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Abstract 
Fransicella tularensis (F.t.) is a facultative intracellular pathogen that escapes from the 

phagosome into the host cell cytosol in order to survive and proliferate. F.t. subspecies 

tularensis and holartica are the causative agents of tularemia infections in humans. It is a 

highly infectious disease with a dose as low as 10 colony forming units being able to cause 

severe disease upon infection. F.t. subspecies novicida (F.t.n.), which is not pathogenic to 

healthy humans, has been increasingly studied and used as a model organism for F.t. 

infections.  

This thesis aimed to establish a model for studying the F.t.n. intracellular cycle in murine 

bone marrow derived macrophages (BMM) and RAW 264.7 cells by transmission electron 

microscopy. Stereological analysis of transmission electron micrographs was used to 

investigate the kinetics of the intracellular life cycle of F.t.n., the effects of IFNγ-activation of 

macrophages, and the inhibition of lysosomal proteases on the ability of F.t.n. to escape from 

the phagosome. The interaction between the F.t.-containing vacuole and the endocytic 

compartment of the host cells was analyzed by immunogold labeling on Tokuyasu sections 

and by loading host cells with BSA-5 nm colloidal gold particles before infection. Optical 

tweezers were used to quantify bacterial adherence to a macrophage cell. In addition, the 

ultrastructural preservation of bacteria was compared using either chemical fixation by 

aldehydes and a standard resin embedding protocol or high-pressure freezing (HPF) and 

freeze substitution (FS). 

Our study showed that the bacterial load in RAW 264.7 was several folds higher compared to 

BMM, which argues that RAW 264.7 cells support the intracellular proliferation of F.t.n. 

better than BMM, which were very susceptible to the induction of cell death (pyroptosis) 

when bacteria escaped from the phagosome into the cytosol of the host cell. BSA-5 nm gold 

particles, LAMP-1 and cathepsin C, which represent markers of late endosomes/lysosomes, 

were localized to the majority of F.t.n. containing vacuoles 1 h and 4 h after the infection, 

which indicates that F.t.n. has a limited ability to modify phagosome maturation. IFNγ 

activated RAW 264.7 cells showed increased rate of cell death after the escape of bacteria 

into the cytosol, presumably due to increased susceptibility for the induction of pyroptosis. 

Inhibition of lysosomal proteases increased the fraction of cytosolic bacteria, which suggests 

that lysosomal cathepsins could degrade bacterial protein factors that mediate the phagosomal 
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escape. Using optical tweezers we could demonstrate that Rhodococcus equi (R.e.) are two-

fold more likely to adhere to a macrophage cell compared to F.t.n. We believe that with 

further optimization, optical tweezers could be a sensitive method to study interactions 

between bacteria and host cells at a single-cell level. Comparison between chemical fixation 

and HPF showed that F.t.n. is truly pleomorphic, that electron translucent halos around 

chemically fixed bacteria represents a shrinkage artefact, and that with chemical fixation the 

outer membrane is poorly immobilized and can be artefactually displaced in Tokuyasu 

sections. Collectively, our results contribute to the understanding of several aspects of the 

interaction between F.t. and its macrophage host cell, especially the uptake of bacteria, the 

phagosome maturation arrest and the phagosomal escape. 
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1 Introduction 

1.1 Tularemia 

Tularemia is a zoonotic disease, caused by the bacterium Francisella tularensis [1, 2]. It was 

reported that a dosage as low as 10 colony forming units (CFU) of the bacteria is able to cause 

a severe disease upon inhalation in a susceptible host [3]. The disease was discovered in the 

United States in 1911 by McCoy and Chapin and was first described as a tuberculosis-like 

disease occurring in ground squirrels in Tulare county, California [4]. During the following 

year the causative agent of the disease was isolated and given the name Bacterium tularense 

[5]. In 1925, Edward Francis published a study of 49 cases of the human disease commonly 

known as “rabbit-fever”, “tick-fever” or “deer-fly fever” [6]. Included in his studies was a 

patient case from the practice of Dr. Vail (1913), which is now recognized as the first human 

case of tularemia on record, with bacteriological confirmation of B. tularense [7]. Francis 

described the symptoms and the course of the disease and gave it the name “tularemia”.  

For his dedication to the study of tularemia, Francis’s name was taken to rename B. tularense 

when its reclassification was proposed in 1947. The name Francisella tularensis (F.t.) was 

officially approved in 1980 with Francisella as the only genus in the family Francisellaceae. 

Since the 1940s, F.t. has been considered as a potential biological threat if weaponized [8]. In 

the 1950s the bacterium was given the highest priority in the offensive programs of the United 

States and the Soviet Union, both being involved in developing weaponized F.t. during the 

Cold War [2, 9]. Today F.t. is classified by the Centers for Disease Control and Prevention, at 

the USA Department of Health and Human Services, as a category A agent 

(http://www.bt.cdc.gov/agent/agentlist-category.asp), as its intentional spread in biological 

warfare or bioterrorism would be considered a serious threat to the public health [10, 11]. 

In nature F.t. has been found in contaminated water, soil and vegetation and in a number of 

animal hosts [1, 2, 8]. Humans can be infected by multiple routes; direct contact, food and 

water ingestion, bites by infected mammalians or arthropod vectors and aerosol transmission 

[10]. The initial tissue reaction resembles other granulomatous conditions, such as those 

caused by tuberculosis and sarcoidosis [8]. The severity and mortality of the disease depends 

on which subspecies of F.t. the patient is infected with, and the route of infection. An 

infection can result in flu-like symptoms, ulcer development and respiratory disease, 
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occurring after an incubation period that can last up to 21 days [12]. The most common route 

of infection, about 80% of the cases [13], is through the skin, usually by an arthropod bite, 

and results in ulceroglandular tularemia [2, 9], which has a low mortality rate of less than 5% 

[14]. Inhalation of F.t. can lead to respiratory tularemia, which has a mortality rate of 30-60% 

when untreated, but it decreases to 2% when treated with antibiotics in a timely fashion [12].  

1.2 Francisella tularensis 

F.t. is a nonmotile, gram-negative, facultative intracellular coccobacillus [12, 13, 15] 

belonging to the genus Francisella of the family Francisellaceae (Figure 1). The genus also 

includes the following species: Francisella hispaniensis, Francisella noatunensis and 

Francisella philomiragia. F.t. is divided into four subspecies: F. t. tularensis (F.t.t.), 

holarctica (F.t.h.), mediasiatica (F.t.m.) and novicida (F.t.n.) [15], even though there is an 

ongoing debate as to whether or not the latter should be classified as an individual species 

[16, 17]. 

 

Figure 1: Family Francisellaceae, including subspecies of Francisella tularensis (tularensis (type A), holarctica (type B), 
mediasiatica, novicida) 

F.t.t. and F.t.h. are the causative agents of tularemia infections in humans. While F.t.t., also 

called type A, is found exclusively in North America and causes life-threatening infections in 

humans, F.t.h., also called type B, is found throughout the northern hemisphere and is 

associated with milder symptoms in humans [18-20]. F.t.m. has mainly been found in rabbits 

in central Asia, displaying disease characteristics similar to F.t.h. [18, 21], while F.t.n. has 
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been found mainly in North America and, unlike the other F.t. subspecies, there has been no 

evidence that it is zoonotic in nature [21].  

1.2.1 Francisella tularensis subspecies novicida 

F.t.n. was first isolated from salt water in 1955 [22] and given the unique species name 

Francisella novicida because of its distinct antigenicity compared to F.t. In 1989, due to its 

high degree of genetic relatedness, F. novicida was reassigned as a subspecies of F.t. [23]. 

Even though the classification of F.t.n. has been debated since its discovery, the bacterium 

has been increasingly studied and used as a model organism for F.t.t. Its main advantage is 

that it can be handled under biosafety level (BSL)-1 or -2 conditions, in contrast to F.t.t. 

which is a BSL-3 organism [17]. In addition, F.t.n is more amenable to genetic manipulation 

compared to other Francisella species [24], it is not considered a human pathogen, but is 

highly pathogenic to laboratory mice by multiple routes of infection [12]. Even though F.t.n. 

infection in mice has been successful in laboratory settings, there is no evidence of F.t.n. 

being a zoonotic organism in nature, and to date there are only a few documented cases of 

human infection by F.t.n. [21, 23, 25-30]. The bacterium is highly associated with salt-water, 

and human infections are mainly related to immune-compromised individuals and exposure to 

contaminated water.  

At the genomic level, all of the F.t. subspecies have a high degree of identity. They all share a 

highly conserved 30 kb gene cluster named the Francisella Pathogenicity Island (FPI, more 

information about the cluster is given in 1.3.3.) which is essential for bacterial virulence [31, 

32]. Their genomes all contain duplicates of the gene cluster, except for F.t.n. which contains 

only one copy [20, 33]. Comparison between F.t.n. and F.t.t. revealed that the two bacteria 

share over 97% nucleotide identity with each other [20]. F.t.n. has a larger genome of 

1,910,031 base pairs with 1,731 protein coding genes and 14 pseudogenes, while F.t.t. has 

1,892,819 base-pairs with 1,445 protein coding genes and 254 pseudogenes [34]. Eleven 

metabolic traits were found to be present only in F.t.n. and 84 genes involved in metabolism, 

transport, biosynthesis and deoxyribonucleic acid (DNA) modification were found to be 

active only in F.t.n. and inactivated in the other F.t. subspecies [34, 35]. In contrast, seven 

genes coding for components of the outer surface are found in all F.t. subspecies except F.t.n 

[29].  
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1.3 Intracellular life cycle of  Francisella tularensis 

Intracellular pathogens have different strategies for surviving inside a host cell. The most 

common strategy for Mycobacterium, Chlamydia, Brucella, Salmonella and Legionella, is to 

reside inside the phagosome and to either avoid fusion with lysosomes or reduce the 

lysosomal potential after fusion. They modulate the biogenesis of the phagosomes into 

distinctive niches permissive for intracellular replication [36-40]. On the other hand, F.t. 

follows the same strategy as Shigella flexneri [41] and Listeria monocytogenes [42], in which 

bacteria lyse the phagosomal membrane and reside inside the host cell cytosol.  

Upon phagocytosis, F.t. resides inside the phagosomal compartment, which interacts with 

early and late compartments of the host cell endocytic/phagocytic pathway, before disrupting 

the phagosomal membrane and escaping into the cytosol [43-46]. The bacterium replicates 

extensively inside the host cell cytosol, resulting in host cell lysis, allowing bacteria to infect 

other cells. The intracellular life cycle as summarized by Chong and Celli (2010) is presented 

in Figure 2. It has been shown that Francisella can infect a wide variety of cells; 

macrophages, neutrophils, dendritic cells, macrophage-like cell lines and epithelial cells [47].  

 

Figure 2: Francisella intracellular cycle. Upon phagocytosis, bacteria reside in an early phagosome (FCP) that interacts 
with early (EE) and late (LE) endocytic compartments but not lysosomes (Lys). Bacteria rapidly disrupt the FCP membrane 
and reach the cytosol where they undergo extensive replication, a process followed by lysis of the host cell and bacterial 
release into the extracellular space. In murine macrophages, cytosolic bacteria might reenter Francisella-containing vacuole 
(FCV) via autophagy. Figure adapted from Chong and Celli [48]. 
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1.3.1 Phagocytosis 

Once entering an organism it is of the pathogen’s advantage to enter host cells rapidly to 

avoid the risk of being lysed by interactions with extracellular defense mechanisms such as 

complement, antibodies and antimicrobial peptides [49]. Even though the intracellular life 

cycle is a crucial stage in the pathogenesis, an extracellular phase has also been described by 

Forestal et al. [50]. They found that the majority of bacteria recovered from the blood of F.t.-

infected mice resided in plasma rather than in leukocytes [50]. This contradicted a previous 

assumption that in the blood of mammalian hosts F.t. resides primarily intracellularly [51].  

Opsonization is the process by which a foreign organism or particle becomes covered with 

opsonin proteins, including antibodies and complements [52], thereby making it easier to 

recognize by phagocytic cells and thus enhancing phagocytosis [53]. In vitro experiments 

with F.t. have shown differences between opsonized and non-opsonized bacteria in the 

uptake, phagosome maturation, escape and proliferation. Differences regarding the uptake 

will be described in this section, while all the other processes are described in 1.3.3. Since the 

uptake by phagocytosis is of great importance for the bacterial survival and proliferation, 

phagocytic receptors involved in the uptake by macrophages have been studied intensely. The 

best understood host cell receptors associated with the uptake of F.t. are macrophage mannose 

receptor (MR), complement receptor 3 (CR3) and scavenger receptor A (SRA) [54-59]. Non-

opsonized bacteria interact with the MR, while serum opsonized bacteria engage the host cell 

receptors CR3 and SRA, which increases phagocytosis by macrophages [54-56]. Even though 

serum opsonized bacteria show enhanced uptake compared to non-opsonized bacteria, 

differences between the two conditions vary among studies from ten-fold [56] up to 35-fold 

[55]. 

1.3.2 Francisella containing phagosome 

Following the uptake by the host cell, F.t. resides within a phagosome termed the Francisella 

containing phagosome (FCP). The presence of early and late endosome markers on FCP have 

been investigated by immunocytochemistry. Early endosomal antigen 1 [46], CD63 [44], 

lysosome-associated membrane protein 1 (LAMP-1) [44, 60], LAMP-2 [45, 61] and Rab7 

[62] have all been localized on the FCP, indicating a normal maturation process. Lack of 

markers for lysosomal fusion such as the lysosomal hydrolase cathepsin D suggests that FCP 

has limited interaction with lysosomes and F.t. is considered to be able to actively modulate 
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the fusion with lysosomes [36, 44, 63]. Clemens et al. (2004) monitored the phagosomal pH 

in human macrophages infected with F.t.t. 3 to 4 hours post infection (hpi). Their results 

indicate acidification of phagosomes containing killed bacteria (pH 5.5), while phagosomes 

containing living F.t.t. were not acidified (pH 6.7). Other studies came to different 

conclusions regarding the acidification of FCP as described later (1.3.3). By preloading 

human murine derived macrophages with BSA-gold particles, Santic et al. (2005b) showed by 

transmission electron microscopy (TEM) that 2 hpi 1-2% of FCP containing F.t.n. acquired 

BSA-gold, compared to >80% of formalin-killed bacteria. 

In general, upon the uptake of the microbe into the phagosome, a multi-protein complex 

NADPH oxidase which produces reactive oxygen species (ROS) is recruited on the 

phagosomal membrane [64]. Survival of F.t. in the FCP depends on its ability to suppress the 

macrophage respiratory burst and its bactericidal effects [65-68]. Infection studies with F.t. in 

human neutrophils demonstrate that F.t. is able to inactivate ROS or interfere with the 

assembly of the NADPH oxidase [66-70].  

1.3.3 Phagosomal escape and cytosolic proliferation  

Phagosomal escape is a key event in the intracellular cycle of Francisella bacteria, as they can 

proliferate extensively only in the cytosol [71]. Bacterial and host cell factors that affect the 

phagosomal escape and the survival of bacteria in the cytosol are therefore of great interest. 

Because of the variations in infection experiments, use of different F.t. subspecies and host 

cells, and methods for analysis, there is still considerable controversy in the field. One of the 

controversial issues refers to the time interval during which bacteria are able to escape from 

the phagosome, which differs between studies in the range of less than 1 hpi [46, 60, 72] to at 

least 4 hpi [36, 44, 45]. Although bacterial genes have been identified that contribute to the 

process of the phagosomal escape, and the large number of them suggests that the process is 

very complex, the functional role of only few proteins is understood to some extent. 

Moreover, the mechanism of phagosomal escape remains elusive.  

 

Bacterial factors 

In a comprehensive screen of the library of F.t.n. mutants, at least 202 genes were found to be 

important for the intracellular proliferation within macrophages [73, 74]. Among 125 of the 

most defective mutants, at least 91 failed to escape into the cytosol. The other 34 mutants 
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failed to proliferate in the cytosol, but did not appear to be affected in their ability to escape 

from the phagosome [74].  

The large number of metabolic genes that are required for intracellular proliferation argues 

that inside the FCP there is a shortage of certain nutrients, which could limit the 

intraphagosomal growth of bacteria. In contrast, in the host cell cytosol F.t. could take 

advantage of a more complex range of metabolic intermediates, which are readily available 

[73]. Iron is an essential cofactor for many enzymes required for bacterial growth [75], and 

the ability of F.t. to acquire iron from host cell sources may be critical for its intracellular 

survival and replication. In general, bacteria utilize various iron sources; transferrin, 

lactoferrin, heme and low molecular weight iron chelators termed siderophores [76]. Unlike 

many other intracellular bacteria, F.t. has only two iron transport systems, one for ferric iron 

(Fe3+) - siderophore complexes and one for siderophore-independent ferrous iron (Fe2+) [77]. 

