella from many other intracellular 

pathogens, notably Legionella, another ER-dwelling pathogen that occupies spacious 

vacuoles during replication [170, 178]. Several reports have indicated continuity 

between the rBCVs and ER, including the presence of bacteria in the perinuclear 

space. This suggests at least partial fusion of the vacuoles with the endoplasmic 

reticulum [128, 165, 214].  

There are reports of UPR induction in macrophages and epithelial cells 

infected with both B. melitensis and B. abortus [215, 216]. IRE1 has been identified 

as a necessary factor for the intracellular growth of B. abortus [217], which indicates 

that the UPR is somehow beneficial for the bacteria. Depletion of either ATF6 or 

PERK did not influence B. abortus replication, which suggests that the role of IRE1 

may be non-canonical [217]. Infection of mouse macrophages in vitro and in vivo 

leads to ER stress and the activation of all three UPR pathways. This effect was also 

observed in case of a VirB-deficient mutant, suggesting that it is induced 

independently of the replicative-niche formation [216]. 

The final stages of Brucella intracellular lifestyle are poorly understood. One 

study made a connection between cell-to-cell spread and the activity of autophagy 

initiation factors [218]. Proteins ULK1, Beclin1, ATG14L and PI3K were shown to 

play a role in the process. Interestingly, proteins involved in later autophagy stages 

were not indicated. This suggests that the cycle is completed by a process that may 

represent non-canonical autophagy. 
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1.3. Correlative focused ion beam scanning electron 

microscopy (FIB/SEM) 

Electron microscopy has been used for exploring subcellular structures for 

over half a century. The main method of choice has traditionally been imaging of thin 

slices of resin embedded samples with transmission electron microscopy (TEM). The 

thickness of the sample in this approach is usually kept below 100 nm.  

The development of three-dimensional (3D) approaches allowed increasing 

sample thickness. Electron tomography (ET) can resolve sections up to 500 nm. The 

sample is imaged at many different angles and the images are later used to compute a 

model of the sample [219, 220]. Despite the possibility of resolving 3D structures, the 

sample thickness limit for TEM-based methods still remains low. Even flat cell 

monolayers are usually several micrometers thick, which makes them impossible to 

resolve. One of the solutions to this problem has been the development of imaging 

techniques where consecutive serial sections are imaged using TEM [221, 222] or 

scanning electron microscopy (SEM) [223]. These techniques require complex 

sample handling and image manipulation. 

The introduction of block face scanning electron microscopy has largely 

improved the speed and reliability of acquiring image series of thick samples [224-

226]. The method uses a scanning electron beam to image the surface of the sample 

block. Each acquisition is followed by the removal of a thin layer of the sample’s 

face. This is achieved either by a built-in ultramicrotome [224] (serial block face 

scanning electron microscopy, SBEM) or milling with a focused beam of gallium 

ions (FIB/SEM) [226]. Several rounds of imaging and sample removal result in an 

image stack that represents the 3D structure of the sample.  

Both block face approaches have different advantages and limitations. SBEM 

allows imaging of large volumes (up to 6,000,000 µm3), but the voxel size does not 

go below 16.5 nm × 16.5 nm × 25 nm. In case of FIB/SEM the achievable resolution 

is higher due to both decreased voxel size (as low as 4 nm × 4 nm × 4nm) and 

improved precision of the ion beam. However, the sample size is limited to around 

10,000 µm3 [225]. This results in SBEM being usually applied in studies that require 

an overview of entire tissue fragments, such as imaging of entire neuron networks in 

brain fragments [227]. FIB/SEM, on the other hand, has been successfully used to 

reveal subcellular structures of smaller fragments with greater detail [228-230].  
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The most commonly used approach of sample preparation for block face 

microscopy involves infusion with a number of heavy metal compounds. These 

include osmium tetroxide, uranyl acetate and lead aspartate [231]. Compared to 

traditional TEM approaches, the treatment provides increased contrast and also 

improves the conductivity of the sample, which prevents excessive charging [232]. 

Block face methods have been successfully combined with different 

microscopy approaches, notably fluorescence microscopy. This allows targeting of 

specific cell types, structures or events within the sample. The labeling can be 

achieved either by antibody staining or expression of fluorescently tagged proteins 

[233, 234].  
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2. AIM OF THE THESIS 
 

Started in September 2013, the aim of my thesis was to use a combination of 

light and electron microscopy techniques to gain new insight into the intracellular 

lifestyle of Brucella. I was able to establish an imaging approach that involves high-

resolution light microscopy followed by focused ion beam scanning electron 

microscopy (FIB/SEM). This approach was successfully applied in the imaging of 

risk group 3 samples of both Brucella-infected cell monolayers and mouse organs. 

Moreover, I was responsible for the development of new tools such as stable cell 

lines expressing fluorescently labeled markers. This allowed targeting of specific 

cellular processes that occur during the trafficking of Brucella.  

The first part of my work was aimed at visualizing the structure of the 

replicative niche of Brucella. To achieve this, I applied correlative FIB/SEM to image 

infected cells at late infection stages. The starting point was the imaging of infected 

HeLa cell monolayers. The approach was later extended to trophoblasts of mice 

infected with Brucella, which allowed the visualization of the replicative niche inside 

an in vivo infection model. 

The second aspect of my work focused on trafficking of Brucella inside host 

cells and the events that lead to the establishment of the replicative niche. In this case 

a combination of different imaging approaches was used, including 

immunofluorescence confocal microscopy, correlative FIB/SEM and live-cell 

imaging. This allowed studying the dynamics of Brucella vacuoles and the 

observation of rare events that occur during intermediate trafficking stages.  
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ABSTRACT 

Entry of the facultative intracellular pathogen Brucella into host cells results 

in the formation of endosomal Brucella-containing vacuoles (eBCVs) that initially 

traffic along the endocytic pathway. eBCV acidification triggers the expression of a 

type IV secretion system that translocates bacterial effector proteins into host cells. 

This interferes with lysosomal fusion of eBCVs and supports their maturation to 

replicative Brucella-containing vacuoles (rBCVs). Bacteria replicate in rBCVs to 

large numbers, eventually occupying most of the cytoplasmic volume. As rBCV 

membranes tightly wrap each individual bacterium, they are constantly being 

expanded and remodeled during exponential bacterial growth. rBCVs are known to 

carry endoplasmic reticulum (ER) markers, however, the relationship of the vacuole 

to the genuine ER has remained elusive. We have reconstructed the 3-dimensional 

ultrastructure of rBCVs and associated ER by correlative structured illumination 

microscopy (SIM) and focused ion beam/scanning electron microscopic tomography 

(FIB/SEM). Studying B. abortus-infected HeLa cells and trophoblasts derived from 

B. melitensis-infected mice, we demonstrate that rBCVs are complex and 

interconnected compartments that are continuous with neighboring ER cisternae, thus 

supporting a model that rBCVs are extensions of genuine ER.  



3.1. Research article I 

 50 

INTRODUCTION 

Several bacterial pathogens have adapted to an intracellular lifestyle. 

Eukaryotic host cells provide an environment for replication and persistence that is 

rich in nutrients and shields the pathogens from different hostile factors, such as 

immunity mechanisms or competition with other microbes. An intracellular lifestyle 

has, however, many challenges of its own. Bacteria internalization by either 

phagocytic or non-phagocytic cells generates a vacuole equipped with various 

bactericidal mechanisms. Intracellular bacteria have developed various strategies that 

allow them to avoid these defenses and create conditions for their successful 

replication [1]. The establishment and maintenance of an intracellular replicative 

niche suitable for efficient growth, is a key feature of pathogens that decisively 

contributes to both their survival in the host and success in transmission to new hosts. 

Many bacteria have been shown to thrive inside specialized vacuoles that display at 

least some characteristics of host organelles. The nature of these compartments varies 

greatly, depending on the pathogen. In some cases, growth occurs inside arrested 

early endosomes, Mycobacterium tuberculosis is one example [2, 3]. Coxiella forms a 

compartment characterized by the presence of autophagy markers [4], while 

Chlamydia thrives in a modified vacuole derived from Golgi membranes [5]. Finally, 

pathogens such as Legionella and Brucella replicate inside vacuoles that display 

characteristics of the endoplasmic reticulum (ER) [6].  

Bacteria from the genus Brucella are facultative intracellular pathogens. They 

are the causative agents of brucellosis, a worldwide zoonosis that has serious health 

and economic impact. In the animal host, the bacteria target the reproductive organs, 

causing spontaneous abortions or weakening of offspring. Both lead to major losses 

in livestock husbandry. The pathogen is transmitted from animals to humans mostly 

through contaminated dairy products. During chronic infection the bacteria get 

disseminated across different organs and cell types, including macrophages, dendritic 

cells and placental trophoblasts. This results in a progressive debilitating disease that 

is difficult to diagnose and treat, often leading to persistence and relapses [7-9]. 

Following internalization by host cells by a poorly described mechanism, 

bacteria are enclosed in a membranous compartment called the Brucella-containing 

vacuole (BCV), which initially displays endosome characteristics (eBCV). It acquires 

early endosome markers, such as Rab5 and EEA1, followed by the emergence of late 

endosome markers such as LAMP1 and Rab7 later in the maturation process [10-14]. 
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The gradual acidification of the compartment triggers the expression of the VirB type 

IV secretion system (T4SS), which enables the translocation of a repertoire of 

effector proteins into the host cell cytoplasm [15-17]. This prevents fusion of the 

eBCV with lysosomes and eventually leads to the formation of a replicative niche 

(replicative BCV or rBCV) that has certain characteristics of the ER [12, 18]. This 

process is thought to occur through interactions of rBCVs with ER exit sites, but the 

details remain elusive [10, 11, 13, 19]. Once the replicative niche is established, 

Brucella undergoes numerous rounds of division until most of the host cell’s 

cytoplasmic volume is occupied by bacteria, each tightly wrapped by rBCV 

membranes. It has been suggested that the intracellular life cycle is completed by the 

formation of autophagic BCVs (aBCVs), a process that may represent non-canonical 

action of autophagy initiation factors [20]. 

Despite numerous contributions regarding the nature and characteristics of the 

replicative niche of Brucella, many questions remain open. Not only do we lack 

knowledge of how the rBCV is established, but also a detailed description of its 

structure in relation to ER and other cellular organelles. The rBCV, which is often 

described as ‘ER-derived’ or ‘ER-associated’, has many interesting features [6, 21]. It 

is widely accepted that its membrane is characterized by the presence of different ER 

markers, such as calnexin, calreticulin, Sec61β and associated ribosomes [10, 13]. 

Dividing bacteria have been shown to sit in individual, single membrane 

compartments that are limited in space [10, 11, 13, 22]. There have been several 

reports indicating fusion between rBCVs and the ER and the presence of the bacteria 

in the perinuclear space [13, 23, 24], which suggests at least partial continuity 

between rBCVs and the ER network. The conclusions drawn in these examples are 

typically based on transmission electron microscopy (TEM) micrographs of ultrathin 

sections, which provide useful two-dimensional (2D) information on the nature of the 

rBCV, but do not reflect the complex three-dimensional (3D) structure of the ER 

[25]. 

Here, we employed correlative structured illumination microscopy (SIM) and 

focused ion beam scanning electron microscopy (FIB/SEM) [26] to study the 

ultrastructural details of rBCVs and their relation to the ER. FIB/SEM allows 3D 

imaging of biological samples at intermediate electron microscopy resolutions and 

has proved useful for the detailed description of subcellular structures. In 
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combination with high-resolution light microscopy this technique can resolve 

ultrastructure details of the interactions between organelles inside eukaryotic cells 

[27, 28]. Our unprecedented 3D reconstructions of membrane compartments in 

Brucella-infected cells visualize a network of luminal connections between rBCVs 

and the ER, supporting the hypothesis that the rBCV is an integral part of this 

organelle. 

 

RESULTS 

3D-CLEM reveals the 3-dimensional ultrastructure of the rBCV 

In order to resolve the 3D ultrastructure of rBCVs in relation to other cellular 

organelles by a correlative light and electron microscopy (CLEM) approach, we used 

HeLa cells infected with B. abortus as a simple infection model. HeLa cells have 

been extensively used to study Brucella interaction with eukaryotic cells, are easy to 

manipulate and relatively flat, which makes them well suited for microscopy. In order 

to specifically label ER membranes, we used HeLa cells expressing the ER markers 

Calnexin-GFP [29] and Emerald-Sec61β [25], both of which have previously been 

shown to colocalize with the rBCV [10].  

SIM of HeLa cells infected with B. abortus for 24 hours indicated that the 

majority of the bacteria were residing, individually, inside compartments that stained 

positively for the ER markers (Figs 1A, S1A). FIB/SEM tomography images of the 

corresponding cells revealed the arrangement of membranous organelles enclosing 

the bacteria. In HeLa cells expressing Calnexin-GFP, we discovered the presence of 

multi-layered membrane artifacts that often formed around the BCVs (Fig. S1B). 

These structures probably represent previously reported multilayered ER assemblies 

induced by Calnexin-GFP overexpression [30]. While the data indirectly support a 

residency of the pathogen in the ER lumen, the artefactual changes of ER 

morphology precluded the use of this marker for detailed characterization of the 

rBCV.  

FIB/SEM tomograms of cells expressing Emerald-Sec61β indicated that 

bacteria reside within single-membrane vacuoles (Fig. 1). The rBCVs were 

distributed across a large volume of the host cell cytoplasm, with different organelles 

interspersed between them. Most rBCVs contained apparently a single bacterium, 

which was described as a characteristic trait of pathogens belonging to the genus 
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Brucella [21]. Some of the bacteria visualized were undergoing division (Fig. 1A,B). 

Occasionally, more than one bacterium was present inside the same rBCV (Fig. 1B). 

Our EM data indicate that rBCV membranes are tightly associated with the surface of 

the bacteria. During bacterial division, when the daughter cells become separated, 

rBCV membranes were found to tighten around the invaginations of the central 

septum, keeping the volume of the rBCV lumen to the minimum (Fig. 1C). To verify 

the relevance of our findings, we used the 3D FIB/SEM tomography approach to 

image trophoblasts extracted from pregnant mice infected with B. melitensis. The data 

indicate that, similar to infection of HeLa cells by B. abortus, B. melitensis are 

contained in rBCVs, mostly as single bacteria. rBCVs are apparently expanded and 

remodeled rapidly to cover the surface of the individual bacteria present in the 

exponentially growing intracellular microcolony (Fig. 1D, E). 

 

FIB/SEM tomography reveals extensive interactions between rBCVs and other 

host cell membranes 

The ultimate advantage of FIB/SEM tomography compared to traditional EM 

approaches is the ability to image many consecutive layers at a resolution that allows 

membrane compartments of large 3D-volumes to be reconstructed. Using the 

tomograms, we could trace the interactions between BCVs and other organelles 

across the entire cytoplasmic volume of the infected host cell. Single tomogram 

frames indicated that the membrane of some BCVs form narrow protrusions that vary 

in shape and length. We were able to follow these protrusions across the consecutive 

tomogram slices, revealing their arrangement and connections with membranes 

located in their proximity (Fig. 2). 3D reconstructions demonstrated that some of the 

protrusions extend into ER cisternae. These structures were continuous with the rest 

of the ER, indicating that at least some of the bacteria are located directly in the ER 

lumen (Fig. 2A, B; Movie 1). We also detected extensions of rBCVs that formed 

vesicle-rich interfaces in the proximity of Golgi structures (Fig. 2C, D). This 

arrangement of membranes is reminiscent of previously described ER-exit sites, 

which suggests that the vacuoles are continuous with functional ER [31].  

When rBCVs were located in the proximity of the nucleus, some of the 

extensions were continuous with membranes originating from the outer nuclear 

membrane (Fig. 2E, F). In some cases, the bacteria were found growing directly in 

the perinuclear space, with the outer nuclear membrane stretching to accommodate 
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them (Fig. 2G, H). This phenomenon seemed to coincide with advanced stages of 

intracellular growth, when a large fraction of intracellular membranes had already 

been recruited to rBCVs.  

We also detected non-continuous contact sites between rBCVs and other 

membranous compartments. Interestingly, in some cases we noticed slight 

deformations of the rBCV surface at sites where the membranes were touching (Fig. 

2I), which could indicate the engagement of tethering factors that keep the two 

bilayers in close proximity. When visualized in 3D, the membranes were found to be 

parts of ER cisternae (Fig. 2J). The apparent prevalence of such contacts found within 

the host cell indicates that they might represent fusion and fission intermediates of the 

continuous connections discussed earlier.  

The 3D information also allowed us to look at the level of continuity between 

rBCVs. Closer analysis of the tomograms revealed several sites where the membranes 

of neighboring rBCVs appeared to be continuous, resulting in assemblies of bacteria 

sharing the same organelle. These connections, however, were often only at certain 

points, with most of bacterial surface being surrounded by separated rBCV 

membranes (Fig 2K, L).     

