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ABSTRACT 

Intracellular bacteria have developed various mechanisms to enter and 

persist in host cells and, at the same time, to evade the host immune 

response. One such pathogen is Francisella tularensis, the etiological agent 

of tularemia. After phagocytosis, this Gram-negative bacterium quickly 

escapes from the phagocytic compartment and replicates in the host cell 

cytosol. For this mode of infection, several components of the Francisella 

pathogenicity island (FPI) are critical. Interestingly, some FPI proteins share 

homology to components of Type VI Secretion Systems (T6SSs), but their 

assembly and functionality remains to be shown in Francisella.  

The thesis focused on the characterization of several of these FPI 

components; more specifically, how they contribute to the infection cycle as 

well as their possible role in the putative T6SS. We identified three unique 

mutants, ∆iglG, ∆iglI and ∆pdpE, which to various degrees were able to 

escape the phagosomal compartment, replicate in the host cytosol and cause 

host cell cytotoxicity. In contrast, ∆iglE as well as mutants within the 

conserved core components of T6SSs, VgrG and DotU, were defective for all 

of these processes. In the case of IglE, which is a lipoprotein localized to the 

outer membrane of the bacterial cell wall, residues within its N-terminus 

were identified to be important for IglE function. Consistent with a 

suggested role as a trimeric membrane puncturing device, VgrG was found to 

form multimers. DotU stabilized the inner membrane protein IcmF, in 

agreement with its function as a core T6SS component.  

The functionality of the secretion system was shown by the translocation of 

several FPI proteins into the cytosol of infected macrophages, among them 

IglE, IglC and VgrG, of which IglE was the most prominently secreted 

protein. At the same time, the secretion was dependent on the core 

components VgrG, DotU but also on IglG.  

Although we and others have shown the importance of FPI proteins for the 

escape of F. tularensis, it has been difficult to assess their role in the 
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subsequent replication, since mutants that fail to escape never reach the 

growth-permissive cytosol. For this reason, selected FPI mutants were 

microinjected into the cytosol of different cell types and their growth 

compared to their replication upon normal uptake. Our data suggest that not 

only the metabolic adaptation to the cytosolic compartment is important for 

the replication of intracytosolic bacteria, but also the mechanism of their 

uptake as well as the permissiveness of the cytosolic compartment per se. 
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SAMMANFATTNING PÅ SVENSKA 

Intracellulära bakterier har utvecklat flera mekanismer som tillåter dem att 

tas upp och tillväxa i värdceller, samtidigt som de undviker värdens 

immunförsvar. Francisella tularensis, vilken orsakar sjukdomen tularemi, är 

ett exempel på detta. Efter upptag av makrofager, tar sig denna Gram-

negativa bakterie snabbt ut ur membranvesikeln som omsluter den, för att 

på så sätt tillväxa i värdcellens cytosol. Av stor vikt för denna del av 

infektionen är proteiner som kodas av ett gen-kluster, vilket benämns 

Francisella pathogenicitetsön (FPI). En del FPI komponenter uppvisar 

likheter med proteiner som utgör delar av så kallade Typ VI 

sekretionssystem (T6SS), men närvaron av och funktionaliteten hos ett 

sådant system har ännu inte visats i Francisella.  

Fokuset i denna avhandling har varit att karakterisera några utvalda FPI 

komponenter, för att kunna förstå hur de bidrar till infektionscykeln samt 

vilken roll de har i ett potentiellt T6SS. Vi identifierade tre unika mutanter, 

∆iglG, ∆iglI och ∆pdpE, som till olika grad kunde ta sig ur makrofagens 

vesiklar, tillväxa i värdcellens cytosol och orsaka cell toxicitet. I motsats till 

dessa, så var ∆iglE mutanten likt mutanterna som saknade endera av de 

konserverade komponenterna VgrG eller DotU, helt defekta i dessa steg av 

infektionscykeln. I fallet IglE, vilket är ett lipoprotein som sitter i 

yttermembranet i bakteriens cellvägg, identifierade vi flera aminosyror i N-

terminalen vilka var kritiska för proteinets funktion. VgrG bildade 

multimerer i likhet med dess föreslagna roll som en trimer, vilken assisterar 

vid punkteringen av värdcellens membran. DotU stabiliserade inner 

membran proteinet IcmF, i överensstämmelse med dess föreslagna roll som 

en konserverad T6SS komponent. Francisellas sekretionssystem var aktivt 

under intracellulär infektion, då flera FPI proteiner, inklusive IglE, IglC och 

VgrG, visade sig utsöndras. IglE var det substrat som utsöndrades mest, och 

detta krävde närvaron av dels konserverade T6SS komponenter såsom VgrG 

och DotU, men även IglG.  
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Fastän vi, likt många andra forskningsgrupper, har demonstrerat att flertalet 

av FPI proteinerna behövs för att Francisella bakterien ska kunna ta sig ur 

makrofagens vesiklar, har det varit svårt att avgöra ifall proteinerna även 

krävs för intracellulär tillväxt, då mutanter som inte kan ta sig ur vesikeln 

aldrig når cytosolen där tillväxt kan ske. För att komma runt detta problem 

mikroinjicerade vi därför FPI mutanter direkt in i cytosolen hos olika 

värdceller, och deras tillväxt uppskattades och jämfördes efter 

mikroinjektion och efter normalt upptag. Resultaten visar att tillväxten hos 

intracellulära bakterier beror på deras metaboliska adaption till värdcellens 

cytosol, men också på hur bakterien tas upp samt hur tillåtande cytosolen är 

för tillväxt.  
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1. INTRODUCTION 

1.1. FRANCISELLA TULARENSIS – AN OVERVIEW 

Francisella tularensis is a Gram-negative coccobacillus that is highly 

infectious and may cause life threatening disease 1. First described in 1911, 

Bacterium tularense received its name after the county Tulare in California, 

where it was endemic in rodents; but later the pathogen was taxonomically 

classified as an own genus of γ-proteobacteria and named Francisella to 

honor Edward Francis, a pioneer in Francisella research 2. Four subspecies 

are recognized identified in the species Francisella tularensis: tularensis, 

holarctica, mediasiatica and novicida [http://www.bacterio.net/ 

francisella.html] 1. Of clinical importance are the subspecies tularensis and 

holarctica. F. tularensis ssp. novicida (hereafter referred to as F. novicida), 

is rarely associated with human disease and the few documented cases 

occurred mostly in immunocompromised patients [reviewed in 3]. 

F. tularensis ssp. tularensis (Type A), the most virulent subspecies, is only 

present in North America. The bacterium is transmitted by ticks or is 

inhaled, can cause severe, and if untreated, fatal infections in humans 2,4. 

The ssp. holarctica (Type B) is found all over the Northern Hemisphere and 

the bacterium has been isolated from water sources and mosquitoes in 

endemic areas in Sweden 4-6. Interestingly, outbreaks of tularemia correlate 

with the seasonal prevalence of mosquitoes which indicates that they play an 

important role in vector-to-human transmission of F. tularensis ssp. 

holarctica 7, although it rarely leads to severe disease. Small rodents and 

lagomorphs, in contrast, are severely affected by an infection with F. 

tularensis ssp. holarctica and it usually results in lethal outcome in these 

animals 8. For this reason, their role as reservoir for the pathogen is 

questionable. One important strain of the subspecies holarctica is LVS, the 

live vaccine strain, which was isolated in the former Soviet Union and 

empirically attenuated by plate passaging. However, the cause for this 

attenuation is still not fully understood and therefore LVS has not been 

licensed for general use, although used as a vaccine for risk groups like 
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laboratory personnel in, e.g. Sweden. Although safe to use for immuno-

competent humans, LVS is highly virulent in mice, thus representing an 

important model strain that can be used at biosafety level 2 (BSL2) 2. 

Tularemia in humans is rare, but increased awareness and improved 

diagnostic tools have made it possible to identify Francisella as the causative 

agent in several outbreaks all over the Northern Hemisphere in recent years 

1,9. The clinical manifestation depends on the infecting subspecies and the 

route of entry and generally involves flu-like symptoms such as fever, chills 

and locally enlarged lymph nodes. Infections can lead to life-threatening 

respiratory tularemia if the bacterium is inhaled, to lesions of skin and 

mucosal surfaces (ulceroglandular tularemia) if vector-borne, infection of 

the eye (oculoglandular tularemia) by direct inoculation, or oropharyngeal or 

gastrointestinal tularemia if the infected material is ingested 1,10. The 

ulceroglandular form of the disease develops usually directly at the site of 

infection, i.e. the site of an arthropod bite or where direct contact with the 

infected animal occurred. If untreated, an infection with F. tularensis ssp. 

tularensis can be fatal in up to 30 % of the cases 2,10. Thus, after the events of 

September 2001, F. tularensis was recognized as category A agent by the 

Center for Disease Control and Prevention (CDC) due to its infectivity, the 

high mortality and morbidity. Subsequently, the funding and research efforts 

in the US were increased in order to understand the molecular mechanisms 

behind the infection of this pathogen and ultimately to develop a vaccine that 

would protect the affected population in incidents, similar to those with 

anthrax 1,10. 

1.2. THE INTRACELLULAR LIFESTYLE OF FRANCISELLA TULARENSIS 

Paradoxically, many pathogens replicate in macrophages, one of the cell 

types that is specialized in eliminating invading microbes. Some of them 

replicate in pathogen-containing vacuoles, others escape from the 

phagosomal compartment after the uptake by host cells, but all intracellular 

microbes aim to use the host cell as a replicative niche and to seek protection 

from the host cell immune response 11. In many cases, these bacteria are 
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adapted to the environment of the cytosolic compartment that offers 

sufficient nutrients for efficient replication 12,13 and the expression of toxins 

or secretion systems mediate the escape after initial phagocytosis for 

pathogens like Listeria monocytogenes, Burkholderia pseudomallei and F. 

tularensis 11. 

The life cycle of intracytosolic bacteria can be divided into different steps: (i) 

prevention of phagosome-lysosome fusion or rapid escape from the 

phagosome before its fusion with the lysosome, (ii) replication in the cytosol 

or pathogen-containing vacuoles, (iii) manipulation of host cell response 14.  

PHAGOSOMAL ESCAPE AND INTRACELLULAR REPLICATION OF 

FRANCISELLA 

In vivo, Francisella uses primarily macrophages as the replicative niche. The 

initial uptake occurs by engulfment during which the cell encloses the 

pathogen within spacious pseudoloops, also called looping phagocytosis, a 

process that depends on complement receptors and actin microfilaments 

15,16. But also additional factors have been found to be involved in the 

Francisella uptake, e.g. the Fcγ receptor, scavenger receptor class A or 

nucleolin, and the uptake mediated by those factors was shown to be 

enhanced by serum opsonization 17. The involvement of lipid rafts in 

Francisella uptake has been discussed as well, because the newly formed 

Francisella-containing phagosome (FCP) is accessorized with cholesterol 

and caveolin-1, components known to constitute lipid rafts 17. Moreover, 

Parsa and colleagues suggested that the tyrosine kinase Syk and the ERK 

pathway play key roles in the phagocytosis of F. novicida 18.  

Once phagocytosed, the particle containing-phagosome undergoes 

maturation by sequentially interacting with early and late endosomes and 

finally the lysosome, resulting in a phagolysosome. This final fusion helps to 

deliver toxic molecules to the phagolysosome and, thereby eliminating the 

particle. To evade this initial host mechanism, the pathogen has the choice to 

either evade the compartment prior to fusion with the lysosome or to 

modulate the compartment accordingly 19. However, F. tularensis escapes 
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the phagosome to replicate in the host cell cytosol (Fig. 1). In the first hour 

after uptake, the FCP fuses with early and late endosomes, transiently 

acquiring their markers, e.g. EEA1, LAMP-1 and 2, CD63, Rab7 and GTPase. 

Santic and colleagues showed that also the acidification of the phagosomal 

compartment is crucial for the escape and is facilitated by the temporary 

acquisition of a proton vATPase pump 20. As indicated by the lack of the 

lysosomal marker cathepsin D, the phagosome does not fuse with the 

lysosome prior to the degradation of the phagosomal membrane 21-24. 

Through the phagosomal escape, F. tularensis enters the cytosol [17,21; Fig. 1]. 

However, the exact mechanism and signaling cascades that lead to the 

escape from the phagosomal compartment, are still unknown but T6S-like 

translocation of effector proteins that disturb the phagosome integrity may 

be involved [23,25; Paper IV].  

The extensive intracellular replication is a hallmark of Francisella infection, 

but since Francisella mutants that fail to escape the phagosome, 

subsequently, never reach the growth-permissive cytosol, it has been 

impossible to address the importance of the encoded gene products for 

intracellular replication alone. In studies using site directed mutagenesis, it 

was implicated that transcriptional regulators, stress response proteins, 

metabolic pathways or proteins encoded in a pathogenicity island 

(Francisella pathogenicity island; FPI) are important for escape and 

subsequently intracellular growth [reviewed in 17,23]. A solution to investigate 

the role of individual FPI proteins for intracellular replication and to 

circumvent the requirement for phagosomal escape, is to directly inject FPI 

mutant strains in the cytosol of host cells. This experimental setup showed 

that e.g. several of the FPI proteins are not essential for the replication, but 

exclusively for the phagosomal escape step (Meyer et al., Paper V). While the 

roles of bacterial factors important for the intracytosolic stage of infection 

remain to be investigated, a few contributing host factors have been 

identified (e.g. interferon γ, Ras GTPase) 17.  
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FIG. 1. LIFE CYCLE OF FRANCISELLA TULARENSIS LVS. Bacteria are phagocytosed and 

reside shortly in the Francisella-containing phagosome (FCP). The compartment 

interacts with early and late endosomes, but not the lysosome. Escape from the 

phagosome is followed by replication in the host cell cytosol, resulting in cell death, 

and finally, bacterial release or re-entry in FCVs in murine macrophages. FPI 

mutants, e.g. ∆iglC, cannot escape the phagosome and will be eliminated in the FCP. 

Adapted from Chong and Celli 17. 

