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Xin-He Lai, Umeå University Medical Dissertations, New Series 899 

ABSTRACT 

Francisella tularensis, the causative agent of tularemia, is a potent human and animal 
pathogen. Its principal survival mechanism is rapid intracellular multiplication. The 
mechanisms that enables it to multiply intracellularly have been ill-defined and the thesis 
focused on characterizing the outcome of the macrophage-Francisella interaction and 
also if the interactions differ between the various subspecies of F. tularensis. 

The nature of host cell death was examined and the correlation of macrophage killing 
with intramacrophage Francisella growth was investigated by in vitro infection of 
J774A.1 macrophages with either the live vaccine (LVS) strain of F. tularensis, 
belonging to subspecies holarctica, or the subspecies novicida strain U112. Macrophage 
entry was in both cases cytochalasin D-sensitive but the intramacrophage growth of the 
two Francisella strains led to distinct types of host cell death, i.e., apoptosis vs. necrosis. 

The macrophage apoptosis induced by infection with the LVS strain was mediated via the 
intrinsic pathway with critical involvement of caspase-3 and the mitochondria. The 
infected and apoptotic macrophages were shrunken, their chromatin was specifically 
degraded and revealed a typical DNA ladder pattern upon electrophoresis. Moreover, 
they were TUNEL positive, indicating the occurrence of apoptosis-dependent DNA 
fragmentation. The necessity of intracellular growth for the apoptosis was shown by the 
use of an isogenic mutant, denoted ¨iglC, which lacked the ability to multiply 
intracellularly and this infection did not result in apoptosis. 

The F. novicida strain U112, on the other hand, inhibited NF-NB activity and ultimately 
induced macrophage necrosis. The infected and necrotic macrophages were enlarged, 
their chromatin was randomly degraded which gave a diffuse DNA pattern typical of 
necrosis. There was no apoptosis-specific caspase activation. By the use of an isogenic 
mutant, denoted ¨mglA, it was shown that intracellular replication was necessary for the 
induction of necrosis. A hemolytic protein, novilysin A, was found in the F. novicida 
strain U112 but lacking in other subspecies of F. tularensis. The protein is a putative 
virulence factor but most likely not involved in the induction of necrosis. Its significance 
for the pathogenesis of F. novicida remains to be determined. 

The findings of the thesis provide a detailed picture of the interaction between the host 
cells and various subspecies of F. tularensis. It also shows that the outcome of the 
interaction is critically dependent on the type of F. tularensis subspecies. The findings 
also question the use of F. novicida as a model organism for understanding pathogenicity 
mechanisms of the species in general. The induction of the host cell death is presumably 
an important mechanism for the survival of F. tularensis since it allows the bacterium to 
escape from cells deplete of nutrients and subsequently to invade cells with an intact 
supply of nutrients necessary for its continuous multiplication. 
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LIST OF ABBREVIATIONS 

AIF   apoptosis-inducing factor 
Apaf-1   apoptotic protease activating factor-1 
CAD   caspase-activated deoxyribonuclease 
CARD   caspase activation and recruitment domain 
Cyt-c   cytochrome c 
Cyt-D   cytochalasin D 
DD   death domain 
DED   death effector domain 
DFF45   DNA fragmentation factor 45 
DISC   death-inducing signaling complex 
DR   death receptor 
FADD   fas-associated death domain 
FLICE  caspase-8 
FLIP   FLICE-like inhibitory protein 
Fmk   fluoromethylketone 
IAP   inhibitor of apoptosis proteins 
ICE   interleukin-1E converting enzyme, caspase-1 
IFN-J   interferon-J 
INB   inhibitor of NB 
LDH   lactate dehydrogenase 
LPS  lipopolysaccharide 
MAPKK mitogen-activated protein kinase kinase 
MOI   multiplicity of infection 
NFNB   nuclear factor NB 
PARP   poly(ADP-ribose) polymerase 
PI   postinfection 
p-NA  p-nitroaniline 
PS  phosphatidylserine 
RAIDD RIP associated protein with a DD 
RIP receptor interacting protein kinase 
ROI(S)  reactive oxygen intermediates(species) 
Smac/Diablo second mitochondrial activator of caspases/ 
TNF-D   tumor necrosis factor-D 
TRADD TNF receptor associated DD 
TRAIL  TNF-D-related apoptosis-inducing ligand 
TUNEL terminal deoxyribonucleotidyl transferase-mediated dUTP

digoxigenin nick-end labeling 
VAD  Val-Ala-Asp(OMe) 
VDAC   voltage-dependent anion channel 
YVAD  Tyr-Val-Ala-Asp(OMe) 
Z-DEVD benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe) 
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INTRODUCTION 

1. FRANCISELLA 

Inoculation or inhalation of as few as 10 organisms of Francisella tularensis may cause 

tularemia (Saslaw et al., 1961a; Saslaw et al., 1961b). Due to its extreme virulence and 

ease of aerosol transmission, F. tularensis was once in arsenals of biological weapons 

programs in several nations (Kortepeter and Parker, 1999). It was one of the agents 

studied between 1932 to 1945 at the Japanese germ warfare research units operating in 

Manchuria, China (Harris, 1992). The extent of this clandestine research will never be 

known until the documents describing them will be declassified. One example out the 

skeleton cupboards is that F. tularensis bacteria were secretly sprayed over the U.S.S. 