 

3D-CLEM demonstrates that rBCVs are continuous with genuine ER 

In order to unmistakably demonstrate the ER nature of membranes that were 

continuous with the rBCVs, we explored the full detail of our 3D-CLEM approach in 

3D reconstructions of large parts of the host cell (Fig. 3A, B). Flat cisternae identified 

across the host cell volume (Fig. 3B) were found to be part of a network of 

interconnected membranes that originate from the outer nuclear membrane (Fig. 3C, 

bottom). An overlay of the two 3D volumes generated from the SIM and FIB/SEM 

data, respectively, indicated that the membranous cisternae colocalize with the signal 

from Emerald-Sec61β, which confirms that they are a part of the ER mesh spanning 

across the host cell (Fig. 3C, middle). Many rBCVs in a given area were connected to 

both each other and ER structures, constituting a part of this network (Fig. 3C). We 

were also able to resolve the fluorescence signal for some of the ER structures that 

formed direct connection with the rBCVs in the tomograms (Fig. 3D). 
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The replicative niche of Brucella constitutes a complex 3D mesh with numerous 

connections to other host membranous compartments  

After applying 3D-CLEM to explicitly demonstrate the continuity of rBCV 

membranes with the ER, our next aim was to quantify the level of networking by 

analyzing larger volumes of non-correlative FIB/SEM datasets (Fig. 4). In HeLa cells 

infected with B. abortus, we observed that many rBCVs were connected to ER 

cisternae that stretched across large distances (Fig. 4A, B). When the continuity 

between neighboring rBCVs was also taken into account, we found that a large part 

of the vacuoles was integrated into the ER network. However, the exact level of 

connectivity between the rBCVs and the ER was difficult to quantify as there are 

many sites in the tomograms where the continuity of the membranes is questionable 

due to the resolution of the FIB/SEM tomograms (Fig. S2). In particular, the ER 

structures of HeLa cells display great variability in diameter and it was particularly 

difficult to judge the continuity of some fine cisternae (Fig. S2A). In mouse 

trophoblasts the ER cisternae are in general more spacious and thus better suited to 

identify sites of continuity with rBCVs (Fig. S2B). Nevertheless, the following 

quantifications probably systematically underestimate the level of inter-connectivity. 

In HeLa cells, 57% of bacteria were found to be located inside rBCVs that were 

continuous with the ER. In case of mouse trophoblasts infected with B. melitensis, 

around 71% of BCVs were found connected to the ER (Fig. 4C, D). The results 

suggest that in both cases most bacteria reside inside BCVs that are integrated in the 

ER meshwork. 

 

After post-division separation of bacteria, continuity between BCVs is limited to 

small surface areas 

As shown above, bacteria residing in rBCVs are not only connected to the ER 

lumen, but often also straight to neighboring rBCVs. We wondered whether these 

direct connections between rBCVs are the result of incomplete post-division 

separation or whether they, at least in part, reflect fusion events between distinct 

rBCVs. In search for the latter, we examined the structure of the replicative niche in 

HeLa cells that were co-infected with two strains of B. abortus, each expressing a 

different fluorescent marker (Fig. 5). Confocal analysis of HeLa cells expressing 

Emerald-Sec61β showed that occasionally cells are infected by both strains, resulting 
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in mixed microcolonies (Fig. 5A). The level of spatial overlap between bacteria of the 

two strains varied from cell to cell, suggesting that it might simply depend on the 

random distribution of bacteria relative to each other at the point when the replicative 

niche is established.  

Our correlative approach allowed us to distinguish both strains in FIB/SEM 

tomograms (Fig. 5B). We were able to find cases of continuity between rBCVs 

occupied by bacteria belonging to different lineages, suggesting fusion between the 

vacuoles. Such connections, however, were always limited to small surface areas. The 

presence of two bacteria inside the bulk volume of the same rBCV was only observed 

for bacteria from the same lineage, thus likely representing post-division cells (Fig. 

5C). As expected, rBCVs containing individual bacteria from both lineages were 

found to be connected to ER cisternae and thus to constitute integral parts of the ER 

network (Fig. 5D).  

 

DISCUSSION 

Several intracellular pathogens are known to thrive inside vacuoles that 

display at least some characteristics of host cellular organelles [6]. Once it has been 

successfully established a vacuolar replicative compartment requires constant 

remodeling by membrane fusion and fission events in order to facilitate the evasion 

of host cell defenses, the acquisition of nutrients, and volume and shape changes to 

adjust to pathogen growth. EM has provided invaluable information about the 

ultrastructural details of such pathogen-containing vacuoles inside host cells [13, 20, 

32, 33]. Most studies, however, are based on flat ultrathin sections, which fail to 

resolve the 3D membrane assemblies of cellular organelles and their complex 

interactions. The facultative intracellular pathogen Brucella is an interesting example 

in this respect. Ultrastructural analysis in combination with cell biology studies has 

suggested a relationship between the rBCV and the ER [13, 22]. However, the lack of 

3D ultrastructural information has hampered a thorough characterization of the role of 

the ER in establishing and maintaining rBCVs. By combining FIB/SEM tomography 

with SIM super-resolution fluorescent imaging, we were able to visualize the 

complex structure of the ER and its interactions with rBCVs formed by two species 

of brucellae, B. abortus and B. melitensis, in human and mouse cells, respectively. 

Our FIB/SEM data indicate that seemingly isolated rBCVs are often 

connected to other rBCVs as well as to extended membranous cisternae. We 
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demonstrated that these membranes can be traced back to the outer nuclear membrane 

in the reconstructed 3D volumes. Moreover, by correlating fluorescent SIM data with 

EM, we could demonstrate that the marker GFP-Sec61β colocalizes with both the 

rBCVs of B. abortus and the membranes that are continuous with them. This 

confirms that at a given time some of the rBCVs share a continuous lumen with the 

ER. These observations in infected HeLa cells, were confirmed by FIB/SEM imaging 

of trophoblasts in the placenta of pregnant mice infected with B. melitensis. Similar to 

B. abortus in HeLa cells, the rBCVs were often found connected directly to ER 

cisternae and the outer nuclear membrane.  

Not all rBCVs in a given cell volume were found to be integrated into the ER 

network. In part, this may result from technical limitations of the FIB/SEM 

tomography approach, as this method does not allow all membranous structures to be 

resolved and thus systematically underestimates connectivity. However, incomplete 

continuity between rBCVs and ER may also reflect dynamic remodeling that 

constantly takes place within the ER [25]. In agreement, the numerous seemingly 

discontinuous contact sites between rBCVs and the ER observed in addition to direct 

membrane continuity most likely reflect tethering events between these 

compartments. We speculate that they may be snapshots of dynamic fusion/fission 

events responsible for the assembly and disassembly of connections between rBCVs 

and the remaining ER volume. Apparent continuity between rBCVs containing 

bacteria of two distinct strains in co-infected cells, indicates that they dynamically 

undergo fusion with other rBCVs and possibly also with distant ER structures.  

A striking characteristic of rBCVs is the tight wrapping of individual bacteria 

by its host-derived membranes. During intracellular infection, bacteria numbers 

double roughly every three hours [34] until large parts of the host cytoplasm are 

occupied by rBCVs. Segregation of dividing bacteria by host membranes is fast and 

efficient. Already at late stages of bacterial division - before the separation of 

daughter cells is completed - the rBCV membranes invaginate at the site of septation. 

Homotypic fusion of rBCV to produce large vacuoles containing multiple bacteria 

was hardly ever observed. Thus, the overall membrane surface area of the rBCVs 

seems to be higher than for most other intracellular bacteria, which do typically grow 

in more spacious vacuoles that accommodate multiple bacteria [21]. This suggests 

that substantial amounts of membrane must be recruited to keep bacteria in relatively 
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confined spaces. If the replicative niche indeed represents stretched ER cisternae, as 

indicated by our findings, it seems that the volume of the organelle is kept to a 

minimum at the cost of generating more membrane surface. We speculate that rBCVs 

undergo fusion/fission events that are orchestrated by host factors normally 

responsible for the remodeling of the ER [25, 35]. It has been shown that one of the 

ways of alleviating ER stress is the expansion of cisternae volume through lipid 

biosynthesis [36]. In future experiments, it would thus be interesting to test whether 

the presence of Brucella inside the ER network triggers this or other mechanisms to 

increase the membrane surface. 

It will also be important to clarify if these processes of membrane expansion 

in the replicative niche require active signaling by bacteria or are merely a 

consequence of physical forces caused by growing bacteria. It is well established that 

the T4SS and possibly its effectors are required for the formation of the rBCV [12]. 

Recent evidence suggests that the effector BspB is needed for efficient division of 

Brucella in the rBCV [37]. Additionally, the effector VceC was shown to cause ER 

stress via triggering of the unfolded protein response (UPR) [38, 39]. However, both 

these effectors play only modulatory roles as they are not essential for rBCV 

expansion. Moreover, there is evidence that T4SS inactivation in bacteria residing 

already within an rBCV has limited influence on the rate of Brucella replication [40]. 

Although we cannot rule out the activity of yet unidentified T4SS-independent 

factors, these data may suggest that following initial entry into the ER lumen bacteria 

may not need to actively induce membrane acquisition in order to expand the rBCV. 

Together, the data support the hypothesis that following entry and initial 

trafficking along the endocytic network Brucella escapes into the ER lumen, rather 

than isolated ER-derived vacuoles, to establish its replicative niche. This allows the 

pathogen not only to nurture on nutrients contained within the extended ER network, 

but also to rely on homeostatic mechanisms of membrane expansion and structure to 

sustain bacterial growth. Further studies of the replicative niche will provide details 

about the unique interactions of Brucella with ER, and might also shed new light on 

the fundamental cellular processes responsible for controlling the structure and 

metabolism of the ER.    
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MATERIALS AND METHODS 

Bacteria strains and plasmids 

The plasmid pJC44 encoding the DsRed gene was a kind gift from Jean Celli [41]. 

The plasmid pJS17 encoding Tet-DsRed and mTagBFP2 was generated from 

pAC042.08 [42] by replacing the GFP cassette with DsRed for inducible expression 

and the DsRed cassette with mTagBFP for constitutive expression. Both plasmids 

were conjugated into B. abortus strain 2308. B. melitensis strain 16M (Biotype1, 

ATCC 23456) carrying the plasmid pKSoriT-bla-kan-PsojA-mCherry as described 

previously [43]. 

 

Mammalian cell lines and plasmids 

Human cervical carcinoma epithelial cell line (Hela) (ATCC, CCL-2) was maintained 

in Dulbecco Modified Eagle Medium (DMEM) supplemented with 10% fetal calf 

serum (FCS). The plasmid carrying the Sec61β-Emerald construct containing an 

Emerald-GFP gene followed by Sec61β was a kind gift from J. Lippincott-Schwartz 

[25]. The plasmid carrying the Calnexin-GFP gene was a kind gift from F. van der 

Goot [29]. Plasmids MDK124-Emerald-Sec61β and MDK124-GFP-Calnexin were 

generated by cloning the respective constructs it into the pMDK124 vector using the 

EcoRI and BamHI restriction sites. The plasmids were then used for lentivirus 

generation and transduction of HeLa cells. 

 

Mammalian cell culture infection 

HeLa cells were seeded onto 32 mm gridded glass coverslips (MatTek, Ashland, MA) 

in a 6-well plate at 150,000 cells per well and incubated overnight. B. abortus 2308 

strains carrying either pJC44 or pJS17 were grown overnight in TSB medium 

containing 50 µg/ml kanamycin at 37°C to an OD of 0.8- 1.0. Bacteria were then 

diluted in DMEM/10% FCS and added to HeLa cells at a final MOI of 2’000. Plates 

were centrifuged at 400 x g for 20 min at 4°C to synchronize bacterial entry. After 2 h 

of incubation at 37°C and 5% CO2, extracellular bacteria were killed by exchanging 

the infection medium by DMEM/10% FCS supplemented with 100 µg/ml gentamicin. 

After the total infection time indicated in the figure legends, cells were fixed using 

PHEM fixation buffer (4% formaldehyde, 0.2% glutaraldehyde, 60 mM PIPES, 25 

mM HEPES, 10mM EGTA, 4 mM MgCl2) for 90 min. at room temperature. 

Following fixation, the coverslips were washed in PHEM buffer (60 mM PIPES, 25 
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mM HEPES, 10 mM EGTA, 4 mM MgCl2) and mounted to 38mm glass slides 

(BioSystems, Muttenz, Switzerland) using Vectashield H1000 mounting medium 

(Vector Laboratories, Burlingame, CA) and sealed with nail polish. 

 

Fluorescence microscopy  

3D-SIM was performed using a DeltaVision OMX-Blaze system (version 4; GE 

Healthcare), equipped with 488 and 568 nm solid-state lasers. Images were acquired 

using a Plan Apo N 60x, 1.42 NA oil immersion objective lens (Olympus) and 4 

liquid-cooled sCMOs cameras (pco Edge, full frame 2560 x 2160; Photometrics). 

Optical z-sections were separated by 0.125 µm. The laser lines 488 and 568 nm were 

used for 3D-SIM acquisition. Exposure times were typically between 3 and 10 ms, 

and the power of each laser was adjusted to achieve optimal intensities of between 

2,000 and 5,000 counts in a raw image of 15-bit dynamic range at the lowest laser 

power possible to minimize photobleaching. Multichannel imaging was achieved 

through sequential acquisition of wavelengths by separate cameras. First, the 

channels were aligned in the image plane and around the optical axis using 

predetermined shifts measured using a target lens and the SoftWoRx alignment tool. 

Afterwards, they were carefully aligned using alignment parameters from control 

measurements made with 0.5 µm diameter multi-spectral fluorescent beads 

(Invitrogen, Thermo Fisher Scientific). Raw 3D-SIM images 256 x 256 pixels in size, 

were recorded. These were processed and reconstructed using the DeltaVision OMX 

SoftWoRx software package (GE Healthcare) [44]. The resulting size of the 

reconstructed images was of 512 x 512 pixels from an initial set of 256 x 256 pixel 

raw images, with a final voxel size of 40 nm x 40 nm x 125 nm. 

Confocal images were acquired with an LSM 800 confocal microscope (Zeiss) using 

a 63x oil objective. Grid coordinates of imaged cells were saved for correlation with 

electron microscopy. Following image acquisition, coverslips were detached from 

slides and fixed in cacodylate fixation buffer (2.5% glutaraldehyde, 150 mM sodium 

cacodylate, 2 mM MgCl2) at 4°C overnight. 

 

Mouse infection and organ collection 

Bacterial growth of B. melitensis cultures was measured through the culture optical 

density at 600 nm. Bacterial cultures were spun down, washed with RPMI medium 

(Gibco) and resuspended for injection in the same medium at a density of 2 x 105 
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CFU/ml. Oestrus of 8–14 weeks old BALB/c females was synchronised 3 days before 

mating pairs were set up with 3- to 4-month-old males. The following morning, the 

presence of a vaginal plug was checked and the potentially fertilised females were 

isolated. That day corresponded to day 0 post-fecundation (PF). At day 10 PF, 

pregnant females were infected intraperitoneally with 500 µl of bacterial suspension 

(105 bacteria). At day 15 PF, mice were anaesthetised with isoflurane and sacrificed 

by cervical dislocation, as previously described [45]. All infections were performed at 

an Animal Biosafety Level 3 facility. Conceptuses were removed from maternal 

uterine horns and fixed overnight at 4°C in PBS supplemented with 2.5% 

glutaraldehyde. Tissue fragments were washed several times in cacodylate buffer 

(150 mM sodium cacodylate, 2 mM MgCl2) at 4°C. The samples were then fixed 

overnight in 2.5% glutaraldehyde in cacodylate buffer (150 mM sodium cacodylate, 2 

mM MgCl2) at 4°C.  

 

Electron microscopy sample preparation 

Both cell monolayers and placenta fragments were processed for electron microscopy 

using the same protocol. Following overnight fixation, samples were washed 3 times 

with cacodylate buffer (150 mM sodium cacodylate, 2 mM MgCl2) at 4°C. They were 

then immersed in freshly prepared reduced osmium buffer (2% osmium tetroxide, 

150 mM sodium cacodylate, 2 mM MgCl2, 40 mM potassium ferrocyanide) for 1 

hour at 4°C. After this initial staining/fixation step, the samples were washed with 

deionized water at room temperature and immersed in 100 mM thiocarbohydrazide 

solution for 20 min at room temperature. They were then washed with deionized 

water and incubated in 2% osmium tetroxide for 30 min at room temperature. This 

was followed by overnight incubation in 1% uranyl acetate at 4°C. The following 

morning, the samples were washed in deionized water and incubated in freshly 

prepared 20mM lead aspartate solution for 30 min at 60°C. They were then 

dehydrated with ethanol and immersed in 50% solution of durcupan in ethanol for 1 

hour. Afterwards, the samples were incubated 2 times in fresh durcupan and placed at 

60°C for 48 hours for polymerization.  