Siderophores are small molecules that selectively bind iron at a significantly higher affinity 

than host iron-sequestering compounds, creating biochemical instability in favor of the 

siderophore-producing organism [77, 78]. All F.t. subspecies encode an fsl operon composed 

of six genes (fslA-F) that are involved in the synthesis of the siderophore and its receptor [79, 

80].  

All Francisella species share a 30 kb gene cluster given the name Francisella Pathogenicity 

Island (FPI) [31]. Its location on the chromosome is characterized by its atypical GC-content 

and a set of 16-19 genes, which were proven to be essential for the bacterial intracellular 

pathogenesis [32, 67, 81, 82]. The FPI is highly conserved among F.t. subspecies, all of them 

containing duplicates of the gene cluster, except for F.t.n. which contains only one copy [20, 

33].  

Recent studies have shown that FPI includes genes coding for protein components resembling 

a type VI secretion system (T6SS). Since its discovery T6SS has been found in 25% of all 

gram-negative bacteria including Vibrio cholerae [83], Edwardsiella tarda [84] and 

Pseudomonas aeruginosa [85], having a bacteriophage resembling structure [83, 86, 87]. In 

Vibrio cholerae, the conserved T6SS proteins VipA and VipB, together with Hcp, form the 

key tubular structure of T6SS [88]. VipA and VipB form tubules through the peptidoglycan 

layer surrounding an inner tube composed of Hcp that penetrates the lipid bilayer of the target 

cell [89].Whereas a bacteriophage punctures a target cell membrane from the outside to insert 

its DNA, bacteria use T6SS as a membrane puncture device for protein transport from the 
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inside of a cell envelope [90-92]. Studies showed that T6SS is used both as a tool for 

interbacterial interactions [85, 93] and for pathogenesis [94, 95].  

The main focus of FPI genomic research is on the genes belonging to one of the larger open 

reading frames, the iglABCD genes [96].The first gene of the FPI that was discovered was 

iglC [97]. Transcription of iglC and iglD is highly induced during the intracellular life cycle 

[98]. Deletion of iglC results in F.t. not being able to escape from the phagosome or to 

replicate [99]. Even though the bioinformatics analysis failed to prove sequence similarity, the 

genomic location of iglABC were similar to that of vipAB and hcp and the tertiary protein 

structure analysis of IglC showed high similarity to that of Hcp, arguing for analogous 

functional properties. Therefore, IglA and IglB are believed to be homologues of the proteins 

VipA and VipB, respectively [100], and IglC might be an analogue of Hcp (de Bruin et al., 

2011).In addition to the genes located on the FPI, several genes with unidentified function 

outside of the FPI have also been linked to the process of the phagosomal escape [69, 72, 101, 

102].  

Acid phosphatases (Acp) are found in almost all bacteria and have been implicated as virulent 

factors for several intracellular pathogens [103-107]. They help bacteria survive inside the 

phagosome by hydrolyzing phosphoryl groups at an acidic pH and suppressing the respiratory 

burst [103, 108, 109]. Francisella has at least four putative Acp’s. These are AcpA, AcpB, 

AcpC and Hap (ABCH). Unlike F.t.n.wt, a combined ΔABCH mutant stimulates the 

production of ROS in human neutrophils and macrophages, is unable to escape into the 

cytosol and shows a reduced survival. However it can survive and replicate in macrophages 

isolated from p47phox knockout mice [67, 110]. The expression of AcpA is increased during 

the early stages of macrophage infection and correlates with the ability of bacteria to escape 

from the phagosome [108, 111]. AcpA was initially described as an outer membrane protein, 

but was later shown to be secreted and translocated to the host cytosol before bacteria escape 

from the phagosome [111, 112]. It was shown in an in vitro experiment that AcpA strongly 

dephosphorylates p47phox and p40phox subunits of NADPH oxidase, but not p67phox [67].  

Host factors 

It has been suggested that Francisella is able to actively modulate the maturation of its 

phagosome so that it can avoid fusion with lysosomes that contain proteolytic enzymes [36]. 

Vacuolar ATPase (V-ATPase) proton pumps are responsible for the acidification of the 
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organelles in the endocytic pathway and are progressively recruited to the phagosomal 

membrane during phagosome maturation [113]. Initial reports using the V-ATPase inhibitor 

bafilomycin A have shown that inhibition of the V-ATPase reduces phagosomal escape and 

cytosolic replication of bacteria, which prompted speculations about the acidic pH-dependent 

mechanism of the phagosomal escape [46, 62]. However, later it was shown that acidification 

is required for the acquisition of iron, which is critical for the intracellular survival of F.t. In 

medium supplemented with iron, either in the form of ferric phosphatate or ferric ammonium 

citrate, the phagosomal escape was no longer affected by bafilomycin A [61]. 

The cytokine interferon gamma (IFNγ), which is produced by natural killer cells and T cells, 

has a key role in macrophage activation and prolongs their in vivo survival [114]. IFNγ-

activated macrophages were shown to suppress the growth of F.t. by inducing phagocyte 

NADPH oxidase and generating toxic levels of nitric oxide (NO) [115-117]. During in vitro 

infection F.t. suppresses IFNγ production and reduces NO production, this facilitates F.t. 

phagosomal escape, proliferation and survival in host cells [99, 118-120]. In macrophages 

pre-activated with IFNγ, the ability of F.t.n. to escape from the phagosome is impaired and in 

consequence bacteria remain trapped within the FCP [45]. With the other F.t. subspecies, 

IFNγ-activation of macrophages has less effect on the phagosomal escape, but it can restrict 

bacterial proliferation in the host cell cytosol [63, 99, 117].  

Lysosomes contain over 60 soluble hydrolytic enzymes, which are involved in the 

degradation of the luminal cargo [121]. Among them are proteases, including the aspartic 

cathepsin D and cysteine cathepsins B, C, H, K, L, S and X [122, 123]. Cathepsins are 

synthesized as inactive precursors and require acidic pH for their activation, so they are 

normally localized in late endosomes and lysosomes. They have broad specificity for 

substrates, consistent with their role of recycling enzymes, and exhibit considerable 

redundancy [122]. Because cathepsin D was found not to localize with FCP, it was suggested 

that Francisella is able to prevent fusion of FCP with lysosomes, and thereby avoid 

potentially harmful encounter with degrading enzymes [36, 44, 63].  

It is noteworthy that in non-opsonic infection conditions FCP acidifies [46, 62, 113], whereas 

with serum-opsonized F.t. non-acidified FCPs are generated [44, 61, 63], suggesting that the 

mode of uptake may affect acidification of the FCP. Furthermore, studies have revealed that 

non-opsonized bacteria escape the phagosome more rapidly than opsonized bacteria and also 

that they replicate more robustly in the cytosol [43, 55, 56].  
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In eukaryotic cells, autophagy represents a ‘first line defense’ against the invasion of 

cytoplasmic pathogens, as part of the innate immune response [124]. The autophagosome, a 

double membrane-bound vacuole, engulfs cytoplasmic material and fuses with lysosomes for 

degradation [125]. It was suggested that F.t. could reenter the endocytic pathway after 

cytoplasmic replication via autophagy [60, 126, 127], largely based on electron micrographs 

showing putative double membrane vacuoles with multiple F.t. bacteria. However, there is no 

consensus about the role of autophagy in re-capturing of cytosolic F.t. bacteria in the 

literature [128] and recent reports suggests that antigen O of F.t.t. mediates autophagy 

avoidance [129].  

Recognition by the inflammasome plays an essential role in F.t. infections, leading to the 

activation of cysteine protease caspase-1 [130]. Recognition and activation of the 

inflammasome by F.t. is dependent on the receptor called ‘Absent in melanoma 2’ (AIM2) 

that binds double-stranded DNA [131, 132] and the adapter protein ‘Apoptosis-associated 

speck-like protein containing a caspase activation and recruitment domain’ (ASC) [133]. 

After the activation of caspase-1, a host cell dies by pyroptosis. During the process, pores 

form in the plasma membrane leading to osmotic lysis and release of pro-inflammatory 

cytokines such as IL-1β and IL-18 [73, 134]. 

1.4 Ultrastructural analysis 

TEM of cells allows imaging at resolution of 5-15 nm, compared to standard light microscopy 

which offers a resolution above 250 nm. However, TEM analysis samples have to be 

sufficiently thin to allow the passing of electrons and need to be stable in a vacuum. 

Conventional sample preparation for the ultrastructural analysis by TEM includes: chemical 

fixation, dehydration at room temperature, resin embedding and ultra-thin sectioning. 

Although in general the preservation is remarkably similar to the native state even after this 

harsh treatment, artefacts can occur at any step of the sample processing and some are quite 

common [135]. Ultrastructural analysis by TEM is very important for studying Francisella 

localization especially to discriminate between cytosolic and phagosomal bacteria [61]. 

Recognizing and reducing artefacts associated with poor resin infiltration and membrane 

preservation are particularly challenging in the reliable interpretation of the F.t. intracellular 

life cycle. 
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1.4.1 Chemical fixation and conventional resin embe dding 

A standard method for chemical fixation is to add a buffered solution of aldehydes to the 

biological sample, reacting mostly with amino groups of proteins to make intra- and inter-

molecular networks of cross-links. Aldehydes in solution are uncharged and can therefore 

easily pass phospholipid bilayers, with a penetration rate estimated to be ~140 μm/min. 

Formaldehyde is the simplest of the aldehydes, reacting with uncharged amino groups and 

forming polymers linked via methylene bridges. Glutaraldehyde (GA) has a more complex 

chemistry with several different reactions, which produce pyridine polymers. Compared to 

paraformaldehyde (PFA), crosslinking by GA is faster, largely completed in minutes, and the 

bonds are stronger [135]. However, most lipids, carbohydrates and nucleic acids do not react 

with aldehyde fixatives and are therefore not directly immobilized. This can cause the 

formation of artefactual structures during the fixation or deterioration in structural 

preservation during subsequent sample preparation (dehydration, resin polymerization). 

Common structural alterations in chemically fixed samples include membrane artefacts 

(myelin-like bodies, membrane blobs, blisters or breaks, artefactual vesiculation), aggregation 

of molecules such as DNA in bacteria, re-distribution of molecules such as glycogen, and 

extraction of many compounds. The main artefacts presented in this thesis are presented in 

Figure 3. Osmotic differences are also a frequent reason for artefacts and may occur during 

fixation because of differences in the concentration of aldehydes outside and inside cells, poor 

permeability of buffer ions and/or effects of the membrane fixation on ion permeability. They 

affect the volume and dimensions of biological structures so that they either swell or shrink 

[135, 136].  
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Figure 3: Artefacts in chemically fixed samples. Macrophages infected with F.t.n were fixed with 1% GA, followed by 
conventional room temperature contrasting, dehydration and resin embedding. A) Translucent areas around bacteria, so 
called ‘halos’ (indicated with capital letter H), suggest the presence of the capsule whose components were lost during the 
sample preparation or a shrinkage artefact of chemical fixation. B) Holes in the section (+) occur as a result of bacteria 
‘peeling-off’ during sectioning and/or during on-section contrasting. C) Nicks in the membrane (marked with arrows) are 
present in the phagosomal membrane surrounding bacteria and also in other cellular organelles. Some bacteria are marked 
with an asterisk.  

1.4.2 High pressure freezing (HPF) and freeze subst itution (FS) 

An alternative to chemical fixation is to immobilize samples by rapid cooling. The challenge 

with cryofixation is to vitrify water contained in the sample and so to avoid the formation of 

ice crystals, which cause phase separation of solutes and manifest as segregation patterns. 

Vitrification is determined mainly by two factors: the cooling rate of the sample and the 

solute concentration. Compared to pure water, cytoplasm has lower melting and nucleation 

points and a higher recrystallization point due to the presence of solutes, and so the 

temperature range suitable for ice crystal formation is narrower. However, under atmospheric 

pressure even at the cooling rate of 500,000 K/s the heat can be efficiently removed only from 

the surface of biological samples so that only 10-20 μm thin samples can be vitrified. This is 

because bad thermal diffusivity of water prevents efficient extraction of the heat over a large 

distance. At a high pressure of about 2,000 bar the melting point is lowered to -22 °C and the 

nucleation temperature to -92 °C, which together further narrows the crystallization 

temperature window (Figure 4) and in practice allows vitrification of biological samples up 

to 200 μm thick. During HPF cryofixation samples are subjected to a pressure of 2,100 bar for 

about 25-100 ms with a cooling rate of >12,000 K/s. For biological samples up to 200 μm 
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thick HPF is considered to give the closest-to-native ultrastructural preservation relative to 

other available fixation techniques [137, 138].  

Following HPF, samples can be cryosectioned and analyzed for high resolution analysis in the 

frozen state in a cryoelectron microscope [139]. A more common alternative is to substitute 

frozen water with an organic solvent, typically acetone, at -90 °C, which is below the 

recrystallization temperature of water, in a process called freeze substitution (FS). 

Substituting water at this temperature minimizes structural collapse and shrinkage that occur 

during room temperature dehydration. The samples can then be thawed and further processed 

and analyzed at room temperature [140, 141]. GA and osmium tetroxide (OsO4) are 

commonly added for fixation and membrane contrast before the temperature is raised [142]. 

Tannic acid and uranyl acetate (UA) are also sometimes applied to these substitution cocktails 

to enhance the membrane contrast, since membranes can appear paler than what is seen with 

conventional fixation [143]. 

 

Figure 4: The phase diagram of water. The minimal melting temperature (Tm) and the minimal nucleation temperature 
(Tn) are shown in relation to the pressure. The gray area represents conditions where supercooled water can exist. At 2,100 
bar (red line) Tm and Tn are lowered compared to the atmospheric pressure and the possibility for supercooling is 
maximized. Blue lines delineate conditions where different phases of ice can be formed, indicated with blue labels: ice I 
hexagonal (Ih), II and III. Redrawn from [138]. 
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1.5 Optical tweezers 

Optical tweezers were developed about 30 years ago [144] and use the power of the laser light 

to trap objects ranging from 0.3 to 30 microns in diameter [145, 146]. Optical traps involve 

the balance of two types of optical forces: scattering forces, which push objects along the 

direction of propagation of the light, and gradient forces, which pull objects along the spatial 

gradient of light intensity [147]. When gradient optical forces exceed those from scattering, 

an object is attracted to the point of highest intensity formed by focused light and can be 

stably trapped at this position in all three dimensions [148]. By applying forces to an object 

one can detect its response to mechanical forces in the form of distance changes in real time. 

Modern high-resolution optical tweezers have very high resolution and dynamic ranges in 

measuring force (0.02 - 250 pN), distance (0.2 nm - > 50 µm), and time (0.1 ms - >3,000 s) 

[145].  

The initial cell manipulation experiments using an optical trap by Ashkin et al. [148, 149] 

showed that diverse cells (E. coli, yeast cells, human red blood cells, spirogyra, small 

protozoa, ...) could be trapped, oriented and manipulated. Since then optical tweezers have 

been used to study different biological questions, for example: measuring filopodia retraction 

velocities [150], for cell sorting of bacteria [151] and sorting of infected macrophages [152], 

promoting phagocytosis [153], comparing environmental influences on inter-bacterial forces 

[154], reducing aggregation and examining the lethal effects of varying ethyl alcohol 

concentration on E. coli [155]. 
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2 Aim s 
This master’s thesis aimed to (1) establish a model for F.t.n. infection of murine macrophages 

suitable for electron microscopic (EM) analysis, (2) analyze the kinetics of the intracellular 

life cycle of F.t.n. by stereology (3) test the optical tweezers as a tool to study bacteria – host 

cell surface interactions, (4) study host cell factors modulating F.t.n. ability to escape the 

phagosome, and (5) compare the ultrastructural preservation of F.t.n. infected macrophages 

after chemical fixation and conventional resin embedding protocol or HPF and FS.  
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3 Methods 

3.1 Bacterial culture 

F.t.n. (Table 1) was cultured at 37 ºC on Eugon Chocolate Agar (ECA) containing 30.4 g/l 

BD BactoTM Eugon Broth (Becton, Dickinson and Company), 15 g/l Agar Bacteriological 

(Thermo Fisher Scientific) and 5% bovine blood (Håtunalab AB) or in liquid Eugon Broth 

(EB) medium containing 30.4 g/l BD BactoTM Eugon Broth. F.t.n. was stored at -80 ºC in EB 

supplemented with 20% glycerol (Sigma-Aldrich). Bacteria were incubated at 37 ºC for 

growth, and liquid cultures were shaken at ~180-200 rpm. All handling of bacteria was 

performed in a biological safety cabinet. 