 

METABOLIC ADAPTATION 

An interesting aspect is the adaptation of the pathogen to optimally utilize 

nutrients in the host cell. Checroun and colleagues described the events at 

the post-replicational phase during which some bacteria reenter the 

endocytic pathway mediated via a process called autophagy. This results in 

the presence of vesicle-enclosed bacteria or Francisella-containing vacuoles 

(FCVs) that are matured autolysosomes (Fig. 1). However, the location of 

Francisella in this lysosomal environment does not affect bacterial integrity 

or replication, but may enable the bacteria instead, to encounter cell 

trafficking 26.  
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Limiting the amount of nutrients in the intracellular environment is a 

strategy of the host to control and inhibit bacterial growth, in other words, 

the host acquires “nutritional immunity” 27. Intracellular pathogens have, 

however, developed strategies to scavenge appropriate energy sources by 

degrading complex structures in which nutrients are stored. Selective gene 

loss within gene clusters involved in metabolic pathways occurs more 

frequently in the more virulent Francisella subspecies like ssp. holarctica 

and ssp. tularensis in comparison to ssp. novicida, indicating that the 

virulent strains are more adapted to metabolite acquisition from the host 

[reviewed in 3]. During starvation, the eukaryotic cell undergoes autophagy, 

degrading nonessential proteins and making amino acids available for 

recycling, but also during infection degrading bacteria, then called 

xenophagy 28,29. Interestingly, Steele and coworkers showed that autophagy 

was beneficial and even required for efficient F. tularensis replication as this 

process provided carbon and energy-sources for intracellular growth 13. 

Thus, the adaptation of intracellular bacteria has resulted in strategies that 

counteract or, alternatively take advantage of autophagy for their own 

benefits. As such, autophagy mediates an alternative way to infect 

neighboring cells, allowing the pathogen to access macrophage trafficking 

and cellular nutrient sources 13,26. 

In genome-wide screens, many Francisella mutants defective for 

phagosomal escape have been identified 30. Further analysis revealed the 

importance of the corresponding gene products in distinct functional 

categories: metabolic pathways, envelope composition, chaperones, the FPI, 

as well as proteins with unknown function. However, the identification of 

putative ion and amino acid transporters clearly demonstrates how critical 

nutrient acquisition systems are for the intracellular adaptation of F. 

tularensis 30,31. By characterizing specific mutants in detail, glutathione was 

identified as an essential source of cysteine 32, and furthermore uracil 33, 

asparagine 31 and isoleucine 34 were found to be essential metabolites 

required for escape and/or intra-macrophage survival. Importantly, the loss 

of genes of the branched-chain amino acid synthesis pathway in virulent 
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Francisella subspecies, shows that those strains rely on transporter systems 

for acquisition of essential amino acids as a form of optimal adaptation to 

the host cell 34.  

In a study from 2001, Goetz et al. manipulated cells by injecting bacteria 

directly into the cell cytosol to see if any extracellular species could utilize 

nutrients from the host cell cytosol. Interestingly, they found that facultative 

intracellular bacteria were metabolically adapted to replication in the cytosol 

of host cells, whereas extracellular species were unable to replicate in the 

cytosol of the same cell types. These findings indicate that extracellular 

bacteria could not utilize existing nutrients for de novo synthesis and 

replication, however, when injected cells died, those species were able to 

replicate 12. Interestingly, the putative hormone-sensitivity lipase (HSL), 

FTN_0818 from F. novicida, is thought to link metabolism and escape from 

the FCP. The auxotrophic FTN_0818 mutant was unable to replicate in 

macrophages and also presented a defect in phagosomal escape, both of 

which were rescued when exogenous biotin was added upon infection. 

Importantly, when bypassing the phagosome by microinjecting the mutant 

directly into the cell cytosol, replication had to be rescued by medium 

supplementation with biotin. This indicates that biotin is critical to promote 

escape and cytosolic replication of F. novicida and perhaps also other 

pathogens 35. 

INNATE IMMUNE RECOGNITION OF FRANCISELLA 

In order to escape and replicate sufficiently, intracellular bacteria have to 

evade the immune response of the host cells, however, this key strategy 

results in the recognition of the bacterium by the inflammasome, which 

serves as a surveillance system in the cell cytosol. Interestingly, these pattern 

recognition receptors (PRRs) do not distinguish between pathogens and 

symbiotic bacteria as they recognize microbe specific patterns 36. Already in 

the phagosome, the compartment where bacteria are located directly upon 

uptake, these patterns can be recognized by host cell receptors, e.g. Toll-like 

(TLRs) and NOD-like (NLRs) receptors 37. As a final step, the host tries to 
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eradicate an infection by deploying a key regulator of inflammation that 

processes the cytokines pro-IL-1β and IL-18 to their active forms, which in 

turn leads to activation of inflammation and cell death and, ultimately, to the 

removal of the niche used by the intracellular pathogen for replication 38. 

There are distinct ways of cell death, each with different consequences for 

the host. In general, programmed cell death is genetically regulated and the 

dying cell actively takes part in its destiny. Apoptosis is characterized by 

morphological changes like membrane blebbing, nuclear condensation and 

fragmentation as well as the formation of apoptotic bodies which contain 

cytoplasmic components. These vesicles are rapidly phagocytosed by 

neighboring cells and importantly, as contents are not exposed to the 

extracellular milieu, their presence will not elicit an inflammatory response 

39. In contrast, there are two proinflammatory death pathways, necrosis and 

pyroptosis. Necrosis was until recently considered to be an accidental form 

of cell death in response to physiochemical triggers, however, evidence 

indicates that this event is also genetically controlled 40. During necrosis, the 

cell is gaining volume, chromatin and DNA are hydrolyzed and finally the 

plasma membrane integrity is destroyed which leads to leaking of 

intracellular contents into the extracellular space inducing a 

proinflammatory response with severe tissue damage 39.  

Often described in connection with intracellular bacterial infection is the 

pyroptotic cell death that shares features of both, necrosis and apoptosis, but 

also has been suggested to be a different form of regulated necrosis 40. For 

this mode of cell death, the cystinyl aspartate specific protease 1 (caspase-1) 

is activated and recruited by an AIM2 inflammasome complex. This 

proximity induced autoactivation leads to proteolytic maturation and 

secretion of the cytokines IL-1β and IL-18 [41; Fig. 2]. In the end, this mode 

of cell death mediates the elimination of the niche that intracellular bacteria, 

including Francisella, but also viruses use for replication 42. As previously 

mentioned, autophagy occurs not only during starvation but also upon 

bacterial infection, then called xenophagy 28,29. Interestingly, several studies 

have indicated that cellular key survival factors are recruited in 
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autophagosomes and the association of catalase was found to elevate reactive 

oxygen species leading to cell death 43.  

TLRs, that sense e.g. lipopolysaccharides (LPS) and lipoteichoic acid, 

indirectly trigger an antimicrobial response by activating macrophages to 

release pro-inflammatory cytokines like TNF-α, IL-1β and IL-6, inducing 

physiological actions like cell recruitment and vasodilation 36. Unlike other 

Gram-negative bacteria, the LPS of F. tularensis displays a unique tetra-

acylated form that cannot be recognized by TLR4 38. Instead, the 

peptidoglycan recognizing TLR2 plays an important role in the pro-

inflammatory response to F. tularensis, indicated by the colocalization of 

TLR2 and the pathogen during macrophage infection 44 (Fig. 2). NLRs 

mediate the recognition of nucleic acids, but importantly, for F. novicida the 

inflammasome activation does not require NLRP1b, NLRC4 or NLRC3 but 

the adaptor protein ASC 38. Recently, several groups have shown that the 

interferon-inducible inflammasome receptor AIM2 is important for the 

proteolytic activation of caspase-1 and the following maturation of IL-1β 42. 

After uptake into the phagosome and the subsequent entry into the cytosol, a 

subset of F. tularensis bacteria will lyse (Fig. 2). The nucleic acid released is 

recognized by AIM2 which then recruits ASC and pro-caspase-1 to form the 

inflammasome complex. Cleavage of the caspase into its active form then 

promotes the processing of pro-IL-1β and pro-IL-18 into their mature forms 

which are then released to induce cell death 38 (Fig. 2).  

However, studies that investigated the role of F. tularensis in AIM2 

activation utilized mainly ssp. novicida, but the importance of virulence 

factors for inflammasome suppression has also been shown in LVS (e.g. 

FTL_0325) 45. Interestingly, MviN and RipA were previously thought to 

suppress the AIM2 inflammasome activation 46,47, however, the study by 

Peng and colleagues found that the lysis of the corresponding mutants in 

macrophages was enhanced and therefore the AIM2 inflammasome 

activation increased 48. 
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1.3. THE FRANCISELLA PATHOGENICITY ISLAND (FPI) 

In various studies it has been shown that most of the 17 components encoded 

in a 33 kb large cluster, the Francisella pathogenicity island (FPI), are 

essential for intracellular replication of F. tularensis ssp. holarctica, ssp. 

tularensis and ssp. novicida 22,49-66. This particular region that is flanked by 

transposable elements was first described in 2004 and its low G+C content 

indicates that it has been acquired through horizontal gene transfer 54,67. The 

FPI is present in all subspecies of Francisella tularensis (Fig. 3), but is 

duplicated in ssp. tularensis and holarctica and it was speculated that the 

doubled gene dosage could explain the clinical importance of those two 

subspecies 23,54. Importantly, the subspecies novicida contains an additional 

rudimentary region that shares homology with some of the components of 

the FPI, but so far no study has addressed its functionality [reviewed in 23]. 

The reasons why F. tularensis ssp. tularensis is much more virulent than 

ssp. holarctica are still unknown, but there are indications that the lack of 

expression of anmK and pdpD in F. tularensis ssp. holarctica is involved in 

decreased virulence 54,55,68. Recently, it became more apparent that this 

 

FIG. 2. SCHEMATIC OVERVIEW OF THE INNATE IMMUNE RECOGNITION OF FRANCISELLA. 

(1) Francisella enters the cell by phagocytosis and rapidly escapes from the FCP. 

Simultaneously, TLR2 induces transcription of proinflammatory cytokines, including 

pro-IL-1β, in a MyD88-dependent cascade. (2) Francisella resides and replicates in 

the cytosol and is recognized by an unknown receptor that triggers STING/IRF-3-

dependent production of type I interferons (IFN) via an unknown ligand. (3) Type I 

IFN signaling through IFNAR leads to STAT1/2-dependent expression of interferon-

inducible genes, among them AIM2 . (4) During escape and/or cytosolic localization 

a subset of bacteria lyses and the cytosolic DNA is recognized by AIM2. AIM2-DNA 

complexes then recruit ASC (ASC focus) and pro-caspase-1 to form an inflammasome 

complex that activates caspase-1. (5) The protease caspase-1 in turn, processes pro-

IL-1 β and pro-IL-18 into mature cytokines, which then are secreted and induce death 

of the host cell. Adapted from Jones et al. 38.  
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island indeed encodes many virulence factors, some of which share limited 

homology with components of type VI secretion systems (T6SSs) 23 (Fig. 3). 

In numerous studies, it has been shown that most of the FPI proteins are 

essential for phagosomal escape after the modulation of phagosomal 

maturation and it was assumed that those proteins also fulfill key functions 

during cytosolic replication 22,24,69,70. Strikingly, F. tularensis lacks any form 

of pore-forming toxins, phospholipases or hydrolytic enzymes that 

commonly mediate the degradation of the phagosomal membrane 14. 

However, several of the genes, including those located within the FPI, are 

unique to Francisella and therefore it has been difficult to deflect their exact 

function. In 1997, Golovliov et al. investigated the growth of LVS in J774 

macrophages and Chamberlain’s defined medium and compared protein 

profiles. They found several proteins being upregulated in the host cell 

environment. Among those, a 23-kD protein that later was designated IglC 

(Intracellular growth locus C) and found to be essential for phagosomal 

escape 21,71. To date, a majority of the FPI mutants in the different subspecies 

of Francisella have been shown to be deficient for phagosomal escape, 

intracellular growth, modulation of the inflammatory response in 

macrophages and virulence (∆iglABCDE, ∆pdpABD, ∆dotU, ∆vgrG) [22,23,50-

52,55,56,59,63,66,72-75; Paper I-III]. However, some FPI mutants, e.g. ∆iglG, ∆iglI, 

∆pdpC and ∆pdpE, have recently been shown to exhibit novel phenotypes 

with respect to these processes 49,52 [Paper I]. 

Transcriptional profiling in murine bone marrow derived macrophages has 

identified several FPI genes (pdpA, pdpB, pdpD, dotU, iglABCDI) with 

upregulated expression during late stages of intracytosolic replication (12-16 

h) 76. The regulation of FPI gene expression is not well characterized, 

however, it is known that several global regulators are involved: MglA, SspA, 

FevR, MigR, Hfq and PmrA 74,77-82. The macrophage growth locus A (MglA) 

and stringent starvation protein A (SspA) form heterodimers which then 

bind the RNA polymerase (RNAP) to induce gene transcription whereby 

FevR (Francisella effector of virulence regulation), after activation by the  
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FIG. 3. SCHEMATIC OVERVIEW OF THE FRANCISELLA PATHOGENICITY ISLAND (FPI) IN 

DIFFERENT SUBSPECIES OF F. TULARENSIS. Genes marked in white represent genes that 

share homology to core components of Type VI secretion systems. Notably, LVS lacks 

anmK genes and only harbors a truncated pdpD gene. Figure adapted from Bröms et 

al. 23. 

alarmone ppGpp, can interact with the MglA/SspA dimer 83. Upon 

phosphorylation and the binding of the RNAP, PmrA also enrolls the 

MglA/SspA/FevR complex which activates transcription of FPI genes 

[reviewed in 23]. Importantly, the organization and number of operons 

within the FPI has not been determined experimentally, but at least two 

distinct operons are predicted, based on the differential negative regulation 

of a certain subset of FPI genes exerted by Hfq 23,78. 

1.4 TYPE VI SECRETION SYSTEM (T6SS) 

Secretion systems are multiprotein machineries that translocate bacterial 

effectors over the bacterial membrane and deliver them into the extracellular 

space or adjacent eukaryotic or prokaryotic cells. One of the more recently 

recognized examples is the Type VI secretion system (T6SS), a widespread 

cluster that shares two subunit homologues with the Type IV secretion 

system (T4SS) of Legionella pneumophila, i.e. IcmF and DotU 84. 

Functionally, the type VI secretion (T6S) machinery was first defined in 

Vibrio cholerae by Pukatzki and colleagues in 2006 85 and thereafter, 

clusters similar to the one of V. cholerae have been identified in about 100 

bacterial species by in silico approaches 86. Present in many unrelated 

species, T6SSs are, to date, the most common secretion systems known. 