Focused ion beam scanning electron microscopy 

For cell monolayers, the cells of interest were located in the polymerized resin block, 

trimmed and attached to pre-tilt 45° SEM stubs (Agar Scientific, Stansted, UK) using 

colloidal silver paint (Ted Pella, Redding, CA), sputter-coated with platinum and 
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subjected to FIB/SEM tomography. For placenta samples, the resin blocks were cut 

into small pieces and mounted to flat SEM stubs (Ted Pella, Redding, CA). The 

blocks were then processed using the EM UC7 microtome (Leica, Wetzlar, 

Germany). The blocks were initially polished with a glass knife and then a series of 

70 nm ultrathin sections was cut using a diamond knife (Diatome, Nidau, 

Switzerland). Cells carrying bacteria where located in the ultrathin sections using a 

T12 TEM (FEI, Hillsboro, OR). The corresponding locations were found in the resin 

blocks and imaged by FIB/SEM. The images were acquired with a Helios NanoLab 

650 Dual Beam FIB/SEM using the Slice and View software (FEI, Hillsboro, OR). 

They had 3072 x 2048 or 2048 x 1780 pixel and were collected using an Elstar in-

lens BSE detector at 1.5 kV with a horizontal field width of 15 µm at a working 

distance of 4.01 mm. The milling was performed with a FIB operating at 30 kV and 

0.78 nA beam current. The thickness of the slices was between 10 and 20 nm.  Image 

stacks were aligned using the TrackEM2 plugin of ImageJ [46]. Image analysis and 

quantification was performed using the IMOD software package [47]. The manual 

segmentations and 3D representations of the electron microscopy datasets were done 

using the FEI Amira software (FEI, Hillsboro, OR).  
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FIGURE LEGENDS 
 

Fig. 1. 3-dimensional structure of the rBCV revealed with correlative FIB/SEM 

tomography. (A) SIM microscopy of a HeLa cell expressing the ER marker 

Emerald-Sec61β (green), infected with B. abortus-dsRed (magenta). Emerald-Sec61β 

staining circumscribes bacteria and localizes to adjacent ER cisternae. Some of the 

bacteria are undergoing division (arrow heads). The yellow box indicates an area that 

was later imaged using FIB/SEM. (B) Single image from a FIB/SEM tomogram 

depicting the area marked in (A). rBCVs are seen as confined, single-membrane 

vacuoles. The BCVs containing dividing bacteria tighten next to the division septum 

formed as the daughter cells separate (arrow heads). Some rBCVs are occupied by 

more than one bacterium (arrow). The orange box indicates the rBCV shown as a 3D 

reconstruction in (C). (C) 3D reconstruction of the site marked in (B), showing the 

rBCV membrane and adjacent ER cisternae (yellow). The dividing bacteria (magenta) 

are efficiently enclosed by the rBCV membrane, which tightens around the septum 

formed as cell division progresses (arrow heads). (D) Single section from a FIB/SEM 

tomogram of a mouse trophoblast, 5 d.p.i with B. melitensis. Large areas of the cell 

are filled with dividing bacteria. The orange box indicates the rBCV that is shown in 

3D in (E). (E) 3D reconstruction of the site marked in (D). The rBCV and 

neighboring ER structures are shown in yellow, mitochondria are shown in cyan. 

Similar to B. abortus in (C), cell division is followed by fission of the rBCV (arrow 

heads) eventually giving rise to daughter cells residing in separate rBCV 

subcompartments. M: mitochondria; G: Golgi stacks; N: nucleus. Scale bars: 3 µm 

(A); 1 µm (B, D); 500 nm (C, E) 

 

Fig. 2. Interactions between BCVs and organelles revealed by 3D FIB/SEM 

(A) FIB/SEM of a HeLa cell infected with B. abortus 24 h.p.i. Consecutive z-planes 

from a tomogram show a single rBCV (asterisk). Small protrusions can be observed 

originating from the surface of the vacuoles (left panel, arrow head). The protrusion 
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indicated was found to be continuous with the surrounding ER cisternae (right panel, 

arrow) upon examination of the entire 3D stack. (B) 3D reconstruction of the site in 

(A) reveals that the rBCV forms a connection (arrow) with the neighboring organelle 

membranes, which are a part of an extended ER mesh. (C) Images from a FIB/SEM 

tomogram of a mouse trophoblast at 5 d.p.i. with B. melitensis. The rBCV has 

extensions (arrow heads) that were traced across the tomogram and found to be 

continuous with other host membranes. (D) 3D reconstruction of the site from (C). 

The protrusions of the rBCVs (yellow) are continuous with a mesh of host ER 

membranes (yellow). The membranes form an interface with a Golgi stack (orange). 

A number of vesicles (green) are clustered at the interface and around the Golgi stack. 

(E) FIB/SEM of a HeLa cell infected with B. abortus 24 h.p.i. Two different z-planes 

(heights) of the same site in a FIB/SEM stack are shown. A protrusion from a BCV 

(left panel, arrow head) is continuous with an ER cisterna that originates from the 

outer nuclear membrane (right panel, arrow head). (F) 3D reconstruction of the site 

from (E) showing four bacteria (red) located in a large rBCV that is continuous with 

ER cisternae (arrow head) originating from the outer nuclear membrane (orange, 

arrow). (G) Images from a FIB/SEM tomogram of a mouse trophoblast at 5 d.p.i. 

with B. melitensis. The rBCVs visible in the images (asterisks) are continuous with 

the outer nuclear membrane of the host cell. Nuclear pore complexes (NPCs) are 

marked with arrow heads. (H) 3D reconstruction of the site from (G) indicates that 

the bacteria (red) are located in an extension of the nuclear envelope (yellow). NPCs 

are marked with arrow heads. (I) FIB/SEM of a HeLa cell infected with B. abortus 24 

h.p.i. Consecutive z-planes from a tomogram show a group of rBCVs (asterisks). The 

membrane of the BCVs is continuous (arrow heads), resulting in several bacteria 

being located in the same lumen. (J) 3D reconstruction of the site depicted in (I). All 

the indicated bacteria (red) are located in a large, continuous rBCV (yellow), 

connected by narrow extensions of the membrane (arrow heads). (K) FIB/SEM of a 

HeLa cell infected with B. abortus 24 h.p.i. One of the rBCVs (asterisk) has several 

contact sites with surrounding ER cisternae (arrow heads). In some cases, we 

observed protrusions of the BCV membrane, indicating potential tethering between 

the lipid bilayers. (L) 3D reconstruction of the site depicted in (K). The tethered 

membranes (yellow) are ER cisternae that share contact sites (arrow heads) with the 

BCV (yellow). N: nucleus; NPC: nuclear pore complex. Scale bars: 600 nm 
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Fig. 3. CLEM reveals that BCV extensions colocalize with Emerald-Sec61β.  

(A) SIM image of HeLa expressing Emerald-Sec61β infected with B. abortus-dsRed 

for 24 h. The bacteria (magenta) are dividing inside Sec61β-positive rBCVs (green). 

The resolution allows the ER mesh located in the proximity of the rBCVs to be 

distinguished. The marked area was imaged by FIB/SEM tomography. (B) Single 

frame from a FIB/SEM tomogram of the site marked in (A) showing stretches of flat 

cisternae distributed between the rBCVs (arrow heads). (C) 3D reconstruction of a 

site marked in (B). Volumes generated by SIM (top) and FIB/SEM (bottom). 

Reconstruction of the SIM data, showing bacteria (magenta) and Sec61β-positive 

structures (green). The FIB/SEM reconstruction reveals the location of rBCVs 

(orange) and the ER, including the nuclear envelope (yellow).  The two volumes were 

superimposed (middle) to indicate the colocalization of the Sec61β-GFP marker with 

the ER structures as well as the rBCV membranes.  (D) Two rBCVs from (C) 

displayed with the same color code. Extensions of the BCV membrane are continuous 

with ER cisternae (arrow heads). The ER characteristic of the membranes 

reconstructed from the FIB/SEM tomogram (yellow), is confirmed by the 

superimposed Sec61β-GFP signal from SIM microscopy (middle). Scale bars: 1.5 µm 

(A-C); 500 nm (D) 

 

Fig. 4. The replicative niche of Brucella constitutes an extended, complex 

compartment that spans large volumes of the host cell. (A) Single frame from a 

FIB/SEM tomogram of a HeLa cell infected with B. abortus 24 h.p.i. Most of the 

bacteria appear to be located in individual, single membrane rBCVs. (B) 3D 

reconstruction of the FIB/SEM tomogram from (A). ER membranes (yellow) form an 

extended mesh that surrounds the rBCVs (orange and cyan). A large proportion of the 

rBCVs (orange) are continuous with the ER cisternae, sharing a common lumen with 

the entire ER network. rBCVs for which the connection was not visible in the EM 

data are colored in cyan. (C, D) Similar to (A, B), but the FIB/SEM data depicts a 

mouse trophoblast infected with B. melitensis at 5 d.p.i. The ER mesh forms 

connections with many of the rBCVs (orange), indicating that the vacuoles are to a 

large extent continuous with the ER network. N: nucleus. Scale bars: 1.5 µm (A, B); 

1 µm (C, D) 
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Fig. 5. rBCVs undergo limited fusion. (A) Confocal microscope image of HeLa cell 

expressing Emerald-Sec61β (green), coinfected with B. abortus-BFP (blue) and B. 

abortus-dsRed (magenta), 24 h.p.i. Bacteria are located inside Sec61β-positive 

compartments. The marked area was imaged using FIB/SEM. (B) Single image form 

a FIB/SEM tomogram of the site marked in (A). Bacteria were colored magenta or 

blue based on the confocal data, depending on which of the two strains they 

represent. (C) 3D reconstruction of the site marked in (B), including bacteria from 

both strains. There is membrane continuity between rBCVs belonging to the same 

(arrow heads) or different strains (arrow), although the latter kind of connection is 

limited to small surfaces. (D) 3D reconstruction depicting several BCVs (blue or 

magenta bacteria visible inside) and parts of the ER mesh (yellow) across the 

FIB/SEM tomogram. All BCVs present in the reconstruction were found to be 

continuous with the same network of ER cisternae (arrow heads), constituting a 

single, extended organelle. Scale bars: 6 µm (A); 2 µm (B); 700 nm (C, D)  

 

Fig. S1. Calnexin-GFP overexpression triggers multi-layered rBCVs consistent 

with ER localization. (A) SIM microscopy of a HeLa cell expressing Calnexin-GFP 

(green), infected with B. abortus-dsRed (magenta), 48 h.p.i. The ER marker is 

localized around the bacteria (arrow heads). (B) Slice from a FIB/SEM tomogram of 

the site marked in (A). There are multi-layered structures formed by ER membranes, 

often located around the BCVs (arrow heads). Scale bars: 3.5 µm (A); 1.3 µm (B) 

 

Fig. S2. Resolution limitations of FIB/SEM tomograms. (A) Two slices of a 

FIB/SEM tomogram of a HeLa cell infected with B. abortus, 24 h.p.i. There are thin 

ER cisternae that touch the surface of the BCV (arrow heads). At this resolution some 

of the ER structures in HeLa cells are too narrow to determine whether the two 

organelles are continuous. (B) FIB/SEM tomogram of a mouse trophoblast, 5 d.p.i. 

The ER structures of trophoblasts were found to be typically more spacious and the 

connections with BCVs (arrow head) are thus resolved more faithfully. Scale bars: 

500 nm 
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Movie 1. FIB/SEM reveals 3D organisation of ER and rBCVs. FIB/SEM 

tomogram of a HeLa cell 24 h.p.i. depicting an single rBCV. The ER cisternae in 

proximity of the rBCV (arrows) are connected to the vacuole through a thin 

membrane extension (arrow head).   
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3.1.3. Figures 
 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure S1 
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Figure S2 
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Author Summary 
With about 500,000 new cases of human brucellosis annually worldwide 

Brucella is regarded as the most important zoonotic bacterial pathogen. The causing 

agent of brucellosis resides inside host cells within vacuoles termed Brucella 

containing vacuoles (BCVs). Although several host components important for escape 

of the degradative lysosomal pathway and the establishment of an ER-derived 

replicative BCV have been identified, a global understanding of this highly 

coordinated process is still missing. In this study we took a systems level approach to 

gain a deeper insight into these fundamental questions by performing a genome-wide 

RNA interference (RNAi) screen aiming at identifying host factors involved in 

Brucella cellular entry, intracellular trafficking, and replication. We identified more 

than 500 host proteins that contribute to Brucella intracellular replication, which 

could be assigned to major cellular pathways. Among these, we identified a critical 

role for the retromer – a trafficking pathway that mediates endosome-to-Golgi 

transport. Taken together, this study sheds light on previously unidentified host 

pathways required during Brucella infection cycle and identifies the role played by 

the retromer in the establishment of Brucella replicative niche. 
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Abstract 
Brucella, the causing agent of brucellosis, is a major zoonotic pathogen that 

resides and replicates inside infected host cells in membrane-bound vacuoles called 

BCVs (Brucella-containing vacuoles). Following uptake, Brucella interacts with host 

components to avoid the fusion of the BCVs with lysosomes and to eventually allow 

the establishment of an endoplasmic reticulum-derived replicative niche. Despite the 

importance of host-components for the Brucella life cycle, a holistic view on the 

factors controlling Brucella cell entry, trafficking and replication is still missing. 

Here we used a systematic cell-based siRNA knockdown screen in HeLa cells 

infected with Brucella abortus and identified 507 components of the human 

infectome for Brucella infection, including multiple components of pathways 

involved in mitotic cell cycle, actin remodeling, TOR, TGF-β or FGF signaling and 

endosome-to-Golgi transport. Using a pathogen entry assay we revealed the 

importance of endosome-to-Golgi trafficking components for post-entry infection 

processes. Further, using complementation assays, chemical inhibition, and single-

cell resolution co-localization assay, we demonstrate the requirement of the retromer 

− and more specifically its cargo recognition complex component Vps35 − for 

Brucella to escape the lysosomal degradative pathway and to establish its intracellular 

replicative niche. We thus reveal a novel trafficking route critical for Brucella 

intracellular infection and describe a new role of the retromer complex during 

Brucella infection.  
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INTRODUCTION 
Cellular invasion is a common strategy to escape host defenses and to 

establish a protected replicative niche that is shared by intracellular bacterial 

pathogens of human and animals, such as Salmonella, Shigella, Listeria, Legionella, 

Bartonella and Brucella [1]. Knowledge of the host cellular pathways that are 

subverted by these pathogenic bacteria to reach their intracellular replicative niches 

might be instructive for the development of new treatment strategies to control the 

resulting infectious diseases.  

Brucella is a facultative intracellular zoonotic pathogen causing animal and 

human brucellosis. With about 500,000 new cases of human brucellosis annually 

worldwide Brucella is regarded as the most important zoonotic bacterial pathogen [2, 

3]. There is currently no effective vaccination for humans and even a prolonged 

combinatory antibiotic treatment is not able to completely protect against relapses [4]. 

Therefore, Brucella remains a significant threat to the economy as well as public 

health in endemic areas.  

At the cellular level, Brucella infects phagocytic as well as non-phagocytic 

cells where bacteria replicate and persist inside membrane-bound vesicles – the 

Brucella containing vacuoles (BCVs). BCVs sequentially interact with components 

of the host endocytic pathway to reach the replicative niche, a network of 

endoplasmic reticulum (ER) - derived vesicles labeled with ER-specific markers, 

such as Sec61 and calnexin [5, 6]. Several critical steps for the intracellular journey 

of Brucella have been identified together with their associated host factors through 

various studies. Adherence to the host cell surface is mediated via interaction with 

sialic acid residues or binding to fibronectin and vitronectin [7, 8]. Internalization 

requires actin remodeling via the activity of the small GTPases Rac, Rho and direct 

activation of Cdc42 [9]. Upon internalization, Brucella is contained within a BCV 

that successively associates with a subset of endosomal markers, starting from Rab5, 

the early endosomal antigen (EEA1), the transferrin receptor (TfR), as well as the 

lipid rafts component flotillin-1 [5, 10-12]. Next, the BCV associates with the late 

endosomal markers Rab7, RILP (Rab7’s effector Rab interacting lysosomal protein), 

LAMP-1, and transiently with autophagosomal markers [5, 6].  

Acidification of the BCV upon reaching a late endosomal compartment serves 

as a trigger for the expression of the VirB type IV secretion system (T4SS)[13, 14], 
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which enables a fraction of Brucella to avoid fusion of their BCVs with lysosomes 

and their subsequent degradation [12, 14]. These bacteria diverting from the 

endocytic pathway were shown to interact with ER exit sites (ERES) with the small 

GTPase Sar1 and the COPII complex [12, 15]. Which of the effector protein(s) are 

responsible for the escape of the BCVs from the degradative pathway have not yet 

resolved, but a growing repertoire of candidates have been identified [16]. Moreover, 

the Brucella effector RicA was shown to interact with Rab2, which is involved in the 

control of the vesicular-trafficking from Golgi to ER in the ER-Golgi intermediate 

compartment (ERGIC) and is required for fusion of BCVs with ER-derived vesicles 

and subsequent intracellular replication of Brucella [17, 18]. This indicates that 

anterograde as well as retrograde trafficking components are required during 

infection. 

Despite identification of numerous individual host components recruited to or 

important for Brucella to reach its replicative niche, a global understanding of this 

highly coordinated process is still missing. Essentially, the actual mechanism 

resulting in the diversion of BCVs from the lysosomal pathway towards an ER-

derived compartment remains elusive. Moreover, host factors that are needed for the 

maintenance of the BCVs in the replicative niche are still largely unexplored. In this 

study we took a systems level approach to gain a deeper insight into these 

fundamental questions and therefore performed a genome-wide RNA interference 

(RNAi) screen aiming at identifying host factors involved in Brucella cellular entry, 

trafficking, and replication. We identified 507 host proteins for which we show that 

their knock-down either increases (251) or decreases (255) Brucella intracellular 

replication, which clustered in seven and eight major cellular pathways, respectively. 