Granville S. Hall and five army tugboats in the Pacific under an operation dubbed Shady 

Grove during the Cold War without any prior notice to crew members (Enserink, 2002). 

According to the CDC classification, F. tularensis is a category A biological agent (Khan 

et al., 2000), together with arenavirus (Lassa and Junin), Bacillus anthracis (anthrax), 

Clostridium botulinum (botulinum toxin), filoviruses (Ebola and Marburg), Variola 

major (smallpox), Yersinia pestis (plague). These agents are considered to be the most 

likely biological warfare agents and have been the focus of massive research efforts in the 

US since the 9-11 event. 

1.1. General background (taxonomy, distribution) 

McCoy was the first to describe the isolation of Bacterium tularensis in a ‘plague-like’ 

disease among ground squirrels from Tulare County in California in 1912 (McCoy and 

Chapin, 1912). The bacterium was renamed several times, from Bacterium tularensis, to 

Pasteurella tularensis (Owen, 1974), to Brucella tularensis (Wilson and Miles, 1964), 

and finally to Francisella tularensis in honor of Dr. Edward Francis for his contributions 
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in this field (Dorofe'ev, 1947). 

The family Francisellaceae belongs to the J-subclass of Proteobacteria (Forsman et al., 

1994) and it contains only a single genus, Francisella, which has two species, F. 

philomiragia and F. tularensis. F. tularensis consists of 4 subspecies, holarctica, 

mediasiatica, novicida, and tularensis (Sjöstedt, 2003b). Francisella is most closely 

related to but still relatively distant from Piscirickettsiaceae, a family comprising fish 

pathogens. Among human pathogens, Coxiella burnetti and Legionella pneumophila are 

the most closely related. In the 9th edition of Bergey’s Manual of Systematic 

Bacteriology, F. philomiragia was named as Yersinia philomiragia (Eigelsbach and 

McGann, 1984). The rationale to classify it as Francisella is based on results from 

several studies demonstrating that its fatty acid and DNA composition (Hollis et al., 

1989), and 16S rDNA sequence (Forsman et al., 1994) are most similar to those of its 

current family. Some isolates previously thought to be type A strains have been recently 

characterized as F. novicida (Whipp et al., 2003). For detailed information on other 

general and specific characteristics of the species and subspecies of Francisella, the 

readers are advised to read Bergey’s Manual of Systematic Bacteriology. 

Fig. 1. A world map of F. tularensis distribution, modified from (Ellis et al., 2002). 
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The type strain ATCC 6223 of the species F. tularensis and the subspecies tularensis has 

become avirulent during repeated laboratory passages but in general, isolates of this 

subspecies are the most virulent F. tularensis strains. The two clinically important 

subspecies are F. tularensis subspecies tularensis (type A) and F. tularensis subspecies 

holarctica (type B) (Jellison, 1974). Both subspecies are highly infectious but only 

isolates of the former subspecies cause a life-threatening disease. The notion that F. 

tularensis strains only exist from 30 to 70 degrees north latitude (Hopla, 1974) has been 

changed by the isolation of Francisella strains from the Northern Territory of Australia 

(Whipp et al., 2003). F. tularensis is widely distributed in nature and is found on all 

continents throughout the world except Antarctica. F. tularensis subsp. tularensis 

(Jellison’s Type A) strains are most often isolated in North America, whereas the others 

have been isolated from most parts of the world (Sjöstedt, 2003b). Type B strains are 

often water associated. 

The principle reservoirs for F. tularensis subsp. holarctica are voles and water rats in 

former Soviet Union and beavers, muskrats and voles in North America. F. tularensis can 

be isolated from natural waters, it is unclear how they can survive for weeks to months 

under such unfavorable conditions (Hopla, 1974). The viable but non-culturable state of 

F. tularensis may be a mechanism for survival under such harsh conditions (Forsman et 

al., 2000) but it is unknown if F. tularensis can be resuscitated from the non-culturable to 

a culturable state. 