Initially, T6SSs were described as a virulence mechanism specifically 

targeting eukaryotic cells, e.g. phagocytic cells like macrophages or amoeba, 
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and characterized in a number of bacterial species including Pseudomonas 

aeruginosa, Salmonella typhimurium, Edwardsiella tarda, Aeromonas 

hydrophilia and enteroaggregative E. coli (EAEC) 87. Interestingly, T6SS 

clusters are also found in symbionts that are non-pathogenic to the 

mammalian host, which indicates a potential role in environmental 

adaptation and acquisition of nutrients. However, T6SSs have been found to 

play an important role in inter- or intra-species specific competition between 

prokaryotic cells 88, and in fact, prokaryotes have been suggested to be the 

main targets of T6SSs 89-93. For example, Fu and coworkers found that the 

antibacterial activity of V. cholerae was critical for efficient gut colonization, 

which indicates an indirect effect of T6SSs in pathogenesis and host 

colonization, maybe by outcompeting e.g. the intestinal flora 94,95. 

Intriguingly, some bacterial species contain multiple T6S clusters, which 

may be used to target different hosts, e.g. prokaryotes and eukaryotes. This 

is for example the case for Burkholderia thailandensis, which possesses five 

evolutionary distinct T6SS clusters, of which T6SS-5 strictly targets 

eukaryotes and is important for murine pneumonic melioidosis, whereas the 

constitutively active T6SS-1 mediates inter-species bacterial competition 91,96. 

The remaining T6SSs are so far uncharacterized, but bioinformatic analyses 

suggest that they are more closely related to the T6SS-1 91. Thus, it appears 

that B. thailandensis uses its T6SSs for inter-bacterial interactions and over 

time has acquired a new T6SS gene cluster, which allows the bacterium to 

compete with eukaryotes as well. Notably, the clinically important 

subspecies of Francisella harbor two copies of the FPI 23, however, as the 

islands are identical and also regulated in the same way, it is unlikely that 

they are used to target different host cells 23. In addition, this conclusion is 

further supported by the finding that the absence of one FPI copy does not 

markedly affect its virulence. 

CORE COMPONENTS, STRUCTURE AND EFFECTORS 

All described T6SSs share several core components that represent a minimal 

set of proteins essential for the assembly of the secretion machinery and the 
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translocation of effector proteins. However, due to genetical diversity and as 

only experimental data for a limited number of species exist, the 

identification of T6SS core proteins is challenging. Still, a minimal set of 13 

core components is required to assemble a functional T6SS in several species 

97-100. These 13 core components include homologues of V. cholerae IcmF, 

DotU, ClpV, VipA, VipB, VgrG and Hcp 97, and are thought to form two 

distinct subassemblies: a membrane complex that anchors a structure 

related to the tail of contractile bacteriophages to the cell envelope (Fig. 4).  

 

 

FIG.4. GENE ORGANIZATION OF T6SSS COMPARING ENTEROAGGREGATIVE E. COLI 

(EAEC) AND LVS. The lower panel shows the FPI cluster. Identical shades indicate 

genetic or functional homology between the two systems. Localization of the 

corresponding protein is indicated below the gene (cyt – cytosolic, IM- inner 

membrane, OM- outer membrane) and implies that the FPI may encode a membrane 

complex as well as phage related components of a T6SS.  

 

The membrane spanning complex consists of 3-4 proteins, among those, 

there is an integral membrane protein (IcmF) that connects an inner 

membrane protein (DotU) and an outer membrane lipoprotein (Fig. 4 and 

5). In several T6SSs, the DotU protein carries an additional C-terminal 

peptidoglycan-binding motif. However, when this domain is lacking, the 

T6SS cluster encodes a supplemental protein that substitutes for 

peptidodoglycan (PG) binding [reviewed in 101]. Interestingly, the Francisella 

DotU homologue lacks this domain, suggesting that one of the other FPI 

members must possess a PG-binding role. Moreover, DotU was found to 

have a stabilizing function on PdpB and conserved amino acids within the 
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former protein were essential for this function [Paper II; 51,101]. As stated 

above, besides the membrane complex, T6SSs are also believed to include a 

phage-related complex, suggesting that T6SSs may have originated from 

phages. Several core proteins resemble components of the sheath, tube or 

base plate of bacteriophages. Importantly, these similarities are mostly 

structural and not based on sequence homologies 102. For example, the Hcp 

(hemolysin co-regulated protein) nanotubule displays similarity to the tail-

tube structure of bacteriophage λ and VgrG (valin-glycin repeat protein G) 

shares structural resemblance to the tail spike proteins gp27 and gp5 of the 

baseplate of bacteriophage T4 103.  

VipA and VipB-like proteins, such as those of V. cholerae, are believed to 

form heterodimers assembling into a contractile tail sheath around a rigid 

inner tube consisting of Hcp-hexamers. The VgrG protein assembles into 

homotrimers that resemble the needle-like puncturing device of 

bacteriophage T4. The sum of all data indicates a current model that 

suggests that the T6SS may work like a reverse bacteriophage-like structure, 

which is anchored in the bacterial cell membrane by the membrane complex 

(Fig. 5). 

Initially, Hcp of V. cholerae was found and described as a secreted protein 

without cleavage of a signal peptide 104, however, it took a few more years 

until it was shown to be secreted via a T6SS. At present, the multifunctional 

role of the protein is generally accepted, but it has also been suggested that 

Hcp has a unique position among secretory system-associated proteins 105. 

Evidence suggests that Hcp and VgrG proteins may possess dual functions, 

both as structural components, as well as secreted substrates involved in the 

delivery of various T6SS substrate 84. Strikingly, Hcp was found to interact 

with substrates of the T6SS of P. aeruginosa and this interaction was critical 

for secretion of the effector into the target cell. The data by Silverman et al. 

imply that substrates bind to specific epitopes in the inner channel of the 

Hcp tube and after release convert to their final configuration 105. 

Importantly, the VgrG trimer of P. aeruginosa was shown to interact with 

PAAR (proline-alanine-alanine-asparagine) proteins that form a conical 
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structure on the tip of the VgrG complex and by this sharpen the spike 

complex to facilitate piercing of the target cell 106. Moreover, the study by 

Hachani and colleagues indicated that VgrG functions as a carrier for 

cognate toxins, which in turn contribute to bacterial killing, resembling a 

contact-dependent growth inhibition (CDI) system 107. To prevent self-

intoxication and resulting cell death, a protein mediating immunity is 

encoded adjacent to the toxin. No direct interactions between toxins and 

VgrG proteins have been demonstrated yet, instead it has been proposed that 

the actual binding is performed by the PAAR protein, which functions as an 

adaptor between VgrG and the effector molecule (Shneider, Buth et al. 

2013). The effectors delivered may include different membrane-targeting 

substrates, representing esterases, lipases, phospholipases, and nucleases 

[reviewed in 94]. In some instances, the effector may be translationally fused 

to the VgrG, PAAR or the Hcp structural protein, a result from fusion events 

between the effector and its cognate carrier. For example, one of the active 

domains in VgrG-1 of V. cholerae corresponds to an actin cross-linking 

domain that allows it to interfere with host cellular functions 84,102. In 

summary, effector translocation into a target cell may be mediated via Hcp 

or VgrG/PAAR proteins and the molecule may be transported either fused to 

these carriers (as “specialized effectors”) or via direct interactions with the 

carriers (as “cargo effectors”). Importantly, distinct effectors may be 

translocated in both scenarios with a single contraction event 94,106.  

A CURRENT MODEL FOR T6S AND ITS REGULATION 

The joint efforts of several laboratories have led to a current model of how 

T6S occurs [reviewed in 87,102; Fig. 5].  

First the baseplate complex is formed, which spans the inner membrane and 

periplasm. The effector-delivery proteins, VgrG and a PAAR protein are then 

recruited to the membrane anchoring complex. The Hcp tubule is organized 

around the VgrG trimer, polymerization proceeds towards the cell center and 

at the same time a VipA/VipB sheath is growing around the Hcp multimer. 

Conformational changes in the sheath results in contraction of the sheath 
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and as a consequence a part of the Hcp tube is translocated to the 

extracellular space into the target cell. It was speculated that the signal for 

the contraction event are conformational changes in the baseplate or of 

associated components, which in turn are caused by phosphorylation 

pathways which includes the FHA (forkhead-associated) protein that is also 

part of the baseplate complex 101. VgrG and the loaded effector-cargo are 

then delivered into the recipient cell. However, delivery of the VgrG spike 

with all attached proteins is mediated by a single sheath contraction event 

106. The contracted (low-energy) sheath may be remodeled by Clp family 

AAA+ ATPases, i.e. an ATP-dependent process, that makes energy 

potentially accessible again for the cell, but Clp ATPases do not drive the 

secretion and T6SS assembly directly 108. The Hcp tubes disassemble as well 

and Hcp subunits that remain in the donor cell are recycled as well as the 

“naked” baseplate complex. Importantly, disassembly and recycling depend 

on the state of activation of the donor cell. The extensive subunit synthesis, 

assembly and also the disassembly of the secretion system make a tight 

regulation necessary. Transcriptional control has been shown to be 

connected to a variety of stress responses, e.g. quorum sensing, biofilm 

production, depletion of iron, and thermoregulation 87. As a variety of 

organisms are found to express a functional T6SS, the regulation must be 

highly specific and reflect the adaptation to their specific niche. 

 
FIG. 5. SCHEMATIC MODEL OF FUNCTION PROPOSED FOR BACTERIOPHAGE T4 AND THE 

T6S OF EAEC. Components of the T6SS are coded in the same colors as their phage 

counterparts. (a) The tail tube of bacteriophage T4 is surrounded by the tail sheath, 

and located on the tip there is a gp27/gp5 cell puncturing complex. (b) When host cell 

binding occurs, the baseplate undergoes conformational changes that induce tail 

sheath contraction, which results in puncturing of the outer membrane and DNA 

delivery. (c) The inactivated and (d) the activated states of the T6S apparatus. The 

model is based on protein localization and protein-protein interaction data. The 

components TssJ, TssM, and TssL are part of a membrane-spanning complex, that 

anchors a phage-like external structure formed by Hcp and a VgrG trimer. (c) TssB 

and TssC might form a sheath-like structure, enclosing the Hcp tube in the 

cytoplasm. (d) Upon activation of T6S, effector delivery into a target cell occurs 

through the Hcp tube into the target cell 102. IM – inner membrane; OM – outer 

membrane; PG - peptidoglycan.  
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While the iron-responsive regulator Fur was shown to repress the expression 

of T6S genes in EAEC and E. tarda, the systems of V. cholerae, A. 

hydrophila and P. aeruginosa are regulated by Sigma-factor 54-dependent 

activator proteins 84,102. Strikingly, surface association influences gene 

expression (sessile vs. planktonic state) and the H1-T6SS of P. aeruginosa 

was activated posttranslationally in response to surface growth 102. 

Importantly, the response system of P. aeruginosa seems to be more 

complex as it also includes the communication with other bacterial cells. 

During surface growth in a biofilm some cells deploy their T6SS and 

randomly hit sister cells which then counteract. Because the cells encode 

proteins that mediate immunity towards the endogenous effectors, this form 

of dueling is not fatal 109. However, the attacks and response of sister cells is 

most likely not the purpose of T6S. In their natural environments, bacterial 

cells are found in e.g. multispecies communities and by sensing the response 

and its source, an T6SS-mediated attack can be well placed in order to 

eliminate main competitors. At the same time, Basler et al. found T6SS-

negative V. cholerae unaffected by T6SS-positive P. aeruginosa while T6SS-

positive V. cholerae was killed 110, indicating that non-hostile species might 

be tolerated to share nutrients and other resources 87. 

THE FRANCISELLA T6SS – OUTSIDE THE BOX? 

Interestingly, comparing sequence homologies of IglA and IglB homologues, 

four major phylogenetical groups of T6SSs were identified, but the FPI of F. 

tularensis was placed in a fifth outer group 86. A different study failed to 

identify a T6SS cluster within the FPI with their in silico approach used 97, 

and to this end it seems unlikely that the Francisella T6SS is structurally and 

functionally closely related to other type VI secretion systems. 

At the time when the thesis-work began, the information regarding the 

function of specific FPI proteins was quite limited and out of the 13 

suggested core proteins of T6SSs only a handful had been identified. 

Importantly, these signature proteins do not share high sequence 

homologies to the Francisella FPI proteins. Moreover, since Francisella 
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VgrG is largely truncated, PdpB lacks the Walker A motif shown to be 

important for IcmF function in other systems, and ClpV, the suggested 

energizer of T6S, is missing in Francisella, the question is whether the FPI 

actually functions as a T6SS or whether it possesses a novel function. An 

important part of the thesis therefore focused on demonstrating functional 

secretion, identifying the secreted substrates and determining the 

importance of the FPI components to this process as well as to the different 

steps of the Francisella intracellular life-cycle. 
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2. AIMS OF THE THESIS 

Lacking basic information regarding function and assembly of the putative 

T6SS in Francisella, this study aimed to  

 
(i) Generate and characterize FPI mutants in order to gain basic 

information on the function of the encoded gene products 

during intramacrophage infections. 

 

(ii) Demonstrate that the FPI cluster does indeed encode a 

functional T6SS, and to identify the FPI substrates secreted 

during infection. 

 
 

(iii) Identify the FPI proteins that are critical for the events of 

phagosomal escape and intracellular replication, respectively. 
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3. METHODOLOGICAL CONSIDERATIONS 

One aim of the work presented is the characterization of FPI mutants as a 

means to understand their contribution to the intracellular life cycle of F. 

tularensis LVS. This section briefly discusses the experimental design used 

in Paper I to V, highlighting why a particular method was chosen as well as 

its advantages and drawbacks. In our view this section helps to gain a better 

understanding of the Results and Discussion section. 

MUTAGENESIS AND COMPLEMENTATION 

Many studies that characterize the role of individual FPI proteins use 

Francisella ssp. novicida as a model system due to the ease of the genetic 

manipulation since there is only one copy of each FPI gene. Often, insertion 

mutants have been used, however, these may exhibit polar effects on 

downstream genes, and the characterization of the mutants could give 

results that are difficult to interpret. To avoid such difficulties, we chose to 

construct in-frame deletion mutants of F. tularensis LVS. Importantly, this 

strain harbors two copies of all FPI genes at two different locations in the 

chromosome and as single-copy mutants were shown to behave 

indistinguishably from LVS, both gene copies must be deleted to generate a 

phenotypic deletion mutant. The generation of a null-mutant is therefore 

quite time consuming. Since some FPI genes in the island overlap, it is 

important to verify that potential ribosomal binding site of up- and 

downstream genes are intact in the deletion construct. The suicide plasmid is 

transferred to Francisella by conjugal mating using E. coli S17-1-pir and as 

the vector lacks an origin of replication specific for Francisella, it must 

integrate into the bacterial chromosome by homologous recombination to be 

maintained 53,111. This recombination event usually requires flanking regions 

of 1000 bases or more in the deletion construct. Transconjugants are 

selected by incubation on media supplemented with appropriate antibiotics 

(to select for plasmid uptake) and polymyxin (to counterselect for E. coli). 