Among these, we identified a role for the retromer-mediated endosome-to-TGN 

(trans-Golgi network) trafficking pathway. Validation experiments combined with 

pharmacological inhibition of endosome-to-TGN trafficking confirmed the 

requirement of the retromer and its component Vps35 for Brucella trafficking 

towards its replicative niche. Taken together, this study reveals a novel trafficking 

route critical for intracellular infection by Brucella and describes a new role of the 

retromer complex during bacterial infection. 
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RESULTS 
A genome-wide siRNA screen uncovers the human infectome for Brucella 

infection 

To identify the cellular factors involved in the infection of epithelial cells by 

Brucella, we performed a genome-wide siRNA screen on HeLa cells combined with 

bacterial infection at biosafety-level 3 and a high-throughput microscopy-based read-

out [19]. HeLa cells were reverse siRNA-transfected for 3 days, followed by infection 

with a GFP-expressing Brucella abortus strain for a total of 44 h. During the first 4 h 

of infection, bacteria were allowed to enter cells after which extracellular bacteria 

were killed by addition of gentamicin. Intracellular bacteria were then allowed to 

replicate intracellularly before fixation and staining. Data were acquired by 

automated microscopy and explored by a tailored high-content analysis workflow that 

determined infection rates based on cell number and GFP fluorescence (See Material 

and Methods, Fig. 1). A model of Brucella replication was fitted to the pathogen 

intensity distribution to gain an infection classification independent of absolute 

fluorescence intensity. Image intensity normalization and a novel association of 

pathogen to cells were used to enable quantitative measurement of the pathogen 

intensity distribution. The overall workflow used for analyzing the screening data is 

presented in Figure 1 (see also Material and Methods). In order to identify host 

factors involved in Brucella infection in an unbiased way, two genome-wide siRNA 

libraries were screened. These consisted of a Dharmacon library containing a pool of 

4 siRNA per gene, as well as a Qiagen library with 4 individual siRNAs for each 

target. These data were then supplemented with up to 6 additional siRNAs (Ambion) 

for about 1000 genes and 1900 esiRNAs (Sigma) which were selected in a larger 

consortium studying a number of bacterial and viral pathogens. In order to make full 

use of the available data, we also included the previously published kinome screens 

[20].  

To account for the well-known confounding off-target effects in siRNA 

technology [21, 22], we performed statistical analysis of all available screening data 

with the Redundant siRNA Analysis (RSA) algorithm [23], reducing the number of 

false positives caused by off-target effects of single siRNAs and favors genes with a 

reproducible phenotype from different siRNAs. As input for the RSA algorithm, data 

that did not pass quality control or contained too few cells were removed. Then 
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technical replicates were averaged and the algorithm was run separately to identify 

genes that promote or reduce Brucella infection. This resulted in a list comprising 

251 up- and 255 down-hits (RSA p-value < 0.01, Table S1 and S2). Hits were further 

classified using the STRING database [24] and high confidence protein-protein 

interaction network of top ranking genes from the RSA analysis are presented in 

Figure 2 for targets that reduced (Fig. 2A) or increased (Fig. 2B) Brucella infection 

upon knockdown. Our approach confirmed the role of known components critical for 

Brucella infection, including Rab7A, Rac1, and Cdc42 [6, 9, 25], thereby validating 

our experimental approach. Multiple components of pathways involved in mitotic cell 

cycle, actin remodeling, TOR, TGF-β or FGF signaling, endosome-to-Golgi transport 

and further vesicular trafficking were found in our top ranking gene lists suggesting 

an important role of these signaling pathways during Brucella infection. 

Representative images for a selected subset of identified target are presented in Fig. 

2C. Results of a gene ontology enrichment analysis are presented in Fig. 2D (down-

hits) and Fig. 2E (up-hits). 

 

Brucella entry assay identifies Vps35, a component of the retromer complex, as 

host factor involved in post-entry trafficking 

To dissect the role of the identified genes in the progression of Brucella 

infection, we performed an entry assay previously developed in our laboratory [19], 

which allows studying the early infection steps in a high-throughput format. After 4 h 

of bacterial entry, extracellular Brucella were killed by gentamicin and the GFP-

reporter was induced simultaneously in intracellular bacteria by Anhydrotetracycline 

for 4 h, giving a total of 8 h before fixation. This approach allowed us to robustly 

identify individual intracellular bacteria and quantify the bacterial load before 

intracellular replication is initiated (Fig. 3A and Material and Methods). For this 

assay, a number of genes from different pathways identified in the genome-wide 

screen as well as additional genes supplementing these pathways were selected for 

follow up (for full list see Table S3). Results of the entry assay were then plotted 

against the end point assay (microcolony formation 48 hpi). For ease of visualization, 

only the averages over all RNAi products targeting a certain gene are displayed. 

Strikingly, most of the tested genes displayed a direct correlation between the results 

of the entry assay and the endpoint assay. This was the case for most components 

from the TGF-β and FGF signaling, Golgi to ER transport, or the actin-remodeling 
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pathway, indicating a contribution of these pathways in the entry process of Brucella 

into HeLa cells (Fig. 3B). Noteworthy, these results do not exclude an additional role 

for these pathways at any further stage of the infection. In fact, we could observe a 

tendency that siRNA knockdown effects that reduce infection were more pronounced 

in endpoint assay compared to the entry assay.  

In order to find genes which are predominantly involved in a post-entry 

process we focused on those that mainly affected colony formation and had little 

effect on bacterial entry. 14 genes were identified that showed less than 50% 

reduction on Brucella entry although their knockdown resulted in at least 50% 

reduction in the endpoint assay (upper left quarter separated by dotted lines, Fig 2B). 

Among these, we found several components of the retromer or endosome-to-Golgi 

trafficking (highlighted in yellow). Knockdown of Vps35, an essential component of 

the retromer complex [26, 27] had the strongest negative effect on colony formation 

in the endpoint assay with only a mild reduction in bacterial entry. This indicates that 

Vps35, and potentially other components of the retromer complex, are involved in a 

post-entry step during Brucella infection but do not affect bacterial entry into cells. 

 

Endosome-to-Golgi transport and the retromer are required for Brucella 

infection 

In mammalian cells, the retromer complex is composed of two functional sub-

complexes: Vps26-Vps29-Vps35 that is involved in cargo selection and generally 

known as the cargo recognition complex (CRC) or cargo selective trimer (CST), and 

proteins from the sorting nexin (SNX) family [28] that interact with the CRC. Vps35 

is the core component of the CRC with a direct role in cargo binding [29, 30] while 

Vps26 and Vps29 independently associates at either end of the complex (Fig. 4A). 

Further, recruitment of the CRC to the endosome is dependent on the GTPase Rab5 

and Rab7 [28]. To decipher the contribution of the different retromer-associated 

factors we specifically browsed our genome-wide siRNA data for retromer 

components or associated proteins (Fig. 4B). Besides Vps35, Vps26a knockdown 

also strongly reduced Brucella infection, to a comparable level than the positive 

controls ArpC3 and Rab7a (Fig. 4B). In contrast, siRNA depletion of Vps26b, the 

paralogue of Vps26a, and Vps29, the third unit of the CRC, only resulted in mild 

reduction in Brucella infection, below our significance threshold. Depletion of SNX1 

and SNX5, two of the four sorting nexins associated with the SNX-BAR-retromer, 
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showed an enhanced Brucella infection (below significance threshold) while the other 

two components, SNX2 and SNX6 showed no effect. SNX3, a component of the 

SNX3-retromer, showed a mild reduction in infection (not significant) while 

USP6NL, a Rab GTPase activating protein (GAP) for Rab43 shown to be involved in 

Shiga toxin endosome-to-TGN trafficking [31] increased Brucella infection upon 

knockdown. Taken together, these results suggest that the CRC function of the 

retromer complex is the critical element for Brucella to reach its replicative niche. 

 

To confirm the effect of Vps35 knockdown on Brucella infection and to rule out any 

off-target effect, a complementation experiment with a Vps35 cDNA insensitive to a 

co-expressed shRNA was performed. While shRNA knockdown of Vps35 inhibited 

Brucella infection, co-expression of the shRNA-insensitive cDNA of Vps35 could 

rescue the phenotype (Fig. 4C and D), confirming that depletion of Vps35 indeed 

negatively affects Brucella infection. 

 

Retro-2 inhibits Brucella abortus infection 

To further investigate the importance of retrograde transport from endosomes to 

Golgi for Brucella, we performed infection in the presence of the small molecule 

inhibitor Retro-2, isolated in a screen for compounds that prevents cellular toxicity of 

ricin and Shiga-like toxins [32]. Retro-2 specifically acts on the retrograde trafficking 

from endosomes to the TGN although it neither affected the morphology of 

membrane compartments nor the transport of endogenous cargo (with the exception 

of the syntaxins 5, 6, and 16)[32]. Retro-2 titration at the onset of Brucella infection 

resulted in a dose-dependent reduction of infected cells (Fig. 5A). Unless stated 

differently, a final concentration of 50 µM Retro-2 was used for all follow-up 

experiments as this concentration showed the maximal inhibition without marked 

effect on cell number. We then addressed the timing of Retro-2 dependent inhibition 

of Brucella replication by adding the drug from 0 to 24 hpi, keeping the inhibitor 

throughout the experiment and analyzing the infection rate after a total of 48 h (Fig. 

5B). Retro-2 still markedly reduced Brucella infection when added at 4 hpi together 

with gentamicin, which terminates further infection. This indicates that a post-entry 

process of Brucella infection is blocked by Retro-2. Strikingly, the inhibitory effect 

of Retro-2 gradually decreases the later the drug was added - and virtually disappears 

when added at 16 hpi or 24 hpi. Taken together, these results confirmed our finding 
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that retrograde trafficking from endosome to TGN is critical for the Brucella to reach 

is replicative niche. Moreover, we concluded that this trafficking step represent an 

early event in the intracellular cycle of Brucella - taking place between 0 h and 9 h 

post entry.   

 

Having shown that Vps35 and Retro-2 both have an inhibitory effect on B. abortus 

infection, we addressed the combinatorial effect of both treatments. To this end, we 

performed siRNA knockdown of endogenous Vps35 for 72 h followed by infection 

and concomitant treatment with a single dose of Retro-2 or mock treatment for 44 h 

(Fig. 5C, D). The results clearly indicated an additive effect of this dual treatment 

with a decrease of the infection rate on top of inhibition obtained by the knockdown 

of Vps35. Strikingly, the relative contribution of Vps35 knockdown to the Brucella 

infection was independent of the Retro-2 treatment, with a relative inhibition of ca. 

60% regardless whether the cells were treated or not with the drug. This finding 

strongly suggests that a Vps35-independent function of the endosome-to-Golgi 

retrograde trafficking is involved in Brucella trafficking towards its intracellular 

replicative niche.   

 

Vps35 knockdown prevents Brucella escape from the lysosomal pathway 

To investigate how Vps35 knockdown influences Brucella trafficking and how it 

prevents BCVs to converge towards the replicative niche we quantified Brucella co-

localization with the lysosomal marker LAMP-1 in siRNA-treated and control cells. 

Early and transient association with LAMP-1 is a well-established signature of BCV 

trafficking during the first hours of infection [6]. This association eventually gets lost 

for bacteria that manage to escape the degradative pathway prior to intracellular 

replication [6], a process that is dependent on a functional VirB T4SS [12]. We 

analyzed Brucella-infected HeLa cells at 6 and 18 hpi and determined the percentage 

of LAMP-1 colocalization for each detected bacteria using immunostaining and 

confocal microscopy (Fig. 6A and Material and Methods). At 6 hpi, most Brucella 

were found within LAMP-1 positive vesicles in both control and siRNA-treated cells 

(Fig. 6B, C, D, F), confirming that Vps35 function is not required for the early 

trafficking of the BCVs. At 18 hpi, loss of LAMP-1 association (Fig 6B, C) and early 

intracellular replication (Fig. 6E) was mainly detected in control cells. In contrast, 

most Brucella remained in a LAMP-1 positive compartment in Vps35-knockdown 
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cells (Fig 6B, C) and failed to replicate intracellularly (Fig. 6G). Our single cell co-

localization analysis thus supports the requirement of Vps35 and the retromer 

complex for BCV diversion from the lysosomal pathway and for the establishment of 

a successful replicative niche.  

 

DISCUSSION 

The different membrane-bound organelles that compose the secretory 

pathway and the endo-lysosomal system of eukaryotic cells constitute targets of 

choice for many intracellular pathogens, which evolved an impressive and highly 

diverse panel of strategies to hijack and/or subvert these trafficking pathways to their 

benefit. To date, studies aiming at understanding Brucella interaction with host cells 

have been mainly hypothesis driven with only few unbiased approaches, including 

small-scale RNAi screen in Drosophila S2 cell and proteomics studies to identify host 

components of the BCV [6, 12, 15, 18, 33, 34]. Here we have taken a systems level 

approach using a genome-wide RNAi screen in HeLa cells and identified a set of 507 

host factors important for Brucella infection, most of which had not been reported 

previously. These hits span several important signaling pathways, providing new 

insights into Brucella infection cycle. By combining these results with a high-

throughput entry assay, we further classified a subset of the newly identified host 

factors according to their impact on Brucella entry into the host cells. With this 

means we identified Vps35, a component of the retromer complex as a pivotal 

component of the post-entry trafficking of B. abortus. Consistently, we could show 

that knockdown of Vps35 prevents Brucella escape from degradative pathway – 

BCVs remaining associated with LAMP-1, confirming the importance of retrograde 

trafficking for Brucella to reach and/or establish its replicative niche. The 

requirement for endosome-to-Golgi trafficking was further confirmed using Retro-2, 

a specific chemical inhibitor of that pathway [32].   

The retromer has recently been identified as an important component for the 

intracellular infection cycle of viruses (e.g. papilloma virus [35] or poxvirus [1]), 

bacterial pathogens (e.g. Coxiella burnetti [36], Salmonella typhimurium [37], or 

Simkania [38]) as well as for the parasite Leishmania [39] as demonstrated by siRNA 

knockdown and/or chemical inhibition using Retro-2. In human cells, the retromer 

complex is composed of three vacuolar protein sorting associated proteins (Vps) 

Vps35, Vps26 and Vps29 forming the cargo recognition complex (CRC) and a 
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complex of membrane deforming proteins consisting of sorting nexins (SNX). Of 

note, the molecular target of Retro-2 has not yet been described, and its effects do not 

fully recapitulate the effect of siRNA knockdown of the CRC.  

Our data show that not only Vps35 but also Vps26a and to a lesser extent Vps29 and 

Vps26b reduce Brucella infection upon knockdown, which corroborates the need for 

an intact CRC for its components to be functional in this process. It has been reported 

that Vps26a and Vps26b have preferences towards different cargoes [40] and our data 

points towards a preference for Vps26a requirement for Brucella infection. At least 

two different types of retromer complexes have been described, defined by the sorting 

nexin (SNX) components associated to the CRC. The SNX-BAR-retromer, which is 

comprises an heterodimer formed by SNX1 or SNX2 and SNX5 or SNX6 in 

association with the CRC, is able to induce and stabilize the formation of membrane 

tubules [41-43]. That property is mediated by the membrane curvature sensing BAR 

(Bin/amphiphysin/Rv) domain and phosphatidylinositol 3-phosphate [PtdIns(3)P] or 

phosphatidylinositol 3,5-bisphosphate [PtdIns(3,5)P2] binding PX (phox homology) 

domain [44, 45] of the SNX. The SNX3-retromer however only consists of the 

complex of SNX3 and CRC [43, 46]. Our data do not conclusively resolve which 

CRC-SNX interaction(s) are mediating the observed phenotype. Whereas no 

significant effect was observed for the SNX1/5 knockdown, depletion of SNX2 or 

SNX6 appeared to promote Brucella intracellular replication. In contrast, SNX3 

knockdown resulted in a decrease in Brucella infection, although none of these data 

point passed our stringent statistical cut-off. Combinatorial knockdown of SNXs and 

co-localization approaches should be addressed in future studies, to understand the 

possible redundancy between SNX and resolve the individual contribution of these 

factors to Brucella trafficking.  

Besides the retromer complex, our study highlighted the involvement of several other 

pathways in Brucella infection. The most prominent clusters that negatively affected 

infection upon knockdown comprised signaling pathways involved in actin-

remodeling, TGF-β or FGF signaling, endosome-to-Golgi transport and further 

vesicular/endocytic pathways. Among these components we can highlight Rab7A, 

which is needed for trafficking to the replicative niche [6], Rac1 and Cdc42, which 

are involved in Brucella internalization into non-phagocytic cells [9], or the COPB 

subunit of the COPI complex that  is implicated in Brucella replication [18]. 

Although the role of these individual components had already been described in the 
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context of Brucella infection, they can be considered as benchmark to our results, and 

globally validate our systems-level perspective of the human infectome for Brucella 

infection. We believe that many of these identified genes will provide a rich resource 

for future discoveries. These include numerous components of the actin-remodeling 

pathway that have not yet been described in that context. Interestingly, members of 

the TGF-β and FGF signaling pathways were also found to promote Brucella 

infection as their depletion resulted in a decrease in Brucella infection. It has 

previously been reported that patients with brucellosis show higher levels of TGF-β1 

in their sera that is correlated with depressed function of T cell responses [47]. 

Further, B cells were also shown to produce TGF-β at early stages of infection with 

Brucella in mice [48]. A possible immunosuppressive role for this pathway during 

Brucella infection should be further investigated.  

Summarizing, our study specifically revealed the importance of Vps35 and of 

retrograde trafficking in particular for the establishment of Brucella replicative niche. 