Table 1: F.t.n. strains used in the project 

Bacteria Characteristic References 

F. tularensis subspecies novicida U122 Wild type Larson et al. [22] 

F. tularensis subspecies novicida U122 pKK289::gfp Green fluorescence Bonquist et al. [63] 

F. tularensis subspecies novicida ΔiglC::ermC T6SS deletion mutant Lauriano et al. [156] 

3.1.1 Growth curves 

F.t.n. from a frozen stock was plated on an ECA plate and incubated for 24 h. A single colony 

was inoculated into 30 ml EB and optical density at 600 nm (OD600) was measured every four 

hours with a Bio Photometer (Eppendorf AG). Growth curves were established from three 

independent bacterial liquid cultures.  

3.1.2 Negative staining 

An aliquot of the overnight culture of F.t.n. in EB was spun down (4,000x g, 10 min), bacteria 

were washed once with phosphate buffered saline (PBS) and then resuspended in PBS. 

Bacterial suspension was adsorbed onto a formvar/carbon coated EM grid by incubating the 

grid on a drop of bacterial suspension for 1 min. The grid was washed x5 in dH2O for 30 s per 

drop, followed by 30 s incubation on a drop of 1% methyl cellulose (MC, Sigma) and 1.5% 

uranyl acetate (UA, Fluka). Excess MC:UA was removed from the grid with a filter paper and 

the grid was air-dried in tweezers. Grids were examined with a CM100 TEM (Philips, the 
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Netherlands), images were recorded digitally with a Quemesa TEM CCD camera and iTEM 

software v 5.1 (both Olympus Soft Imaging Solutions).  

3.1.3 Colony forming units 

F.t.n. was inoculated into EB and incubated for 16 h. Bacterial culture was centrifuged 

(4,000x g, 10 min), supernatant removed and bacteria were resuspended in 1 ml PBS. OD600 

was measured and bacterial suspension was diluted with PBS to OD600=1. From this 

suspension serial dilutions were made and 100 μl of 105 and 106 –fold diluted suspensions 

were plated in duplicates on ECA plates. Colonies were counted after 24 h incubation at  

37 ºC.  

3.2 Macrophage cell cultures 

3.2.1 RAW 264.7 cell line 

The mouse monocyte/macrophage cell line RAW 264.7 was obtained from European 

Collection of Cell Cultures (ECACC). Cells were cultured on cell culture dishes at 37 ºC in a 

humidified incubator with 5% CO2 in Dulbecco’s Modified Eagle’s medium (DMEM; Sigma-

Aldrich or Lonza) supplemented with 10% heat inactivated fetal calf serum (FCS Hi; Sigma-

Aldrich), 2 mM stable L-glutamine (Life Technologies), 100 U Penicillin and 100 μg/ml 

Streptomycin (PS, Sigma-Aldrich) (referred to as complete DMEM medium, Appendix 

7.1.1). Medium was changed daily and cells were passaged when the cell density reached 

~80% by scraping off attached cells and distributing them at ~1:4 ratio, for up to 20 passages 

in total.  

3.2.2 Bone Marrow Derived Macrophages (BMM) 

BMM were differentiated from mouse bone marrow progenitor cells, which were isolated 

according to the protocol modified after Kalluru et al. [157]. The isolation was performed in a 

biological safety cabinet. Seven female C57/BC mice, four to twelve weeks old, were killed 

by cervical dislocation and soaked in 70% ethanol (EtOH, Arcus Producter) for ~30 min. 

Femur and tibia were collected by first removing skin and muscle tissue and then cutting the 

bones above the hip joint. Bones were soaked in PBS for 10 min in order to soften the 
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remaining tissue and ease its removal. The cleaned bones were all soaked in 70% EtOH, air 

dried for 5 min and washed three times in PBS. The bones were cut at both ends to expose the 

bone marrow, which was flushed out into a 50 ml centrifuge tube using a 5 ml syringe 

attached to a 25 gauge needle filled with Roswell Park Memorial Institute medium (RPMI 

1640; Lonza) supplemented with 10% FCS Hi, 2 mM stable L-glutamine, 100 U Penicillin 

and 100 μg/ml Streptomycin (Sigma-Aldrich), and 50 μM 2-mercaptoethanol (referred to as 

complete RPMI medium, Appendix 7.1.1). The suspension of bone marrow containing 

macrophage progenitor cells as well as red blood cells was thoroughly resuspended, 

centrifuged at 400x g for 5 min, and resuspended in red blood cell lysis buffer (Sigma-

Aldrich) for 5 min. Intact cells were collected by centrifugation at 400x g for 5 min and 

resuspended in complete RPMI medium supplemented with 20% L929 fibroblast cell-

conditioned medium. The cell suspension was filtered through a 70 μm cell strainer and 

counted so that the density could be adjusted to ~1x106 cells/ml. The cell suspension was 

distributed into 10-cm non-tissue culture treated dishes (10 ml/dish) and incubated for seven 

days. Medium above the attached cells was changed every two days; after the first two days 

the whole volume was changed, following by only exchanging half of the volume at day four 

and six. After differentiation, BMM were detached by incubating them with D-PBS without 

Ca2+ and Mg2+ for 15-30 min at 4 ºC and either used directly in infection experiments or they 

were frozen at -80 ºC for storage.  

3.2.3 Freezing and thawing of cells 

Macrophage cells were resuspended in pure FCS Hi at a density of 20x106 cells/ml for BMM 

and up to 5x106 cells/ml for RAW 264.7 cells and incubated on ice for at least 30 min. 

Freezing medium was made of 20% dimethyl sulfoxide (Sigma-Aldrich) and 80% FCS Hi. 

Ice cold freezing medium was added drop-wise to the cell suspension at 1:1 ratio. Cell 

suspension was then aliquoted into cryotubes (1 ml/cryotube), which were kept on ice. The 

tubes were quickly transferred to -80 ºC for storage.  

When thawing macrophages, a cryotube was warmed up in a water bath at 37 ºC until the cell 

suspension started thawing, the cell suspension was then quickly transferred to warm 

complete culture medium of at least 10-fold larger volume. The suspension was centrifuged at 

400x g for three min, cells were resuspended in fresh complete culture medium and 

transferred to a culture dish.  
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3.3 In vitro infection experiments 

One day before an infection experiment, BMM and RAW 264.7 cells were counted in a 

Neubauer chamber (For method see Appendix 7.2.1) and seeded out on cell culture dishes in 

complete infection medium (Appendix 7.1.2), which unlike the complete culture medium was 

not supplemented with antibiotics. The number of cells was adjusted to the cell culture dish 

growth area so that the density of cells was similar in any kind of culture dish used (Table 2). 

To pre-load late endosome and lysosomes with gold particles, cells were incubated with BSA-

5 nm colloidal gold (For method of making colloidal gold see Appendix 7.2.2) in complete 

infection medium for 1 h (pulse period), 2 h prior to the infection. Cells were washed with 

complete infection medium and incubated for 1 h (chase) before they were infected. To 

prepare bacteria, overnight culture of F.t.n. was spun down at 4,000 g for 10 min and bacteria 

were resuspended in 1 ml PBS. The suspension were transferred to a microtube, spun down at 

4,000 g for 10 min and bacteria resuspended in 1 ml PBS. To measure OD600 of this 

suspension, it was diluted 20x. To prepare a bacterial suspension for the infection, an 

appropriate volume of the bacterial suspension in PBS was diluted in complete infection 

medium to reach the density corresponding to the chosen multiplicity of infection (MOI). To 

enhance sedimentation of bacteria and thus their interaction with macrophage cells, half the 

volume of medium was used for infection experiments compared to the volume of medium 

used for normal growing of cells. Bacteria were incubated on cells for 2 h without agitation of 

the dish.  

Table 2: Cell culture dish surface to medium volume relationship 

Dish type T75 10-cm dish 6-cm dish  6-well 12-well 24-well 

Surface area 75 cm2 60 cm2 22 cm2 9.03 cm2 3.66 cm2 1,91 cm2 

Volume of medium – actual 12 ml 10 ml 3.5 ml 1.5 ml 600 μl 350 μl 

Cells seeded x106 4 3.2 1.2 0.5 0.2 0.1 

 

After the incubation, F.t.n. containing medium was removed and macrophage cells were 

washed carefully three times with warm PBS (0 hpi). Complete infection medium containing 

50 μg/ml gentamicin (Life Technologies) was added to cells to kill extracellular bacteria and 

incubated for 30 min before being replaced with complete infection medium supplemented 

with 10 μg/ml gentamicin to prevent the growth of extracellular bacteria.  
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In the experiments with IFNγ-activated RAW 264.7 cells, cells were treated with 10 ng/ml, 

which corresponded to 100 U/ml, IFNγ (ImmunoTools), either 24 h before the infection and 

not after the infection (+/-), only after the infection (-/+), 24 h before the infection and 

immediately afterwards (+/+), or they were not treated at all (-/-). Cells were fixed 2 or 6 hpi. 

In the experiments with lysosomal protease inhibitors, RAW 264.7 cells were treated with 10 

μM PepstatinA-penetratin (PepA, Merck), an inhibitor of cathepsin D, and/or with 10 μM 

E64d (Peptide Institute), an inhibitor of cysteine cathepsins. E64d was prepared in dimethyl 

sulfoxide, which was also used for the vehicle control at the final concentration of 1%. Cells 

were fed with BSA-5 nm gold particles 4 h before the infection experiment with 1-h pulse and 

1-h chase periods. The inhibitors were added either 1- 2 h before the infection experiment 

only (+/-) or also afterwards (+/+). Cells were fixed 2 or 6 hpi.  

3.4 Whole mount immunofluorescence labeling 

BMM and RAW 264.7 cells were seeded onto 12-mm poly-L-lysine coated round coverslips 

in 24-wells (For method of poly L-lysine coating see Appendix 7.2.3). At chosen time points 

after the infection cells were washed three times with PBS and fixed with 4% PFA in 200 mM 

HEPES, pH 7.4. Cells were incubated with 0.1% glycine in PBS to quench residual fixative, 

permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 10 min, washed and 

blocked for 30 min with 3% bovine serum albumin (BSA, Sigma-Aldrich) in PBS. Cells were 

incubated with rabbit anti-F.t.n. serum (2nd boost 2nd bleed, prepared by H. Schwarz) diluted 

1:500 with 3% BSA in PBS, for one hour. Coverslips were washed four times with PBS and 

then incubated with secondary goat anti-rabbit antibody, conjugated to Cy3, diluted 1:500 

with 3% BSA in PBS. The cells were washed four times with PBS, incubated with 0.5 μg/ml 

4',6-diamidino-2-phenylindole (DAPI, Sigma) in dH2O for 5 min, before being washed 

shortly once in dH2O and mounted on glass slides with Mowiol 4-88 (Sigma-Aldrich). The 

BMM were analyzed with an inverted epifluorescence Leica DMIRBE microscope and Leica 

application Suite (LAC) software v 3.8 (both Leica Microsystems), while the RAW 264.7 

cells were analyzed with a confocal microscope (Olympus FluoView 1000 – Laser scanning 

confocal microscope (LSCM) – BX61WI). All pictures were processed with ImageJ 1.48v.  
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3.5 Chemical fixation and conventional resin 
embedding 

The protocol for resin embedding was adapted from Rohde et al. [158]. Samples were fixed 

by adding warm 2% GA (Electron Microscopic Sciences, EMS) in 200 mM HEPES, pH 7.4, 

directly to the cell culture medium at 1:1 volume ratio. After 5 min the mixture of the fixative 

and medium was replaced with 1% GA in HEPES buffer (All fixative recipes are found in 

Appendix 7.1.4) and the samples were incubated overnight at 4 °C. Fixed cells were scraped, 

washed with dH2O three times, and centrifuged at 600x g, 3 min. Contrasting and dehydration 

were performed by resuspending cells in a microtube with appropriate reagents and, after 

incubation, collecting them by centrifugation (1,500x g, 2 min). Cells were post-fixed with 

2% osmium tetroxide (OsO4, EMS) solution containing 1.5% potassium ferricyanide 

(K3[Fe(CN)6]; Sigma Aldrich) for 1 hour on ice, then stained with 0.5% tannin (Merck) in 

dH2O for 20 min, incubated with 1% sodium sulfate (Na2SO4) in dH2O for 10 min to 

neutralize tannin, and finally stained with 1.5% aqueous UA (UO2(CH3COO)2·2H2O, EMS) 

for 1 h. Next, cells were dehydrated at room temperature using a graded EtOH series (70-80-

90-95-100%, 10 min each), followed by EtOH: propylene oxide (PO, Sigma Aldrich) (1:1) for 

30 min, and 100% PO for 30 min. Then cells were progressively infiltrated with Spurr’s resin 

(Polysciences, PA, USA) diluted with PO over three days (10-20-33-50-66-80-100%). Cells 

were finally resuspended in fresh pure Spurr’s resin, transferred into labeled embedding 

capsules and incubated for two days at 70 ºC for polymerization.  

3.6 High pressure freezing and freeze substitution 

Samples were high-pressure frozen using HMP100 (Leica Microsystems). Just prior to the 

freezing, cells were scraped and transferred into a microtube. The suspension was centrifuged 

gently at 100x g for 30 s – 1 min. The pellet was resuspended in a small volume of complete 

culture medium to prepare a highly concentrated cell suspension. Cells were sucked into 

cellulose capillaries with 200 μm in diameter [159], the capillary was cut into short pieces, 

which were transferred to aluminum planchettes with a diameter of 6 mm and a 150 μm 

recess. The planchette was filled with 1-hexadecene (Merck) and covered with a flat side of a 

second planchette with a 300 μm recess. The sample carrier sandwich was transferred into the 

middle plate, which was combined with two half cylinders of the polymer cartridge and 
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cryofixed [160]. Capillaries inside the aluminum planchettes were stored in liquid nitrogen 

until they were taken out for FS.  

FS samples were transferred into microtubes containing around 1.8 ml of acetone, 

supplemented with 1% OsO4, and incubated at -90 ºC for 8 h, at -60 ºC for 6 h and at -40 ºC 

for 4 h using an FS010 unit (Balzers). Then they were transferred on ice and allowed to warm 

up. UA was added either in the FS cocktail at 0.2% or samples were incubated with 1% UA 

on ice after OsO4 solution was removed as suggested by Leonidova et al. [161] for increased 

membrane contrast. Some samples were also treated with 1% tannin or 1% GA dissolved in 

acetone, as explained in the results. Samples were washed with acetone twice before 

progressively infiltrated with one of the four resins: epon (10-20-33-50-66-80-100%, EMS), 

Spurr’s resin (10-20-33-50-66-80-100% or 50-100%), Lowicryl HM20 or LR White (50-

100%, EMS). For embedding, capillaries were cut into 1-2 mm short segments and placed 

into flat-embedding molds or in 0.2 ml microtubes. Samples were polymerized at 70 ºC for 

one to two days. For LR White polymerization microtubes were closed and flat-embedding 

molds were covered with aclar foil (EMS) to reduce the exposure to oxygen. Lowicryl resin 

was UV-polymerized overnight at - 20 ºC. 

3.7 Resin sectioning 

Resin blocks were trimmed with razor blades and glass knives. Capillaries embedded in 

microtubes were re-mounted onto the flat top of the empty epon block so that the capillary 

was oriented more suitably for sectioning. 60-80 nm sections were cut on a Leica 

ultramicrotome (Ultracut EM UCT Leica Microsystems) using a resin sectioning diamond 

knife (Diatome). Spurr’s resin sections of chemically fixed cells were stained with 0.2% lead 

citrate (LC; Taab) in 0.1 N NaOH for 10-15 s. Sections of cryofixed samples were unstained 

or stained with LC or additionally with UA for different periods as indicated in the Results. 

Sections were analyzed with a CM100 TEM (Phillips) at 80 kV, images were recorded 

digitally with a Quemesa TEM CCD camera (Olympus Soft Imaging Solutions, Germany) 

and iTEM software v 5.1 (Olympus Soft Imaging Solutions, Germany). 