The suicide vector contains sacB, which produces an enzyme that converts 

sucrose into a high molecular weight product, toxic to Gram-negative 
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bacteria 112. Using this principle, the allelic exchange is completed by sucrose 

supplementation of the medium, thereby forcing the integrated plasmid to 

recombine out of the chromosome. Surviving antibiotic susceptible 

transconjugants are then analyzed by PCR to determine whether or not the 

gene deletion has occurred. To remove both copies of the target gene, the 

procedure is repeated, resulting in a null mutant. The complete loss of the 

target gene was routinely confirmed by qRT-PCR and/or immunoblot 

analysis with appropriate antibodies. Importantly, by using the same 

techniques, polar effects on downstream genes can also be excluded. 

CELL INFECTION, INFECTION MODELS AND RESPONSE 

Numerous studies have established the murine macrophage-like J774 cells 

as an appropriate model to investigate intracellular replication and 

phagosomal escape. The advantage of this cell-line is the easy handling and 

maintenance, and importantly, it is well characterized with respect to 

Francisella infections. Therefore, the cell-line was routinely used to 

determine intracellular growth and cytopathogenicity of FPI mutants, as well 

as inhibition of LPS-stimulated TNF-α secretion and in microinjection 

experiments. However, as J774 cells synthesize large amounts of lysozyme 

and secrete IL-1β continuously, the cells are not appropriate for all cell 

assays. To quantify Francisella induced IL-1β secretion by a color-based 

ELISA (enzyme-linked immunosorbent assay), BMM (primary bone marrow 

derived macrophages) or PEC (peritoneal exudate cells) were used. The 

former are isolated from tibia and femur of BALB/c or C57BL/6 mice, while 

PEC are obtained upon injecting the mice with thioglycolate, which then 

causes migration of macrophages to the peritoneum where the cells can be 

harvested by peritoneal lavage. Since J774 cells are more permissive to 

growth than BMM and PEC, we have also included these cell types in cell-

assays to determine intracellular growth and cytopathogenicity. While 

phagocytes are considered the predominant host cell reservoir for F. 

tularensis, we have also included HeLa cells in Paper V to determine the 

intracellular growth of F. tularensis mutants in a non-phagocytic cell line. 
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Studies suggest that Francisella can replicate within HeLa cells as well as 

within hepatocytes 113-115.  

The most important feature of F. tularensis pathogenicity is the ability to 

escape from the phagosomal compartment upon uptake by phagocytic cells. 

The utilization of relevant assays to detect phagosomal escape has provoked 

much discussion in the Francisella research field. One technique published 

by Checroun et al. used digitonin to determine membrane integrity and 

bacterial subcellular localization 26. This method has been criticized for 

several reasons. It mediates a more rapid bacterial egress compared to other 

techniques and it further has been discussed that the assumption, that 

digitonin is selectively permeabilizing the plasma membrane without 

affecting the FCP membrane, may not be entirely correct 116. It is possible 

that the assay detects pores or small breaks in the phagosomal membrane 

that exist prior to full ultrastructural disruption of the membrane, thereby 

accounting for the more rapid kinetics observed in the study by Checroun 

than by other research groups, including our own. A more approved method 

to assess phagosomal escape, which has also been implemented by us, is 

fluorescence microscopy estimating the colocalization of GFP-labeled 

bacteria with LAMP-1 17,117. This is a late endosomal and lysosomal marker 

acquired within 30 min by the Francisella-containing phagosome 

21,22,24,26,69,118. Still, we believe that assessing phagosomal escape using 

transmission electron microscopy (TEM) is a more reliable and the most 

unobjectionable method, since it allows to directly visualize the bacterium 

and the integrity of the phagosomal membrane at high resolution. 

Importantly, our data on specific mutants obtained from both of these 

microscopy methods were very consistent.  

Each laboratory uses their specific multiplicity of infection (MOI) for 

different assays and strains, however, we have established a protocol in 

which a cell monolayer is infected by Francisella using a MOI of 200 for 2 

hours. This usually results in the uptake of 1-3 bacteria/infected cell and 

approximately 80-100 % infected cells 119. Often, centrifugation is used to 

facilitate and synchronize infections, however, we do not do this routinely 
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since this may adversely affect the eukaryotic cells. To eliminate bacteria that 

have not been taken up, cells are typically incubated with gentamicin after 

the infection period.  

FRACTIONATION AND BACTERIAL CELL MEMBRANE INTEGRITY 

To determine the subcellular localization of individual FPI proteins we have 

used a N-lauroylsarcosine (Sarkosyl) based separation. In short, F. 

tularensis strains were lysed by sonication and the soluble 

(cytosolic/periplasmic) proteins and inner and outer membrane proteins, 

were subsequently extracted by ultracentrifugation and Sarkosyl-incubation. 

The advantage with this method, compared to e.g. sucrose gradient 

separation is the easy handling of the samples and uncomplicated sample 

preparation. The detergent Sarkosyl dissolves, in contrast to SDS, inner 

membrane proteins but not those located in the outer membrane, and also 

allows refolding of the solubilized proteins 120,121. TritonX-114, in contrast, is 

ideal to solubilize membrane (hydrophobic) proteins and could have been 

used for the IglE study 63,120.  

Some of the generated FPI mutants, display a null phenotype, i.e. they are 

negative in all assays tested. In order to exclude that this phenotype was 

merely a result of impaired membrane integrity, we confirmed that their 

membrane was intact by incubating the bacteria in the presence of the 

detergent SDS, the DNA-intercalating dye ethidium bromide, or the 

antibiotic Vancomycin using an inhibition zone test. The LPS 

(lipopolysaccharide) profiles of the same strains were also confirmed to be 

intact, using immunoblotting techniques.  

PROTEIN-PROTEIN INTERACTION METHODS 

To study protein-protein interactions we decided to utilize two-hybrid 

systems as one can test a wide array of candidates in an easy experimental 

setup. These systems are based on the principle that a protein-protein 

interaction leads to the assembly of a functional transcriptional activator 

which transcribes reporter genes. In the bacterial two-hybrid (B2H) system, 
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proteins are expressed in E. coli and the reporter gene, lacZ is used. LacZ, 

when activated, results in β-galactosidase activity that can easily be 

quantified using a colorimetric assay 83,122,123. The Yeast 2-hybrid (Y2H) 

technique allows detection of interacting proteins in eukaryotic cells, where 

post-translational modifications are possible. An interaction between two 

proteins, called bait and prey, activates reporter genes that enable growth of 

an auxotrophic yeast mutant strain on specific minimal media or produces a 

colorimetric reaction that can be quantified. To eliminate false positives, 

several reporter genes can be assayed in parallel to increase the stringency of 

Y2H screens. Increasing or decreasing the growth temperature is a way to 

allow detection of strong and weak interactions respectively. The classic Y2H 

system requires the translocation of the interacting proteins in the nucleus, 

thus, this assay is not suitable for membrane-associated proteins, integral 

membrane proteins and many other soluble cytosolic proteins or proteins 

localized in other subcellular compartments. Importantly, the B2H system, 

in comparison to the Y2H, offers the advantages of easier cultivation, 

manipulation, and protein preparations. Furthermore, translation occurs in 

the cytosol of the bacterial cell and represents an appropriate environment 

for bacterial protein-protein interaction. However, 2-Hybrid systems in 

general have the disadvantage that the recombinant proteins of interest are 

expressed as fusions proteins to distinct parts of transcriptional activators. 

These fusions may have a negative impact on the direct interaction one 

wants to assess. Moreover, only two candidates can be tested at once, which 

is a disadvantage since many FPI proteins may be part of multicomponent 

complexes. In contrast, immunoprecipitation techniques offer the possibility 

to “fish” out a specific protein together with its interaction partners from a 

bacterial cell lysate using an appropriate antibody. After extracting the 

proteins bound to the antibody, single components of this complex can be 

analyzed by Liquid chromatography–mass spectrometry (LC-MS). Although 

this method can identify interaction partners in the bacterial cell, the specific 

antibody for the protein is a limiting requirement. For this reason, tagged 

versions of the proteins may be used.  
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PROTEIN SECRETION METHODS 

The demonstration of protein secretion by F. tularensis has been a 

challenging task. The methods presented in paper I and IV facilitate two 

different approaches, but in both cases, proteins of interest are expressed as 

a fusion protein with an active domain that is responsible for processing a 

substrate if the target-fusion-protein is translocated into the host cell 

cytosol. The first method was developed by Barker and colleagues, and was 

based on the CyaA reporter 72. Upon secretion, this reporter will catalyze the 

synthesis of cyclic AMP (cAMP) and upon cell lysis the intracellular cAMP 

levels can be measured in an enzyme immunoassay (EIA). However, a major 

disadvantage of this method is the lack of reproducibility (see Paper I).  

The second method involves the use of the TEM-1 β-lactamase reporter from 

E. coli and was used in paper IV. A disadvantage with this method is that the 

large TEM-tag (29.5 kDa) was shown to sterically interfere with FPI protein 

function, as only 3 out of 10 FPI-TEM fusions tested (IglA, IglD, IglJ) were 

able to complement the corresponding mutant phenotype for intracellular 

growth. By expressing all TEM-fusion proteins in the LVS background, we 

could overcome this problem. Moreover, this solution also had the advantage 

that all strains had similar growth kinetics. Another advantage with the TEM 

secretion assay is the easy readout: blue fluorescent cells if the reporter 

fusion is secreted, green cells, if not. The method uses a Fluorescence 

Resonance Energy Transfer (FRET)-based fluorescent substrate, CCF2, 

which consist of a cephalosporin core linking two fluorophores (a 7-

hydroxycoumarin to a fluorescein). The non-fluorescent, esterified form of 

this substrate (CCF2-AM) readily enters the cell passively. Here, cleavage by 

endogenous cytoplasmic esterases rapidly converts CCF2-AM into its 

negatively charged form, CCF2, which is retained in the cytosol. In the 

absence of β-lactamase activity in the cell, excitation of the coumarin results 

in FRET to the fluorescein moiety, which emits a green fluorescence signal. 

In the presence of β-lactamase activity, as a direct consequence of effector-

TEM fusion protein delivery to the host cell cytosol, the β-lactamase cleaves 

the CCF2 β-lactam ring, which spatially separates the two dyes and disrupts 
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FRET. This produces an easily detectable change in CCF2 fluorescence from 

green to blue emission 124. However, we noticed that the efficiency of CCF2-

AM substrate loading was dependent on the density of the cell population 

and most efficient when cells were 60 – 80 % confluent. Importantly, the 

loading process is affected by temperature, while increasing the temperature 

(e.g. from room temperature to 37°C) will increase the loading rate it will at 

the same time increase the efflux rate, resulting in lower overall steady-state 

uptake of CCF2-AM. For this reason we loaded the cells at room temperature 

for 1 h in the presence of probenecid, a non-specific inhibitor of anion 

transport 125, since this compound was shown to increase the amount of 

substrate retained in the cell. Thus, the fluorescence signal was stable at least 

4 hours after loading the cells, suggesting that the substrate was efficiently 

retained over time in the cells. 

MICROINJECTION 

An extensive part of the thesis work was to establish a technique which is 

rarely used in the field of microbiology, microinjection (Paper V). This single 

cell manipulation technique had so far mostly been used to deliver e.g. 

proteins, peptides, DNA, RNA or large non-diffusible drugs directly into the 

cell cytosol or nucleus, by physically penetrating the cell membrane with an 

injection capillary. Today, the method that originated in the 1980s is mainly 

used to transfect cultured human neurons, in RNA interference studies, in 

transgenic animal production, and clinically for in vitro fertilization 126. We 

adapted the method for our purpose to inject F. tularensis, similarly to the 

approach of Goetz et al. 12. That study from 2001 addressed the question of 

whether extracellular bacteria and vacuole residing pathogens like Listeria 

monocytogenes can utilize nutrients in the cytosol. As this is the only study 

published that applied microinjection to infect cells, we used the model 

organism L. monocytogenes as positive control. While the technique is 

effective to deliver a specific substance into a certain location in the cell, it 

also has its drawbacks as only a limited number of cells can be injected at the 

same time which makes detection of certain cellular events by e.g. 
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immunoblot analysis, nearly impossible. Furthermore, the microscopic 

analysis of each injected cell is time consuming. However, in our set up, 

injected GFP-labeled bacteria were co-injected with a non-diffusing dye, 

rhodamine dextran, so that bacteria and injected cells could be followed 

easily with a live cell microscope. Cells were kept in a medium that contained 

cytochalasin D to minimize rapid phagocytosis and gentamicin to eliminate 

extracellular bacteria present during the injection process. A mixture of 

rhodamine dextran and bacteria was loaded in standardized Femtotips II 

and manipulation of the cells was carried out with an injection pressure of 

40 hPa supplied by an automated Injectman NI 2. This pressure was 

carefully selected to avoid damaging cells during the injection process. 

Importantly, we had to break the tip of the capillary in a controlled manner, 

so that bacteria would fit through the capillary (inner diameter 0,7 μm). By 

this, the volume could not be calculated exactly, but each injected cell was 

scanned for the approximate number of injected bacteria. In the end, for 

each injection experiment, 30 to 50 cells per strain were successfully 

injected, i.e. infected, whereby 2 – 20 bacteria and the injection marker RD 

were delivered into the cell cytosol. At 2 hours after cells were injected, co-

localization of bacteria and RD was confirmed to ensure that replication 

detected at 24 and 48 hours upon infection was a result of microinjection.  
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4. RESULTS AND DISCUSSION 

Although the FPI (Francisella Pathogenicity Island) was described a decade 

ago, many questions remain unanswered concerning its role for Francisella 

pathogenicity. Numerous genes within and outside of the pathogenicity 

island have been shown to mediate phagosomal escape and intracellular 

replication of F. tularensis, a hallmark of the Francisella life cycle in host 

cells [reviewed in 23]. Many of the initial studies concerning the FPI 

predominantly focused on characterizing specific Francisella ssp. novicida 

FPI mutants. Thus, these results may not be readily applicable to the more 

virulent subspecies holarctica and tularensis. Regardless, a connection 

between the island and a putative role in protein secretion was first 

suggested when an in silico approach identified limited homology between 

five FPI members and important core components of T6SSs (i.e. IglA/VipA, 

IglB/VipB, DotU, VgrG, PdpB/IcmF). While this implied that the FPI may 

encode a putative T6SS, further analysis revealed that F. tularensis lacks 

several core components of prototypic T6S apparatuses, e.g. Hcp and ClpV. 