Considering the central role of Vps35 in the retromer complex, and as key regulator 

of the endosome-to-Golgi transport [28], it is tempting to hypothesize that this route 

constitute the missing link in Brucella trafficking, possibly explaining the transition 

between its early non-replicative vacuole (characterized by its association with the 

endosomal markers LAMP-1 and RAB7A) and its ER-derived replicative niche - a 

hypothesis that is supported by our co-localization data. An alternative - yet non-

exclusive hypothesis is that the retromer complex is involved in the establishment 

and/or maintenance of Brucella intracellular replicative niche, potentially by 

providing host factors that follow retrograde trafficking. Future studies will be needed 

to decipher the detailed contribution of the other host factors identified by our 

screening approach, as well as how secreted T4SS effector may contribute to their 

subversion. 
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MATERIALS AND METHODS 

 

Cell lines and plasmid constructs 

All experiments were performed in the human cervical carcinoma epithelial cell line 

(Hela) ATCC, CCL-2. Infections were performed using Brucella abortus 2308 

carrying the constitutive GFP expression plasmid pJC43 (aphT::GFP [15]), 

pAC042.08 for entry assay (apht::dsRed,tetO::tetR-GFP [19]) or pAC037 

(apht::cerulean, this study) for rescue experiments. Cells and bacteria were grown as 

described in [19, 20]. pAC037 was constructed by replacing dsRed from pJC44 [6] 

with Cerulean from pCERC-1 [49]. Cerulean was amplified using prAC082 

(TTTTTGGATCCGAAAGGAGGTTTATTAAATGGTGAGCAAGGGCGAGGAG

C) and prAC083 (TTTTTTCTAGAGC-TAGCTTACTTGTACAGCTCGTC) and 

cloned into pJC44 by restriction/ligation using BamHI and XbaI. The ribosomal 

binding site was which was lost on pJC44 using the above restriction was re-

introduced on prAC082. 

 

siRNA reverse transfection 

Reverse siRNA transfection was performed as described in [19, 20] with minor 

adjustments. In brief, Genome-wide screens were performed with Dharmacon ON-

TARGETplus SMART pool and Qiagen Human Whole Genome siRNA Set HP 

GenomeWide (QU) siRNA libraries. For the validation screens Ambion Silencer, 

Ambion Silencer Select and Sigma MISSION esiRNA libraries were used. In 

addition kinome libraries were included: Ambion (Silencer Select) with 3 siRNAs per 

gene, Qiagen (Human Kinase siRNA Set V4.1) with 4 siRNAs per gene and 

Dharmacon (Human ON-TARGETpIus) with 4 siRNAs per gene. All screening 

experiments were conducted in a 384-well plate format. Each plate contained general 

siRNA controls for transfection efficiency and toxicity (e.g. Kif11) as well as positive 

controls (e.g. Cdc42, Rac1) that are known to have an effect on Brucella infection 

[9]. In addition, negative controls such as mock (transfection reagent only) and 

scrambled (non-targeting siRNA) were added to each plate. The following 

specifications apply to all siRNA screens except the QU siRNA library where 

specifications are given in brackets. RNAiMAX in DMEM without foetal calf serum 

(FCS) was added to each well containing 1.6 pmol siRNA (QU: 1 pmol) or 15 ng 

esiRNA. Screening plates were then incubated at room temperature (RT) for 1 h. 
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Following incubation, 500 HeLa cells were added per well in DMEM (FCS 10% 

final). Plates were incubated at 37°C and 5% CO2 for 72 h prior to infection. 

Secondary screens for all selected targets were performed with up to three siRNAs 

each from the Ambion Silencer and Ambion Silencer Select un-pooled libraries as 

well as one esiRNA from the pooled Sigma MISSION library For assays in 96-well 

plates and 24-well formats reverse transfections were performed in 6-well plates and 

subsequently reseeded in the respective plate format. On-target or control siRNAs 

were added to reach a final siRNA concentration of 20 nM together with RNAiMAx 

transfection reagent in DMEM without FCS. After 30 min of complex formation at 

room temperature, 110’000 HeLa cells in DMEM/10% FCS were added to each well. 

After 48 h transfection, cells were harvested by trypsinization and reseeded in 

DMEM/10%FCS (96-well plates: 2’800 cells per well; 24-well plates: 50’000 cells 

per well). The next day cells were infected as described before. 

The following siRNAs used for the colocalization experiments were purchased from 

Qiagen (Hilden/Germany): hVPS35-2 (ID: SI00760690); all star negative (ID: 

0001027281); all star death kif11 (ID: 0001027299). Retro-2 siRNA was purchased 

from Calbiochem/Merck (Darmstadt/Germany) (ID: 554715). 

 

Infection 

For the genome-wide and confirmation screens, infections were performed in 384-

well plates as described in [19, 20]. In short, B. abortus 2308 pJC43 (aphT::GFP 

[15]) was grown in TSB medium containing 50 µg/ml kanamycin at 37°C to an OD 

of 0.8- 1.1. Bacteria were then diluted in DMEM/10% FCS and added at a final MOI 

of 10’000. Plates were centrifuged at 400 x g for 20 min at 4°C to synchronize 

bacterial entry. After 4 h incubation at 37°C and 5% CO2, extracellular bacteria were 

killed by exchanging the infection medium by DMEM/10% FCS supplemented with 

100 µg/ml gentamicin. After a total infection time of 44 h, cells were fixed with 3.7% 

PFA for 20 min at RT. For the entry assay, infections were performed as described in 

[19]. In brief, transfected cells were infected with B. abortus 2308 pAC042.08 for 4 h 

after what GFP expression was induced for 4 h by the addition of 

Anhydrotetracycline (100 ng/ml) during the gentamicin killing of extracellular 

bacteria. Follow up experiments and colocalization assays were done accordingly to 

the protocol described but performed in 96-well and 24-well plates, respectively. For 

the colocalization assay cells were infected at a MOI 2’000. 2 hpi cells were washed 
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three times with DMEM/10% FCS containing gentamicin (100 µg/ml). After the 

indicated incubation time cells were washed three times with PBS and finally fixed in 

3.7% PFA in PBS. 

 

Inhibitor experiment 

HeLa cells were seeded in 96-well plates (2,800 cells/well) one day before infection. 

Retro-2 (2,3-Dihydro-2-(5-methyl-2-thienyl)-3-phenyl-4(1H)-quinazolinone, Sigma-

Aldrich) was added to cells together with B. abortus 2308 pJC43 or during 

gentamicin wash at 4 hpi, Cells were maintained at 37°C with 5% CO2 and Retro-2 

was kept throughout the experiment. 

 

Rescue experiment 

The shRNA suppression/rescue constructs for Vps35 were kind gifts from Daniel 

Billadeau [50]. HeLa cells were seeded in a 6-well plate and transfected 4 h later with 

0.9 µg of plasmid DNA using Fugene HD according to the manufacturer's protocol. 

72 h post-transfection cells were reseeded into a 96-well plate (2’800 cells / well) and 

infected on the following day. Cells were infected with Brucella abortus carrying 

pAC037 for 48 h. After PFA fixation and staining, cells were analyzed by image 

analysis. Infection scoring was performed on YFP positive cells - indicative of 

successful transfection. 

 

Immunofluorescence 

Following fixation with 3.7% PFA in PBS for 20 min, HeLa cells were incubated in 

PBS containing 250 mM glycine for 20 min to quench remaining aldehyde residues. 

Cells were then permeabilized with saponin buffer (PBS containing 0.2% saponin and 

3% bovine serum albumin) for 1 h. Immunostaining was performed by incubating 

coverslips with saponin buffer containing antibodies against LAMP-1 (Abcam 

ab25630) and Brucella abortus LPS polyclonal rabbit serum (kind gift from Xavier 

De Bolle [51]) overnight in a humidified chamber at 4°C. The coverslips were then 

washed three times with PBS and incubated with saponin buffer containing respective 

fluorophore-conjugated secondary antibodies: goat anti-mouse Alexa Fluor 488 

(Thermo Fisher A11029) and anti-rabbit Alexa Fluor 647 (Cell Signaling #4414) for 

3 h in a humidified chamber at room temperature. The coverslips were then washed 
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three times with PBS and mounted onto glass slides using Vectashield H-100 

Antifade Mounting Medium (Vector Laboratories) and sealed with nail polish. 

 

Confocal microscopy 

The images were captured with the LSM-800 Confocal Microscope (Carl Zeiss) 

using a 63x oil objective. For each condition, 40 images were obtained at random 

locations across the coverslip, representing more than 50 individual cells per 

conditions. The images were deconvolved using Huygens software (Scientific 

Volume Imaging). The presence of Lamp-1 signal around the bacteria was quantified 

from the images by assessing the overlap between the anti-LPS and the anti-LAMP-1 

staining for each individual bacterium (more than 400 per condition).  

 

Imaging with high-throughput microscopy 

Microscopy was performed with Molecular Devices ImageXpress microscopes. 

MetaXpress plate acquisition wizard with no gain, 12 bit dynamic range, 9 sites per 

well in a 3x3 grid was used with no spacing and no overlap and laser-based focusing. 

DAPI channel was used for imaging nucleus, GFP for bacteria, and RFP for F-actin 

or dsRed of bacteria in the entry assay. Robotic plate handling was used to load and 

unload plates (Thermo Scientific). The objective was a 10X S Fluor with 0.45NA. 

The Site Autofocus was set to “All Sites” and the initial well for finding the sample 

was set to “First well acquired”. Z-Offset for Focus was selected manually and 

manual correction of the exposure time was applied to ensure a wide dynamic range 

with low overexposure. 

 

Image analysis 

Images were analyzed with the screeningBee analysis framework from 

BioDataAnalysis GmbH. To correct for uneven illumination inherent in widefield 

microscopic imaging, an illumination correction model was computed for every plate 

using Cidre [52]. To ensure that the Cidre-corrected image intensities fall within the 

range [0.0, 1.0] a linear transformation for pixel intensities was computed that maps 

the 0.001-quantile to 0.01 and the 0.999-quantile to 0.99 post-illumination correction. 

Illumination correction and intensity scaling were performed as pre-processing steps 

for every image prior to analysis. 
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To reduce the signal of Brucella DNA in the DAPI channel, a linear transform of the 

GFP channel was subtracted from the DAPI channel, with the linear transformation 

parameters f, o estimated in the following way: a mapping of GFP pixels to DAPI 

pixels was constructed so that for all intensities in the GFP images, the list of 

corresponding intensities in the DAPI images were recorded. For every list of DAPI 

intensities, only the mean intensities were retained. This creates a mapping of GFP 

intensities to their corresponding mean DAPI intensities. A linear regression was 

performed to obtain the linear parameters f, o that map the GFP channel image to the 

DAPI channel image. Cleaned DAPI images with a reduced Brucella signal were 

obtained by subtracting the linear transform of the GFP channel from the DAPI 

channel I’DAPI = IDAPI - (f IGFP + o) as pre-processing steps for every image prior to 

analysis. On a random subset of 128 images, CellProfiler [53] was executed to 

identify Nucleus objects using “OTSU Global” segmentation in the DAPI channel, 

and the median, lower quartile and upper quartile segmentation thresholds of the 

images were retained as TDAPI-m, TDAPI-lq and TDAPI-uq. On the same images, the GFP 

background intensity BGFP was obtained as the position of the peak in the GFP 

intensity histogram, the dynamic range of the histogram DGFP was obtained as the 

difference between the 99% quantile and the 1% quantile of intensity values, and the 

Bacteria segmentation threshold was computed as TGFP= BGFP+ !
!""

DGFP. On all 

images, screeningBee CellProfiler was executed to perform object segmentation and 

measurements with the following steps: (a) Nuclei were detected as primary objects 

using manual threshold setting. For each plate it was manually chosen to use TDAPI-m, 

TDAPI-lq or TDAPI-uq, depending on visual inspection of the segmentation results. Using 

the same threshold on all images improved site-to-site comparability. (b) Cells were 

detected as secondary objects around the Nuclei, with “OTSU Global” segmentation 

in the RFP channel. (c) Bacteria were detected as primary objects using manual 

threshold setting with threshold TGFP. Using the fixed background intensity as a 

reference for TGFP allowed for segmenting even rather dim objects while avoiding 

site-to-site variability. In order to accurately measure infection scoring, a reliable 

method to associate pathogen colonies to individual cells is necessary. A 

straightforward approach is to assume that pathogen colonies must be contained 

within the body of the host cell. However, high cell confluence can make actin 

channel-based cell body segmentation inaccurate. Single microcolonies are often split 
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into pieces that are incorrectly assigned to neighboring cells using this approach (Fig. 

1B). To address this issue, we developed a novel algorithm to intelligently assign 

pathogen colonies to robust nucleus objects (Fig. 1C). First, inexpensive ‘bridge’ and 

‘majority’ morphological operations were applied to the pathogen objects to connect 

broken clumps. Next, a weighted distance metric was used to measure an attraction 

score 𝑎!,!  between a pathogen 𝑃  and individual nuclei 𝑁  within a close 

proximity 𝑑!"#$ . The attraction score is computed as the surface integral of the 

nucleus area in a continuous field emanating from the pathogen defined by an 

exponential function that is strongest within the microcolony itself, and decays 

exponentially as distance from the microcolony increases: 𝑎!,! =

!∈! 𝑒!! !!,! , where 𝑛is an element (pixel) belonging to nucleus object 𝑁, 𝑑!,!is 

the distance transform from the edge of microcolony 𝑃 to 𝑛, and 𝜆 is a parameter 

controlling the strength of the decay. Attraction scores for all nuclei proximate to 

microcolony 𝑃 are normalized such that the strongest nucleus attraction score is 1,  

𝑎!,! =
!!,!

!"#(!!,!)
 ∀ 𝑁  𝑠. 𝑡.𝑑!,! < 𝑑!"#$. Nuclei objects with normalized attraction 

scores above a threshold 𝑎!"#are associated with the pathogen microcolony. In the 

case that multiple nuclei are associated with the same microcolony, the microcolony 

is split so that each element is associated to the nearest nuclei. Large microcolonies 

are encouraged to split with greater ease than small microcolonies by weakening the 

minimum attraction score linearly according to area of the microcolony 𝑎′!"# =

0.5 𝑎!"#  if 𝐴! <  𝐴!"#$% , or 𝑎′!"# = 1− 0.5 !!!!!"#$%
!!"#$%

𝑎!"#  if 𝐴!"#$% ≤ 𝐴! ≤

2𝐴!"#$% , and 𝑎′!"# = 0.5 𝑎!"#  otherwise (where 𝐴! is the area of the pathogen 

microcolony). Parameters settings 𝑑!"#$ = 45 , 𝜆 = 0.2 , 𝑎!"# = 0.5,  and 

𝐴!"#$% =8,000 were optimized by grid search on a dataset of 7,566 hand-labeled 

segmentations resulting in a 95.58% correct association rate. 

Nucleus to pathogen microcolonies associations were aggregated. The area and 

integrated intensity of the pathogen objects associated to each cell and the mean 

intensity of the Nuclei in the GFP channel was computed as readout. 

 

Infection scoring for endpoint assay 

Wells that contain only 32 Cells or less were excluded from infection scoring. In the 

remaining wells, Bacteria were filtered in a decision tree (DT) classification to 
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exclude objects of only one pixel area. Based on the relation of Bacteria to Nuclei, for 

the remaining Bacteria objects, the integrated GFP intensity was integrated over all 

Bacteria relating to a Cell. To reduce the impact of background intensity, an estimate 

for GFP background was computed using the 1% lower quantile of mean GFP 

intensity in the Nuclei. For every Cell, the estimated GFP background intensity was 

multiplied with the area of Bacteria relating to this cell, and the result was subtracted 

from the integrated Bacteria GFP intensity of the Cell, to arrive at a background-free 

estimate of “bacterial load” in each Cell. The value range for this intensity was zero 

for Cells with no segmented Bacteria objects, and higher than zero for all other Cells. 

This integrated GFP intensity was then log2-scaled, to reflect the exponential growth 

of replicating Brucella. Before log2-scaling, a small epsilon value of 2-20 was added 

to every Cell, so that the log2 value of Cells with no segmented Bacteria will not be 

negative infinity. The arbitrary value 2-20 is by a large margin smaller than the 

smallest actual intensity of our assays, but large enough to be used in histogram 

binning. For every plate, the histogram of the log2-scaled integrated cellular GFP 

intensity was computed (Fig. 1D) with a bin size of 0.025. The histograms were 

normalized to an arbitrary “virtual plate cell count” of 1010. To extrapolate a 

continuous distribution from the possibly sparse histogram, kernel density estimation 

(KDE) was used with a manually optimized Gaussian kernel of standard deviation 16. 

The histogram shows a bimodal distribution. By correlating the plate histogram 

distributions to selected images from the plate, we could identify that the first mode 

of the distribution is composed of cells with a low number of infection events ranging 

from single Brucella to small clusters (denoted as), whereas the second mode is 

composed of large colonies (denoted as). The two peak positions of the bimodal 

distribution were identified. Normal distributions GS and GL were fitted to the peak 

positions for small and large colonies, respectively. For the fitting of GS and GL, the 

mean was given by the position of the peak, the height was given by the height of the 

peak, and the variance was optimized such that the distance between the KDE and the 

sum of GS and GL became minimal. To arrive at a binary infection scoring threshold, 

we identified a suitable value three standard deviations below the mean of GL. This 

threshold includes 99.8% of the events in GL. Cells with an integrated GFP intensity 

exceeding this threshold were considered true positive infections, and were labeled 

infected. The infection index was computed as the ratio of infected Cells to the total 

number of Cells in the well. 
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Infection Scoring Entry Assay 

Wells that contain only 32 Cells or less were excluded from infection scoring. In the 

remaining wells, Bacteria were filtered in a decision tree (DT) classification to 

exclude objects of only one pixel area. The remaining Bacteria were filtered in a DT 

classification to exclude objects of less than a manually set threshold on the upper 

quartile of the object intensity. The remaining Bacteria were considered true positive 

infections. Based on the relation of Bacteria to Nuclei, Cells were labeled infected if 

and only if a true positive Bacteria is related to the Cells Nuclei. The infection index 

was computed as the ratio of infected Cells to the total number of Cells in the well. 