Cells designated for cryosectioning were fixed by adding warm 8% PFA in 200 mM HEPES, 

ph 7.4, to culture medium at a 1:1 volume ratio. After 5 min, the medium and fixative mixture 

was exchanged with fresh 4% PFA in 200 mM HEPES and the samples were fixed for 24 h at 
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RT. Fixed cells were scraped and washed with PBS and 0.1% glycine (Sigma) to quench 

residual fixative. Collected cells were embedded in 12% bovine gelatin to obtain a solid cell 

pellet, which was further cut into about 1 mm3 cubes and infiltrated with 2.3 M sucrose 

overnight (minimum). Sections were cut on a Leica ultramicrotome EM UC7 (Leica 

Microsystems) using a trimming and sectioning diamond knives (Diatome). Trimming was 

performed at -80 °C. Thin 80 nm sections were cut at -110 °C and transferred onto carbon/ 

formvar coated copper grids with a 1:1 mixture of 2% methyl cellulose and 2.3 M sucrose. 

3.8 Immunogold labeling 

For labeling and washing, grids and coverslips were incubated with the section-side down on 

drops of appropriate reagents. Tokuyasu thawed cryosections or grids with adsorbed bacteria 

were incubated with the following sequence: 

1. 5 drops dH2O, 3 min each 
2. 1 drop PBS, 2 min 
3. 1 drop 1% cold water fish skin gelatin (FSG) in PBS, 10 min (blocking step) 
4. 5 μl drop primary antibody, 30 min 
5. 5 drops PBS, 2 min each 
6. 5 μl drop bridging antibody, 15 min  
7. 5 drops PBS, 2 min each 
8. 5 μl drop colloidal gold-conjugated protein A (PAG) or antibody, 30 min 
9. 5 drops PBS, 2 min each 
10. 10 drops H2O, 30 s each 
11. Embedding in 0.2% UA in 1.8% methyl cellulose 
 
Labeling reagents were diluted with 1% FSG in PBS. Rat anti-mouse LAMP-1 (clone 1D4B, 

Developmental Studies Hybridoma Bank, DSHB) was used as undiluted hybridoma culture 

supernatant. Mouse anti-cathepsin C (clone D-6, Santa Cruz) was diluted 1:5. Mouse anti-

IglB (Biodefense and Emerging Infections Research Repository, NIAID, NIH) was used 1:50. 

Rabbit anti-F.t.n. serum was used mainly 1:500, it was also tested at 1:100 and 1:200. The 

bridging antibody was used only when the primary antibody was not produced in rabbit. 

Bridging rabbit anti-mouse or rabbit anti-rat antibodies (both Rockland) were diluted 1:300. 

PAG conjugated to 10 nm gold particles (Cell Microscopy Center, UMC Utrecht) were used 

at 1:50. For immunogold labeling of resin sections the protocol and antibody dilutions were 

the same, but grids were not incubated on water in the beginning and were not embedded in 

UA+MC at the end. Sections were examined with a CM100 TEM at 80 kV. The images were 
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recorded digitally with a Quemesa TEM CCD camera (Olympus Soft Imaging Solutions) and 

iTEM software v 5.1 (Olympus Soft Imaging Solutions).  

3.9 Stereology 

With stereological analysis the relative volume density of bacteria and the relative fractions of 

phagosomal and cytosolic bacteria were estimated. By systematic random sampling, 

micrographs were collected at magnification 1,650x to estimate the relative volume of host 

cell cytoplasm, at magnification 3,900x to estimate the relative volume of bacteria and at 

magnification 11,500x to analyze the presence or absence of the phagosomal membrane 

around bacteria. The analysis was performed in Adobe Photoshop CS6 by overlaying each 

micrograph with a test grid. The relative volume was estimated as the number of cross-points 

of the stereological test grid over the cytoplasm of macrophage cells (excluding nucleus) or 

over bacteria (Figure 5). To analyze the host cell cytoplasm the grid with gridlines every 13.8 

cm was used, and for bacteria a corresponding grid with gridlines every 32.5 cm with 7 

subdivisions.  

 

 
Figure 5: Schematic presentation of the stereological analysis. Relative volume was estimated as the number of cross-
points (arrows) of the stereological test grid over the cytoplasm of macrophage cells at magnification 1,650x and over 
bacteria at magnification 3,900x (here illustrated with the small grid over bacteria).  
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The relative volume density of bacteria represents the bacterial load in the population of 

macrophage cells. It was calculated as the fraction of the total count of cross-points over 

bacteria relative to the total count of cross-points over the macrophage cytoplasm. For each 

experiment at least 20 systematically sampled macrophage profiles were analyzed, some with 

and others without bacteria. The relative volumes were estimated separately for cytosolic and 

phagosomal bacteria. To estimate the relative fractions of cytosolic and phagosomal bacteria, 

the total relative volume of cytosolic and phagosomal bacteria was estimated in at least 15 

profiles of infected macrophage cells.  

In Figure 6 the workflow for the ultrastructural analysis and immunolabeling is presented  

 

 

Figure 6: The workflow for the ultrastructural analysis and immunolabeling of RAW 264.7 cells infected with F.t.n. 

 

3.10  Optical tweezers to study bacteria – host cel l 
interactions 

BMM and RAW 264.7 cells were seeded in 35-mm glass bottom dishes (MatTek) and grown 

without antibiotics overnight. The F.t.n. strain carrying a green fluorescent protein (GFP; 

F.t.n U112 pKK289::gfp) were washed three times in PBS, diluted to OD600=1 and further 



27 
  

diluted 103-fold in 1.5 ml of complete imaging medium (Appendix 7.1.3). Cells were washed 

three times in PBS to remove debris before medium containing bacteria was added. The 

sample was incubated at room temperature for 30 min so that bacteria would start to sediment. 

Macrophage-F.t.n. GFP interactions were determined using optical tweezers (JPK 

nanotrackerTM 2). We used the following protocol: 1) A single bacterium was captured in the 

laser trap and checked for the GFP signal with confocal Nikon C2 to confirm that it is indeed 

a bacterium. 2) The bacterium was moved 5 μm away, and at the same Z-level, as the chosen 

macrophage. After 30 min incubation there was a minority of sedimented bacteria compared 

to macrophages, so when a bacterium was found it was trapped by the laser and moved to the 

macrophage located directly to the left. 3) The movement path was pre-programmed (JPK nt 

software), so that the laser would move the bacterium from the starting point to the 

macrophage surface, then hold it there for 5 seconds and move it back to the start position. If 

the bacterium could not be moved away by the laser, it was considered as “adhered” to the 

macrophage cell. For each sample 30 measurements were tracked and separated as “adhered” 

or “non-adhered”. Data were analyzed in Microsoft Excel 2010. 

3.11  Scanning electron microscopy (SEM) 

SEM was used for visualization of bacterial interaction with the surface of RAW 264.7 cells 

during infection. Macrophage cells were grown of glass slides and infected with F.t.n. at MOI 

>500 for 2 h. The samples were fixed with 1% GA for 2 days. To prepare them for SEM 

analysis, samples were labeled with F.t.n. anti-serum (500x) (5 min blocking with 1% FSG in 

PBS, 10 min incubation with F.t.n. anti-serum, followed by 10 min incubation with 15 nm 

PAG (50x)). Then samples were dehydrated with EtOH (70-90-96-100%), critical point dried 

using Baltec CDP 030 and platinum coated (2nm) using a sputter coater Cressington 308R. 

Samples were imaged with SEM Hitachi S-4800 at 15 kV in secondary electron and 

backscattered electron imaging mode to observe the sample surface and identify 15 nm gold 

particles respectively. 
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4 Results 

4.1 Growing F.t.n. 

Growth of F.t.n. was first tested on ECA plates and unsupplemented EB medium. They grew 

well on ECA plates, with white colonies visible after 24 h. In the unsupplemented EB 

medium a visible increased density could be observed after 12 h. By measuring OD600 of the 

bacterial liquid culture in four-hour intervals we could establish the growth phases. The 

bacterial growth kinetics is summarized in the growth chart in Figure 7. The appearance of 

bacteria was examined by negative staining of F.t.n. from the liquid culture. This illustrated 

F.t.n. wt as a spherical bacterium of approximately 1 μm in diameter. Live bacteria appeared 

weakly stained as the contrasting agent was not able to penetrate into cells (Figure 8).  

 

Figure 7: F.t.n. growth chart in EB at 37ºC, 200 rpm. The results represent three independent experiments (mean ± SE) of 
liquid culture with OD600 measured in four-hour intervals. Growth phases were defined as lag phase 0-4 h, log phase 4-20 h, 
stationary phase 20-24 h and start of death phase > 24 h. 
 

 

Figure 8: Negative staining of F.t.n wt from liquid culture (uranyl acetate and methyl cellulose). 
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After analyzing the growth of F.t.n., we decided to grow bacteria for ~16 h to a mid-log phase 

in liquid culture for infection experiments. 

To estimate a CFU/ml value for an F.t.n. suspension with OD600 = 1, the bacterial suspension 

was diluted 105- and 106-fold with PBS and 100 μl of these dilutions were plated onto ECA 

plates. Colonies were counted after overnight incubation. The resulting estimates of CFU/ml 

are presented in Figure 9. We estimated that F.t.n. suspension with OD600 = 1 has about 

1x109 CFU/ml (mean 1.12^109, standard deviation 0.88^109, standard error 0.31^109). 

 

Figure 9: Estimation of CFU from serial dilutions of 1 ml F.t.n. in PBS at OD600 = 1 (sample 1-4). 

4.2 Validation of F.t.n. anti-serum 

First, anti-F.t.n. serum specificity was tested by immunogold labeling of whole bacteria and a 

representative image is shown in Figure 10. A mixed suspension of live F.t.n. and E.coli was 

adsorbed onto a TEM grid and labeled with anti-F.t.n. serum, followed by 10 nm PAG. Only 

F.t.n. bacteria were labeled, which indicated that the serum contained antibodies specific for 

F.t.n. Next, the rabbit anti-F.t.n. serum was validated by immunofluorescence labeling of 

complex samples of PFA-fixed macrophages infected with green fluorescent F.t.n. Samples 

were analyzed with LSCM. A highly infected cell is shown in Figure 11 A) DAPI, B) 

bacterial GFP and C) anti-F.t.n. DAPI signal indicates that the host cell cytoplasm is packed 

with bacteria. The GFP signal is evenly spread throughout the cytoplasm, but a comparison to 

DAPI signal suggests that bacteria differ in the intensity of GFP signal and in consequence 

the bacterial load appears underestimated. Anti-F.t.n. signal is also spread throughout the 
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cytoplasm, although the signal strength decreases with distance from the plasma membrane. 

Nevertheless, the amount of bacteria visualized by anti-F.t.n. labeling corresponds well to the 

DAPI signal. Later, immunogold labeling with anti-F.t.n. was tested also on Tokuyasu- and 

HPF sections of infected macrophages. Representative images from these experiments are 

shown in Figure 35 and Figure 36 respectively). 

 

Figure 10: Testing of rabbit anti-F.t.n. serum specificity by immunogold labeling of live whole bacteria. Live E.coli and 
F.t.n. were adsorbed onto a TEM grid and labeled with anti-F.t.n. serum (1:500) and 10 nm PAG. Only F.t.n. bacteria are 
labeled, E.coli is not labeled.  

 

Figure 11: Testing of rabbit anti-F.t.n. serum specificity by immunofluorescence labeling of fixed macrophages infected 
with F.t.n. RAW 264.7 cells were infected with GFP expressing F.t.n. at MOI 500, 24 hpi. After fixation with PFA, cells 
were labeled with F.t.n. anti-serum (1:500), then with goat anti-rabbit-Cy3 and counter-stained with DAPI. Fluorescence was 
analyzed with LSCM. A) DAPI, B) GFP and C) anti-F.t.n. Magnification: objective lens 100x, zoom 3x. 
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4.3 Establishing the F.t.n. infection model in RAW 
264.7 cell line and BMM 

4.3.1 Optimizing the multiplicity of infection 

In order to select conditions for the macrophage infection experiment and sampling time 

points, macrophages were infected with F.t.n. over a range of MOI values and analyzed in 3 

hour intervals over a 21-hour period post infection. Representative images of RAW 264.7 

cells, labeled by immunofluorescence to visualize F.t.n., are shown in Figure 12 (images of 

BMM infection are not shown). In three view fields, the fraction of infected cells and the 

bacterial load per cell (1-5, 5-10, 10-50, >50) were determined.  

The results indicated that the higher the MOI the higher the fraction of infected cells, while 

the length of the post infection incubation affected the bacterial load per cell. This correlation 

was true for both RAW 264.7 cells and BMM, although the two cell types differed in the two 

parameters. In RAW 264.7, at MOI 2,000, ~25% of cells were infected with at least one 

bacterium 30 min pi, while in BMM the same fraction of infected cells was observed already 

at MOI 500. The bacterial load per cell increased with bacterial proliferation during the 

incubation period post infection. In RAW 264.7 cells the bacterial proliferation was intense 

around 12 hpi and by 24 hpi host cells had increasingly detached, indicating cell death. In 

BMM, the intracellular life cycle of bacteria seemed shorter, as intense bacterial proliferation 

was observed already at 6-9 hpi and cell death of macrophages was notable at 15 hpi. Most 

cells that remained adherent at 21 hpi were tightly packed with bacteria. Collectively these 

results indicated that F.t.n. has an intracellular cycle of about 24 h in RAW 264.7 cells and 

less than 15 h in BMM. To ensure sufficient density of infected cell profiles for EM analysis, 

we decided to perform infection experiments at MOI 1,000.  
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Figure 12: Representative images of F.t.n.-infected RAW 264.7 cells fluorescently labeled with anti-F.t.n. serum. Samples 
were infected at MOI 200, 1,000 and 2,000, collected at 2, 12 and 24 hpi, immunolabeled and analyzed with LSCM. 
Objective lens 60x, zoom 1.5x. 

4.3.2 Monitoring the kinetics of the Francisella intracellular life 
cycle 

In order to more accurately analyze the kinetics of the Francisella intracellular life cycle, in 

particular with regard to the bacterial load and the subcellular localization of bacteria, we 

performed electron microscopic and stereologic analyses. We used both BMM and RAW 

264.7 as host cells and infected with both F.t.n. wt and F.t.n. ΔiglC mutant (See Table 3 and 

Table 4 for the experimental setup). 
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Table 3: Experimental layout for the infection of RAW 264.7 

F.novicida U112 pKK289::gfp  F. novicida ΔiglC 

2 h 12 h 24 h MOI 2 h 12 h 24 h 
  ○ 2,000   ○ 

○ ○ ○ 1,000 ○ ○ ○ 

  ○ 500   ○ 

  ○ 200   ○ 

 

Table 4: Experimental layout for the infection of BMM 

F.novicida U112pKK289::gfp  F. novicida ΔiglC 
2 h 12 h 24 h MOI 2 h 12 h 24 h 

  ○ 2,000    ○ 

○ ○ ○ 1,000 ○ ○ ○ 

○ ○ ○ 500 ○ ○ ○ 

  ○ 200   ○ 

  ○ 50   ○ 

 

Representative TEM images of the infected cells are shown in Figure 13-15. Phagosomal 

bacteria were surrounded with a distinct phagosomal limiting membrane. In bacteria which 

were classified as cytosolic we could not observe a membrane surrounding the bacteria, not 

even partially. At 2 hpi, F.t.n. wt in RAW 264.7 cells were mostly phagosomal (Figure 13A), 

but there were also some cytosolic (Figure 13B). At 12 hpi we could observe macrophages 

with many cytosolic bacteria (Figure 13C) and at 24 hpi most bacteria resided in phagosomes 

(Figure 13D). Similarly to RAW 264.7 cells, in BMM we observed mostly phagosomal 

(Figure 14A) and few cytosolic (Figure 14B) bacteria at 2 hpi. However, at 12 hpi few 

bacteria were found in the cytosol (Figure 14C) while most were in phagosomes (Figure 

14D) and at 24 hpi we could observe only phagosomal bacteria (Figure 14E). Infection with 

the ΔiglC deletion mutant (Figure 15) showed singular bacteria in phagosomes at all 

timepoints. These microscopic observations indicated that the intracellular cycle in BMM was 

shorter. We decided to repeat the experiment for BMM, and sample at 2-h rather than 12-h 

intervals. In this new set of samples, we could observe BMM with multiple cytosolic bacteria 

at 6 and 8 hpi (Figure 16). To get estimates for the bacterial load and bacterial 

sublocalization, all samples were quantified using stereology (results for RAW/BMM – F.t.n. 

at MOI 1,000 are shown in Figure 17-21, all results are in Appendix 7.3). 
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Figure 13: Representative images of TEM analysis of RAW 264.7 infected with F.t.n wt at MOI 1,000. Cells were fixed 
with 1% GA, followed by conventional room temperature dehydration and embedding in Spurr’s resin. At 2 hpi bacteria 
were found singular as cytosolic (A) or phagosomal (B), at 12 hpi bacteria had proliferated extensively in the cytosol (C) and 
at 24 hpi bacteria in adherent cells RAW 264.7 were phagosomal (D). Phagosomal membrane is marked with arrows in (B,D) 
and some bacteria are marked with an asterisk.  
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Figure 14: Representative images of TEM analysis of BMM infected with F.t.n. wt at MOI 1,000. Cells were fixed with 
1% GA, followed by conventional room temperature dehydration and embedding in Spurr’s resin. At 2 hpi bacteria were 
found singular as cytosolic (A) or within phagosomes (B), at 12 hpi some bacteria had proliferated in the cytosol (C), but 
most were found in phagosomes (D). At 24 hpi bacteria in adherent BMM cells that were not lysed due to bacterial escape 
were found in phagosomes (E). Phagosomal membrane is marked with arrows in (B,D,E) and some bacteria are marked with 
an asterisk.  
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Figure 15: Representative images of TEM analysis of A) RAW 264.7 and B) BMM infected with F.t.n. ΔiglC at MOI 
1,000 24 hpi. Cells were fixed with 1% GA, followed by conventional room temperature dehydration and embedding in 
Spurr’s resin. In both host cells F.t.n. resided inside phagosomes. Phagosomal membrane is marked with arrows, bacteria 
are marked with an asterisk.  