Instead, the FPI encodes several proteins which lack homologues in other 

bacterial species, suggesting that the Francisella T6S system may be unique 

86.  

The work presented in the thesis should contribute to the overall 

understanding of FPI components, regarding their specific role in the 

putative Type VI secretion system and intracellular life cycle of F. tularensis. 

The major focus has been on characterizing the roles of the FPI proteins 

VgrG, DotU, IglG, PdpE, IglE and IglI, of which the latter four appear to be 

unique to the Francisella T6SS. Very little was known about these proteins at 

the time we began to analyze their roles. PdpE was suggested to represent a 

putative Hcp homologue 72, and VgrG and IglI had been demonstrated to be 

secreted in vivo 72. DotU and VgrG were suggested to be essential core 

components of T6SSs, based on sequence similarity to homologues in e.g. 

Vibrio cholerae and Pseudomonas aeruginosa, while no role had been 

suggested for IglE or IglG.  
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4.1 CHARACTERIZATION OF FPI MUTANTS (PAPERS I, II AND III) 

THE SUBCELLULAR LOCALIZATION OF FPI PROTEINS AND THEIR 

ENGAGEMENT IN PROTEIN-PROTEIN INTERACTIONS 

Some of the F. tularensis FPI proteins share limited homology to 

components of other bacterial species, however, bioinformatic analysis of 

other FPI proteins failed to provide any close bacterial homologues and/or 

give information regarding their subcellular localization. Since this 

information provides clues regarding their biological functions in the 

putative T6SS, Francisella was fractionated into soluble, inner membrane 

and outer membrane fractions and the localization of most of the FPI 

proteins determined (Papers I-III; Meyer, unpublished results). 

Fractionation experiments revealed that PdpE and IglG localized to the outer 

membrane, while IglI localized to all fractions but was enriched in the inner 

membrane which might indicate multiple roles for IglI in the bacterial cell. 

The mechanisms of the export of IglG and IglI are unknown but the 

predicted N-terminal signal peptide of PdpE may indicate that this protein is 

exported over the inner membrane via the Sec pathway. Interestingly, DotU 

localized, together with IcmF/PdpB, in the inner membrane which implies a 

function as structural component of a putative secretion apparatus. VgrG, 

one of the most commonly secreted proteins of described T6SSs, was found 

in the soluble cell fraction but also in the inner membrane fraction. However, 

in contrast to what has been shown for VgrG homologues of other systems 

85,98,127, Francisella VgrG was not found in the culture supernatant under the 

in vitro conditions tested. Importantly, conditions that support secretion of 

FPI proteins by LVS in vitro have yet to be identified. The FPI protein IglE 

was found to localize to the outer membrane (Paper III). The same results 

were obtained in two recent publications, which demonstrated that IglE is a 

lipoprotein 63,66. The localization of other FPI proteins, such as IglA, IglB and 

IglC, was determined using the same approach (Meyer, unpublished data), 

and based on our results as well as findings from other studies 56,63,75, a 

putative structure of the Francisella T6SS was generated (Fig. 6).  
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FIG. 6. PROPOSED MODEL FOR THE FRANCISELLA T6SS BASED ON LOCALIZATION AND 

INTERACTION STUDIES 25,49,51,52. Single components representing the baseplate have 

not been identified, however, the large IM protein PdpC may be part of it 52. IglA and 

IglB form a sheath that is wrapped around the Hcp tubule structure 128. DotU 

stabilizes PdpB 51,75 which was also shown to interact with IglE 66. IglE might be one 

of the secreted effectors, next to others identified in Paper IV (IglE, IglC, VgrG, IglI, 

PdpE, PdpA, IglJ, IglF; section 4.2) 25. A Clp family AAA+ ATPase, that recycles the 

system has not been identified yet. OM – outer membrane; IM- inner membrane. 

 

Given that the FPI is predicted to encode a T6SS, we also used B2H 

(Bacterial 2-hybrid) and Y2H (Yeast 2-hybrid) techniques to determine 

putative protein-protein interactions among the FPI members. These 

techniques are well established when it comes to analyzing protein-protein 

interactions. Previously, Francisella IglA and IglB have been shown to 

interact using these methods 50, however, very few additional interactions 

have been found by this approach, while VgrG-VgrG homodimers were 

detected in both assays (Paper II). Still, no interactions between PdpE, IglE, 

IglG and IglI and other FPI members were identified. Importantly, as briefly 

described in section 3, the 2-Hybrid approaches have some shortcomings. 
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Most pressing is the issue when analyzing the interaction between members 

of a protein complex, such as a secretion system, that appropriate 

interactions may only be formed if multiple interactions occur 

simultaneously. Furthermore, all proteins are tagged in the 2-hybrid 

systems, and we cannot exclude that the tags interfere with and disturb a 

direct interaction. However, although VgrG is a small protein (17,5 kDa), still 

the formation of a homodimer is possible. 

Immunoprecipitation was used as a separate approach to identify protein-

protein interactions among the FPI proteins. Importantly, a specific and 

appropriate antibody raised against the protein of interest is critical for this 

method. By this approach, we were able to “fish” out IglE and binding 

partners from a cell lysate (Meyer, unpublished results). The subsequent 

analysis of the eluted proteins by liquid chromatography-mass spectroscopy 

identified several potential direct and indirect binding partners, among them 

the FPI protein IglC and the chaperone DnaK. However, as we failed to 

identify a direct IglC-IglE interaction using 2-Hybrid systems (Meyer, 

unpublished results), it is possible that both proteins are part of a larger 

complex and only indirectly interact. 

NOVEL PHENOTYPES AND NULL MUTANTS – THE IMPORTANCE OF FPI 

PROTEINS FOR THE INTRACELLULAR GROWTH CYCLE OF F. TULARENSIS 

The pathogenicity of F. tularensis specifically depends on phagosomal 

escape and intracellular replication in host cells and in several studies it has 

been shown that proteins of the Francisella pathogenicity island are 

essential for this special mode of infection. To characterize the role of the FPI 

members VgrG, DotU, PdpE, IglE, IglG and IglI, in-frame deletion mutants 

were generated, for which both copies of the respective gene were deleted 

(see section 3). The mutants were then analyzed with respect to their ability 

to mediate (i) phagosomal escape, (ii) intracellular growth, (iii) 

cytopathogenicity, (iv) TNF-α secretion and inflammasome activation as well 

as (v) virulence in mice. The results are presented in Papers I-III (Tab. 1). 
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(i) The phagosomal escape is a critical prerequisite for the intracellular 

replication of F. tularensis. After initial uptake into the phagosomal 

compartment (FCP), the bacterium follows the endocytic pathway and so 

does the content of these vesicles. Many intracellular bacteria have evolved 

mechanisms to escape the progressive acidification and antimicrobial 

molecules that fuse with the phagosomes. However, the colocalization with 

the late endosomal marker LAMP-1, that is acquired within 30 minutes, was 

shown to be a relevant measure to identify the phagosomal escape of 

Francisella 17,24. Thus, to estimate phagosomal escape of the FPI mutants 

generated, we used this marker for analysis with confocal microscopy and 

additionally with transmission electron microscopy (TEM). Importantly, in 

both assays we used the ∆iglC mutant as a control, since this strain does not 

escape the phagosome 129. Intriguingly, our FPI mutants were found to 

display different phenotypes with respect to phagosomal escape. Similar to 

the parental strain LVS, the ∆pdpE mutant rapidly escaped from the 

phagosome and only a small portion colocalized with LAMP-1 at 2 h. In 

contrast, the ∆dotU, ∆iglE and ∆vgrG mutants behaved similarly to the 

control ∆iglC, since these strains were all unable to escape the phagosome 

even at 6 h after cell infection. To corroborate the findings, the ability of 

phagosomal escape was also determined by TEM which had the advantage 

that the integrity of phagosomal membranes enclosing individual bacteria 

could be evaluated. As the control strain ∆iglC, the three mutants ∆vgrG, 

∆dotU and ∆iglE resided predominantly within intact phagosomes. 

Interestingly, ∆iglG and ∆iglI displayed a novel intermediate phenotype, i.e. 

a significant number of both mutants escaped from the phagosome but this 

process was clearly delayed in comparison to LVS, especially for the ∆iglI 

mutant. This is the first time that an FPI mutant has been shown to exhibit 

an intermediate phenotype with respect to phagosomal escape.  

(ii) There is a very strong correlation between phagosomal escape and the 

ability to multiply within the host cell cytosol [reviewed in 23]. To determine 

the growth capacity of the FPI mutants generated, J774 cells were infected 

and colony forming units (CFUs) determined at defined time points. Similar 
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to the ∆iglA or ∆iglC control strains, ∆iglE, ∆dotU and ∆vgrG mutants were 

all unable to grow within J774 cells over a time period of 48 h. In contrast, 

the ∆pdpE mutant behaved similarly to LVS, also in primary cells such as 

BMM and PEC that possess a higher killing capacity than J774 cells. 

Strikingly, the delayed escape of ∆iglG and ∆iglI did not have an impact on 

their ability to grow within J774 cells, as both mutants resulted in the same 

CFUs as the parental strain LVS at 24 h, and in ever higher numbers at 48 h. 

While replication of ∆iglG was more or less intact also in primary cells, ∆iglI 

did not replicate, but appeared able to resist intracellular killing as the 

number of CFUs stagnated over a period of 48 h. The F. novicida 

∆iglI::ermC mutant was previously shown to be defective for intracellular 

growth in J774 cells 72 and we verified these findings and further showed that 

this mutant was highly susceptible to macrophage killing in contrast to the 

LVS ∆iglI mutant. Moreover, a ∆iglI mutant of F. tularensis ssp. tularensis 

Schu S4 was severely defective for growth in both J774 cells as well as 

primary human monocyte-derived macrophages 130. This suggests that IglI 

may fulfill slightly different functions in different subspecies of Francisella.  

The very distinct phenotypes of the two LVS mutants, ∆iglG and ∆iglI are 

interesting. Our TEM microscopy data showed that they are able to destroy 

the phagosomal membrane with slightly delayed kinetics in comparison to 

LVS and ∆pdpE, which indicates that IglG and IglI have direct or indirect 

functions in the process that is mediating escape. Interestingly, the FPI 

mutant ∆pdpC of LVS also displayed incomplete phagosomal escape, i.e. it 

destroyed the phagosomal membrane but localized closely with membranes. 

Still the mutant was unable to replicate despite triggering the inflammatory 

response by releasing IL-1β 52. In F. tularensis ssp. tularensis Schu S4, a 

∆pdpC mutant exhibited delayed escape and showed occasional replication 

in a small subset of infected cells 130. The study by Lindgren et al., 

characterizing the strain FSC043, confirmed this phenotype also by TEM, 

and interpreted these data as a likely result of a natural pdpC mutation 131. 

Interestingly, the auxotroph mutant ∆FTN_0818 of F. novicida escaped in a 

delayed manner from Francisella-containing phagosomes, even without 
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biotin supplementation 35. However, other auxotroph mutants have been 

shown to escape and replicate in J774 cells, while showing impaired 

replication in primary macrophages. These mutants, LVS ∆carA, ∆carB and 

∆pyrB, display cell-type specific defects, and, the authors speculated that 

they are more susceptible to toxic effects of oxidants 33. 

(iii) Cell death, which is the final result of massive Francisella replication 

within host cells, can be quantified by measuring the release of lactate 

dehydrogenase (LDH) into cell culture supernatants, but also presents as 

morphological changes such as membrane blebbing and cell detachment. 

Usually the impairment of phagosomal escape and subsequently the lack of 

intracellular replication correlates with a reduced or absent cytopathogenic 

response [reviewed in 23]. While ∆pdpE induced a significant cytopathogenic 

response in infected macrophages, similar to that of LVS, the FPI mutants 

∆iglE, ∆vgrG and ∆dotU behaved similarly to the control strains ∆iglA and 

∆iglC. Interestingly, also ∆iglI was unable to cause any cytotoxic effects, 

while ∆iglG displayed an intermediate phenotype depending on the cell type 

and eventually inducing LDH levels as high as LVS in J774 cells while the cell 

morphology of ∆iglG- and ∆iglI-infected macrophages was similar to that of 

uninfected cells. Thus, all mutants with the exception of ∆pdpE were found 

to be involved in the cytopathogenic response of infected macrophages. 

However, the marked cytopathogenic response of LVS will also result in final 

cell detachment. At 48 h, the CFUs of LVS or ∆pdpE infected cells decreased, 

which is most likely a result of cell death, induced by these cytopathogenic 

strains. In contrast, J774 cells infected with ∆iglG or ∆iglI were 

morphologically less affected at this late time point, which may explain why 

higher CFUs were retained for these two mutants. 

(iv) Macrophages that are stimulated with LPS from E. coli react with the 

production and secretion of tumor necrosis factor alpha (TNF-α) and wild-

type F. tularensis can inhibit this inflammasome-independent effect upon 

infection 132. Importantly, during the phagosomal escape and initial 

replication, it has been demonstrated that a subset of Francisella bacteria 
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spontaneously lyse and the nucleic acids are released and then trigger the 

AIM2 inflammasome activation which leads to caspase-1 cleavage and IL-1β 

secretion 38. Mutants that are unable to escape the phagosome are in turn 

also deficient for inflammasome activation [52,72,133; Paper I and II]. We 

found that the ∆iglE, ∆vgrG and ∆dotU mutants, similar to the control 

strains ∆iglA or ∆iglC, respectively, were unable to induce IL-1β secretion 

and to inhibit TNF-α secretion upon infection, whereas LVS infection 

effectively inhibited TNF-α secretion and induced IL-1β secretion. 

Interestingly, the ∆iglG and ∆iglI mutants showed intermediate inhibition of 

the TNF-α response as well as IL-1β secretion, while the ∆pdpE mutant 

displayed a phenotype similar to the parental strain LVS. Similarly, the 

∆pdpC mutant of LVS induced IL-1β secretion, although it did not enter the 

cytosol, but degraded the phagosomal membrane 52. This reflects the 

connection between subcellular localization and inflammatory response as 

the decomposition of the phagosome and partial lysis of bacteria in this 

compartment can lead to increased IL-1β secretion 48,52. Our findings stress 

that the degradation of the phagosomal membrane is a prerequisite for 

inflammatory response, but importantly, it is not sufficient to induce 

cytosolic replication alone.  