1.2. Live vaccine strain LVS, F. novicida and F. philomiragia 

The live vaccine strain (LVS) of F. tularensis has been widely used in experimental 

models of tularemia. Two vaccine strains (strain 155 and the restored strain 15) were 

transferred from the Gamaleya Institute in Moscow to US in 1956. After cultivation, it 

was found to contain two colony types. The blue colony variant was shown to be more 

virulent than the gray colony variant. LVS was isolated from the more virulent variant at 

the US Army Research Institute of Infectious Diseases, Fort Detrick (Eigelsbach and 

Down, 1961). It was produced as a human vaccine until the early 1990’s. The strain is 
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relatively virulent in mice (Anthony and Kongshavn, 1987), e.g., the intraperitoneal LD50 

is one bacterium. The attenuation is most evident after intradermal challenge when the 

LD50 of the strain is many logs higher than for type A or type B strains. It is capable of 

rapid intracellular multiplication, possibly as rapid as the multiplication of virulent type 

A and type B strains. 

Although they are less virulent than the other subspecies of F. tularensis, F. tularensis 

subsp. novicida (henceforth designated F. novicida) and F. philomiragia have been 

linked to water-borne transmission and tularemia-like diseases in immunocompromised 

individuals. F. novicida is able to cause a tularemia-like disease in humans (Clarridge et 

al., 1996; Hollis et al., 1989; Whipp et al., 2003). F. philomiragia strains pose a threat to 

people near-drowning and immunocompromised patients, especially those with chronic 

granulomatous disease (Hollis et al., 1989; Wenger et al., 1989). F. novicida produces 

lesions similar to other F. tularensis subspecies in white mice, guinea pigs and hamsters. 

1.3. Proteomics, transcriptomics, genomics

Construction of a F. tularensis 2-D electrophoresis protein database is very useful for 

identifying the differences of Francisella strains at the transcriptional, translational and 

post-translational level (Havlasova et al., 2002; Hernychova et al., 2001; Hubalek et al., 

2003; Kovarova et al., 2002). The partial database is located at: http://www.mpiib-

berlin.mpg.de/2D-PAGE/microorganisms/index.html. 

The microarray technique has allowed a global view of the genetic differences between 

Francisella strains (Broekhuijsen et al., 2003). Possibly, future work will show its great 

potential together with other techniques like proteomics, transcriptomics and genomics. 

Extensive efforts have been made to manipulate Francisella strains genetically. The 

genetic organization of a cryptic plasmid from F. novicida-like strain F6168 was studied 

and a small recombinant plasmid (pOM1) able to replicate in F. tularensis was sequenced 

(Pomerantsev et al., 2001a; Pomerantsev et al., 2001b), revealing the existence of a phd

doc operon which is important for plasmid maintenance (Hayes, 2003). Two reporter 
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plasmids were constructed to screen promoter activity in vivo (Baron and Nano, 1999a; 

Kuoppa et al., 2001). Shuttle vectors were constructed (Norqvist et al., 1996; Pavlov et 

al., 1996) and used subsequently in a methodology breakthrough work in doing site

directed mutagenesis on F. tularensis LVS (Golovliov et al., 2003b). Previous successful 

examples are mostly random mutagenesis on subsp. novicida and recently a method for 

allelic replacement using PCR products was successfully applied on F. novicida 

(Lauriano et al., 2003), which overcomes problem of mutant instability. 

There are several on-going projects to sequence the genomes of representative strains of 

different Francisella species and subspecies, which should provide invaluable clues why 

and how these strains are different or related from each other 

(http://artedi.ebc.uu.se/Projects/Francisella/ http://bbrp.llnl.gov/bbrp/html/microbe.html). 

These genomes should also explain the difficulties of genetically mutagenizing F. 

tularensis. So far only one successful example is published on complementation of a 

genetically engineered Francisella mutant, which was done in cis (Baron and Nano, 

1998). The preliminary analyses of the Schu S4 genome indicate that its G + C content is 

about 34 % and it neither harbors any type III or type IV secretion systems characteristic 

of many other intracellular bacteria nor encodes any conventional toxins (Karlsson et al., 

2000; Prior et al., 2001). A recent report cited unpublished data indicating the existence 

of a possible pathogenicity island in F. novicida which contains 29 genes, including the 

igl operon, most of which share no homology to previously characterized genes 

(Lauriano et al., 2004). 