 

Figure 16: Representative images of TEM analysis of BMM infected with F.t.n. wt at MOI 1,000 8 hpi. Cells were fixed 
with 1% GA, followed by conventional room temperature dehydration and embedding in Spurr’s resin. Multiple bacteria 
were found in the cytosol. Some bacteria are marked with an asterisk.  

 

The results showed that the initial uptake was slightly higher in BMM than in RAW 264.7. At 

MOI 1,000, 2 hpi the relative volume density estimates were 0.08% for phagosomal and 

0.03% for cytosolic bacteria in RAW 264.7 (Figure 17A) compared to 0.21% for phagosomal 

and 0.11% for cytosolic in BMM (Figure 17B). The fraction of phagosomal and cytosolic 
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bacteria was similar in both cell types (Figure 18A,B). In RAW 264.7 we could observe 

extensive proliferation of cytosolic bacteria at 12 hpi, when the relative volume density 

increased to 2.43% (Figure 17A). The density of cytosolic bacteria increased further to 4.16% 

by 24 hpi, when also the density of phagosomal bacteria increased to 3.02% (Figure 17A). 

 

Figure 17: Results of stereological analysis. Relative volume density (%) of phagosomal and cytosolic F.t.n. in A) RAW 
264.7 cells and B) BMM infected at MOI 1,000. Adherent cells were fixed with 1% GA at 2, 12 and 24 hpi and prepared for 
TEM analysis. 15 cells were analyzed for each condition (n=1). 

 

 

Figure 18: Results of stereological analysis. Fraction (%) of phagosomal and cytosolic F.t.n. in infected A) RAW 264.7 
cells and B) BMM, infected at MOI 1,000. Adherent cells were fixed with 1% GA at 2, 12 and 24 hpi and prepared for TEM 
analysis. 20 infected cells were analyzed for each condition (n=1). 
 

By 12-hour-interval sampling in BMM, we could observe only a moderate increase in the 

density of phagosomal bacteria, whereas cytosolic bacteria could not be observed at all at 24 

hpi (Figure 17B). However, in a 2-h-interval sampling experiment, a rapid increase in the 

relative volume density of cytosolic bacteria could be observed at 6 hpi when it reached 

1.64% (Figure 21A). By 12 hpi the density of cytosolic bacteria decreased to 1.15%, while 

the density of phagosomal bacteria increased gradually throughout the 12-hour period when it 

eventually reached 0.90% (Figure 21A).  
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Figure 19: Results of stereological analysis. Relative volume density (%) of phagosomal and cytosolic F.t.n. in infected 
A) RAW 264.7 cells and B) BMM at MOI 50-2,000. Adherent cells were fixed with 1% GA at 24 hpi and prepared for TEM 
analysis. 15 cells were analyzed for each condition (n=1). 

 

 

Figure 20: Results of stereological analysis. Fraction (%) of phagosomal and cytosolic F.t.n. in infected A) RAW 264.7 
cells and B) BMM at MOI 50-2,000. Adherent cells were fixed with 1% GA at 2, 12 and 24 hpi and prepared for TEM 
analysis. 20 infected cells were analyzed for each condition (n=1). 

 

 

Figure 21: Results of stereological analysis of BMM infected with F.t.n. wt at MOI 1,000. A) Relative volume density (%) 
and B) Fraction (%) of phagosomal and cytosolic F.t.n. in infected cells. Cells were fixed with 1% GA and prepared for 
TEM analysis.15 cells and 20 infected cells were analyzed in A and B respectively (n = 1).  
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Comparing infections at different MOI, we could observe higher relative volume density of 

bacteria, which represents higher bacterial load, both phagosomal and cytoplasmic, at higher 

MOI (Figure 19A,B). The fractions of cytosolic and phagosomal bacteria at different MOI 

(Figure 20A,B) were quite similar, except for the sample of RAW 264.7 cells at MOI 1,000 

(Figure 20A), which stood out by an increased density and fraction of cytosolic bacteria. We 

believe this is due to error during the experimental work or normal variation.  

The results in both cell types reflect the progression of the bacterial intracellular life cycle, 

which appears shorter in BMM than in RAW 264.7 cells. The fraction of cytosolic bacteria 

displays a bell shaped curve, the peak of which represents the extensive proliferation of 

cytosolic bacteria. The fraction of phagosomal bacteria decreases in the first half of the 

intracellular life cycle and increases toward its end (Figure 21B).  

4.4 Adherence of F.t.n. 

As mentioned in the introduction, F.t.t. is highly virulent, and it was reported that an infection 

load of as few as 10 CFU can cause severe disease [3]. This is intriguing in the context of the 

higher MOI that is used for in vitro infections with Francisella bacteria. We wanted to 

explore the adherence of F.t.n. to host cells and decided to use a completely different 

approach, namely optical tweezers as a tool to independently monitor the interactions of 

bacteria with cells. Once placed in the microscope, F.t.n. was manually captured with the 

optical tweezers, placed next to a potential host macrophage, and from there moved 

automatically for a distance of 5 μm so that it came in contact with the macrophage plasma 

membrane. We could then monitor the interaction of the bacterium with the macrophage 

surface. After 5 s the bacterium was moved away from the macrophage cells with the optical 

tweezers. Loss of a bacterium from the laser trap was registered and used to quantify the 

fraction of bacteria that were able to adhere to the host cell. We compared adherence of F.t.n. 

between RAW 264.7 and BMM, between media supplemented with FCS or mouse serum 

(MS), and between media supplemented with heat inactivated (Hi) or native (not Hi) serum. 

R.e. was used as a control bacterium since it causes strong infection in macrophages at MOI 

below 10 [162, 163]. The results are based on five independent experiments with 30 

interactions measured per sample. 
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In general, the variation between independent experiments within groups was considerable, 

especially in experiments with BMM. For example in the presence of FCS Hi, the coefficients 

of variation of F.t.n.-RAW and F.t.n.-BMM were ~25%, ~60%, and for R.e.-RAW and R.e.-

BMM ~26% and ~37% respectively. We did not observe statistically significant differences in 

the adherence of F.t.n. between RAW 264.7 cells and BMM with either FCS Hi or MS, 

although the mean for BMM in the presence of MS (~25%) was considerably higher 

compared to ~15% for RAW 264.7 (Figure 22A). The role of serum was investigated in more 

detail in BMM cells, where the only significant difference was a higher rate of adherence in 

the presence of MS Hi compared to FCS Hi (p-value 0.05).  

R.e. (Figure 22B) was almost 3-fold more likely to adhere to RAW 264.7 or BMM cell in the 

presence of FCS Hi compared to F.t.n. (p-value 0.005 and 0.021 respectively). In the presence 

of MS, a similar difference was observed for RAW cells (p-value 0.004), while adherence to 

BMM in the presence of MS was similar for both bacteria. 

 

Figure 22: Fraction of adherence (%) in bacteria-macrophage interactions using optical tweezers for A) F.t.n, for B) R.e. 
Bars represent 5 independent experiments (mean+SE), in each experiment 30 interactions were analyzed. Significant 
difference between BMM FCS Hi and BMM MS Hi for F.t.n.is indicated with a line above bars, p-value <0.05 (*). 
Significant differences between the two bacteria with a p-value <0.05 (*) and <0.01 (**) are marked directly above bars. 
 

We used SEM to further visualize F.t.n. adherence to RAW 264.7. The contact site area with 

F.t.n. was not notable and bacteria almost looked as if they were passively lying on the host 

cell surface (Figure 23A1,A2). We could not find many examples of bacteria interacting with 

macrophages or being in the last stages of phagocytosis (Figure 23A3). 
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Figure 23: SEM of F.t.n. adhered to RAW 264.7 cells. RAW 264.7 cells were incubated with F.t.n. at MOI >500 for 2 h. 
Samples were fixed with 1% GA  without washing bacteria away. Fixed samples were labeled with F.t.n anti-serum (1:500) 
and PAG 15 nm and then processed for SEM analysis. F.t.n. are framed in boxes in A. Cells were imaged in secondary 
electron mode (A1, A2) or in back-scattered electron mode (A). 

4.5 Phagosome maturation of F.t.n. wt in RAW cells 

To investigate phagosome maturation, we pre-loaded host cells with BSA gold and labeled 

Tokuyasu sections of F.t.n.-infected RAW 264.7 cells with LAMP-1 and cathepsin C 

antibodies. The results showed that some bacteria resided in phagosomes with a conspicuous 

limiting membrane also containing 5 nm gold particles, indicating that they have interacted 

with late endosomes/lysosomes. These phagosomes were also labeled with 10 nm gold 

particles, which represented LAMP-1 (Figure 24) or cathepsin C (Figure 25), which is 

another argument that these phagosomes have interacted with late endocytic compartments. In 

addition, these results suggested that internalized colloidal gold particles correlated well with 

the localization of LAMP-1 (Figure 24A1, A2) and cathepsin C (Figure 25A). In contrast, 

some bacteria did not localize with 5 nm gold, LAMP-1 (Figure 24B1, B2) or cathepsin C 

(Figure 25B) and they appeared surrounded with empty white areas. We characterized these 

bacteria as cytosolic and assume that white areas are related to the halos observed in resin 

embedded bacteria. Labeling for IglB on Tokuyasu sections gave no signal. Therefore we did 

labeling on Lowicryl sections of HPF cells (Figure 26). We could observe weak, but specific 

labeling of bacteria in the cytosol (Figure 26A) as well as in the phagosome (Figure 26B), 

which suggested that also phagosomal bacteria expressed components of T6SS. 
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Figure 24: Immunogold labeling of LAMP-1  on Tokuyasu sections of RAW 264.7 pre-loaded with 5 nm gold (1 h chase) 
and infected with F.t.n. Samples were fixed with 4% PFA. Representing images of phagosomal F.t.n. A1) 1 hpi and A2) 4 
hpi; and cytosolic F.t.n. B1) 1 hpi and B2) 4 hpi. Some internalized 5 nm gold particles are indicate with a circle, arrows 
point to 10 nm gold particles representing specific labeling of LAMP-1 and asterisks indicate bacteria. 
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Figure 25: Immunogold labeling of cathepsin C on Tokuyasu sections of RAW 264.7 pre-loaded with BSA-gold 5 nm (1 h 
chase) and infected with F.t.n. Samples were fixed with 4% PFA.A) 1 hpi and B) 4 hpi. Some internalized 5 nm gold 
particles are indicate with a circle, arrows point to 10 nm gold particles representing specific labeling of cathepsin C and 
asterisks indicate bacteria. 
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Figure 26: Immunogold labeling of IglB  on resin sections of RAW 264.7 pre-loaded with 5 nm gold (1 h chase) and 
infected with F.t.n. Samples were fixed by HPF at 16 hpi followed by FS and embedding in Lowicryl resin HM20 . Sections 
were labeled with anti-IglB  1:50 (10 nm gold). Images showing A) cytosolic and B) phagosomal F.t.n. Image C) an enlarged 
area of B) showing both 5 and 10 nm gold, 10 nm gold representing specific labeling is framed with circles. 
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4.6 Host cell factors that affect the phagosomal 
escape 

4.6.1 IFNγ 

RAW 264.7 cells were treated with IFNγ to investigate if and how intracellular F.t.n. cycle is 

affected by activation of macrophage cells. At 2 hpi (Figure 27A), the fraction of phagosomal 

bacteria in all samples treated with IFNγ was higher compared with the control untreated 

sample. At 6 hpi (Figure 27B), the difference between IFNγ treated and untreated samples 

became even more notable. At both time points, the biggest, almost 2-fold difference was 

observed in the sample that was pre- and post-treated (+/+) with IFNγ. At the same time, there 

was an even more striking effect on the fraction of cytosolic bacteria, which was reduced 

almost 8-fold in the (+/+) sample compared to the untreated sample. In addition, we observed 

increased cell detachment in IFNγ treated host cells, indicating increased cell death of host 

cells. An image of a RAW 264.7 cell, pre- and post-treated with IFNγ and infected with F.t.n. 

6 hpi is shown in Figure 28.  

 

 

Figure 27: The effect of IFNγ treatment on the intracellular cycle of F.t.n. Stereological analysis was used to quantify 
fractions (%) of phagosomal and cytosolic F.t.n. in RAW 264.7 cells at MOI 1,000 treated with 100 U/ml IFNγ 2 and 6 
hpi. The samples were either non-treated (-/-), post-treated (-/+), pre-treated (+/-) or pre- and post-treated (+/+). Cells were 
fixed with 1% GA and prepared for TEM analysis. 15 and 20 cells were analyzed for each condition at 2 and 6 hpi 
respectively (n=1). 
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Figure 28: TEM analysis of RAW 264.7 cells infected with F.t.n. at MOI 1,000. Cells were fixed with 1% GA followed by 
conventional room temperature dehydration and embedding in Spurr’s resin.. Late endosomes/lysosomes were preloaded 
with 5 nm gold particles. Micrograph shows phagosomal bacteria in an IFNγ pre- and post-treated (+/+) cell. Bacteria are 
marked with an asterisk. 

4.6.2 Lysosomal protease inhibitors 

In order to investigate the role of lysosomal cathepsins in the process of the phagosomal 

escape of F.t.n., macrophages were incubated with cathepsin inhibitors before the infection. 

PepA was used to inhibit cathepsin D and E64d was used to inhibit cysteine cathepsins. Our 

results (Figure 29) show that in cells treated with E64d a fraction of cytosolic bacteria was 

increased to 75% and 85%, 2 and 6 hpi respectively, compared to 33% and 67% in control 

cells. This argues that cysteine cathepsins can limit the phagosomal escape of F.t.n. Addition 

of PepA to E64d did not show an additional increase in the fraction of cytosolic bacteria, 

which suggests that the role of cathepsin D is either redundant or less likely that cathepsin D 

is not involved at all. Representative images from the infection with PepA/E64d inhibitors at 

6 hpi are presented in Figure 30, showing endosomes with electron dense cargo in the lumen, 

which indicates impaired lysosomal degradation (A), phagosomal (B) and cytosolic (C) 

bacteria. Collectively, the results suggest that an increased amount of phagosomal bacteria are 

able to escape to the cytosol when lysosomal proteases are inhibited.  
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Figure 29: The effect of lysosomal protease inhibitors on the intracellular cycle of F.t.n. Stereological analysis was used to 
quantify fractions (%) of phagosomal and cytosolic bacteria in RAW 264.7 cells infected at MOI 1,000 treated with 10 μM 
PepA and/or 10 μM E64d, A) 2 hpi and B) 6 hpi. Cells were fixed with 1% GA and prepared for TEM analysis. 15 and 20 
infected cells were analyzed for each condition at 2 and 6 hpi respectively (n=1). 
 