However, most studies that analyzed the importance of caspase-1 for the 

induction of IL-1β secretion utilized F. novicida and the dependency of 

cytokine production upon LVS infection is not well characterized 46,134. To 

this end, we tested the importance of caspase-1 for IL-1β secretion by 

inhibiting the protease with the specific inhibitor Ac-YVAD-CMK. While 

during a F. novicida U112 infection, the IL-1β secretion was reduced by 71 % 

upon treatment, there were no significant changes during the infection with 

LVS or the isogenic mutants ∆iglG, ∆iglI and ∆pdpE, which points out 

distinct differences in inflammasome activation during F. tularensis LVS and 

F. novicida infections.  

(v) In vivo infections showed that mice intradermally infected with LVS or 

∆pdpE were quickly killed. In contrast, mice infected with any of the ∆vgrG, 

∆dotU, ∆iglE, ∆iglG or ∆iglI mutants did not show obvious signs of sickness. 
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∆vgrG and ∆dotU mutants were quickly cleared from the spleens, which was 

no surprise given their essential role during macrophage infections. After 

intradermal infection with ∆iglG or ∆iglI, the bacteria were eradicated from 

the skin within 7 days and colonized liver and spleen at low levels. Both 

strains persisted in the spleen for 7 days, but were essentially eliminated in 

the liver. In contrast, bacteria of the parental LVS strain were recovered from 

the skin and spleen samples in constant numbers at all time points, 

significantly higher than for the two mutants, which is in agreement with 

previous studies 135,136. Thus, our results demonstrate that, DotU, VgrG, IglE, 

IglG and IglI, are all required for F. tularensis to cause systemic infections in 

mice. 
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TAB. 1. OVERVIEW OF THE FPI MUTANT CHARACTERIZATION WITH REGARD TO IMPORTANT FEATURES OF THE LIFE CYCLE, PROTEIN 

LOCALIZATION AND SECRETION. 
 

Phagosomal 
escape 

Replication Cytokine 
secretion 

Virulence 
in mice 

Corresponding gene 
product 

References 
Papers 

  J774 BMM/PEC HeLa inhibits 
TNFa 

induces 
IL-1β 

 Localization Secretion  

LVS Y Y Y Y Y Y Y na na  

∆iglC N N N N N N N SOL Y I-V71,129 

∆pdpE Y Y Y Y Y Y Y OM Y I, IV,V 

∆iglI Yd Y N Y Yi N N SOL,IM,OM Y I, IV, V 

∆dotU N N N nd N N N IM N II, IV 

∆iglG Yd Y Y Y Yi Yi N OM, IM N I, IV, V 

∆vgrG N N N nd N N N IM Y II, IV 

∆iglE N N N nd N N N OM Y III, IV 

OM- outer membrane, IM – inner membrane, sol – soluble; d – delayed; i - intermediate; nd- not determined; na – not applicable. 
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FUNCTIONS OF FPI MEMBERS – HOMOLOGY AND BEYOND  

The null phenotypes we found for the ∆vgrG and ∆dotU mutants, suggest 

that the encoded gene products, similar to their non-Francisella 

homologues, are likely to be core members essential for T6S function. Unlike 

the homologues VgrG-1 and VgrG-3 of V. cholerae, no C-terminal extensions 

or effector domains are found within VgrG of F. tularensis, but interestingly, 

the protein shares similarity to the tail-associated lysozyme of bacteriophage 

T4, the tail spike protein of bacteriophage P2, as well as a putative adhesin 

from Bacteroides fragilis. In silico analysis of the F. novicida VgrG 

presented in a study by Barker and colleagues showed that Francisella VgrG 

aligned to the central part of V. cholerae VgrG-1, -2 and -3. This homology 

spans portions of the bacteriophage tail spike-like gp27 and gp5 domains 72. 

In the bacteriophage T4, the C-terminal domain of gp5 acts as a membrane-

puncturing needle, whereby the middle lysozyme domain serves to degrade 

the peptidoglycan layer. However, gp5 is surrounded by three gp27 

monomers, that may function as a DNA-ejection channel 137. As a component 

of the T6S apparatus in Vibrio and Pseudomonas, VgrG forms trimers that 

locate on top of the Hcp tubular structure covered by a VipA/VipB sheath 138. 

Previously, VgrG complexes were detected in culture supernatants as high 

molecular weight bands, and their amount increased when denaturating 

conditions were avoided 89,139. Despite its much smaller size and the lack of 

conserved, active domains, F. tularensis VgrG was found to form such 

multimeric forms, which were increasing in intensity when protein samples 

were not boiled and/or prepared without SDS. These results confirmed our 

findings of a specific VgrG-VgrG interaction using Bacterial- and Yeast-2-

Hybrid systems. Thus, in resemblance to phage tail-spike complexes, a VgrG 

trimer could cap an Hcp tubule 75 which is surrounded by a VipA/VipB 

(IglA/IglB) sheath 50. Still, our efforts to demonstrate a direct interaction 

between VgrG and PdpE (once predicted to be the putative Hcp homologue, 

72) as well as VgrG and IglC (more recently predicted to be the true Hcp 

homologue, 75) have so far failed. Moreover, if this hypothesis was correct, 
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we would also expect an interaction between VgrG and the IglA-IglB 

complex, but this interaction remains to be shown. However, as VgrG fulfills 

critical functions during the infection and is present as multimers, it seems 

possible that this protein has similar functions as its homologues in related 

systems. 

The structural components DotU and IcmF physically interact and stabilize 

the secretion apparatus in the Legionella T4SSs and the T6SSs of 

Agrobacterium tumefaciens and Edwardsiella tarda 98,140,141. Furthermore 

the genetically adjacent localization in some bacteria indicates that co-

regulation or co-expression may be important for the protein function. 

Recently, de Bruin and coworkers observed the partial processing of 

IcmF/PdpB in a F. novicida ∆dotU mutant, resulting in lower molecular 

weight bands present in an immunoblot analysis 75. We were able to confirm 

this phenotype in a ΔdotU mutant of F. tularensis LVS and at the same time 

to exclude any transcriptional defects. Interestingly, the degradation was 

specific to PdpB and none of seven other tested FPI proteins showed any 

sign of processing. However, a direct interaction between DotU and PdpB 

could not be identified in the B2H or Y2H systems, and also the study by 

Zusman failed to show the corresponding interaction in Legionella using a 

B2H system 142. Importantly, in vivo or in vitro conditions can influence 

interactions and the environmental conditions essential for the apparatus 

assembly may deviate from those in our experimental setting 101. DotU 

belongs to the DUF2077 super family of “uncharacterized proteins conserved 

in bacteria” and by an in silico approach, we identified three potentially 

important residues corresponding to Asp70, Glu71 and Gly134 in LVS DotU. 

While these residues were highly conserved among DotU homologues from 

all bacterial species, the overall conservation of DotU homologues was low 

and DotU from Desulfonatronospira thiodismutans was most similar to the 

Francisella protein with 32 % identity. To test whether the substitution of 

the conserved amino acids in DotU would have an impact on the phenotypic 

characteristics of LVS, appropriate double or single substitution mutants 

were generated and tested for their ability to complement the ∆dotU mutant 
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with respect to intracellular replication, cytopathogenicity, TNF-α secretion 

and IcmF/PdpB stability. Strikingly, 6 out of 7 tested substitution mutants 

were found to be unable to restore intramacrophage growth, 

cytopathogenicity, and to inhibit LPS induced TNF-α secretion. Additionally, 

they failed to fully stabilize IcmF/PdpB. Thus, the conserved residues Asp70, 

Glu71 and Gly134 are all critical for DotU function in F. tularensis LVS, and 

most likely also in other bacteria. 

A structural analysis of F. novicida DotU has revealed that the protein has 

two 3-α-helix bundles, N- and C-terminal domains forming a surface-

exposed cavity that is enriched in negatively charged amino acids 143. 

Importantly, those amino acids are conserved among DotU homologues and 

therefore the cleft may represent a binding site for interaction partners, e.g. 

PdpB/IcmF 101,143. The interaction between DotU and IcmF/PdpB in F. 

tularensis was shown to have a stabilizing effect on IcmF/PdpB 51,75, and our 

study suggested that specific amino acids are critical for this, as their 

substitutions resulted in IcmF/PdpB degradation 51. A direct interaction was 

shown for the DotU and IcmF/PdpB homologues TssJ and TssM, in EAEC 

by Felisberto-Rodrigues. Their study revealed that these proteins are critical 

core components and stabilize the T6SS as part of a large membrane-

spanning complex 144. The same interaction was also established for the 

homologues in the T4BSS of Legionella pneumophila and Coxiella burnetii 

where DotU/IcmH and IcmF stabilize the apparatus, with IcmF fulfilling a 

critical function by binding ATP 140,142.  

The role of PdpE in Francisella remains an enigma. It was originally 

suggested to be an Hcp homologue and as such it would likely fulfill a critical 

function in the pathogen's virulence 72. Several pieces of evidence argue 

against this hypothesis: first, while the subcellular localization of PdpE was 

demonstrated to be exclusively in the outer membrane (Paper I), Hcp 

hexamers accumulate in culture supernatant and cytoplasm, to form a 

channel-like structure 145,146. Moreover, our attempts to demonstrate the 

existence of Hcp homodimers have been in vain, which is in contrast to what 

has been shown for Hcp of P. aeruginosa 145,147. In macrophage cell 
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infections, the ∆pdpE mutant showed similar behavior as LVS; it quickly 

escaped from the phagosome, replicated to high numbers, efficiently 

inhibited TNF-α production upon LPS stimulation and induced IL-1β 

secretion. The ∆pdpE mutant was also fully virulent in mice. The only 

phenotypic defect that we observed for the mutant was a modest reduction in 

LDH release upon infection of primary cells, otherwise it behaved as LVS. If 

PdpE would be a functional Hcp homologue, one would expect that a 

deletion mutation had larger impact on essential bacterial functions e.g. 

phagosomal escape, replication and modulation of immune response in 

macrophages. Instead, IglC is more likely to be an Hcp candidate 75 since this 

protein is essential for all of the above processes. Still, if PdpE had no 

function, the corresponding gene would most likely not be present in the 

island or at least it would not be expressed. We therefore assume that the 

protein, as an outer membrane component, may fulfill structural functions 

for the secretion apparatus. It is tempting to speculate that it is just a matter 

of time until functional PdpE homologues will be identified in other T6SSs. 

Possibly, the functionality of PdpE is connected to different conditions, 

environmental settings, or different host cells than those used in our studies.  

Our study on IglE suggests that this protein is essential for FPI functions, 

such as escape, replication and cytopathogenicity. The crystal structure of 

the protein has been solved 148, but there is only limited information about 

the functionality of the molecule and which regions are essential for its 

functions. In silico analysis predicted IglE to display a N-terminal Sec signal 

[paper IV; 25] and the protein has been shown to be lipidated at the 

conserved lipobox residue C22 63,66. This residue is critical to direct the 

cleavage by a signal peptidase, and its mutation leads to mis-localization of 

the protein 63,66. Lipoproteins are synthesized in precursor forms in the 

cytoplasm with their structural and functional domains. In Gram-negative 

bacteria a signal sequence in the N-terminus is typically followed by the 

lipobox with a conserved LXXC motif, which allows in silico identification of 

such proteins. The cysteine (C) residue, that is the target of signal peptidase 

II (SPII), becomes upon cleavage the first residue of the mature protein (+1 
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position) 149. The precursor proteins are first transported over the inner 

membrane which typically occurs via the Sec pathway. This well-

characterized transport system in bacteria fulfills two basic functions, (i) the 

transport of secretory proteins and (ii) insertion of membrane proteins into 

the outer membrane 150. To analyze the role of the lipobox in IglE function, 

each of the residues within the motif was individually replaced with alanine 

and expressed in trans in iglE (Paper III). Mutated IglE with substitutions 

in positions L19 (leucine) or C22 (cysteine) of the lipobox motif were 

undetectable in our hands, when using appropriate antisera. This is to some 

degree in agreement with previous studies that found a C22G protein to be 

much less abundant 63,66. In contrast, we found that mutated IglE proteins 

with a S20A or S21A substitution were as abundant as wild type IglE. 

Unexpectedly, ∆iglE expressing the L19A or C22A mutants in trans 

replicated efficiently in J774 cells, and both strains displayed an 

intermediate inhibition of TNF-α secretion. While the former strain induced 

efficient cytotoxicity, an infection with the C22A mutant resulted in LDH 

levels comparable to that of uninfected cells. Previous studies suggested that 

a C22G mutant is unable to support intracellular growth by ∆iglE 63,66, but in 

our hands this mutant behaved indistinguishable from a C22A mutant . In 

addition, the S20A or S21A mutant forms of IglE were able to fully 

complement the ∆iglE strain in the same assays. Thus, while the serine 

residues in positions 20 and 21 seem to be of minor importance, L19 and 

more so C22 are important (although not essential) for a normal IglE 

function.  

Using a frameshift-based approach of within the first 38 residues of IglE, we 

identified residues 33 to 38 as critical, since the mutant FS4, carrying an 

altered sequence in this region, was defective for intracellular growth, LDH 

release and inhibition of TNF-α secretion, but without any reduced IglE 

expression. Interestingly, after infection, this mutant dropped in numbers 

over time. By substituting one amino acid at a time, residue I38 was 

identified as functionally important. The I38Y mutant exhibited an 

intermediate phenotype with respect to TNF-α secretion, a slightly reduced 
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ability to grow within J774 cells, but a severely defective cytopathogenic 

response. When combined with other single amino acid substitutions within 

the FS4 region, three of the double mutants (I33F, I38Y; P34L, I38Y and 

T36Q, I38Y) exhibited a phenotype identical to the FS4 mutant, while the 

K35R, I38Y double mutant behaved similar to the I38Y mutant. This 

highlights the importance of residues 33 to 38 in IglE function.  

4.2 SECRETION OF FPI PROTEINS 

While it was suggested that the FPI encodes a T6SS, evidence for its 

functionality and identification of substrates, was missing for long 54. The 

first indication that FPI components may be secreted during infection was 

demonstrated by Barker and colleagues, who by measuring induction of 

cAMP levels concluded that CyaA fusions of F. novicida IglI and VgrG (but 

not PdpE) were translocated to the cytoplasm of host cells during infection, 

suggesting these would represent secreted substrates of F. novicida 72. 

Unexpectedly however, VgrG secretion in contrast to that of IglI occurred in 

an FPI-independent manner.  