1.4. Growth requirements of Francisella 

1.4.1. Francisella growth in medium 

Francisella species are strictly aerobic and grow optimally at 37 qC. Maximal growth 

requires continuous shaking for 12-18 h (1-4 u 1010 ml-1) and the growth rate is faster at 

pH 6.0 than at pH 7.0 (Fortier et al., 1995). LVS grown in broth has a doubling time of 

5.5 - 6 h when a frozen sample of LVS was used for inoculation (Fortier et al., 1995), it 
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could be shorter (1-2 h) if inoculation is done with fresh liquid overnight culture as 

shown in one previous study (Shepard, 1959). The virulence of LVS may vary depending 

on the culture condition (Cherwonogrodzky et al., 1994). When examined during the 

logarithmic growth phase in a liquid medium, F. tularensis is a small (0.2 Pm u 0.2-0.7 

Pm for subsp. tularensis, holarctica, mediasiatica and 0.7 Pm u 1.7 Pm for subsp. 

novicida and F. philomiragia), pleomorphic, poorly staining, Gram-negative coccoid rod 

(Ribi and Shepard, 1955). Shorter forms of Francisella occur in infected tissues. Cysteine 

enhances growth of F. philomiragia and F. novicida and is strictly required for growth of 

the other subspecies of F. tularensis. Addition of 0.5 gl-1 of ferrous sulphate will 

occasionally yield more rapid and abundant growth. There is limited data on factors that 

can accelerate F. tularensis growth. Therefore it is of interest that tick salivary gland 

extract is able to accelerate F. tularensis growth in the host (Krocova et al., 2003). 

1.4.2. Intracellular growth 

Host cells try to kill invading microbes while the intracellular microbes strive to at least 

survive and possibly grow. The number of recovered CFUs is the net result of host 

bactericidal effects and bacterial survival and growth mechanisms. Host cells need to be 

well equipped to efficiently kill microbes whereas microbes need first to adapt to the 

harsh intracellular environment and get resources to survive and hopefully grow. For an 

intracellular pathogen to establish infection, it needs to enter, find a niche to survive 

and/or grow in host cell. 

A. Uptake

The uptake of F. tularensis LVS was approximately 1% of the input inoculum in 

peritoneal macrophages (Fortier et al., 1992), but the number of cell-associated LVS was 

at least 10-fold greater in alveolar macrophages (Polsinelli et al., 1994). 

Although two studies suggested that addition of fresh normal serum or LVS-immune 
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serum did not increase initial bacterial uptake of macrophages (Fortier et al., 1992; 

Rhinehart-Jones et al., 1994), these results are at odds with results from our lab which 

have shown that mouse-immune serum greatly enhances uptake of F. tularensis 

(Andersson et al., unpublished data). Some earlier studies also showed that dog serum 

promoted the uptake of F. tularensis in HeLa cells and murine fibroblast cells (Merriot et 

al., 1961; Shepard, 1959). For neutrophils, immune serum is required for efficient 

phagocytosis of F. tularensis LVS and a virulent strain (Lofgren et al., 1983). Compared 

to a marginal killing under normal conditions, opsonized F. tularensis LVS was killed by 

monkey PMN (Proctor et al., 1975). 

B. Localization 

Each intracellular pathogen has developed its own unique strategy of survival inside 

macrophages. The intracellular niche is critical for the survival. 

The first study in this aspect demonstrated that most of LVS and F. novicida bacteria, 6 h 

after infection, were found to be present in phagosomes which were not fused with 

lysosomes of mouse peritoneal macrophages (Anthony et al., 1991). Only 13% of F. 

novicida and 22% of LVS were in phagocytic vesicles, which might be the secondary 

fused phagolysosomes (Anthony et al., 1991). Subsequent work reported similar findings 

that LVS (ATCC 29684) remained in vacuolar compartments in mouse peritoneal 

macrophages 48-72 h after internalization in both in vivo and in vitro infection of 

C57BL/6J male mice and no bacteria were observed free in the cytosol (Fortier et al., 

1995). Similar results from using a different type of murine macrophages (P388D1) also 

revealed that F. tularensis were localized within vacuoles of variable size that contained 

one or several bacteria after 48 h of infection (Maurin et al., 2000). In contrast, a recent 

article described that most of LVS bacteria were found to stay outside of any type of 

vacuole (such as phagosome) within a few hours after infection, which was observed in 

three types of macrophages (Golovliov et al., 2003a). It should be noted that 

macrophages were grown as suspension and infected at MOI 10 (Fortier et al., 1995) in 

one of the studies and in the last study only adherent cells (including peritoneal 
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macrophages from BALB/cJ mice) were infected at MOI 200. 

C. Factors affecting intracellular growth 

The ability of F. tularensis to multiply intracellularly was first reported in two studies, 

one on the hepatic cells and endothelium of guinea pigs (Councilman and Strong, 1921) 

and the other on epithelial cells from the gut of tick (Francis, 1927). This hallmark 

phenotype has been well documented both in vivo and in vitro and both in professional 

and non-professional phagocytes (Conlan and North, 1992; Golovliov et al., 1995; 

Merriot et al., 1961; Shepard, 1959; Stenmark et al., 1999; Titball and Sjöstedt, 2003). 