For quantification of bacterial load in infected cells, the median of integrated GFP 

intensity of all true positive Bacteria was computed. The final infection readout was 

the product of the infection rate and bacterial load, which gives a robust 

approximation of the amount of intracellular bacteria [19]. 

 

Redundant siRNA Analysis (RSA) 

Redundant siRNA Analysis RSA, [23] ranks genes by iteratively assigning 

hypergeometric p-values to each of the multiple siRNAs targeting the same gene and 

picking the minimum value within a given group to represent this gene. The ranking 

score indicates whether the distribution of ranks corresponding to a gene is shifted 

towards the top, thereby aggregating the information provided by several siRNA 

sequences with the same target in a robust manner. To account for varying numbers 

of available siRNAs per gene, Bonferroni correction was applied within siRNA 

groups. Furthermore, as both up- and down hits are of interest to this analysis, RSA 

was run twice, once with Z-scored infection scores ranked from low to high values 

and once ranked oppositely. The parameters for lower and upper score thresholds 

which specify cutoffs for definite hits and non-hits, were chosen as the 2% and 88% 

quantiles respectively (this roughly corresponds to Z-scored infection scores of -1.5 

and 1). Data was filtered prior to RSA by removing wells that do not pass quality 

control as well as wells where cell count is below 50% of the initially seeded cell 

number. Control wells were excluded from RSA and technical replicates (repeated 

experiments with identical siRNA) were averaged. Additionally, instead of relying 

solemnly on manufacturer information and in order to ensure comparability between 

libraries, siRNA targets were re-identified by searching against ENSEMBL cDNA 
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and the REFSEQ mRNA nucleotide data. Cases where matching failed were also 

excluded from this analysis. 
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FIGURE LEGENDS 

 

Fig 1. Overview of the high-content screening and analysis. (A) Summary of 

RNAi libraries screened and screening workflow. Reverse transfection of HeLa cells 

in 384-well format followed by infection with GFP expressing B. abortus, PFA 

fixation, and staining of HeLa cells with DAPI and DY-547-Phalloidin before 

automated imaging. (B) Image analysis with CellProfiler to segment nuclei and 

bacteria and to extract measurements. (C) Accurate association of segmented bacteria 

to nuclei enables quantitative single cell measurements. The naive association 

(middle image) of segmented pathogen can be affected by over-splitting in dense cell 

populations (left image). Our proposed solution (right image) based on a nucleus 

attraction score. (D) The plate histogram shows the bimodal distribution of integrated 

GFP intensity corresponding to Brucella replication. Intensity on the X-axes is log2-

scaled to account for exponential growth. The normal distribution fitted (red curve) to 

the Kernel Density Estimation of the histogram allows to compute a robust binary 

infection threshold (dashed line). Associated are samples of single-cell images 

corresponding to the intervals of the intensity distribution (for more details see 

Material and Methods). 
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Fig 2. The human infectome for Brucella infection determined by genome-wide 

siRNA screening. (A, B) High confidence protein-protein interaction networks (x > 

0.7) for the top 200 RSA down- (A) or up-hits (B) determined using STRING 

database. After removal of siRNAs that strongly reduced cell number, individual 

siRNAs from the Qiagen library and the averages of independent replicates of the 

Dharmacon, Ambion, and Sigma libraries were used as input (see Material and 

Methods). Clusters with common predicted cellular function are colored and their 

function is indicated. Disconnected nodes are not displayed. (C) Representative 

merged images from the genome wide screen showing nuclei (DAPI) and 

intracellular replication of GFP expressing Brucella abortus for either control 

conditions (scramble) or a set of identified hits (Rab7A, FGFR1, COPZ1, AP2S1, 

TGFBR2, Vps35). All images from the screen are available at 

http://www.targetinfectx.ch/data_access. (D, E) Results of gene ontology enrichment 

analysis (DAVID) for the identified down-hits (D) or up-hits (E). The log10 of P-

value associated to the different categories are indicated (cut-off P-value: 0.05) as 

well as the number of individual components associated to the presented categories.  

 

Fig 3. Entry assay identifies components of the endosome-to-Golgi trafficking 

required for post-entry processes during Brucella infection.  (A) Representative 

images from the entry assay showing nuclei (DAPI) of HeLa cells and intracellular 

Brucella abortus (GFP) for control condition (mock) and cells treated with siRNAs 

against Cdc42 or Vps35. Scale bar =100 µm. HeLa cells were infected with B. 

abortus expressing GFP under a tetracycline inducible system for 8 h (see Materials 

and Methods). (B) Scatter plot showing infection rates of the entry assay versus the 

endpoint assay, normalized to the mock dataset (Table S3). For the entry assay, cells 

containing single bacteria were considered infected and the final readout considered 

the median amount of bacteria in infected cells. For the endpoint assay, only cell that 

contain replicating bacteria (as described in Fig.1) were considered. Each data point 

corresponds to the average of all siRNAs or esiRNAs targeted against the gene of 

interest. Dotted lines indicate a 50% reduction of the corresponding infection rate 

relative to mock wells. Coloring show involvement of selected genes in indicated 

cellular pathways. In addition, all genes that resulted in at least a 50% reduction in the 

endpoint assay, but did not reduce infection in the entry assay by 50% are labeled, in 
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addition to Cdc42 as a control. Diagonal shows identical effects of siRNA treatment 

on Brucella infection on both assays relative to the corresponding control conditions. 

 
Fig 4. The cargo recognition complex of the retromer is a key component of 

Brucella intracellular trafficking. (A) Schematic representation of the components 

of the retromer complex. (B) Dotbox representation of the z-scored infection index 

for components of the retromer complex and selected target including the positive 

control ARPC3 and RAB7a. (C) Schematic representation of the shRNA constructs 

used in (D). The gray box on the shVPS35 / Rescue construct indicates the silent 

mutations that prevent recognition by to the co-expressed shRNA. (D) Infection index 

of transfected cells infected with Brucella abortus for 48 h. Displayed are the 

averaged infection index and associated standard deviation, normalized to the YFP 

only condition (N=3).   

 
Fig 5. Retro-2 inhibits Brucella infection at an early trafficking stage. (A) Effect 

of titration of Retro-2 on B. abortus infection. Hela cells were treated with 1 to 100 

µM Retro-2 and concomitantly infected with GFP-expressing B. abortus for 48 h. 

Displayed are the infection index normalized to DMSO treated cells and associated 

standard deviation (N ≥3). Relative cell counts for the corresponding samples are 

plotted on the secondary y-axis. (B) Retro-2 only acts on early Brucella trafficking. 

Retro-2 (50 µM final concentration) was added to Brucella-infected Hela cells at 0, 4, 

9, 16 and 24 hpi. Represented are the infection rates determined 48 hpi and 

normalized to DMSO treated cells (not displayed). Relative cell counts for the 

corresponding samples are plotted on the secondary y-axis. (C, D) Additive effect of 

Retro-2 and Vps35 knockdown on Brucella infection. Hela cells transfected with 

siRNA directed against Vps35 were treated with 0, 25 or 50 µM Retro-2 at the onset 

of infection with B. abortus. Mock transfected cells were treated in parallel. (C) The 

relative infection rate was determined for each conditions 48 hpi. (D) The relative 

siRNA inhibition was determined for each concentration of Retro-2. (A-D) 

Represented are the averages and associated standard deviations (N=3). (E) 

Representative merged images from the experiment presented in (C, D) showing 

nuclei (DAPI) and intracellular replication of GFP expressing Brucella abortus for 

control conditions or for cells treated with 50 µM Retro-2. Scale bar: 100 µm. 
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Fig 6. Vps35 is required for Brucella to escape the lysosomal pathway. (A) 

Immunofluorescence approach used to quantify localization of Brucella within 

LAMP-1 positive vesicles. Individual channels and merged picture are presented. 

Arrows indicate examples of co-localization of bacteria with LAMP-1 positive 

compartments. Staining of Brucella LPS (αLPS) was used to confirm the presence of 

LAMP-1 in direct proximity of the bacterial surface. Asterisks indicate examples of 

LAMP-1 negative Brucella. (B) Representative images from Brucella infected cells 

either mock transfected (ctrl) or after Vps35 knockdown (siVPS35). Samples were 

fixed 6 and 18 hpi. For clarity only the LAMP-1 (cyan) and dsRed (magenta) 

channels are presented. Scale bar: 5 µm. (C) Global quantification of LAMP-1 

negative Brucella. Displayed are the average and associated standard deviation for 

more than 500 bacteria and more than 50 Hela cells per time point and condition 

(N=3). (D) Single-cell data representation of the data presented in (C). Displayed is 

the distribution of LAMP-1 positive Brucella per cell as a function of the total 

number of bacteria counted in that given cell.  

 
 
Supporting information legends 

Supporting Table S1:  List of the 255 down-hits resulting from the RSA analysis 

with associated p-value and infection score (cut-off: p-value <0.01, S1_Table.xlsx). 

Supporting Table S2:  List of the 251 up-hits resulting from the RSA analysis with 

associated p-value and infection score (cut-off: p-value <0.01, (S2_Table.xlsx). 

Supporting Table S3:  Hit-list of the entry assay analysis wit associated infection 

scores for both entry and endpoint assays (S3_Table.xlsx). 
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3.2.3. Figures 
 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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3.3. Unpublished results: Vacuolar escape of Brucella 

abortus during intermediate trafficking 
 

3.3.1. Introduction 
The intracellular trafficking of Brucella is a complex and carefully 

orchestrated process (see section 1.2.3). The initial non-replicative Brucella-

containing vacuole (nrBCV) requires several hours until successful transition to the 

replicative niche (rBCV) can be achieved [1]. The vacuole traffics along the 

endocytic pathway, eventually interacting with late endosomes (LE) and, to a limited 

extent, with lysosomes. The essential factor in the establishment of the rBCV is the 

VirB T4SS, which introduces effector proteins into the host cell to alter trafficking 

processes [2-4]. There have been several reports providing insights into the nature 

and dynamics of the transition between the nrBCV and the rBCV. The acquisition of 

ER-derived membranes by the vacuole has been linked to interactions with the early 

secretory pathway, in particular with ER-exit sites (ERES) [4, 5]. There are also 

indications that the cell cycle of the bacteria is synchronized with the trafficking 

process, with the initial division occurring just before the transition [6]. However, the 

specific mechanism behind this process remains unclear and there is a need for a 

more integrated explanation. 

Different microscopic approaches have been successfully used to study 

intracellular trafficking of numerous pathogens. The usage of various light 

microscopy (LM) and electron microscopy (EM) techniques led to many key 

discoveries about the localization of intracellular pathogens and their interactions 

with different host organelles. Through expression of different fluorescently tagged 

proteins, LM can provide useful information about the colocalization and interactions 

of pathogens with specific host cell structures. However, the approach is limited in 

resolution and only allows the recording of signals emitted by fluorophores, leaving 

information about non-tagged structures outside our scope. EM, on the other hand, 

allows the observation of actual cellular structures at much higher resolution, 

providing information that is normally unavailable to LM. By using correlative light 

and electron microscopy (CLEM), one can benefit from the advantages of both 

microscopic techniques and gain a richer insight into cellular processes. 
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The initial goal of the study was to visualize Brucella trafficking at 

intermediate stages of infection by using CLEM. This strategy solves many issues 

normally faced in the EM studies of Brucella. EM is a relatively low-throughput 

technique, which makes imaging of rare events challenging. Different aspects of 

Brucella infection in cell culture pose potential problems in this aspect. Due to low 

infection rates in mammalian cell culture (around 5-10%, personal communication) it 

is difficult to target infected cells. The percentage of bacteria that manage to establish 

the rBCV is also relatively low (10-40%, personal communication), resulting in most 

of the bacteria in a given sample representing off-pathway events that do not result in 

replication. In addition, the trafficking of Brucella lacks synchronization between 

different cells in the same sample.  

The CLEM approach allowed us to localize infected cells with a fluorescent 

microscope and target them specifically using EM. Apart from localization of 

Brucella, we could use fluorescent markers to target cellular structures colocalizing 

with the bacteria. The study lead to the observation of a previously unreported 

cytosolic form of Brucella, suggesting that in some circumstances the pathogen is 

able to escape from the BCV into the host cell cytosol.  

 

3.3.2. Results 
CLEM reveals BCVs at different trafficking stages 

The combination of fluorescence microscopy and EM allowed us to target 

BCVs at intermediate trafficking stages (Fig. 1). FIB/SEM of HeLa cells infected 

with Brucella abortus revealed that at 12-16 h.p.i., intracellular bacteria reside inside 

BCVs (Fig. 1A). The majority of BCVs contained one or two bacteria, with some 

exceptions suggesting the possibility of internalization of larger groups of Brucellae 

(Fig. 1A, B). The intracellular trafficking of B. abortus takes several hours, which 

results in lack of synchrony between different cells. The chosen time point allowed us 

to observe BCVs at different trafficking stages. Most of the BCVs hosted non-

dividing bacteria and displayed features indicating their LE nature, with electron-

dense deposits inside the vacuoles (Fig. 1A). In addition, we were able to find cases 

of initial Brucella division inside BCVs showing continuity with the ER, which 

suggest successful establishment of the rBCV (Fig. 1C,D). 

 



3.3. Unpublished results 

 117 

 
Figure 1. Intermediate stages of Brucella intracellular trafficking revealed by FIB/SEM. (A) 

Example frames from FIB/SEM stacks depicting BCVs inside HeLa cells 12-16 h.p.i. There are one to 

several bacteria located in each BCV (asterisks). The electron-dense deposits inside the vacuoles 

(arrow heads) indicate that they are still at the nrBCV stage. (B) Quantification of the amount of 

bacteria per BCV at 12-16 h.p.i. Only nrBCVs were taken into account (n=72). (C) FIB/SEM images 

of a HeLa cell infected with B. abortus, 12 h.p.i. The images represent two frames at the same location 

in a 3D stack. The bacteria (asterisks) are located inside BCVs. One bacterium is undergoing cell 

division (arrow). The BCV containing the dividing bacterium is continuous with host organelles 

(arrow head). (D) 3D reconstruction of (C). The BCV containing the dividing bacterium (magenta) is 

continuous with host ER cisternae (yellow) (arrow heads). The non-dividing bacterium is marked with 

cyan. G: Golgi apparatus; M: mitochondria. Scale bars: 500 nm (A, D); 1 µm (C). 
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B. abortus can be found directly in the cytosol at intermediate trafficking stages 

 The next step was to employ CLEM in order to analyze interactions of the 

BCV with specific cellular structures. The cellular markers initially used in this study 

were GFP-fusions of two proteins, ERGIC53 [7] and syntaxin-6 (STX6) [8]. 

ERGIC53 is a mannose-binding type I membrane protein, which is a cargo receptor 

that facilitates export of glycoproteins from the ER. It is distributed mainly across 

ERGIC and in smaller quantities to ERES and cis-Golgi [7]. The marker was chosen 

based on previous reports suggesting interactions with the early secretory pathway as 

a key step during the trafficking towards the rBCV [5]. STX6 is a SNARE protein 

involved mainly in trafficking events between the plasma membrane and TGN [8]. 

For both EGFP-ERGIC53 and GFP-STX6, we were able to locate events 

where Brucella was colocalizing with the markers in LM images (Fig. 2A, B). 

Surprisingly, the FIB/SEM imaging indicated that some of the colocalizing bacteria 

were residing directly in the cytosol. The cytosolic bacteria were surrounded by host 

membranes (Fig. 2C, D, E, F). EGFP-STX6-positive structures were found to form an 

assembly of double membranes engulfing the bacteria (Fig. 2C, D), the whole 

structure resembling a growing autophagosome. The EGFP-ERGIC53-positive 

structures, on the other hand, were less tightly associated with the bacteria surface 

(Fig. 2E, F). They extended into a meshwork of membranes that resembled ERGIC 

structures. 
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Figure 2. Correlative FIB/SEM reveals the presence of cytosolic B. abortus at intermediate stages 

of infection. (A) HeLa cell expressing GFP-STX6 (green) infected with B. abortus-dsRed (magenta) 

16 h.p.i. Several bacteria have been taken up by the cell. In some cases, the marker can be seen 

localizing around a group of B. abortus (arrow head). The region marked with the orange box was 

imaged using FIB/SEM (C). (B) HeLa cell expressing GFP-ERGIC53 (green) infected with B. 

abortus-dsRed (magenta) 12 h.p.i. The region marked with the orange box was imaged using FIB/SEM 

(E). (C) Two frames from a FIB/SEM tomogram depicting a group of B. abortus from (A). The 

bacteria are located directly in the cytosol, surrounded by flattened cisternae (arrow heads). (D) 3D 

reconstruction of (C). The flattened cisternae (yellow) are a part of a membrane network that wraps 

around the bacteria (magenta), indicating autophagy. The membranes extend beyond the location and 

are continuous with the host ER (arrow heads). (E) Two frames from a FIB/SEM tomogram of the 

region marked in (B). The bacteria are located directly in the cytosol. Different organelles can be 

found in the proximity of the bacteria. (F) 3D reconstruction of (E). The bacteria are surrounded by a 

network of ER membranes (yellow), ERGIC structures (green) and Golgi apparatus (cyan). G: Golgi 

apparatus; M: mitochondria. Scale bars: 7 µm (A, B); 500 nm (C-F). 
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B. abortus colocalizes with Galectin-3 at intermediate trafficking stages in a 

VirB-dependent manner. 