We wanted to determine whether any of our FPI members studied also were 

secreted substrates, and therefore we adapted this method. In our hands, an 

IglG-CyaA fusion was not translocated in this assay, however secretion of 

VgrG-CyaA from F. novicida or LVS occurred regardless of strain 

background tested (i.e. ∆pdpE, ∆iglI and ∆iglG). In contrast to the results by 

Barker et al., F. novicida IglI-CyaA was not secreted in our hands, while IglI 

derived from LVS, similarly to VgrG, induced high cAMP levels in all 

backgrounds tested. The contradicting results regarding the secretion of IglI 

could imply different mechanisms of translocation in F. tularensis LVS and 

F. novicida or that the assay is unstable. For this reason we decided to 

develop a new strategy for studying secretion of FPI proteins. At the same 

time, several publications used the TEM-1 beta-lactamase of E. coli as a 

fluorescence-based reporter to demonstrate secretion of substrates in other 

bacterial systems 151,152. We therefore decided to use this reporter to study 

secretion of FPI protein in LVS. 
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UNIQUE SUBSTRATES ARE SECRETED BY THE T6SS OF F. TULARENSIS 

(PAPER IV) 

To identify FPI members secreted through the putative T6SS of F. tularensis, 

all of the 17 FPI proteins of LVS were C-terminally fused to the mature TEM-

1 β-lactamase from E. coli and expressed from the GroEL promoter. The 

infected cells are loaded with a substrate, CCF2-AM, Importantly, as LVS 

encodes only a truncated form of PdpD, the full-length protein from F. 

novicida U112 was used. Instead of expressing the individual fusion proteins 

in the corresponding deletion mutant, all proteins were expressed in LVS to 

circumvent problems with lack of complementation and thus negative effects 

on intracellular growth. As mentioned in section 3 most fusion proteins were 

expressed and detected by immunoblot analysis, while DotU, PdpB and 

PdpC were assumed unstable as neither of those proteins was properly 

detected.  

Previously obtained data from the CyaA secretion assay (see previous 

section) suggested that VgrG, but not IglG, are secreted into the J774 

macrophage cytoplasm during infection with LVS [Paper I; 49]. For this 

reason, VgrG-TEM was used as positive control, while IglG-TEM served as a 

negative control. At different time points, i.e. 3 h, 9 h, 18 h, 24 h, J774 cells 

were loaded with the substrate CCF2 and β-lactamase activity in the cytosol 

mediated by effector-TEM fusion proteins, cleaves the CCF2 β-lactam ring 

and the separation of the two dyes changes the CCF2 fluorescence from 

green to blue emission determined by live cell microscopy (see section 3). 

For substrates found to be secreted as evidenced by the presence of blue 

fluorescent cells, secretion was most prominent during the late cytosolic 

stage, i.e. between 18 and 24 h. Earlier time points revealed only low 

numbers of blue fluorescent cells, and only for a subset of the secreted 

substrates (IglE, IglC and PdpE). It is likely that the low secretion at these 

early time points may be a direct consequence of the low number of bacteria 

(and thus little TEM-fusion chimeras present) in the host cell cytosol. 

Therefore, the 18 h time point was routinely used to estimate secretion. At 

this time point, 8 out of the 17 FPI fusion proteins were found to be secreted 
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(Table 1). Interestingly, most of these FPI proteins identified to be secreted 

substrates in this assay are small in size (IglE, VgrG, IglC, PdpE, IglJ; 14,5 

kD – 30,4 kD) with a few exceptions (IglI, IglF and PdpA; 44,6 – 95,3 kD) 

which speaks for their role as translocated substrates. A small protein size 

for effector proteins might be of advantage, as these proteins need to be 

efficiently translocated over the cell membrane. Even if a large unfolded 

protein would fit in the tubule structure of the T6SS, it would be sterically 

difficult to translocate it into the host cell in just a single sheath contraction 

event. Importantly, the differential expression of the TEM-chimeras as 

determined by Western blot analysis was not correlating with their efficiency 

of secretion. A TEM fusion of IglG was not secreted during infection (% blue 

cells below the cut-off of the assay, i.e. 0,5 %), and hence, was a good 

negative control for the assay.  

The finding by Barker and colleagues that secretion of VgrG but not IglI 

occurred independently from the FPI was contradicted by our finding shown 

in Paper I; we described secretion of both IglI and VgrG to be independent of 

certain FPI components in the CyaA based reporter assay 49,72. To test 

whether the secretion of TEM-FPI proteins occurred independently from the 

putative core components of the Francisella LVS T6SS, all fusion proteins 

were expressed in different mutant backgrounds, i.e. ∆vgrG, ∆dotU, ∆iglC 

and ∆iglG. Notably, none of the β-lactamase FPI fusions tested were found 

to be secreted in the first three backgrounds. We cannot exclude that the loss 

of secretion may be a direct consequence of the low numbers of ∆vgrG, 

∆dotU, or ∆iglC mutant bacteria present during infection, however, the 

∆iglG mutant grows equally well as LVS in J774 cells, and still secretion of 

all FPI-TEM fusions was dramatically reduced or absent also in this 

background. This suggests that IglG, DotU, VgrG and IglC are important for 

the translocation of other FPI substrates. The FPI-independent secretion of 

VgrG and IglI previously observed in the CyaA reporter assay is most likely 

due to an inherent problem with this method 49,72.  
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SECRETION IN F. TULARENSIS SSP. NOVICIDA 

To confirm T6S in a separate subspecies of Francisella, F. tularensis subsp. 

novicida strain U112 was also included in the TEM reporter assay. 

Surprisingly, infections with this strain alone without any TEM reporter 

resulted in a very high number of blue fluorescent cells, suggesting that the 

presence of endogenous β-lactamases interfere with the assay. This was 

found to be due to the presence of an enzyme encoded by FTN_1072, but not 

FTN_1002, since a Tn-mutant within the former β-lactamase gene resulted 

in only green fluorescent cells during infection. All TEM-reporters were 

therefore tested within this background. Intriguingly, the homologous β-

lactamases of LVS, FTL_0879 and FTL_0957, did not interfere with the 

assay, suggesting that they are either not secreted or non-functional. An 

alignment of FTN_1072 from F. novicida U112 and FTL_0879 of LVS 

revealed numerous substitutions in the LVS gene which could influence 

protein confirmation and substrate specificity. Moreover, while Bina et al. 

showed that FTL_0879 is secreted in LVS, no study has directly compared 

the efficiency of β-lactamase secretion in F. novicida and LVS 153. 

To analyze this, the genes encoding endogenous β-lactamases of U112 

(FTN_1072) and LVS (FTL_0879), were expressed in the F. novicida 

FTN_1072 transposon mutant. Interestingly, the complementation of 

FTN_0172 only partially restored secretion and when FTL_0879 was 

expressed from the same strain background, the amount of blue cells was 

severely reduced to about 5 % of the U112 levels. This implies that the β-

lactamase of LVS was less efficient in processing the substrate CCF2-AM. 

However, when FTN_1072 was expressed in LVS, the number of blue cells 

decreased to a third compared to when expressed in the F. novicida 

FTN_1072 background, which allowed us to conclude that secretion in F. 

novicida is more efficient per se. To this end, it was interesting to analyze if 

also FPI proteins were more efficiently secreted in F. novicida. FPI-TEM 

chimeras positively tested for translocation in LVS were expressed in F. 

novicida FTN_1072 and their secretion in J774 cells estimated using the 

same experimental setup. Strikingly, only four FPI fusion proteins were 
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found to be secreted under the chosen conditions and the efficient 

translocation that was seen for FTN_1072 did not apply to the FPI-TEM 

proteins. However, infection with F. novicida expressing PdpE-TEM resulted 

in high numbers of blue fluorescent cells, while IglE, IglC and PdpA were 

secreted at only low amounts. Importantly, several components that were 

secreted in LVS, i.e. VgrG, IglF, IglI, and IglJ, were not found to be 

translocated in F. novicida during infection. Our findings identified several 

substrates of the putative T6SS of F. tularensis and F. novicida, of which 

four (PdpA, PdpE, IglE, and IglC) are shared substrates of Francisella spp. 

Interestingly, IglE is notably more efficiently secreted in LVS than in F. 

novicida, while PdpE is more efficiently secreted in the latter subspecies. 

Based on these findings, we speculate that there may be fundamental 

differences in the T6S mechanisms between the different subspecies. In 

support, F. novicida differs from LVS in many aspects, such as ecology, 

genetic setup of the FPI, i.e. only one functional copy, induction of immune 

response, host specificity and, accordingly to our findings, possibly the 

secretion of putative effector proteins as well.  

THE IMPORTANCE OF PROTON MOTIVE FORCE (PMF) FOR SECRETION 

In order to translocate proteins over the bacterial membrane an energy 

source is needed. A present controversy concerns the involvement of ClpV in 

the T6S mechanism. This protein is conserved in almost all T6SSs described 

and was identified as a Clp family ClpV AAA+ ATPase of pathogenic 

proteobacteria 97,145,154. Members of the Clp family are able to form hexameric 

ring and unfold proteins by leading them through their central channel 155. 

Several models have assumed that ClpV is directly involved in substrate 

recognition and translocation through the T6SS 105,156, but a recent study 

suggested that the ClpV protein instead covers a contracted VipA/VipB 

sheath by directly interacting with VipB and therefore, may play a role in 

recycling the contracted sheath [reviewed in 87].  

However, members of the classical Clp family AAA+ ATPases, like ClpV, are 

not found in F. tularensis and PdpB (IcmF) lacks the Walker A box which is 



 

51 

essential for its ATPase activity 23. Interestingly, it was shown that the proton 

motive force (PMF) may drive the secretion of specific effector proteins 

through the type III secretion systems (T3SSs) 157,158. The protonophor CCCP 

uncouples oxidative phosphorylation by the mitochondrial ATPase, as the 

proton gradient in the cell collapses 157,159. The impact of CCCP on ATPases 

was evident from studies on the flagellar secretion system of Salmonella 

enterica and the evolutionary and structurally related T3SSs of Yersinia 

enterocolitica and Shigella flexneri 157,158,160,161.  

To determine whether PMF may act as an energy source during secretion of 

FPI protein within the host cell cytosol, CCCP was added and the secretion of 

FPI-TEM fusion proteins determined upon infection with F. tularensis and 

F. novicida strains. Interestingly, secretion of IglC-TEM by LVS was 

inhibited by CCCP in a dose-dependent manner, while PdpE-TEM secretion 

by F. novicida FTN_1072 was only inhibited by the highest CCCP 

concentration tested (10 μM). In contrast, the endogenous β-lactamase 

FTN_1072 was not affected at all by the protonophor, indicating that it 

specifically targets the machinery involved in translocation of FPI proteins, 

but not β-lactamases. 

PROTEIN SECRETION BY THE FRANCISELLA T6SS – THE BIGGER 

PICTURE 

Present models postulate that T6S is a one-step process, where Sec-

independent mechanisms govern the secretion of proteins across both 

bacterial membranes. Interestingly, however, two secreted FPI proteins, IglE 

and PdpE, are predicted to encode N-terminal signal peptides which could 

imply a connection between T6SS and the Sec pathway, similarly to what was 

seen for RbsB of Rhizobium leguminosarum 162. Furthermore, the 

differential secretion of specific FPI proteins, i.e. IglC and IglE, may indicate 

an increased synthesis of certain proteins to meet the need for appropriate 

apparatus assembly under specific conditions. FPI genes have been shown to 

be upregulated during late stages of intracellular replication (12 – 16 h) 

which confirms our finding that FPI protein secretion increases between 9 – 
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18 h 71,76. However, no specific conditions that induce effector secretion by 

LVS in vitro have been identified and host factors that activate the 

Francisella secretion system are so far unknown. Importantly, a recent study 

on F. novicida suggested that secretion of IglC-FLAG and VgrG-FLAG is 

induced in vitro in TSB (tryptic soy broth) medium supplemented with 

cysteine and 5 % KCl 128. However, whether the same KCl concentration 

would induce secretion also by other subspecies of Francisella remains to be 

investigated.  

The tight regulation of T6SS has been shown in previous studies, for example 

T6S in the V. cholerae strain O1 occurred only under specific temperatures 

and in the presence of the a specific osmolarity 163. Interestingly, 

microinjection experiments indicate that IglA and IglC are exclusively 

important for the phagosomal escape step, as iglA and iglC mutants are 

capable of replicating if directly injected into the host cell cytosol (Paper V). 

Thus, it is possible that Francisella substrates are secreted via the T6SS at 

these early time points, mediating the phagosomal escape, but due to the 

technical limitations of the TEM assay, the low level of secretion cannot be 

detected. Nguyen and colleagues argued that IglE is detected as secreted 

because it locates to the outer membrane; we cannot exclude that the FPI 

substrates identified by the TEM method may be part of an external 

structure and not effector proteins per se, but strikingly, the recent study by 

Clemens et al. showed that IglA/IglB, similar to the V. cholerae VipA/VipB 

homologues, form a sheath and this large structure most likely protrudes 

beyond the outer membrane into the extracellular space upon a contraction 

event 128. Still, we did not identify IglA or IglB in our screen as secreted 

substrate candidates, indicating that proteins that form membrane 

associated structures are not able to cleave the CCF2-AM substrate during 

infection. It is possible that the choice of the reporter may influence the 

results, i.e. the TEM reporter may not be optimal to analyze secretion of all 

substrates tested. However, a subsequent study by Hare, in which a FLAG-

tag based reporter assay was used, confirmed the substrates identified in our 

TEM assay 164. In fact, all but three FPI proteins tested (PdpB, PdpD and 
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Anmk) were found to be detected extracellularly by this method and they 

were also co-localized with the bacteria. Hence, the authors claimed that 

most of the FPI proteins are substrates, but it is possible that their 

experimental setup may not distinguish between secreted and structural 

components, e.g. IglA and IglB, which are part of an external structure 128,164.  

Intriguingly, the VgrG and IglC proteins are not only required for the 

secretion of other FPI proteins, but they are also secreted substrates by the 

same machinery. It is possible that they may be part of an external structure 

of the secretion apparatus. Early-secreted substrates, including VgrG and 

IglC, may form the tubule und puncturing device-like structure, which then 

allows the translocation of late-secreted substrates, i.e. effector proteins, into 

the target cell. Interestingly, VgrG of P. aeruginosa has recently been shown 

to fulfill a carrier-function, being indispensable for the delivery of effectors 

and toxins to the target cell 107. Several gene clusters that encode vgrG also 

contain putative toxins and this lead the author to speculate that there might 

be specific VgrG-toxin pairs that can decorate the cell puncturing complex 

107. The binding between VgrG and effector proteins may be mediated by a 

PAAR adaptor protein 106,165, although such a protein has not yet been 

identified in Francisella. 