Virulent F. tularensis strains have a doubling time of 1.5-3 h in HeLa cells at an MOI of 

100 (Shepard, 1959). LVS has a doubling time of 4-6 h, 5-7 h and 8 h inside murine 

peritoneal macrophages, J774 macrophages and alveolar macrophages respectively 

(Fortier et al., 1995; Fortier et al., 1992; Golovliov et al., 1997; Polsinelli et al., 1994), 

which are much slower than its 2-3 h doubling time in inflammatory peritoneal 

macrophages (Fortier et al., 1992). 

Intramacrophage LVS growth requires endosome acidification, which is an important 

cellular event essential for iron release from transferrin (Fortier et al., 1995). Treatment 

with different lysosomotropic agents (such as chloroquine, NH4Cl, and ouabain), iron 

chelator (deferroxamine) renders macrophages unable to support intracellular LVS 

growth. Addition of a non-transferrin iron source, such as ferric PPi but not 

holotransferrin, can reverse the inhibitory effect of lysosomotropic agents (Fortier et al., 

1995).  LVS is susceptible to oxidative killing of PMN, in particular the effect of 

hypochlorous acid (Lofgren et al., 1984). 

LVS growth is the result of its intimate live interaction with macrophages. Resident 

peritoneal macrophages from C3H/HeN mice (5-7 weeks) either lysed (by sonication) or 

fixed (by paraformaldehyde) did not enhance or inhibit LVS growth when compared with 

culture medium only (Fortier et al., 1992). Macrophages do not support the intracellular 

F. tularensis growth by secreting any soluble substance, which is indirectly illustrated by 
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two studies (Anthony et al., 1991). One group of investigators inserted 0.1-Pm 

polycarbonate membrane filters into wells of a culture plate creating a two-chamber well. 

F. tularensis LVS and macrophages were grown in the separated wells and it was found 

that macrophages separated by this filter membrane in one chamber can no longer 

support LVS growth in the other chamber (Anthony et al., 1991). The other study used 

spent medium (macrophage-conditioned medium) and found that it has no effect on LVS 

growth either (Fortier et al., 1992). 

Addition of cytokines (IL-4, IL-10, GM-CSF, TGF-E1, and IFN-D), NMMLA, TNF-D 

antibody, superoxide dismutase, catalase, excess iron, or tryptophan did not prevent 

killing of LVS by IFN-J-stimulated peritoneal (Anthony et al., 1992) and alveolar 

macrophages (Polsinelli et al., 1994) while the killing effect of IFN-J was enhanced by 

LPS (Anthony et al., 1992) and inhibited by TNF-D�antiserum (Fortier et al., 1992). In 

contrast, murine macrophages activated by TNF-D and IFN-J were found to be able to 

kill phagocytosed F. tularensis (Fortier et al., 1992). Neutrophils killed 40 % of the 

virulent F. tularensis and 98 % of LVS if the bacteria had been treated with immune 

serum before phagocytosis (Lofgren et al., 1983). 

By use of gene-deficient mice it was shown that multiple T cell subsets control 

intracellular LVS growth via a TNF-D�dependent and IFN-J-receptor stimulation 

independent mechanism in macrophages (Cowley and Elkins, 2003). Perforin and Fas-

FasL interactions contribute minimally to the control of intracellular LVS growth 

(Cowley and Elkins, 2003). 

F. tularensis LVS and F. novicida are able to grow in protozoa (Abd et al., 2003; 

Lauriano et al., 2004). Ten days after infection for one hour at MOI 10, the number of F. 

novicida U112 in A. castellanii had increased 1,000-fold (Lauriano et al., 2004). 
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D. Correlation of intracellular growth to cytopathogenicity and virulence 

Although it is not conclusive, it seems that virulent strains grow faster intracellularly in 

cell cultures and in animals than less virulent strains. When HeLa cells were infected 

with F. tularensis strains, the most virulent ones showed the fastest intracellular 

multiplication (Shepard, 1959). Schu S4 is definitely more toxic to murine cells than LVS 

(Mack et al., 1994). One study indicated that the number of F. tularensis required to 

initiate infection in cultured cells may be roughly comparable to the mouse LD50 of that 

strain (Merriot et al., 1961). About 25-40 % of the amoeba population was killed by F. 

tularensis infection (Abd et al., 2003) but the nature of the amoeba death awaits 

characterization. L cells were completely destroyed within 7 days after infection due to 

overwhelming F. tularensis growth (Merriot et al., 1961). In contrast, LVS infection of 

endothelial cells does not lead to host cell killing and induces proinflammatory changes 

(Forestal et al., 2003). 