 

Figure 30: TEM analysis of RAW 264.7 cells infected with F.t.n. at MOI 1,000 6 hpi, after chemical fixation and 
conventional room temperature dehydration, followed by embedding in Spurr’s resin. Cells were preloaded with 5 nm gold 
particles and lysosomal proteases were inhibited with PepA and E64d. Micrographs show (A) an infected cell with dense 
organelles, indicating reduced degradation in late endosomes/lysosomes, (B) phagosomal and (C) cytosolic bacteria. Bacteria 
are marked with an asterisk. 
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4.7 High pressure freezing and freeze substitution 
for improved ultrastructural preservation 

For the ultrastructural analysis, we initially fixed cells with GA and used a conventional 

processing at room temperature for resin embedding. Our first choice for the resin was epon, 

but the infiltration was poor and bacteria peeled off during sectioning (Figure 31A,B). We 

therefore switched to Spurr’s resin (Figure 31C-E), which resulted in considerably less 

sectioning artefacts and even phagosomal bacteria were reasonably well preserved (Figure 

31D).  

Irrespective of the resin, cytosolic bacteria had prominent electron translucent areas around 

(Figure 31A,E). These so called halos are also a common characteristic of Francisella 

bacteria seen in scientific papers and have prompted speculations about the existence of a 

capsule in these bacteria. On the other hand some chemical fixation certain artefacts are 

common and well known in bacteria, in particular in the preservation of the membrane 

integrity and bacterial cytoplasm. Since protocols for HPF and FS have been introduced in 

our group, we decided to investigate if cryofixation using HPF could improve ultrastructural 

preservation of macrophage cells infected with F.t.n. We decided to use RAW macrophages 

infected with F.t.n. at MOI 1,000 incubated for 16 hpi as a model sample. Cells were scraped 

and filled in cellulose capillaries, which were transferred to planchettes and cryofixed. Several 

planchettes of the same sample were frozen, so that we could compare different FS protocols 

and different resins. 

First, we tried epon embedding and two different protocols for FS. In the first protocol, both 

1% OsO4 and 0.2% UA were incubated with the sample from -90 °C to +4 °C. In the second 

protocol only 1% OsO4 was used from -90 °C to +4 °C, followed by incubation with 1% UA 

alone at +4 °C. During sectioning the epon resin often broke, in particular at the site of the 

outer membrane, presumably due to poor infiltration, although progressive infiltration was 

done over three days (Figure 32A, Figure 33A). This artefact was particularly notable with 

phagosomal bacteria (Figure 33F). The membrane contrast was generally better in the 

samples incubated with OsO4 and UA separately (Figure 32B, Figure 33B). After on-section 

contrasting the contrast was improved, ribosomes for example became more prominent.  
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Figure 31: Ultrastructural preservation of RAW 264.7 cells infected with F.t.n. at MOI 1,000, 16 hpi, after chemical 
fixation and conventional room temperature dehydration, followed by embedding in epon (A,B) or Spurr’s resin (C-E). 
Some bacteria are marked with an asterisk. 
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Figure 32: Ultrastructural preservation of RAW 264.7 cells infected with F.t.n. at MOI 1,000, 16 hpi, after HPF and FS. 
Samples were incubated with 1% OsO4 and 0.2% UA from -90 °C to +4 °C, followed by embedding in epon. Before 
imaging sections were not additionally contrasted (A, B), or were contrasted with LC  only (C) or with UA and LC  (D,E). 
Some bacteria are marked with an asterisk. 
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Figure 33: Ultrastructural preservation of RAW 264.7 cells infected with F.t.n. at MOI 1,000, 16 hpi, after HPF and FS. 
Samples were incubated with 1% OsO4 from -90 °C to +4 °C and with 1% UA at +4 °C, followed by embedding in epon. 
Before imaging sections were not additionally contrasted (A, B), or were contrasted with LC  only (C) or with UA and LC  
(D, E). Some bacteria are marked with an asterisk.  
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Figure 34: Ultrastructural preservation of F.t.n. from the overnight culture in EB after HPF and FS. Samples were incubated 
with 1% OsO4 from -90 °C to +4 °C and with 1% UA at +4 °C, followed by embedding in epon. Before imaging sections 
were contrasted with UA and LC .  

 

The shape of bacteria in viable host cells was strikingly pleomorphic (Figure 32E), whereas 

in necrotic host cells bacteria looked spherical (Figure 32D). Bacteria looked pleomorphic 

also when an overnight culture grown in EB was used for HPF (Figure 34). Importantly, no 

electron translucent halos were present around bacteria residing in the host cell cytoplasm, 

unlike after chemically fixed bacteria. After on-section contrasting the outer membrane of 

bacteria became more distinct (Figure 32C-E, Figure 33C,E) in particular in the samples 

incubated with OsO4 and UA together, although this might be just a coincidence.  
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The F.t.n. antiserum was initially tested on whole bacteria adsorbed to TEM grids (Figure 

10). Later we tested it also on Tokuyasu sections of PFA-fixed bacteria (Figure 35) and on 

Lowicryl HM20 sections of HPF&FS samples (Figure 36). The labelling on Tokuyasu 

sections was quite unspecific with labelling on both bacterial and non-bacterial sections. 

Labelling on HPF samples however was specific for both phagosomal (Figure 36A) and 

cytosolic (Figure 36B) F.t.n. 

 

 

Figure 35: Tokuyasu section of RAW 264.7 infected with F.t.n. wt. Samples were fixed with 4% PFA 16 hpi and 
following sectioning the samples were further labeled with anti-F.t.n. 1:500 (10 nm gold).  

 

Figure 36: RAW 264.7 infected with F.t.n. wt. Samples were fixed by HPF 16 hpi, stained with 0.2% UA and embedded 
in Lowicryl HM20 . After sectioning the samples were further labeled with anti-F.t.n. 1:500 (10 nm gold). Representing 
pictures of A) phagosomal and B) cytosolic F.t.n. wt. 
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Unfortunately, the artefactual breaks in the resin sections were aggravated by on-section 

contrasting. In order to try to reduce the sectioning artefacts we also tried embedding in 

Spurr’s resin, which is much less viscous than Epoxy resins and gave good results with 

conventional resin embedding of chemically fixed samples. Sectioning of cytosolic bacteria 

was considerably better (Figure 37A,B,D) with progressive two-day infiltration, while 

phagosomal bacteria were still prone to breaks (Figure 37C). The drawback of Spurr’s resin 

was increased extraction so that membrane contrast was poor. Faint outer membranes of 

bacteria could be observed only occasionally (Figure 37D).  

 

Figure 37: Ultrastructural preservation of RAW 264.7 cells infected with F.t.n. at MOI 1,000, 16 hpi, after HPF and FS. 
Samples were incubated with 1% OsO4 from -90 °C to +4 °C and with 1% UA at +4 °C, followed by embedding in Spurr’s 
resin. Before imaging sections were not additionally contrasted (A, B), or were contrasted with LC  only (C, D). Some 
bacteria are marked with an asterisk.  
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We decided to try another type of resin, LR White. In samples infiltrated for less than 12 

hours sectioning artefacts were common. Sectioning of samples infiltrated for 24 hours went 

well and artefacts were rare even with phagosomal bacteria (Figure 38E). However, similarly 

to Spurr’s resin, samples appeared extracted and the outer membrane of bacteria was not 

preserved so that bacterial cytoplasm appeared outlined with a thick white zone. Nevertheless, 

improved sectioning properties were an important advance. We reasoned that the extraction 

takes place because the resin is a strong solvent. In order to improve the structural 

preservation, we added incubation with 1% GA before the infiltration with the resin (Figure 

38C-E). The effect of GA was significant and the outer membrane was better preserved. It 

appeared as a relatively thick homogenous line at the outer edge of the white zone around 

bacterial cytoplasm (Figure 38C), so quite different from its appearance of a “railway track” 

in epon samples (Figure 32E). Importantly, as in the epon samples there was no electron 

translucent area on the outer side of the outer membrane so that cytosolic bacteria were in 

direct contact with the host cell cytoplasm. If the section was contrasted with LC, the outer 

membrane was no longer visible (Figure 38F). 

A similar effect as observed when GA was used was also observed for the incubation with 1% 

tannic acid before the on-block contrasting with UA. However, in the one sample we prepared 

there were many sectioning artefacts, which might be associated with tannic acid, but we did 

not investigate this further. The two most important observations made in the HPF part of the 

projects were that bacteria remained pleomorphic (which argues against them being fixation 

artefacts) and that bacteria are not surrounded with electron translucent halos like they are in 

chemically fixed samples. Eventually, we have decided to investigate the ultrastructural 

preservation of samples that were first chemically fixed using GA and then cryofixed and 

processed in FS (Figure 39). We applied the protocol using separate incubation with OsO4 

and UA and embedding in LR White. To our surprise, the ultrastructure was in general 

preserved much poorer than in samples that were immediately cryofixed. Importantly, the 

electron translucent halos were present around bacteria, which suggest that this artefact is 

caused already by chemical fixation and not by later processing, such as alcohol dehydration.  
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Figure 38: Ultrastructural preservation of RAW 264.7 cells infected with F.t.n. at MOI 1,000, 16 hpi, after HPF and FS. 
Samples were incubated with 1% OsO4 from -90 °C to +4 °C and with 1% UA at +4 °C, followed by embedding in LR 
white (C-F). Before imaging sections were not additionally contrasted (A-E), or were contrasted with LC  only (F). Some 
bacteria are marked with an asterisk. Arrows in D indicate the outer membrane.  
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Figure 39: Ultrastructural preservation of RAW 264.7 cells infected with F.t.n. at MOI 1,000, 16 hpi, after chemical 
fixation with 1% GA, followed by HPF and FS. Samples were incubated with 1% OsO4 from -90 °C to +4 °C and with 1% 
UA at +4 ºC, followed by embedding in LR White . Sections were not additionally contrasted. Some bacteria are marked 
with an asterisk.  
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5 Discussion 

5.1 Establishing the infection model 

F.t.n. was a novel model organism in our group so we first optimized growth and infection 

protocols. In the literature diverse media are used for bacterial liquid culture. Liquid media 

with and without iron supplement were tested and based on the bacterial growth results we 

decided to use EB without any supplements. We determined that the culture is at a 

logarithmic phase after 16 h, which is when we collected bacteria for infection experiments. 

In the literature, both human and murine cells have been used as host cells for in vitro 

infection experiments. Since F.t.n. is able to cause disease in rodents, and only in immune-

compromised humans, we decided to use mice cells, namely a RAW 264.7 macrophage cell 

line and BMM primary macrophages.  

Infection experiments described in the literature also differ with respect to other parameters, 

such as opsonizing conditions, MOI, CFU/ml value at OD600 = 1, whether centrifugal force is 

used to enhance bacterial uptake, etc. However, only rarely are all of these parameters 

reported or defined, making it hard to compare the experimental conditions between studies 

and decide on the optimal experimental procedure. For example, CFU/ml values for a 

Francisella suspension of OD600 = 1 that are given in scientific papers differ more than 10-

fold, from 1x108 CFU/ml [54] to 4x109 CFU/ml [58, 82, 164] and sometimes they are not 

given [44-46, 63]. This means that there could be a 10-fold difference between theoretical and 

actual MOI values. For example, MOI 200 at 1x108 CFU/ml could actually be MOI 2,000 if 

the estimate 1x109 CFU/ml was taken. Therefore we performed serial dilutions to obtain our 

own estimate and we determined that OD600 = 1 corresponds to 1x109 CFU/ml (Figure 9). We 

used this value to adjust the concentration of bacterial suspension to certain MOI values.  

Because we planned EM analysis, our aim was to have a large fraction of infected cell so that 

after sectioning there would be a high fraction of cell profiles containing bacteria. This should 

apply also to early time points before the bacterial load increases due to proliferation. We 

decided to perform a large infection experiment and visualized bacteria by fluorescence 

labeling using specific anti-serum in order to analyze the uptake and the bacterial load over a 

range of different MOI values and at different time points after the infection. By testing MOI 

in the range from 50 to 2,000, combined with fixation in intervals up to 24 hpi, we found that 
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a MOI of 1,000 gave a high fraction of infected cells and high bacterial load suitable for EM 

analysis. Already in this initial experiment we observed that BMM had a higher initial 

bacterial load and that the intracellular life cycle progressed more quickly compared to 

RAW264.7 cells. Whereas BMM started detaching already at ~9 hpi, RAW 264.7 cells were 

not detaching before ~16 hpi (Figure 12). To further characterize the kinetics of the 

Francisella intracellular life cycle, we performed an infection experiment for the 

ultrastructural analysis by EM and stereological quantitative analysis of bacterial load and 

subcellular localization. In general, we observed that the higher the MOI the higher the 

bacterial load (relative volume density), whereas the fraction between phagosomal and 

cytosolic bacteria looked similar at different MOI values. The fraction of cytosolic bacteria 

relative to phagosomal bacteria initially increased and then decreased toward the end of the 

intracellular life cycle, which was characterized by massive host cell lysis. (Figure 18A, 

Figure 21B). The stereological analysis also indicated several differences between the two 

host cells (Figure 17-21). Even though infected BMM had a higher initial uptake (three-fold), 

we could only observe moderate increase in bacterial load at later times. Over initial 12 hpi 

the bacterial load in RAW 264.7 cells increased several fold (from ~0.1% to ~2.5%), whereas 

in BMM it only doubled (from ~0.3% to ~0.6%). Furthermore, at 12 hpi ~99% of the bacteria 

were cytosolic in RAW 264.7 cells but only ~14% in BMM. At 24 hpi the fraction of 

phagosomal bacteria was about 50% in RAW 264.7 cells, while in BMM we observed only 

phagosomal bacteria. BMM were being progressively lysed from 8 hpi onwards, and RAW 

264.7 cells only after 16 hpi.  

Infection with BMM was repeated and sampled at shorter intervals. The results showed that 

the intracellular cycle of F.t.n. in BMM proceeds considerably faster and takes about 12 h, 

whereas in RAW 264.7 cells it takes about 24 h. The increase of the phagosomal bacteria with 

prolonged incubation has also been reported in the literature [111] and it was interpreted as a 

recapture of cytosolic bacteria by autophagy [60, 111]. In contrast, we assume that the major 

reason for this observation was that only adherent cells were collected for the EM analysis, 

whereas detached cells that had undergone cell lysis were not. This reasoning implies that 

phagosomal bacteria cannot trigger host cell lysis or at least not on the same scale as cytosolic 

bacteria, and therefore cells containing phagosomal bacteria get progressively enriched. It is 

well established in the literature that Francisella bacteria can trigger pyroptosis after they 

escape in the cytosol of the host cell [133, 134, 165]. Pyroptosis ends with cell lysis and is 

considered to be a cell’s defense mechanism as it prevents bacteria from subverting the host 
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cell into their proliferative niche [166, 167]. Our results indicate that F.t.n. is more likely to 

trigger pyroptosis in BMM than RAW 264.7 cells and the effectiveness of this defense 

process is well illustrated with the difference in the bacterial load between the two host cells.  

5.2 Technical considerations with imaging 

During the initial experiments we used both fluorescence microscopy and electron 

microscopy to analyze bacterial load. Although DAPI seemed useful for recognizing bacteria 

in heavily infected cells at late time points (Figure 12A), it was more difficult to identify 

singular bacteria shortly after the infection. Therefore we investigated two other possibilities 

to visualize bacteria; the bacterial endogenous GFP fluorescence and fluorescence antibody 

labeling. We decided in favor of antibody labeling, because compared to the GFP signal the 

antibody signal was stronger and in highly infected cells correlated better with DAPI signal. 

A serious disadvantage of the GFP detection was that bacteria showed different levels of GFP 

expression / signal. For example, in a heavily infected cell the DAPI DNA fluorescence signal 

was distributed evenly across the cell cytoplasm (Figure 11A), whereas the GFP signal 

showed different intensities (Figure 11B). However, for these experiments GFP expressing 

strain of bacterium was not grown in the presence of kanamycin, so the uneven expression of 

GFP in bacteria could be the consequence of growing them without the selective agent. We 

have also observed some difficulties with anti-serum labeling. For example, in macrophage 

cells heavily packed with bacteria the fluorescence signal representing the F.t.n. anti-serum 

labeling was strong at the periphery of the macrophage cell, but became much weaker toward 

the center of the cell (Figure 11C). This demonstrates that whole-mount labeling with 

antibodies is dependent on the antibody penetration. In our case the cell was densely packed 

with bacteria and strongly fixed and even after Triton X-100 permeabilization the antibodies 

were unable to infiltrate the whole cell and label all bacteria.  