Noteworthy, only FPI proteins were tested for translocation in Paper IV, and 

it is possible that additional effectors, like VgrG or Hcp homologues, may be 

located elsewhere in the genome and therefore not yet identified 166,167. Still, 

using our approach out of the 8 FPI proteins found to be secreted in the TEM 

reporter assay, PdpE, IglE, IglF, IglI, IglJ and PdpA are all unique to 

Francisella, suggesting that Francisella encodes several unique substrates of 

unknown functions. These substrates might enable the adaptation to the 

intracellular life style in macrophages and amoeba. Hood and colleagues 

suggested that T6SSs may have dual specificity and target either eukaryotic 

or prokaryotic cells 89. Still, no prokaryotic T6SS-targets have been 

discovered for F. novicida or F. philomiragia, while these are commonly 

isolated from environmental samples such as soil and water where other 

bacteria may be encountered 168,169. Taken into account that host tropism, 
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clinical impact and the genomic setup for F. novicida and F. tularensis are 

very different 3, it is tempting to speculate that the T6SS in the two 

subspecies fulfills distinct functions and, that the secretion of specific FPI 

proteins might be different and a result of the environmental adaptation.  

4.3 IMPORTANCE OF BACTERIAL AND HOST FACTORS DURING 

INTRACELLULAR INFECTION (PAPER V) 

Intracytosolic bacteria are adapted specifically to their replicative niche, i.e. 

the host cell cytosol. However, different FPI mutants of Francisella cannot 

degrade the phagosomal membrane and thereby evade the hostile 

environment of the phagosome. Thus, those bacteria never reach the 

cytosolic compartment where replication naturally occurs. To circumvent 

this problem of unaccomplished escape, bacteria were directly injected into 

the host cell cytosol and their replication monitored, thereby making it 

possible to assess the contribution of individual FPI proteins for intracellular 

replication without taking into account the requirement for phagosomal 

escape.  

Francisella and Listeria monocytogenes are both intracellular bacteria that 

display distinct behaviors in the host cell. The latter pathogen, the etiological 

agent of listeriosis, escapes the phagosome due to hemolysin- and 

phospholipase-mediated lysis of the vacuole, rapidly multiplies and moves to 

adjacent cells by using the actin cytoskeleton of the host cell 170. During an 

infection with pathogens that escape into cytosol, cytosolic host receptors 

recognize corresponding PAMPs and activate a signaling cascade and thus, 

the inflammasome. In response to an infection with Francisella and Listeria, 

the AIM2 inflammasome is triggered, i.e. a multiprotein complex is formed 

including the adaptor protein ASC and pro-caspase-1. The protease will then 

be cleaved into its active form and mediate cell death. By eliminating the 

replicative niche of the pathogen, the host cell contributes to limit the 

infection (see section 1.2). Importantly, during the phagosomal stage of 

infection, Francisella and Listeria interact with the TLR2 receptor and thus, 

the inflammatory response depends on the TLR-adaptor protein MyD88 (see 
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section 1.2). However, several studies showed that mice that lack either 

MyD88 or ASC are severely susceptible to infection with those intracytosolic 

pathogens 171-173. To this end, corresponding gene-deficient cells were 

included in the study, next to established cell types, i.e. J774 cells and 

primary macrophages. To evaluate the ability of replication in a non-

phagocytic cell type and the impact of reduced killing capacity, HeLa cells 

were also infected and injected. 

REPLICATION UPON PHAGOCYTOSIS 

In agreement with previously published data 49,50,129, ∆iglA and ∆iglC did not 

replicate in any of the cells types tested after phagocytic uptake. In contrast, 

∆pdpE reached numbers similar or higher in comparison to the parental 

strain LVS. The ∆iglG and ∆iglI mutants displayed interesting intermediate 

phenotypes since the ∆iglG mutant replicated in all cell types, albeit to 

variable extent, whereas ∆iglI did not grow in primary BMM, but showed 

effective replication in isogenic ASC-/- cells. This indicates that ASC is critical 

for the control of an infection with ∆iglI. Moreover, replication in HeLa cells 

was efficient for LVS, ∆pdpE and ∆iglG, and to some extent ∆iglI, while 

∆iglA and ∆iglC did not grow. Importantly, L. monocytogenes grew rapidly 

in all cell types and caused extensive cell death within 24 h. 

In summary, FPI mutants represented three categories with regards to 

replication after normal uptake: a null phenotype, i.e. ∆iglA and ∆iglC, an 

intermediate phenotype with replication in certain cell types, i.e. ∆iglG and 

∆iglI, and a wild type-like phenotype, i.e. ∆pdpE.  

REPLICATION UPON MICROINJECTION 

After GFP-labeled bacteria were co-injected with the dye rhodamine-dextran 

into the cytosol of the various types of cells, replication was determined at 24 

h post injection, and bacterial numbers per cell were categorized as follows: 

2 – 20 (inefficient replication), 20 – 100 (moderate replication), and 100 – 

1000 (efficient replication) (Fig.7).  
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FIG. 7. REPRESENTATIVE PICTURES OF CELLS INFECTED WITH F. TULARENSIS UPON 

MICROINJECTION. Pictures from left to right show examples of different categories: 2-

20; 20-100; 100-1000 bacteria/cell.  

 

L. monocytogenes replicated rapidly and started to spread to neighboring 

cells (i.e. rhodamine negative) and most of the initially injected cells (i.e. 

rhodamine positive) contained massive numbers of bacteria. To our surprise, 

all FPI mutants were able to replicate in the cytosol of J774 cells, and ∆pdpE 

even more efficiently than LVS (Fig. 8). 

The finding that ∆iglA and ∆iglC also replicated upon injection indicates that 

the corresponding proteins are dispensable for intracellular replication, a 

finding which contradicts previous suggestions [reviewed in 23]. As primary 

macrophages can control bacterial infection more efficiently, BMM were 

injected in the same fashion and again all strains were found to replicate, 

however, LVS showed significantly less growth than any of the FPI mutants 

(Fig. 8). Interestingly, ∆pdpE and ∆iglC showed slightly impaired growth 

compared to LVS in ASC-/- and MyD88-/- cells, respectively. In contrast, 

∆iglA, ∆iglG and ∆iglI replicated to significantly higher numbers in these 

knock out cells compared to LVS. Even more surprising to us was the finding 

that L. monocytogenes essentially did not replicate in MyD88-/- cells, while it 

grew efficiently in ASC-/-.  

Very little is known about the behavior of Francisella in non-phagocytic cells 

and to test if FPI components could be critical in e.g. epithelial cells, HeLa 

cells were injected. As expected, all FPI mutants were found to replicate and 

interestingly the HeLa cell cytosol was more permissive to bacterial 

replication than any other cell type tested, as all strains replicated to high 

numbers (Fig. 8). However, the distinct replication of LVS upon 
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microinjection into BMM was unexpected and to this end we wondered if the 

phenotype could be rescued. The ∆iglG mutant is unique among the FPI 

mutants as it is able to replicate in various cell types but displays impaired 

inflammasome activation. To test whether the cytosol can be “primed” by 

∆iglG, the mutant was co-injected together with GFP-labeled LVS. As LVS 

again showed only limited replication we concluded that potential changes in 

the cytosol caused by ∆iglG replication did not have an impact on LVS 

growth. Interestingly, recent observations also revealed that U112 was unable 

to replicate in BMM (Meyer, unpublished results), while it grew efficiently in 

J774 cells upon injection 35. This is a somewhat surprising result, as F. 

novicida U112 replicates upon phagocytic uptake in primary cells 70. 

However, our data may indicate that F. novicida is more sensitive to the 

cytosolic environment of BMM and perhaps the phagosomal escape or 

function of the T6SS are required for adaptation and nutrient assimilation. 

 

 

FIG. 8. REPLICATION OF LVS AND FPI MUTANTS UPON INJECTION OF J774, BMM, AND 

HELA CELLS. The graph represents the proportions of infected cells at 24 h, in the 

respective categories (i.e. 2 -20; 20 – 100; 100 – 1000 bacteria/cell) in J774 cells, 

BMM and HeLa cells. Significant differences between LVS and a mutant regarding 

the ability of replication upon injection, are indicated with asterisks (* P ≤ 0,05; ** P 

≤ 0,01; *** P ≤ 0,001). 
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FRANCISELLA, LISTERIA AND THE IMPORTANCE OF PHAGOSOMAL 

ESCAPE 

Interestingly, the cytosol of different cell types features distinct capacities to 

deal with microinjected pathogens and the HeLa cell cytosol was found to be 

much more permissive that that of phagocytic cells. But importantly, 

bacteria could also efficiently replicate in phagocytic cells and the lack of 

ASC or MyD88, factors of the innate immunity, did not affect the cytosolic 

permissiveness profoundly.  

In contrast, the presence of MyD88 is essential for efficient L. 

monocytogenes replication and it is possible that the absence of the adapter 

protein alters the composition of the cytosol. MyD88 is known to control the 

early immune activation and our data may indicate that L. monocytogenes 

benefits from this activation occurring upon infection. In vivo studies have 

revealed that the activation of the MyD88 signaling cascade in dendritic cells 

not only triggered protective immune responses but also mediated the 

migration of other cells of the innate immune system to the site of infection 

174. Possibly, Listeria takes advantage of the expanding number of cells to 

also infect them, or, a more humble explanation could be that the immune 

cells clear the infection. However, in our experimental setup, the host cell 

factors made the difference between the distinct cell types, but even more 

importantly, bacterial factors as the FPI proteins designated the bacterial 

fate during infection. Strikingly, compared to most of the mutants, LVS 

showed slightly impaired replication, thus, the step of phagosomal escape 

and the expression of all FPI proteins may be essential for the normal 

adaptation to the host cell environment. The AIM2 inflammasome response 

is often seen as a measure to control intracellular replication of pathogens, 

but it is possible that the bacteria may use the host response to their 

advantage. If this interpretation would be correct, then microinjection would 

lead to a different cytosolic response than phagocytosis and this could 

explain some of the phenomena. 

Importantly, IglA and IglC were found to be essential for the escape for the 

phagosomal compartment but still showed intact replication upon 
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microinjection. This indicates the importance of the two proteins as 

mediators of phagosomal escape as components of the Francisella T6SS. 

Indeed, the recent study by Clemens et al. showed IglA to be part of the tail 

sheath 128. However, IglC has been hypothesized to constitute an Hcp 

homologue and therefore would fulfill critical functions during infection 75. 

IglG has been shown to specifically modulate a host cell death pathway and 

taking our results into account, IglG seems to be critical in the interaction 

with the intracellular environment while not being essential for escape nor 

replication 49,73. IglI was shown to be secreted and may serve as an effector to 

modulate the host cell environment 25,49,72. Interestingly, the ability of the 

∆iglI mutant to replicate in ASC-/- cells indicates a connection between the 

bacterial and the host immune factor.  

Strikingly, we were unable to identify a FPI component that was exclusively 

important for the intracytosolic replication. This underlines the importance 

of the FPI and the T6SS for the event of phagosomal. However, FPI genes are 

upregulated within the first hour, then downregulated and finally reaching 

maximums at late stages of cytosolic replication, and these dynamics 

indicate that the expression of FPI genes is not beneficial throughout the life 

cycle 76. Thus, F. tularensis strains with a deficient T6SS that are 

microinjected into the cell could have a growth advantage due to reduced 

recognition by the host. However, the role of several FPI components, e.g. 

PdpE, is still unknown and their detailed characterizations are needed to 

fully understand Francisella’s pathogenicity. Previously, the study by Goetz 

et al. concluded that the metabolic adaptation to the intracellular 

environment is the key for successful replication 12. However, our findings 

suggest that an intricate host-bacterial interaction, the event of phagosomal 

escape and the characteristic intracellular milieu of the host cell are equally 

important. 

The rarely used technique of microinjection became for us an important tool 

to investigate the importance of individual proteins for phagosomal escape 

and intracellular replication. At the same time one can also asses the 
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importance of host factors in this setting by using appropriate knock out 

cells. 

CELL-TO-CELL SPREAD  

When following the injected cells by live cell microscopy, we made the 

observation that some rhodamine dextran negative cells were infected at 24 

h, i.e. cells that were not initially injected. Interestingly, a number of these 

cells were infected with mutants that usually display a null mutant 

phenotype, i.e. they cannot escape the phagosome nor replicate upon 

infection. We therefore got interested in how bacteria can “travel” from one 

cell to the other. After the infection in the individual cell was established and 

massive replication occurred, the host cells died. In rare observations 

individual host cells were found to burst, releasing free bacterial cells (Fig. 

9). As such they were then taken up by surrounding cells, perhaps by 

phagocytosis or macropinocytosis. However, in a few instances, vesicle-

enclosed bacteria were found which would enter the cell by an alternative 

mechanisms e.g. calveolin-/clathrin-mediated uptake, lipid-raft-mediated 

endocytosis, phagocytosis, membrane fusion or macropinocytosis. However, 

due to the rarity, we were not able to quantify this event nor to identify 

specific markers of the vesicles that could shed light on the origin of their 

membranes. But interestingly, the alternative uptake might explain the 

spread of ∆iglA and ∆iglC, as those mutants that are usually unable to 

escape, will reinfect cells given that their uptake does not require escape 

from a cellular compartment. Taking this idea to the next level, it seems 

tempting to speculate that FPI mutants and wild-type Francisella might be 

able to spread to a limited extent by a mechanism that is independent from 

the T6SS. However, the vesicle-enclosed bacteria may also be killed in the 

autophagic cascade that directs Francisella-containing vacuoles to fuse with 

lysosomes in the endocytic pathway 175. 
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FIG. 9. VESICLE-ENCLOSED LVS AT 24 H (LEFT) AND LVS SPREADING AFTER CELL 

“BURST” AT 32 H (RIGHT). LVS-GFP infected J774 cells were followed in the live cell 

microscope for 24 – 36 h.  
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5. CONCLUSIONS  

 VgrG, DotU, IglE, IglG and IglI are critical for Francisella’s 

pathogenicity 

 The core component VgrG forms multimers and is secreted. 

 The core component DotU has a stabilizing function for PdpB. 

 Under the conditions used, no function for the outer membrane 

protein PdpE has been determined.  

 IglE is an outer membrane protein and at the same time secreted, 

possibly it may possess an effector function that has not been 

experimentally confirmed yet. 

 Distinct residues within the N-terminus of the lipoprotein IglE are 

critical for its function. 

 IglE, IglC, VgrG, IglI, PdpE, PdpA, IglJ and IglF are secreted and 

may therefore have effector functions.  

 IglI is essential during infection in primary macrophages and has 

a connection to ASC. 

 IglG is dispensable for intracellular replication, but plays a critical 

role in the cytopathogenic response.  

 IglA and IglC are exclusively important for the phagosomal 

escape. 

 No FPI protein was identified to be exclusively essential for 

cytosolic replication upon microinjection. 

 MyD88 is essential for Listeria replication upon microinjection. 
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