E. The influence of the host cell activation status on the intracellular growth in 

macrophages 

Activated macrophages possess many potential bactericidal mechanisms not present in 

resting macrophages, including degradation of tryptophan, down-regulation of transferrin 

receptors for decreasing intracellular iron, and production of toxic oxygen and nitrogen 

radicals. Stimulated macrophages manifest with increased respiration, release of toxic 
-reactive oxygen intermediates (O2 and H2O2) and TNF-D, production of NO synthase 

(Hibbs et al., 1987). Therefore, the activation status of a macrophage has a profound 

impact on its function. 

Peritoneal macrophages in suspension can be activated to suppress LVS growth by 

generating toxic levels of NO, which is also supported by an in vivo study (Green et al., 

1993). Upon LVS infection, non-activated macrophages were less than 50 % viable 

whereas IFN-J treated cells were over 70 % viable (Fortier et al., 1992). Although 

addition of the NO inhibitor NMMA did not affect LVS growth in unstimulated 
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macrophages, it suppressed the killing effect of NO in IFN-J-stimulated C57BL 

peritoneal macrophages (Anthony et al., 1992). This is in contrast with two studies, one 

using alveolar macrophages, showing that IFN-J-stimulated cells killed LVS by a NO

independent mechanism (Polsinelli et al., 1994) and the other showing that both IFN-J-

stimulated resident and inflammatory macrophages inhibited LVS growth (Fortier et al., 

1992). Cell viability after LVS infection at an MOI of 1 remained 90 % throughout the 

experiments as assessed by trypan blue exclusion (Polsinelli et al., 1994). 

There are significant differences between human and mouse macrophages in terms of 

their signaling molecules and pathways (Mestas and Hughes, 2004) and therefore it is not 

a surprise that cells are affected in different ways by an F. tularensis infection. Murine 

macrophages of the cell lines P388 (DBA/2 lymphoid macrophage) and J774 (Balb/c 

tumor monocyte) were significantly more susceptible to F. tularensis Schu S4 than LVS 

whereas human macrophage cell lines K562 (myeloid leukemia lymphoblastoid) and 

U937 (monocyte) were not sensitive to either Francisella infection (Mack et al., 1994). 

Unfortunately, this is the only published data on the cytopathogenic effect on 

macrophages using a virulent type A F. tularensis strain. Judged by the trypan blue 

exclusion method, both types of the Schu S4-infected human macrophages remained 

100% viable after 24 h and no lysis was observed after 48 h. In sharp contrast, the 

infected cells of two murine macrophage cell lines were only 20 % viable 24 h after 

infection with the same infection dose (MOI 10) (Mack et al., 1994). 

1.4.3 Animal infection 

F. tularensis is a facultative intracellular pathogen and in a mammalian host it acts as an 

obligate intracellular microorganism (Tärnvik, 1989) although occasionally stays 

extracellularly (White and McGavran, 1964). Intracellular growth is the hallmark of the 

life style of F. tularensis and a key element for virulence of this pathogen. 

F. tularensis has been isolated from approximately 250 wildlife species and is virulent for 

numerous animal hosts, rodents, hares and rabbits in particular. The genetic background 
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also influences host resistance to experimental murine tularemia to some degree 

(Anthony et al., 1988; Hernychova et al., 1997; Kovarova et al., 2000). Mice (white), 

guinea pigs and hamsters are susceptible whereas rabbits, white rats and pigeons are 

resistant to F. novicida infection (Owen, 1974). 

F. tularensis is not considered to penetrate human skin but one study showed that an F. 

tularensis type A strain is able to penetrate intact skin of albino laboratory mouse (Quan 

et al., 1956), which may have implications for intradermal route of infection. 

Inoculation by F. tularensis LVS by all routes leads to early involvement of the 

reticuloendothelial system (Fortier et al., 1991) and the kinetics of dissemination depends 

largely on the inoculation route. About 70 % of LVS were recovered from the circulation 

after 15 min of the initial i.v. injection with 1.5 u 107 CFU (Anthony and Kongshavn, 

1987). After 1 h, the CFU in spleen had increased 30 % but decreased 50% in blood. The 

bacterial burden of liver unchanged at this time. At 5.5 h LVS disappeared from the 

blood and almost all LVS resided in spleen and liver (Anthony and Kongshavn, 1987). At 

48 h after aerosol exposure, LVS were confined to the lungs and then spread to the liver 

and spleen (Conlan et al., 2002). Systemic infection of liver and spleen possibly plays a 

more important role in the pathogenesis than lung infection (Conlan et al., 2003). 