As it has been done in the literature, we used electron microscopic analysis to identify 

phagosomal and cytosolic bacteria. However, our quantitative analysis of subcellular 

localization of bacteria was different to other published analyses with respect to criteria used 

to distinguish between phagosomal and cytosolic bacteria. Mohaptra et al. (2008) considered 

bacteria phagosomal when the surrounding phagosomal membrane was more than 50% intact, 

a criterion also used by Clemens et al. (2009). On the other hand, Chong et al. (2008), Santic 

et al (2005a) and Santic et al (2005b) considered the phagosomal membrane as being 
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continuously degraded and made an estimate of the extent of the degradation scored as a 

percentage value. In our study we considered any evidence of the phagosomal membrane 

sufficient to classify bacteria as phagosomal. This is so because membranes are usually 

distinct only when sectioned perpendicularly, whereas they may not be so distinct in oblique 

sections. In addition, artefactual membrane breaks can be introduced by chemical fixation and 

further processing, in particular by dehydration. 

Another difference was the way we performed quantification. Mohaptra et al. (2009) 

compared the counts of cytosolic bacteria and bacteria in intact phagosomes. According to the 

principles of stereological analysis, we did not count bacteria, but estimated the relative 

volume of each bacterial subpopulation. Furthermore, we also calculated the relative volume 

density of these bacteria with respect to the population of host cells, which represents the 

bacterial load.  

5.3 Using high pressure freezing and freeze 
substitution to improve ultrastructure preservation   

We decided to perform HPF and FS as alternatives to chemical fixation and conventional 

dehydration in order to improve the ultrastructural preservation of bacteria. This proved to be 

challenging, in particular with respect to resin infiltration and contrasting of the bacterial 

outer membrane.  

To start with, HPF using Leica HPM100 had a success rate of less than 50%, however well 

and poorly frozen samples can be discriminated only when examined in the microscope, 

which is after a lengthy process of FS, resin embedding and sectioning. So it was decided to 

use only one sample, which was RAW 264.7 cells infected with F.t.n. wt at MOI 1,000 16 

hpi, and process it using different protocols for FS and resin infiltration.  

Similarly to chemically fixed samples, epon resin was not suitable for infiltration of HPF 

samples. This was due to the poor cross-linking of epon resin with the bacterial outer 

membrane which resulted in sectioning artefacts, such as bacteria peeling off, even after a 

prolonged three-day resin infiltration. The infiltration was considerably improved with less 

viscous resins like Spurr’s resin, Lowicryl or LR white, however these resins also increased 

extraction of biological molecules, in particular out of the outer membrane, which therefore 

became hard to visualize. Epon was the resin that gave the best membrane contrast and least 
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extraction artefacts, however, as already mentioned, it gave massive sectioning artefacts. 

Eventually we found that with LR white we can achieve the best compromise between the 

infiltration efficiency and the chemical extraction artefacts, particularly if samples were 

incubated with GA before resin infiltration (Figure 38). With respect to the chemicals used 

during FS, the best membrane contrast was achieved when UA was used separately 

(afterwards) to OsO4, as suggested by Leonidova et al. (2014). 

Based on the improved ultrastructural preservation of bacteria in HPF samples the following 

conclusions can be made: First, F.t.n. is truly pleomorphic; this applies to the bacterial liquid 

culture in the EB medium as well as to intracellular bacteria. Second, in contrast to 

chemically fixed samples of infected cells, no electron translucent areas, so called halos, 

surround the bacteria in HPF/FS samples. In the case of cytosolic bacteria it could be 

observed that the bacterial outer membrane was closely aligned with ribosomes of the host 

cell cytoplasm. If there is a capsule around bacteria, as suggested by some publications [43, 

44, 168], it can only be a very thin one. The halos around bacteria in chemically fixed samples 

therefore represent a shrinkage artefact of fixation and not a weakly contrasted capsule. This 

was clearly demonstrated with samples that were first chemically fixed, followed by 

cryofixation, and then processed in parallel with samples that were only cryofixed (Figure 

39). Third, labeling of F.t.n. on Tokuyasu sections using F.t.n. anti-serum left many bacteria 

unlabeled, while some structures that did not resemble bacteria were labeled. The same anti-

serum efficiently labeled live F.t.n. adsorbed onto TEM grids or F.t.n. in samples prepared by 

HPF&FS and embedded in LR White or Lowicryl resin. We assume that this indicates poor 

preservation of the outer membrane by chemical fixation using aldehydes. Moreover, the 

outer membrane also seems to get separated from the rest of the bacterium cell and its parts 

may be artefactually displaced when thawed sections are incubated on drops of aqueous 

solutions, for example during immunogold labeling. 

5.4 CFU and MOI controversy 

A controversial issue in Francisella research is the discrepancy between the high virulence in 

animal experiments, in which only a few CFU has been reported to be required to cause a 

severe disease [3], compared to the high MOI required for infection of cells in a cell culture 

[43, 54, 57]. This is generally true for all Francisella species. In murine infection experiments 

with F.t.n. wt, signs of disease appear 72 h after the infection with a lethal dose of 3x102 CFU 
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[169] and animals die 3-5 days pi [169-171]. Given how quickly bacteria can proliferate, one 

might assume that disease symptoms become apparent only after bacteria proliferate in vivo. 

If so, the low CFU in animal infection experiments is not equivalent to the MOI value of 

primary infections in vitro. We therefore assume that high virulence of Francisella bacteria in 

vivo is due to high proliferation rate of bacteria and their ability to trigger pyroptosis rather 

than due to their efficient uptake. This assumption is supported by the observation that in vivo 

F.t.t. primarily resides in the blood of mammalian hosts, and that the majority of F.t. 

recovered from the blood are localized in the plasma. This was observed irrespective of size 

of inoculum, route of inoculation, or time after inoculation. However, bacteria were 

dependent on the presence of blood cells for their replication [50]. The uptake in vivo 

compared to in vitro cell culture may be enhanced by certain factors. For example, the force 

of the blood flow may facilitate the uptake of bacteria by cells adherent to the endothelial cell 

lining, similarly to how centrifugal force promotes uptake by cultured cells. However, forced 

internalization may bypass, and conceal specific interactions between the bacteria and the host 

cell surface. In F.t. subspecies it has been reported that phagosome maturation is dependent 

on the type of receptors involved in the bacterial uptake [54-56]. We therefore decided not to 

apply centrifugation to facilitate the uptake of bacteria.  

5.5 Using optical tweezers to study bacteria – host  
cell interactions at the single-cell level 

The high MOI used for in vitro infection experiments reflects inefficient uptake of bacteria by 

cultured cells. There have been a number of studies addressing the uptake of Francisella 

bacteria by host cells and the majority has analyzed the role of phagocytic receptors on the 

host cells and serum opsonization of bacteria. Readout of bacterial uptake is always based on 

a bulk population average of, for example, the content of fluorescent bacteria in infected cells 

[44, 46, 55-57, 164]. In contrast, we aimed to study the interactions between F.t.n and the host 

cell at the single-cell level by using optical tweezers.  

We set up an experiment using optical tweezers with as few variables as possible. Parameters 

were selected so that our protocol was robust, yet gentle on the host cell. A laser power of 

300mW was used for the optical trap, because we had previously established that it had a 

minimal effect on macrophages but was sufficient to manipulate bacteria. In order to be able 

to discriminate bacteria from debris, a GFP strain of bacteria was used and the object set in 
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the optical trap was examined for its fluorescence in the confocal microscope before the 

interaction experiment was started. The computer software was programmed to move the 

bacterium in contact with the host cell membrane from the initial position 5 μm away. After 

allowing the bacterium to interact with a host cell for 5 s, the laser beam retracted it from the 

host cell plasma membrane to the start position. Bacteria that did not follow the laser beam 

back to start position and could not be removed from the host cell plasma membrane were 

considered adherent. In total, we made five independent experiments, each with 30 events, for 

10 sample groups. Some technical challenges could not be resolved completely. For example, 

RAW 264.7 cells were spherical, and we could readily see the interactions between F.t.n. and 

the macrophage plasma membrane. BMM, on the other hand, had a variable morphology, and 

were often flattened, which made it difficult to find the correct focal plane and to observe the 

interaction between the bacterium and the host cell membrane. 

 

Our results gave no conclusive differences between the adherence of F.t.n. to RAW 264.7 

cells and BMM under equivalent conditions, although the stereology results consistently 

showed higher bacterial load in BMM at 2 hpi, which we hypothesized could be a 

consequence of increased uptake. One possible reason for this could be that our experimental 

design was not optimal. There were large variations between independent experiments, 

therefore coefficients of variation were large and consequently few differences in mean values 

between groups were significant. We tested the role of opsonization by using MS, which 

contains proteins of the complement system, among them C3, whose fragment C3b is a strong 

opsonin [58]. Although not statistically significantly different, we could observe a trend that 

MS increased the adherence to BMM, which is consistent with earlier studies [172]. This 

suggests that opsonization enhances the uptake of F.t.n. in these primary cells, possibly 

because they express more complement receptors than RAW 264.7 cells.  

 

We observed statistically significant two-fold higher adherence of R.e. bacteria compared to 

F.t.n to both RAW 264.7 cells and BMM. R.e. was taken as a reference for the bacterium that 

is taken up relatively efficiently by host cells. The arguments for this assumption were 

differences in the standard infection conditions between the two bacteria: incubation with 

macrophages for 30 min for R.e. compared to 2 h for F.t.n. and at MOI 5 for R.e. compared to 

MOI 1,000 for F.t.n. About two-fold difference in the adherence between these two bacteria 

may appear small given the large differences in MOI and incubation period used in infection 
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experiments. Nevertheless, this result suggests that compared to R.e. interaction of F.t.n. with 

the macrophage cell surface is weaker. Possible reasons for the lower adherence of F.t.n. 

could be lower density of the cognate ligands on the bacterial surface, as well as its smaller 

size and differences in the shape of the two bacteria. F.t.n. is a Gram negative, while R.e. is a 

Gram positive bacterium. Whereas R.e. are spherical, F.t.n. are pleomorphic. Size and shape 

of bacteria could affect not only the uptake by host cells, but also sedimentation of bacteria. 

We have observed that a stronger centrifugation force is needed to pellet F.t.n. compared to 

R.e. We think that this suggests that it takes longer for F.t.n. bacteria to settle upon 

macrophage cells compared to R.e. bacteria, and that could explain different length of the 

incubation for F.t.n. (2 h) and R.e. (30 min) in infection experiments. The SEM imaging of 

also suggested that a low fraction of F.t.n. is able to adhere to RAW F.t.n. (Figure 23). The 

ultrastructure of the contact site between a bacterium and a host cell plasma membrane could 

be compared between F.t.n. and R.e. to get more understanding about differences in the 

adhesion. 

 

Collectively our results show that optical tweezers can be a useful technique to study bacterial 

adherence. By using optical tweezers we were able to bypass differences in the sedimentation 

of bacteria and focus on the interaction between the host macrophage cell and the bacterium. 

Fine-tuning of the technical parameters, for example laser power used for the optical trap or 

time allowed to the bacterium to interact with the host cell, could improve the assay.  

5.6 Host cell factors affecting the phagosomal 
escape - IFNγ and lysosomal proteases 

After establishing the infection model and analyzing the kinetics of the intracellular cycle 

with stereology, we decided to investigate the role of two host cell factors in the phagosomal 

escape: IFNγ and lysosomal proteases. Several observations made during our experiments 

prompted these lines of investigation. First, we have observed that a considerable fraction of 

wt bacteria does not escape from the phagosome. Whereas with ΔiglC bacteria, one or two 

bacteria per cell were also found in phagosomes at later time points, with wt we could observe 

that the number of bacteria per phagosome had increased compared to the early time points, 

which indicates that the bacteria stayed alive and had proliferated inside a phagosome. We 

therefore hypothesized that phagosomal escape of bacteria might be restricted to a certain 
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time window early upon infection and might not take place throughout the entire intracellular 

cycle. Second, our experiments have shown that Francisella phagosomes can fuse with gold 

pre-loaded late endosomes/lysosomes and that this can occur already at 1 hpi. Moreover, with 

on-section labeling experiments we have shown that the fusion with gold-preloaded 

organelles also correlates with the localization of cathepsin C. Because of the lack of suitable 

antibodies, we were not able to investigate the localization of other lysosomal proteases, such 

as cathepsin L or cathepsin D, in bacterial phagosomes. Third, our IglB labeling experiments 

suggested that also phagosomal bacteria express IglB and might therefore be equipped with a 

functional secretion system that is necessary for the phagosomal escape. Fourth, published 

studies have suggested that in the presence of the V-ATPase inhibitors, which raise the pH in 

endosomes/lysosomes, the phagosomal escape is delayed as long as the medium is 

supplemented with soluble forms of iron. This suggests that acidic pH is a negative regulator 

of the phagosomal escape and it may be relevant to point out that acidic pH is important for 

the stability or/and activity of lysosomal proteases [122]. 

Studies with IFNγ pre-treated host cells have been performed and have shown that the 

phagosomal escape of F.t.n. is considerably reduced under this condition [45], whereas other 

F.t. subspecies are still able to escape into the cytosol and only cytosolic proliferation is 

reduced [63, 99, 117]. We therefore expected to see a reduction in the fraction of cytosolic 

bacteria with IFNγ using our established stereological analysis. At 2 hpi the fraction of 

cytosolic bacteria in the untreated cells and in the cells treated with IFNγ was very similar, 

indicating that IFNγ had no effect on the phagosomal escape. At 6 hpi the result was closer to 

what we had expected. The fraction of cytosolic bacteria was reduced from ~56% (control) to 

~38% for post-treated, ~14% for pre-treated and only ~8% for the samples that were both pre-

and post-treated with IFNγ. However, at 6 hpi we also observed increased cell death of RAW 

264.7 treated with IFNγ. Stereological analysis also indicated that the fraction of cytosolic 

bacteria in host cells treated with IFNγ had decreased greatly from 2 to 6 hpi, which is hard to 

explain given that phagosomal bacteria proliferate very slowly, unless host cells containing 

cytosolic bacteria were eliminated from the population, for example by cell death. In analogy 

with pyroptotic cell death of infected BMM, we reasoned that IFNγ promotes pyroptosis in 

RAW 264.7 cells infected with cytosolic bacteria. Cell death and decrease in the fraction of 

cytosolic bacteria were particularly notable in cells pre-treated with IFNγ overnight, which 

indicates that it takes several hours for IFNγ to exert its effect. Here it is important to 

emphasize that the experiments have been performed only once and will need to be repeated. 
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To our knowledge, so far no studies on Francisella have investigated the role of lysosomal 

proteases as negative regulators of the phagosomal escape. Our hypothesis based on our 

observation outlined above was that bacteria only have a limited ability to arrest the 

phagosome maturation and eventually fuse with late endosomes/lysosomes. Because 

lysosomal proteases localized in late endosomes/lysosomes might be able to degrade secreted 

protein bacterial factors mediating the phagosomal escape, bacteria might be able to escape 

from the phagosome only before it fuses with late endosomes/lysosomes. The aspartate 

protease cathepsin D and cysteine proteases cathepsins B, L, S represent the bulk of 

lysosomal proteases with endopeptidase activity [121]. In order to test the above hypothesis, 

we decided to incubate RAW 264.7 cells with PepA-penetratin, a membrane permeable 

inhibitor of cathepsin D, and E64d, a membrane-permeable inhibitor of cysteine cathepsins. 

We expected that by adding inhibitors more bacteria would be able to escape from the 

phagosome. We could indeed observe an increased fraction of bacteria in the cytosol 

compared to the control sample at 6 hpi (Figure 29). A similar effect was seen with E64d 

alone and in combination with PepA-penetratin, which could indicate that inhibiting cysteine 

cathepsins is sufficient or that cathepsin D is less relevant or redundant. Because we only had 

a small amount of PepA-penetratin available, we were not able to prepare a sample treated 

with PepA-penetratin alone for 6 hpi, but this experiment would help us to understand the role 

of cathepsin D. The results of this experiment confirm our hypothesis that lysosomal 

proteases could degrade secreted protein bacterial factors, which mediate the phagosomal 

escape. Thereby fusion of the bacterial phagosome with late endosomes/lysosomes containing 

these proteases might prevent the phagosomal escape of bacteria. However, we assume that 

bacteria can survive in the presence of proteases or any other lysosomal hydrolases in the 

phagosome and even proliferate at a moderate rate. These experiments were only performed 

once and will need to be repeated. 