In order to further explore the prevalence of the cytosolic form of B. abortus, 

we decided to use a phagosomal escape marker, GFP-Galectin-3 (GFP-Gal3). This 

fusion protein, when expressed in the cytosol of infected eukaryotic cells, has high 

affinity to sugar residues normally found on the outer side of the plasma membrane 

[9]. During phagocytosis, the membrane is incorporated into the growing phagosome, 

with the sugar residues present on the inner side. Vacuole rapture enables the access 

of the marker to the phagosome lumen, causing massive GFP-Gal3 recruitment to the 

membrane. GFP-Gal3 has been previously employed to visualize the escape of 

Shigella from the endosome [10]. 

Confocal microscopy of Brucella-infected HeLa cells expressing GFP-Gal3 

revealed a small subpopulation of bacteria that is surrounded by the marker at 8 h.p.i. 

(Fig. 3A). GFP-Gal3-positive Brucellae were only found in a small portion of 

infected cells. Even in those cells, the proportion of bacteria colocalizing with the 

marker was often low, with mostly one positive bacterium located with several 

negative ones within the same host cell. Interestingly, we were unable to observe 

GFP-Gal3 binding in HeLa cells infected with the B. abortus ΔvirB9, which is unable 

to assemble a functional T4SS (Fig. 3A, right panel). This suggests that the process of 

phagosome rapture depends on a functional T4SS. 
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Figure 3. Colocalization of B. abortus with GFP-Gal3. (A) Representative confocal images of HeLa 

cells expressing GFP-Gal3 (green) infected with B. abortus (magenta) 8 h.p.i. The B. abortus strains 

used were either wild-type (top) or ΔvirB9 mutant (bottom). Some of the wild-type bacteria are 

surrounded by GFP-Gal3 (arrow head), suggesting phagosome rapture. Such events were not observed 

in the case of ΔvirB9 mutant. (B) Live-cell imaging HeLa cells expressing GFP-Gal3 (green) infected 

with B. abortus (magenta). Time post-infection is indicated for each frame. GFP-Gal3 transiently 

colocalizes with and then dissociates from the bacterium (arrow heads). (C) Live-cell imaging HeLa 

cells expressing GFP-Gal3 (green) infected with B. abortus (magenta). Association with GFP-Gal3 

(arrow head) is followed by formation of the rBCV, indicated by the Brucella microcolony (arrow). 

(D) Quantification of GFP-Gal3 colocalization events in live-cell data form infected HeLa cells. 

Colocalization of Brucella-dsRed with GFP-Gal3 was evaluated in cells that were found to have a 

microcolony developing at later time points. Out of the whole population (n=15), GFP-Gal3 was 

transiently colocalizing with the bacteria in 11 cells. The top graph indicates the time point of infection 

(h.p.i.) of the colocalization events. The bottom graph indicates the total time (min.) of association 

between Brucella and GFP-Gal3. Scale bars: 4 µm (A, B); 8 µm (C). 
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Live cell imaging indicates that vacuole escape of Brucella coincides with the 

establishment of the replicative niche in HeLa cells 

We speculated that vacuole rapture and escape of the bacteria is a relatively 

short process (up to several minutes) that can take place within a long timeframe 

(potentially up to few hours). This would make the probability of finding such an 

event in a fixed sample relatively low. For this reason, we turned towards live-cell 

imaging of HeLa cells stably expressing GFP-Gal3 (Fig. 3B-D). Due to technical 

limitations associated with Brucella being classified as a risk group 3 organism, the 

earliest time point possible in practice for starting the image acquisition is around 3 

h.p.i. The movies revealed that there are a number of HeLa cells within the sample 

where Brucella transiently associates with a strong signal from GFP-Gal3 (Fig. 3B, 

Movie S1). The time of the interaction with the marker varied between cells, with an 

average time of 35 min (Fig. 3D, bottom) and ended with the bacteria dissociating 

from the GFP-Gal3 complex. This suggests that the BCV might recruit the marker 

due to rapture, which is followed by cytosolic escape. In some cases we could 

observe that this event is followed by the first bacteria division and eventual 

establishment of Brucella microcolonies, indicating successful transition to the rBCV 

(Fig. 3C, Movie 1). The timing of GFP-Gal3 colocalization varied between 7-15 h.p.i, 

indicating weak synchronization of the process between cells (Fig. 3D, top). 

The presence of more than one bacterium inside most of the HeLa cells posed 

difficulty with the interpretation of the movies. Even in HeLa cells that developed 

microcolonies, we could find indications that non-dividing bacteria were present next 

to the dividing ones. This suggests that Brucella-infected HeLa cells may contain 

both dividing and non-dividing bacteria at the same time, which further complicates 

interpretation of the data. The depth and time resolution of the microscope used in the 

study did not allow us to track the GFP-Gal3-positive bacteria with full certainty. For 

this reason it remains to be determined if these bacteria are responsible for the 

formation of the rBCV, or rather represent an erroneous side pathway that leads to 

bacteria clearance.  
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Brucella abortus colocalizes with the autophagy nucleation factor OPTN in a 

VirB-dependent manner 

One of the possible outcomes of phagosome escape of bacteria into the 

cytosol is the recruitment of autophagy proteins and subsequent engulfment in an 

autophagosome [11]. Our initial EM data suggests that this is one of the possible 

outcomes for cytosolic Brucella. One of the autophagy proteins that have been shown 

to colocalize with cytosolic bacteria is optineurin (OPTN), an adaptor responsible for 

autophagosome assembly [12]. For this reason, we decided to examine the 

colocalization of Brucella with the marker EGFP-OPTN (Fig. 4).  

Confocal microscopy images of HeLa cells infected with B. abortus indicated 

that at 8 h.p.i some bacteria are surrounded by GFP-OPTN-positive structures (Fig. 

4A, top). However, the frequency of those events was low, resembling GFP-Gal3 

colocalization observed earlier. In case of cells infected with the ΔvirB9 strain, we 

were unable to find similar colocalization events at indicated time point (Fig. 4A, 

bottom).  

We next decided to check if the bacteria colocalizing with GFP-OPTN are 

located within the eBCV, or have already exited the LE compartment. To determine 

this, we used antibody staining for the lysosome-associated membrane protein 1 

(LAMP-1), a marker known to associate with eBCVs (Fig. 4C) [2]. Confocal 

microscopy confirmed that most (83%; n=41) of bacteria surrounded by GFP-OPTN 

structures were negative for LAMP-1. This suggests that these bacteria represent a 

subpopulation that has already exited the eBCV and is either located in the cytosol or 

inside the rBCV. In order to confirm this observation, we employed the CLEM 

approach. Correlative FIB/SEM tomography of GFP-OPTN-positive Brucella 

indicated that the bacteria are partially surrounded by a double membrane, which 

colocalizes with GFP-OPTN signal from the confocal microscopy data (Fig. 4C-E). 

Parts of the bacteria that were not encompassed by GFP-OPTN had a single 

membrane around them. This single membrane was, however, not present underneath 

the growing autophagosome (Fig. 4D, E).  
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Figure 4. The role of OPTN in Brucella infection. (A) Representative confocal images of HeLa cells 

expressing GFP-OPTN (green) infected with B. abortus (magenta) 8 h.p.i. The B. abortus strains used 

were either wild-type (top) or ΔvirB9 mutant (bottom). Some of the wild-type bacteria are surrounded 

by GFP-OPTN (arrow head). Such events were not observed in the case of ΔvirB9 mutant. (B) 

Representative confocal images of HeLa cells expressing GFP-OPTN (green) infected with B. abortus 

(magenta) 8 h.p.i., stained for LAMP-1. One of the bacteria (top, arrow) is located within a LAMP-1-
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positive compartment, while the other (bottom, arrow) is located outside the LAMP-1 compartment 

and partially engulfed by GFP-OPTN. (C) Confocal microscopy of a HeLa cell expressing GFP-OPTN 

(green) infected with B. abortus (magenta), 8 h.p.i. One of the bacteria is partially surrounded by the 

marker, indicating autophagy (arrow head). The box indicates an area imaged using FIB/SEM. (D) 

Two slices from a FIB/SEM tomogram of the site from (C). The bottom bacterium (asterisk) is 

partially surrounded by a double membrane (arrow heads) resembling an autophagosome. There is also 

a partial single membrane around the bacterium (arrow) (E) 3D reconstruction of the autophagy event 

in (D), with superimposed GFP signal from (C). The bacterium (magenta) is partially surrounded by a 

double membrane (yellow) that colocalizes with the GFP-OPTN signal (green). There is also a 

fragment of a single-membrane vacuole left around the bacterium (orange). Scale bars: 4 µm (A); 2 

µm (B); 1.5 µm (C); 500nm (D); 300 nm (E). 

 
Movie 1. Live-cell imaging of B. abortus vacuolar escape. Live-cell microscopy of HeLa cells 

expressing GFP-Gal3 (green) infected with B. abortus-dsRed (magenta). GFP-Gal3 (arrow) transiently 

colocalizes with Brucella (arrow head). Time post-infection is indicated for each frame. 
 

  



3.3. Unpublished results 

 126 

3.3.3. Discussion and outlook 
There are several intracellular pathogens that can reside directly in the cytosol 

of host cells at least at some stages of their intracellular lifestyle [13]. In case of B. 

abortus, there has been no evidence so far of phagosomal escape. By using a 

combination of CLEM and live-cell imaging, we were able to demonstrate that 

phagosome rapture and cytosolic escape take place during B. abortus infection of 

HeLa cells. The actual role of this process in the intracellular trafficking of Brucella 

and the establishment of the rBCV remains unclear. Our data indicates that vacuole 

rapture is T4SS-dependent, suggesting that the bacteria might actively induce the 

process through one or more effector proteins. There are known examples of 

pathogens that use secreted proteins to trigger vacuole escape [10, 14-16]. 

Unfortunately, our knowledge of the exact role of the T4SS in Brucella infection is 

limited to only few examples [4, 17]. To date, there are no reports indicating a 

Brucella protein that could potentially orchestrate cytosolic escape.  

We could show that the escape of bacteria into the cytosol can be followed by 

the association of optineurin and engulfment by autophagy membrane, which is an 

outcome previously reported for Salmonella [12]. Our FIB/SEM data indicates that 

this process may occur relatively fast, since we could observe an autophagosome 

growing around a bacterium that was still partially surrounded by a single-membrane 

vacuole. This could explain why we observed LAMP1 colocalization of some of 

GFP-OPTN-positive bacteria.  

The fate of the cytosolic Brucella remains unclear. There are several possible 

outcomes that follow phagosome rapture. The fundamental question in this case is 

whether the cytosolic bacteria are the ones responsible for the formation of the rBCV, 

or rather an erroneous off-pathway event that leads to their elimination by autophagy. 

The most straightforward explanation is that phagosome escape leads to 

bacteria killing. The T4SS-dependence of the process may indicate that effector 

introduction or the secretion machinery itself induce membrane stress that in rare 

cases leads to vacuole rapture. The low frequency of galectin-3 colocalization 

suggests that these events are side effects that occur only to a small group of the 

bacteria. The association of optineurin with cytosolic bacteria has been shown to 

result in growth restriction during Salmonella infection [12]. It is probable that a 

similar process takes place during Brucella trafficking and eventually leads to 
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clearance of the pathogen. The risk of phagosome rapture and killing by autophagy 

may be one of the factors responsible for the low success rate during the trafficking 

between the nrBCV and the rBCV.  

An alternative hypothesis is that the vacuole escape eventually leads to the 

formation of the rBCV. It is well established that the rBCV is a single-membrane 

compartment associated with the ER. Formation of the rBCV by the cytosolic 

bacteria would in this case require re-entry into a membranous organelle from the 

cytosol. A similar process takes place during Francisella tularensis trafficking inside 

host cells and is autophagy-dependent [18]. There is a possibility that the association 

of Brucella with optineurin and autophagy of cytosolic bacteria observed by EM are 

manifestations of a similar pathway. Autophagosome membranes are believed to be 

mostly of ER origin [19] and it is possible that Brucella could somehow use this 

process to enter the ER. This would, however, involve mechanisms that would 

strongly divert from known events following autophagosome formation and need to 

be approached with skepticism.  

An alternative explanation could be that this process represents a “division of 

labor” between different bacteria inside the same host cell, where one sacrifices itself 

in order to introduce effector proteins that later orchestrate the formation of rBCV by 

the remaining bacteria [20].  

At this point we do not possess enough data to determine the significance of 

cytosolic bacteria for the intracellular trafficking of Brucella. Regardless of its role, 

the phagosome escape represents an interesting observation that may potentially be of 

great importance for the survival of the pathogen inside host cells. Further research 

needs to shed light on the fate of cytosolic Brucella in trafficking and the role of 

different bacteria and host factors in this process.  
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3.3.4. Materials and methods 
Reagents 

In-fusion HD cloning kit (Clontech, 639649), HeLa (human cervical carcinoma 

epithelial cell line, ATCC, CCL-2); human embryonic kidney 293T (HEK-293T) 

(from Hwain Cornelis’s lab); Dulbecco Modified Eagle Medium Glutamax (DMEM 

Glutamax) (Gibco, 61965-026); RPMI-1640 medium (Sigma, R0883); Fetal Calf 

Serum (FCS) (Gibco, 10270): heat inactivated at 56°C for 30 min.; tryptic soy broth 

(TSB) (Fluka, 22092); kanamycin sulfate (Sigma-Aldrich, 60615); ampicillin sodium 

salt (Applichem, A.8039.0025); gentamicin (Sigma, G1397); paraformaldehyde 

(Sigma, P6148); phosphate buffered saline (PBS) (Gibco, 20012); EcoRI (New 

England Biolabs, R3101); BamHI (New England Biolabs, R3130); polybrene (Sigma, 

H9268); Triton-x-100, sigma-ultra (Sigma-Aldrich, T9284); albumin from bovine 

serum (BSA) (Sigma, A9647); mouse monoclonal anti-Lamp1 [H4A3] antibody 

(Abcam, ab25630); Alexa Fluor 647 Goat Anti-mouse IgG (life technologies, 

A21236); Formaldehyde (Electron Microscopy Sciences, EMS, 15710); 

Glutaraldehyde (EMS, 16000); PIPES (Sigma, P8203); HEPES (AppliChem, 

A3724); EGTA (Fluka , 03779); MgCl2 hexahydrate (M9272); sodium cacodylate 

(SERVA, 1554002); calcium chloride anhydrous (499609); potassium ferrocyanate 

(Sigma, P3289); osmium tetroxide (EMS, 19170); thiocarbohydrazide (Sigma, 

88535); uranyl acetate (Fluka, 73943); L-Aspartic acid (Sigma, A9256); lead nitrate 

(EMS, 17900); coverslips for CLEM studies (MatTek, special order on demand). 

 

Preparation of Walton’s lead aspartate solution [21]:  

L-Aspartic acid (Sigma) was dissolved in distilled water at a concentration of 30 mM 

for 30 min. at 60°C. The solution was then mixed with lead nitrate (EMS) at a 

proportion of 0.066 g of lead nintrate per 10 ml of aspartic acid solution. The mixture 

was then incubated for 30 min. at 60°C and filtered through a 0.22 µm filter 

 

Durcupan resin preparation  

Durcupan resin was purchased as 4 different components with commercial names. 

The resin was prepared by mixing Part A (Fluka, 44611), Part B (Fluka, 44612) and 

Part D (Fluka, 44614) at a ratio of 10:10:0.3 (by weight). After extensive mixing, the 

activator DMP-30 (EMS, 13600) was added at a ratio of 16 drops per 20 g of initial 
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solution and mixed extensively. The samples were polymerized for 48 h at 60°C. 

 

Table 1: Primers used in this study 

Name Sequence 

prSL021 5’-CGACTCTAGAGGATCCCCACCATGGACAGCAAAGG  

TTCG-3’ 

prSL022 5’-GATTGTCGACGAATTCTCAAAAGAATTTTTTGGCAGCTGC  

TTCT-3’ 

pJS145 5’-GACACCGACTCTAGAGGCCACCATGGTGAGCAAGGGCG-3’ 

prJS146 5’-GATTGTCGACGAATTATATCATGGTATATGAAGCACTGG-3’ 

prJS165 5’-ACACCGACTCTAGAGGCCACCATGGTGAGCAAGGGCG-3’ 

prJS166 5’-TGATTGTCGACGAATTCTTAAATGATGCAATCCATCACG-3’ 

 

Bacteria strains and plasmids 

The plasmid pJC44 encoding the DsRed gene was a kind gift from Jean Celli [22]. 

The plasmid was conjugated into B. abortus strain 2308. 

 

Mammalian cell lines and plasmids 

Human cervical carcinoma epithelial cell line (Hela) (ATCC, CCL-2) and Human 

Embryonic Kidney cell line (HEK) (ATCC) were maintained in Dulbecco Modified 

Eagle Medium (DMEM) supplemented with 10% fetal calf serum (FCS). Plasmid 

pPRL-EGFP-ERGIC53 was a kind gift from professor Hans-Peter Hauri (Basel 

University, Basel, Switzerland). The PR-EGFP-ERGIC53 cassette was amplified 

using primers prSL021 and prSJ022. The Plasmid pEGFP-C1 containing galectin-3 

was a kind gift from Dr. Jost Enninga (Institut Pasteur, Paris, France) [9]. The EGFP-

galectin-3 cassette from was amplified by PCR using primers prJS145 and prJS146. 