In vivo, a hallmark of virulent F. tularensis strains is rapid multiplication to high 

numbers in target organs. Virulent F. tularensis strains multiply much faster than LVS in 

vivo (Eigelsbach et al., 1968). LVS is capable of growing in the liver and spleen of rats 

and mice (Anthony and Kongshavn, 1987; Kostiala et al., 1975)  but was not found in 

heart, stomach, or kidneys (Fortier et al., 1991). Mortality seems to be closely related to 

the bacterial burden of liver and spleen but there is no evidence indicating that the 

infection results in production of toxins. F. tularensis has been found in spleen and liver 

macrophages (Fortier et al., 1991) and hepatocytes (Conlan and North, 1992; Titball and 

Sjöstedt, 2003). One study found that F. tularensis bacteria were associated with 

leukocytes but not with serum during all phases of a lethal F. tularensis infection (Long 

et al., 1993). 

Spleen and liver of mice presents with necrotic foci and acute inflammation following 
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infection with LVS or a virulent F. tularensis strain (Chen et al., 2003; Fortier et al., 

1991). Intraperitoneal inoculation of LVS did not lead to granuloma formation (Fortier et 

al., 1991). 

Treating mice with immune serum, but not control serum, prior to infection resulted in a 

significantly higher LVS burden in the liver (Anthony et al., 1989). TNF-D and IFN-J is 

needed for immune mice to clear LVS infection at higher but not low challenge inoculum 

(Sjöstedt et al., 1996) and the two cytokines are critically needed during the early phase 

of a primary infection (Leiby et al., 1992; Sjöstedt et al., 1996). 

1.5 Virulence factors 

To obligatory and facultative pathogens, factors essential for their in vitro and/or in vivo 

survival and growth should be considered as virulence determinants although per 

definition they are not classified as such. According to the Molecular Koch’s Postulate, 

the most convincing data should be mutants generated by site-directed mutagenesis that 

show attenuation that can be restored by complementation. There is not too much known 

about the virulence factors and pathogenesis mechanism of Francisella (Ellis et al., 2002; 

Sjöstedt, 2003a; Titball et al., 2003). So far, there is not a defined factor that modulates 

virulence without interfering with the intramacrophage growth ability of F. tularensis. It 

will be interesting to see if mutant(s) can be identified that are attenuated but show intact 

intramacrophage growth. Also, it would be interesting to look for hypervirulent mutants 

since deletion of any repressor (black hole) should make the mutant more virulent than its 

parental strain (Maurelli et al., 1998). There is evidence that the virulent F. tularensis 

type A strain Schu S4 has deletion(s) in its genome compared with LVS and type B strain 

(Prior et al., 2003). 

With the less stringent criterion (precise mutation without complementation), there are at 

least 4 factors that are critical for the intramacrophage survival and virulence, i.e., MglA, 

IglA, IglC, and PdpA (Golovliov et al., 2003b; Lauriano et al., 2004). Transcription of 

mglA and iglC is increased in vivo in macrophages (Baron and Nano, 1999). 
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Most of the previous genetic modifications have been done on F. novicida strain U112 by 

random transposon mutagenesis or antibiotic selections. Serum-sensitive mutation of F. 

novicida led to its attenuation in mice (Anthony et al., 1994; Mdluli et al., 1994) by 

interrupting its MinD homolog. Mutants of F. novicida defective in LPS biosynthesis also 

showed variable susceptibility to serum and deoxycholate killing (Cowley et al., 2000). 

Although the acid phosphatase AcpA from F. tularensis was found to be able to inhibit 

the respiratory burst in neutrophils (Reilly et al., 1996), it is not essential for 

intramacrophage growth and virulence (Baron and Nano, 1999b). LVS induces 

respiratory burst in neutrophils (Sandstrom et al., 1988). Rifampicin-resistant mutants of 

LVS are less virulent in mice and have defects in their intramacrophage growth ability 

(Bhatnagar et al., 1994). 

F. tularensis does not produce any soluble exotoxin (Mack et al., 1994; Skrodzki, 1968). 

Killed heat-stressed rifampicin-resistant mutant bacteria or their cell-free media were not 

toxic to mice (Bhatnagar et al., 1995). Attenuation of virulence is accompanied by a 

marked reduction of catalase activity (Rodionova, 1976). The capsule is important for 

virulence but not for viability (Hood, 1977). Very recently it is found that F. tularensis 

carries type IV pili genes and LVS produces fibers similar to type IV pili (Gil et al., 

2004). 