5.7 Our model of the intracellular cycle of F.t.n. 

According to the current model of the intracellular cycle of F.t.n. (Chong and Celliu, 2010), 

Francisella phagosome interacts with early and late endosomes, but not with lysosomes. 

During phagosomal maturation the phagosome undergoes a short acidification followed by 

loss of the phagosomal membrane integrity and the escape of bacteria into the cytosol. In 

mouse macrophages cytosolic bacteria may re-enter the host cell endocytic compartment 
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through re-capture by autophagy. In the cytosol bacteria proliferate extensively, causing host 

cell lysis and release of bacteria into the extracellular space where they can infect other host 

cells (Figure 2). The results and observations presented here largely agree with this general 

model and in addition we provide more detailed understanding for certain steps (Figure 40). 

We propose that bacteria can escape from the phagosome in a narrow window of time which 

is before the fusion with late endosomes/lysosomes. Our experiments show, that more 

bacteria can escape the phagosome if lysosomal proteases are inhibited. It therefore seems 

likely that under control conditions, lysosomal proteases degrade secreted protein bacterial 

factors that mediate the phagosomal escape. We also argue that a considerable fraction of 

phagosomal bacteria are not able to escape into the cytosol under control conditions. 

Nevertheless, these bacteria seem to be able to proliferate inside phagosomes, because several 

hours after infection we could observe multiple bacteria in one phagosome and our 

stereological analysis showed a continuously increasing phagosomal bacterial load throughout 

the post-infection period. Perhaps this model is more relevant to F.t.n. than other F.t. 

subspecies, since in F.t.n. a broader range of metabolic pathways [35] is preserved. We also 

recognized early that F.t.n. did not need iron supplement for growth in media and was never 

used in our experiments. If other F.t. subspecies are more sensitive to iron availability, this 

could be a reason why they cannot grow inside phagosomes like F.t.n. In this line of thinking 

we assume that the supply of nutrients inside the phagosome is restricted compared to the 

cytosol [73]. Nevertheless we argue that phagosomal bacteria proliferate at a slower rate 

compared to cytosolic bacteria and do not seem to be able to induce the host cell lysis. This is 

why cells containing phagosomal bacteria mostly survived for 24 hpi. We have observed no 

obvious involvement of autophagy in the recapture of cytosolic bacteria as suggested by 

Checroun et al. (2006). These results are in accordance with studies that show the ability of 

F.t. to interfere with the autophagy pathway [126, 173, 174] and recent reports that surface 

antigen O suppresses the autophagy membrane formation [129]. 
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Figure 40: Figure representing a proposed model of the intracellular life cycle inside a host macrophage cell. Upon 
infection F.t.n. resides inside phagosomes. Here it must disrupt the phagosomal membrane and escape into the cytosol before 
fusing with endocytic/lysosomal compartments. Right after infection, at the early time points (<2 hpi), both cytosolic and 
phagosomal bacteria are observed (A). Mid cycle we observe bacteria proliferating both in the cytosol and in phagosomal 
compartments (B). Phagosomal bacteria are not able to escape at later time points and remain inside the phagosomal 
compartment in an intact host cell (C1), while cytosolic bacteria proliferate extensively in the cytosol causing host cell lysis 
(C2).  

 

Consistent with earlier reports [82], we found that RAW 264.7 cells support the intracellular 

proliferation of Francisella better than primary BMM. F.t.n. intracellular life cycle inside 

BMM took about 12 h, compared to about 24 h inside RAW 264.7 cells. Bacterial load 

obtained with RAW 264.7 was several folds higher compared to BMM. Based on the 

literature reports [133, 134, 165] we think that this is because pyroptosis, which can be 

induced by cytosolic Francisella bacteria, is induced stronger or at a lower threshold in BMM 

compared to RAW 264.7 cells. This is the reason why BMM start dying early after infection 

with F.t.n. We do not know whether cell death of infected RAW 264.7 cells at later time 

points is also due to pyroptosis. If it is, then the threshold to induce pyroptosis in RAW 264.7 

cells may be higher, meaning that pyroptosis occurs at a higher load of cytosolic bacteria, or 

the induction of pyroptosis requires de novo synthesis of inflammasome proteins, which 

occurs in response to the infection. The observation that phagosomal bacteria do not initiate 

host cell lysis could indicate that host cell lysis depends on host cell cytosolic factors, which 

would in turn argue for the role of pyroptosis. In the presence of IFNγ, we observed increased 
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cell death of infected RAW264.7 cells already at 6 hpi, while live cells contained 

predominantly phagosomal bacteria. These are strong arguments that IFNγ promotes 

pyroptosis in RAW 264.7 cells so that they no longer support the cytosolic growth of F.t.n. 

This is a novel explanation for the role of IFNγ in Francisella infection, since in the literature, 

until now, it is suggested that IFNγ either affects the phagosomal escape [45, 99] or bacterial 

proliferation in the cytosol [63, 117]. 

Francisella bacteria are special for many reasons. (a) They are among the few known bacteria 

that need to escape from the phagosome into the cytosol in order to complete their 

intracellular cycle. (b) Cytosolic bacteria induce pyroptosis, an anti-microbial and pro-

inflammatory cell death pathway. (c) An unusually high MOI is needed for infection 

experiments in vitro, whereas only very few CFU can cause a severe disease in animal 

studies. (d) Francisella bacteria are pleomorphic. (e) They are very difficult to preserve with 

chemical fixation using aldehydes, because bacterial cells shrink and the outer membrane is 

not immobilized. (f) They are also very difficult to embed in epoxy or methacrylate resins. In 

this study we have used methods that have not been used with this bacterium before, such as 

proper stereological analysis to describe the intracellular life cycle, HPF to improve 

ultrastructural preservation and optical tweezers to study the interaction with the host cell 

surface. These results will contribute to the understanding of several aspects of the interaction 

between Francisella bacterium and its macrophage host cell, especially the uptake of bacteria, 

the phagosome maturation arrest and the phagosomal escape.  
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6 Future perspectives 

6.1 F.t.n. as a model organism for F.t.t. 

F.t.n. has since its discovery been used as model organism for the more virulent F.t. strains. 

This has been largely based upon the high degree of genetic relatedness, low virulence, the 

bacteria being easily amenable to genetic manipulation and that it can be handled under BSL 

1- or 2 conditions due to it not being considered a dangerous human pathogen. Even though 

F.t.n. is a good surrogate and has been given great insight into F.t.t., we, as also suggested by 

others [16, 17], emphasize the need to keep F.t.t. and F.t.n. separated as two species as given 

by their distinct virulent characteristics, and also by their genomic, metabolic and phenotypic 

differences. Also, we emphasize the importance to agree upon a mutual nomenclature for 

F.t.n. to avoid confusion and misperception in the literature. We have been quite surprised to 

observe that F.t.n. can proliferate in the phagosome, which according to the literature is not 

the case with F.t.t. We assume that autophagic recapture of cytosolic bacteria that is reported 

in the literature actually represents a proliferating phagosomal subpopulation of F.t.n., 

corresponding to what we have observed. In any case, genetic differences in metabolic 

pathways between F.t.n. and F.t.t. could be the reason that F.t.n. can and F.t.t. cannot 

proliferate in the phagosome, but this needs to be tested experimentally. Phagosomal 

proliferation of F.t.n. may be linked to our observation that F.t.n. media do not require any 

iron supplementation. In addition, in our study we did not observe that F.t.n. would be able to 

modulate phagosome maturation or pyroptosis induction considerably, which might be 

expected from more virulent Francisella species.  

6.2 Using HPF to further study phagosomal 
membrane integrity 

By using our protocol for HPF followed by FS, we improved the ultrastructural preservation 

of Francisella as well as macrophage cells in comparison to chemical fixation and standard 

resin embedding protocols. We were able to recognize artefacts such as membrane breaks and 

membrane wiggling rather than smooth membranes in several organelles, translucent areas 

around bacteria and displacement of bacterial outer membrane components resulting in 

unreliable immunolabeling. Our results strengthen our confidence in HPF as a fixation 
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method of choice for studying Francisella bacteria or membrane integrity. Identifying 

artefactual structures will help refine current hypotheses about the shape and the intracellular 

cycle of Francisella. At present it is not understood whether Francisella escapes the 

phagosome by inducing phagosomal membrane breaks or whether it is a synchronized 

disassembly of the entire membrane. The question of the phagosomal membrane integrity 

could be addressed by comparing the ultrastructure of phagosomes at the early time points 

post infection between F.t.n. wt and ∆iglC using HPF and FS.  

6.3 Using optical tweezers to address uptake 

The optical tweezers made it possible to investigate the bacteria-host cell interaction at the 

single-cell level. Our results did not give as much conclusive results as we expected, but with 

more effort put into optimizing the experimental set up we believe that the assay could be 

improved so that it would become a valuable tool to study the adherence or even uptake of 

bacteria by host cells. 

6.4 Further studies on lysosomal proteases effect 
on phagosomal escape  

By inhibiting lysosomal proteases with E64d more bacteria were able to escape the 

phagosome, so that a fraction of cytosolic bacteria was increased compared to the control 

samples. The experiment needs to be repeated, but the results so far support our hypothesis 

that lysosomal cysteine cathepsins could degrade secreted protein bacterial factors, which 

mediate the phagosomal escape. To our knowledge, this is the first study that investigated 

lysosomal proteases as negative regulators of the phagosomal escape, and we believe this 

observation could help in its understanding. The role of other lysosomal proteases could be 

tested by using additional inhibitors. So far, we compared the fraction between cytosolic and 

phagosomal bacteria, but it would be important to see also how big the effect is on the 

bacterial load and if inhibiting lysosomal proteases also increases the intraphagosomal 

proliferation of F.t.n. In addition, with a kinetic analysis it could be tested if the interval, in 

which bacteria are able to escape from the phagosome, is longer in cells with inhibited 

lysosomal proteases. 
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6.5 Pyroptosis 

We observed that F.t.n. is more likely to trigger pyroptosis in BMM than RAW 264.7 cells. 

The defense process is well illustrated with the difference in the bacterial load between the 

two host cells. It would be interesting to investigate further whether or not cell death at late 

time points of infected RAW 264.7 cells is also due to pyroptosis. Our experiments with IFNγ 

treatment of RAW 264.7 cells also suggest pyroptosis. When pre-treated with IFNγ, there was 

an increased cell death already 6 hpi while the infected cells that were alive contained 

predominantly phagosomal bacteria. This is a novel explanation for IFNγ role in Francisella 

infection and should be investigated further. 
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7 Appendix 

7.1 Supplementary recipes 

7.1.1 Complete culture medium  

DMEM/RPMI 

10% FCS Hi (heat inactivated at 56 ºC for 30 min)  

2 mM stable L-glutamine 

PS (100 U penicillin and 100 μg/ml streptomycin)   

7.1.2 Complete infection medium  

DMEM/RPMI 

10% FCS Hi 

2 mM stable L-glutamine  

7.1.3 Complete imaging medium  

DMEM/RPMI - without phenol red 

10% FCS Hi/FCS/MS Hi/MS 

25 mM HEPES 

2 mM stable L-glutamine  

7.1.4 Fixative solutions 

1% GA in 200 mM HEPES 

2% GA in 200 mM HEPES 

4% PFA in 200 mM HEPES 

8% PFA in 200 mM HEPES 
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7.2 Supplementary methods 

7.2.1 Counting cells  

A cover slip was fixed to the Neubeuer chamber with a drop of EtOH. 10 μl of cell suspension 

was pipetted to the edge of the cover slip to fill the space beneath. Cells were counted in 

minimum two regions (1 mm x 1 mm), and the average was calculated. The value was 

multiplied by 104 to obtain the concentration of cell per ml.  

7.2.2 Making 5 nm colloidal gold in BSA  

The protocol was adapted from Slot and Geuze [175]. 40 ml of reducing solution was 

prepared by mixing 8 ml of 1 % (w/v) trisodium citrate (Na3C6H5O7), 4 ml of 1 % (w/v) 

tannic acid, 4 ml of 25 mM potassium carbonate (K2CO3) and 24 ml of dH2O. A gold chloride 

solution was prepared by adding 400 μl of 5 % (w/v) HAuCl4 in dH2O to 160 ml of dH2O. 

Both solutions were heated to 60 ºC and then the reducing solution was plunged into the 

vigorously stirred gold chloride solution. Heating was continued until boiling (usually for 

about half an hour), then the colloidal gold sol was cooled on ice.  

To complex 5 nm colloidal gold with BSA, 1 % solution of BSA in 5 mM sodium phosphate 

buffer, pH 5.0, was prepared. 3 ml of this BSA solution (to get the final concentration of 150 

μg/ml) were rapidly added to 200 ml of stirring gold sol. After additional 2-5 min of stirring, 

2 ml of 10 % BSA (to a final concentration of 0.1%) were added dropwise to prevent the 

aggregation of gold particles during centrifugation. The gold sol was centrifuged at 10,000 g 

= 37 000 rpm for 1 h in the ultracentrifuge (Beckman Coulter) to concentrate them and to 

remove aggregates. The supernatant was carefully removed and the loose pellet at the bottom, 

consisting of single particle, was collected. 200 ml of the initial gold sol yielded about 3 ml of 

a concentrated colloidal gold suspension.  

7.2.3 Coating coverslips with poly L-lysine 

Round coverslips (12 mm) were soaked in 96% EtOH and dried overnight. 0.1% poly L-

lysine (Mw 150,000-300,000, Sigma-Aldrich) was diluted 10x with autoclaved dH2O and 

sterile filtered through a 0.2 μm filter. The solution was then transferred to a 10-cm petri dish. 

Coverslips were placed floating on the surface of the poly L-lysine solution for 5 minutes. 



79 
  

The coverslips were then rinsed three times with autoclaved dH2O and placed in 12-well with 

the coated side up. Coverslips were left to dry at room temperature.  

7.3 Supplementary stereology results 

7.3.1 Stereology results 

 

Figure 41: Results of stereological analysis. Relative volume density (%) of phagosomal and cytosolic F.t.n. infected at 
MOI 1,000. A) RAW 264.7-F.t.n. wt, B) BMM-F.t.n. wt, C) RAW 264.7-F.t.n. ΔiglC and D) BMM-F.t.n. ΔiglC. Adherent 
cells were fixed with 1% GA at 2, 12 and 24 hpi, and prepared for TEM analysis. 15 cells were analyzed for each condition 
(n=1). 

 

 

Figure 42: Results of stereological analysis. Fractions (%) of phagosomal and cytosolic F.t.n. infected at MOI 1,000. A) 
RAW 264.7-F.t.n. wt, B) BMM-F.t.n. wt, C) RAW 264.7-F.t.n. ΔiglC and D) BMM-F.t.n. ΔiglC. Adherent cells were fixed 
with 1% GA at 2, 12 and 24 hpi and prepared for TEM analysis. 20 infected cells were analyzed for each condition (n=1). 
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Figure 43: Results of stereological analysis. Relative volume density (%) of phagosomal and cytosolic F.t.n. infected at 
MOI 50-2,000. A) RAW 264.7-F.t.n. wt, B) BMM-F.t.n. wt, C) RAW 264.7-F.t.n. ΔiglC and D) BMM-F.t.n. ΔiglC. 
Adherent cells were fixed with 1% GA 24 hpi.and prepared for TEM analysis. 15 cells were analyzed for each condition 
(n=1). 

 

 

Figure 44: Results of stereological analysis. Fractions (%) of phagosomal and cytosolic F.t.n. infected at MOI 50-2,000. 
A) RAW 264.7-F.t.n. wt, B) BMM-F.t.n. wt, C) RAW 264.7-F.t.n. ΔiglC and D) BMM-F.t.n. ΔiglC. Adherent cells were 
fixed with 1% GA 24 hpi and prepared for TEM analysis. 20 infected cells were analyzed for each condition (n=1). 
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Figure 45: Results of stereological analysis. Relative volume density (%) of phagosomal and cytosolic F.t.n. infected at 
MOI 500. A) BMM-F.t.n. wt and B) BMM-F.t.n. ΔiglC Adherent cells were fixed with 1% GA at 2, 12 and 24 hpi and 
prepared for TEM analysis. 15 cells were analyzed for each condition (n=1). 

 

 

Figure 46: Results of stereological analysis. Fractions (%) of phagosomal and cytosolic F.t.n. infected at MOI 500. A) 
BMM-F.t.n. wt and B) BMM-F.t.n. ΔiglC. Adherent cells were fixed with 1% GA at 2, 12 and 24 hpi and prepatred for TEM 
analysis. 20 infected cells were analyzed for each condition (n=1). 
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