Plasmid pEGFP-C1 containing optineurin was a kind gift from Dr. Ivan Dikic 

(Goethe University, Frankfurt, Germany) [23]. The EGFP-OPTN cassette from was 

amplified by PCR using primers prJS165 and prJS166. Plasmids MDK124-EGFP-

ERGIC53, MDK124-EGFP-STX6, MDK124-EGFP-Gal3 and MDK124-EGFP-

OPTN were generated by inserting the respective PCR products into plasmid 

pMDK124 (kind gift of Professor Oliver Pertz, unpublished) digested with EcoRI and 

BamHI (NEB, Ipswich, MA) using the InFusion cloning kit (Clontech, Mountain 
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View, CA). All four plasmids were then introduced into HEK cells using the Fugene 

HD transfection reagent (Promega, Madison, WI) along with helper plasmids pMDL, 

pVSV and pREV (kind gifts from Professor Oliver Pertz, unpublished) in order to 

generate lentivirus vectors. Cell supernatants were harvested 2 d.p.i., filtered through 

0.45 µm filters and used to infect HeLa cells. 24 h.p.i. the cell medium was 

supplemented with 1µg/ml puromycin (producer) to select for transduced cells.  

 

Mammalian cell culture and infection for confocal and electron microscopy 

For experiments involving confocal microscopy of fixed samples, cells were seeded 

onto 13 mm glass coverslips (Marienfeld, Lauda-Koenigshofen, Germany) in 24-well 

plates at 70,000 cells per well. For experiments involving electron microscopy, HeLa 

cells were seeded onto 32 mm gridded glass coverslips (MatTek, Ashland, MA) in a 

6-well plate at 150,000 cells per well. The seeding was done on the day preceding 

infection. B. abortus 2308 carrying the pJC44 was grown overnight in TSB medium 

containing 50 µg/ml kanamycin at 37°C to an OD of 0.8-1.0. Bacteria were then 

diluted in DMEM/10% FCS and added to HeLa cells at a final MOI of 2’000 (time 0 

of infection). Plates were centrifuged at 400 x g for 20 min at 4°C to synchronize 

bacterial entry. After 2 h of incubation at 37°C and 5% CO2, extracellular bacteria 

were killed by exchanging the infection medium by DMEM/10% FCS supplemented 

with 100 µg/ml gentamicin. After a total infection time as indicated in the figure 

legends, cells were fixed using appropriate fixation buffer (see below).  

 

Light microscopy  

Samples used in fixed time point confocal microscopy studies were fixed with PFA 

fixation buffer (3.7% paraformaldehyde in PBS) for 20 min. at room temperature. 

Samples were then washed with PBS and and mounted to 25mm glass slides 

(BioSystems, Muttenz, Switzerland) using Vectashield H1000 mounting medium 

(Vector Laboratories, Burlingame, CA) and sealed with nail polish. Correlative light 

and electron microscopy samples were fixed in PHEM fixation buffer (4% 

formaldehyde, 0.2% glutaraldehyde, 60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 

4 mM MgCl2) for 90 min. at room temperature. Following fixation, the coverslips 

were washed in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM 

MgCl2) and mounted to 38 mm glass slides (BioSystems, Muttenz, Switzerland) 

using Vectashield H1000 mounting medium (Vector Laboratories, Burlingame, CA) 
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and sealed with nail polish. Confocal images were recorded using the Leica SP8 

confocal microscope (Leica, Wetzlar, Germany) equipped with a 63x oil immersion 

objective. The images were deconvolved using Huygens software. Wide-field images 

were acquired using the Deltavision Core system (GE Healthcare, Little Chalfont, 

UK) with an Olympus IX71 stand, equipped with a CoolSNAP HQ2 camera 

(Photometrics). The images were deconvolved using the built-in algorithm.  

 

Processing of cell monolayers for electron microscopy 

Following overnight fixation, samples were washed 3 times with cacodylate buffer 

(150 mM sodium cacodylate, 2 mM MgCl2) at 4°C. The samples were then immersed 

in freshly prepared reduced osmium buffer (2% osmium tetroxide, 150 mM sodium 

cacodylate, 2 mM MgCl2, 40 mM potassium ferrocyanide) for 1 hour at 4°C. The 

samples were subsequently washed with deionized water at room temperature and 

immersed in 100 mM thiocarbohydrazide solution for 20 min. at room temperature. 

The samples were then washed with deionized water and incubated in 2% osmium 

tetroxide for 30 min. at room temperature. This was followed by overnight incubation 

in 1% uranyl acetate at 4°C. Following morning, the samples were washed in 

deionized water and incubated in freshly prepared Walton’s lead aspartate solution 

(see Materials section) for 30 min. at 60°C. The samples were then dehydrated with a 

series of ethanol solutions (20, 50, 70, 90 and 100%) and immersed in 50% solution 

of durcupan in ethanol for 1 hour. Afterwards the samples were incubated 2 times in 

freshly prepared durcupan (see Materials section) and placed at 60°C for 48 hours for 

polymerization.  

 

Focused ion beam scanning electron microscopy 

Cells of interest were located in the polymerized resin block, trimmed and attached to 

pre-tilt 45° SEM stubs (Agar Scientific, Stansted, UK) using colloidal silver paint 

(Ted Pella, Redding, CA), sputter-coated with platinum and subject to FIB/SEM 

tomography. FIB/SEM images were acquired with a Helios NanoLab 650 Dual Beam 

using the Slice and View software (FEI, Hillsboro, OR). 3072 by 2048 or 2048 by 

1780 pixel images were collected using an Elstar in-lens BSE detector at 1.5 kV with 

a horizontal field width of 15 or 10 µm at a working distance of 4.01 mm. The milling 

was performed with a FIB operating at 30 kV and 0.78 nA beam current. The 

thickness of the slices was between 10 and 20 nm.  Image stacks were aligned using 
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the TrackEM2 plugin of ImageJ [24]. The manual segmentations and 3D 

representations of electron microscopy datasets were done using the IMOD software 

package [25].  

 

Live-cell imaging 

HeLa cells carrying the indicated marker were seeded into 24-well glass-bottom 

plates (Greiner Bio-One, Kremsmuenster, Austria) at 40,000 cells per well. B. 

abortus 2308 carrying the pJC44 was grown overnight in TSB medium containing 50 

µg/ml kanamycin at 37°C to an OD of 0.8-1.0. Bacteria were then diluted in 

DMEM/10% FCS and added to HeLa cells at a final MOI of 2’000 (time 0 of 

infection). Plates were centrifuged at 400 x g for 20 min at 4°C to synchronize 

bacterial entry. After 2 hours of incubation at 37°C and 5% CO2, extracellular 

bacteria were killed by exchanging the infection medium by DMEM/10% FCS 

supplemented with 100 µg/ml gentamicin.  

The plate was placed in a custom live-cell imaging setup composed of a TiE Nikon 

inverted microscope equipped with a motorized stage, Nikon perfect focus system 

(PFS), CoolLED illumination, Nikon 40x apochromat objective and a 5 megapixel 

Neo Andor sCMOS camera. For each experiment, 40 imaging sites were selected 

manually. For each site, images were taken at 4 min. intervals for the initial 20 hours, 

which was later adjusted to 30 min. intervals. The imaging was stopped after 48 h. 

Exposure times were kept between 30-90 ms.  
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4. CONCLUDING REMARKS 
 

Bacteria from the genus Brucella are widespread facultative pathogens that 

are responsible for infections of humans and livestock, constituting a health risk and 

leading to large losses in agriculture. Brucellosis is difficult to diagnose and treat – 

antibiotic therapy is lengthy and often followed by relapses [1]. In order to tackle 

these problems it is essential to gain more insights into the processes that take place 

during Brucella infection. The pathogen’s strategy of intracellular replication is the 

key element responsible for its ability to survive inside the host. Although we have 

some understanding of the nature of Brucella-host interaction, the exact mechanisms 

underlying it remain largely unknown. An improved description of the intracellular 

lifestyle of this pathogen may lead to the development of new methods for combating 

brucellosis. Moreover, the studies of Brucella, as well as other intracellular 

pathogens, go beyond microbiology and disease control. The analysis of pathogen 

interactions with different host organelles may shed light on yet unknown basic 

cellular processes, which would improve our understanding of life in general.  

 

4.1. FIB/SEM tomography of the Brucella replicative niche 

reveals the level of integrity of the rBCV with the ER 
 

We established a 3D correlative light and electron microscopy approach to 

study the intracellular lifestyle of Brucella. The goal was to employ high-end 

fluorescence microscopy with FIB/SEM in order to gain new insight into the structure 

of the replicative niche. The rBCV has been shown to be closely tied to the 

endoplasmic reticulum (ER) of the host cell in previous EM studies [2, 3]. However, 

these studies were limited in scope to 2D images of ultrathin sections of resin-

embedded samples. The ER is, on the other hand, a complex structure spanning the 

entire volume of the cytoplasm. For this reason, we sought to visualize it using a 3D 

based approach that would at the same time provide information about different 

subcellular compartments. The recent development of block face SEM techniques [4] 

allows the imaging of thick samples at intermediate EM resolution. We were able to 
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use this advantage to reveal the true level of interaction between the rBCV and the 

ER.  

We specifically targeted the replicative niche by combining the FIB/SEM 

approach with fluorescence microscopy of GFP-tagged ER markers. Stable HeLa cell 

lines expressing the markers GFP-calnexin and GFP-Sec61β were developed to 

overcome issues with low infectivity rates of Brucella. In order to improve the 

resolution of our light microscopy, we employed structured illumination microscopy 

(SIM), which proved to be useful for imaging of the complex ER meshwork.  

Our initial experiments were performed using HeLa cells infected with B. 

abortus. Additionally, we confirmed our in vitro observations in a more relevant 

infection model. To do this, we performed FIB/SEM tomography of trophoblasts 

from murine placentas infected with B. melitensis.  

We were able to show that the level of continuity between the rBCVs and the 

ER is higher than previously anticipated. Our results suggest that most of the rBCVs 

are not isolated vacuoles, but rather extensions of the ER that are stretched in order to 

accommodate the growing bacteria. This implies that Brucella manages to orchestrate 

fusion of the BCV with the entire ER meshwork and divide inside the organelle. The 

ER provides large membrane surface and has limited capacity to detect pathogens. 

The direct colonization of the ER has many potential consequences. Our results may 

allow us to better understand different observations about Brucella infection. We 

hypothesize that following the establishment of the rBCV, the bacteria enter a 

passive, growth oriented stage. There, instead of actively inducing membrane 

recruitment to the vacuole, the dividing bacteria simply grow into the already existing 

ER structure. It might explain why, as recent reports suggested, the VirB T4SS is 

active mainly during trafficking and seems to be of lower importance once the 

replicative niche is formed [5, 6]. 

The presence of bacteria in the ER lumen may explain why the activation of 

the unfolded protein response (UPR) is beneficial for the intracellular growth of 

Brucella [7]. The importance of UPR activation may be connected to the nutrient 

requirements of the growing microcolony. The UPR leads to an increase of the free 

amino acid pool, stimulates lipid biosynthesis and has been shown to encompass anti-

apoptotic mechanisms [8]. ER stress also results in overall increase of ER surface [9], 

which would provide space for the growing bacteria. The structure of the rBCV may 

also provide some indications for the general biology of the ER. Apart from the 
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membranes directly surrounding the bacteria, the organelle preserves its structure, 

with limited lumen width. It seems that the volume of the organelle is kept at the 

minimum at the expense of greatly increasing the total surface of membranes. This 

indicates that the proteins responsible for the structural integrity manage to prevent 

the tubes and cisternae from expanding beyond the essential minimum.  

Future experiments need to be done to provide better understanding of the 

rBCV. One of the potential follow up studies could involve different ER markers that 

would localize to more specific subcompartments of the organelle. This would 

potentially determine whether growing bacteria expand throughout the entire ER, or 

are limited to specific regions of the organelle. The CLEM approach can also be used 

to focus on more specific events related to late stages of Brucella replication. There 

are reports of re-emergence of late endosome markers, such as LAMP1, on the 

surface of rBCVs, a feature that has been linked to Brucella egress [10]. Additionally, 

it was reported that the process depends on early autophagy components. CLEM 

would allow specific targeting of those events, which in turn could indicate whether 

host cell egress is indeed related to autophagy factors.  

 

4.2. Retromer components play a role in the establishment 

of the Brucella abortus replicative niche 
 

During intracellular trafficking, Brucella follows a unique pathway that leads 

to the transition of the LE-like eBCV into an ER-like rBCV. The molecular 

mechanisms behind this remain largely unknown, with our knowledge limited mostly 

to T4SS-dependent interactions of the BCVs with ERES [6, 11]. At the same time, 

the establishment of the rBCV is the decisive factor for survival and spreading of 

Brucella inside the host and a better understanding of the process could provide us 

with means of fighting this pathogen. The siRNA screen presented in this study lead 

to the identification of 507 host factors that potentially play a role in Brucella 

infection. Additional analysis of the effects of this initial pool on bacteria entry into 

the host cell allowed the targeting of factors that play a role specifically in 

intermediate trafficking events.  
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Many of the host factors indicated by the screen have been previously 

identified as important for the life cycle of Brucella inside host cells. These include 

Rab7A [12], Rac1 and Cdc42 [13], or the COPB subunit of the COPI complex [14]. 

This provides additional validation of the screening approach and indicates that the 

results are a valuable resource for studying host proteins important in Brucella 

trafficking.  

Some of the more interesting hits in the siRNA screen included components 

of the retromer machinery Vps35, Vps26a and Vps29 [15]. By validating the 

observations from the siRNA screen, we were able to show that Vps35 plays a role in 

successful transition from eBCV into rBCV. The importance of endosome-to-Golgi 

trafficking was additionally confirmed by showing that the chemical inhibitor Retro-2 

[16] has a similar effect on BCV maturation.   

We established an approach based on immunofluorescence and confocal 

microscopy that allowed us to quantify the percentage of LAMP1-positive bacteria 

inside each infected cell. We then employed it to specifically indicate that the 

knockdown of the protein leads to the retention of Brucella in the degradative 

pathway.  

Several variants of the retromer complex have been identified, each involving 

different factors and responsible for transport of different cargos [17]. In the future, it 

will be important to determine the particular components that play a role in the 

establishment of the rBCV and the detailed mechanism behind this process. Future 

studies of colocalization of Brucella with different retromer components may provide 

some answers. Additionally, bacterial factors responsible for the interaction need to 

be identified. In this case it could be beneficial to look into the interactions of 

retromer components with Brucella proteins, including T4SS effectors. The scope of 

the future studies should, however, go beyond known effector proteins. Our 

understanding of Brucella-host interactions is still limited to few examples, and it is 

highly probable that some yet unknown factors play a role. In this case one solution 

could be to perform a yeast two-hybrid screen using the Brucella ORFeome, which 

would account for the whole proteome of the pathogen.  

 The identification of the retromer complex as a player in the intracellular 

trafficking of Brucella is a new contribution to the understanding of this pathogen. 

The study becomes even more significant when considering our limited 

understanding of the intracellular lifestyle of Brucella in general. Additionally, it 
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proves the value of genome-wide approaches in identifying previously unknown 

processes.  

 

4.3. Brucella abortus escapes from the phagosome during 

intermediate trafficking stages in a VirB-dependent manner 
 

We were able to successfully employ CLEM to target rare trafficking events 

at intermediate stages of B. abortus infection. Our EM data revealed that Brucella can 

reside directly in the cytosol. This initial observation prompted us to explore the 

possibility of phagosome escape during Brucella trafficking. We used live-cell 

imaging to indicate that at least a subpopulation of the bacteria may indeed escape 

into the cytosol. Additionally, we were able to show that this process depends on the 

presence of a functional T4SS. This suggests that the phagosome rapture is somehow 

connected to the introduction of effector proteins. Our data from live-cell imaging 

indicate that Brucella microcolonies successfully form following the escape. 

Unfortunately, due to technical limitations, we were unable to determine whether the 

cytosolic bacteria are the ones responsible to rBCV formation. Finally, we were able 

to show that the presence of Brucella directly in the cytosol triggers the recruitment 

of autophagy membranes, which may indicate a process of bacteria clearance 

previously reported for other pathogens [18].  

At this point we do not have enough information to determine the role of 

phagosome rapture in Brucella trafficking. There are several possible explanations. 

The T4SS-dependence suggests that the process might be either a bona fide 

trafficking step on the way to the rBCV, or a side effect of effector injection that 

leads to off-pathway killing of the bacteria. A third explanation, which is a 

combination of both those alternatives, would state that there is a division of labor 

between bacteria inside the same cell, where one sacrifices itself in order to introduce 

effector proteins that later help the others to establish a replicative niche. In either 

case, the phenomenon of cytosolic escape is a new observation that could teach us 

many things about intracellular trafficking of pathogens and T4SS dynamics. 

The importance of cytosolic Brucella needs to be further studied using 

different microscopy techniques. Improvement of live-cell imaging methodology for 

Brucella trafficking should allow us to determine the faith of the cytosolic bacteria in 
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regard to rBCV formation. These experiments would use already established markers 

such as GFP-Gal3, but should also explore interactions of Brucella with other cellular 

components. In this case the colocalization of markers such as optineurin, ATG9 and 

WIPI-1 with the bacteria should be studied using 3D CLEM. The ability of the 3D 

FIB/SEM approach to visualize membranous organelles has proven to be useful in 

providing the initial indications about phagosome escape of Brucella. It can certainly 

be used further in combination with fluorescence microscopy in order to fully resolve 

the interactions of cytosolic bacteria with specific organelles. 
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