Although LPS from most pathogens is considered as a virulence factor, LPS from the 

Francisella vaccine strain is far less potent in stimulating TNF-D production than E. coli 

LPS, suggesting that this LPS does not react with LPS receptors (Ancuta et al., 1996; 

Sandström et al., 1992). Although F. novicida is genetically quite close to F. tularensis, 

its LPS has greater immunological activity in mice (Kieffer et al., 2003) due to a different 

structure than LPS from F. tularensis LVS. F. novicida O-polysaccharide is clearly 

distinct from that of F. tularensis (Vinogradov et al., 2004; Vinogradov et al., 2002) and 

F. novicida O antigen antibodies do not cross-react with F. tularensis O antigen 

(Vinogradov et al., 2004). LPS of F. tularensis LVS undergoes phase variation to 

produce an LPS similar to F. novicida (Cowley et al., 1996). LVS inhibits BLP- or LPS-

mediated upregulation of TLR2 mRNA (Telepnev et al., 2003). LVS LPS is probably 

recognized through receptors other than TLR4 (Ancuta et al., 1996). 

23 



1.6 Human infection 

Tularemia was first described in the Japanese literature in 1837 (Ohara, 1954) although a 

plague-like disease of rodents in 1911 is recognized as the first description of tularemia 

(McCoy and Chapin, 1912). The first human case was described in 1914 (Weinberg, 

2004; Wherry and Lamb, 1914). 

Humans become infected with F. tularensis by 5 traditional transmission modes: 

ingestion of water and food, inhalation, direct contact, via biting arthropod, and animal 

bites (Weinberg, 2004). Upon inoculation, F. tularensis multiplies locally in the skin or 

mucous membranes, spreads initially to draining lymph nodes and then systemically to 

liver and spleen. Inhaled F. tularensis organisms are initially located in tracheobronchial 

lymph nodes, and after a few days bacteria disseminate into spleen, liver, and bone 

marrow following a septicemic phase (Eigelsbach et al., 1962). The incubation period in 

humans is usually 3-4 days. The primary clinical presentations of tularemia include 

ulceroglandular, glandular, oculoglandular, oropharyngeal, pneumonic, and septic forms 

(Tärnvik, 1989). 

Microabscesses in the liver and spleen and bilateral acute tubular necrosis in both kidneys 

were found at an autopsy in a fatal case of pulmonary tularemia (Shapiro and Schwartz, 

2002). Spleen pathology is pathognomonic of tularemia (enlargement 4-5 times normal 

size and numerous, minute, gray foci of necrosis) (Tärnvik, 1989). 

1.7 Immunity

Resolution of tularemia or vaccination with F. tularensis LVS usually results in long

lasting immunity to F. tularensis (Burke, 1977). The role of humoral immunity against F. 

tularensis has been debated but that cell-mediated immunity plays a critical role in 

protection is generally accepted. An immune individual harbours Francisella-specific T 

cells with a capability to secrete cytokines that activate macrophages to kill intracellular 
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F. tularensis. Further evidence for the role of T cells in the anti-Francisella immunity has 

been obtained from studies on immunodeficient nude mice (Elkins et al., 1993), mice 

depleted of various subsets of T cells (Conlan et al., 1994) or mice genetically deficient 

in T cells (Elkins et al., 1999). Specific antibodies offer a certain level of protection 

against infection of F. tularensis subsp. holarctica (Rhinehart-Jones et al., 1994; 

Stenmark et al., 2003). The control of F. tularensis infection does not depend on the 

immunization route. 

1.8 Diagnosis, treatment and prevention 

CDC published a comprehensive protocol for measures to be taken by medical and public 

health workers (Dennis et al., 2001) where treatment with aminoglycosides, doxycycline, 

or ciprofloxacin is recommended. The successful treatment relies largely on rapid 

diagnosis. Once correctly diagnosed, antibiotic therapy is often very effective. 

Francisella isolation is not recommended due to its high contagiousness. PCR is 

preferred as a diagnostic instrument since it avoids handling of live organisms and its 

rapidness (Johansson, 2002). 

F. tularensis shows susceptibility in vitro to aminoglycosides, tetracyclines, quinolones, 

and chloramphenicol whereas strains are uniformly resistant to E-lactam antibiotics. This 

susceptibility pattern appears relevant to killing of intracellularly located F. tularensis 

since doxycycline, telithromycin and fluoroquinolones had a high activity against F. 

tularensis in murine macrophages (Maurin et al., 2000) and streptomycin could inhibit 

bacterial growth in rabbit alveolar macrophages (Nutter and Myrvik, 1966). 
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2. CELL DEATH 

2.1 Background 

Cell death was first described by Virchow (Virchow, 1858). Nothing is more complex 

than the issue of ‘to be or not to be’ as stated by Farber (Farber, 1994): ‘There is no field 

of basic cell biology and cell pathology that is more confusing and more intelligible than 

is the area of apoptosis versus necrosis’. The complexity is also reflected from the huge 

body of publications and the fact that many terms have been used to describe cell death, 

such as programmed cell death, apoptosis, necrosis, oncosis, paraptosis, anoikis, 

accidental cell death, activation-induced cell death, shrinkage necrosis, precocious 

pyknosis, autophage cell death, or cytoplasmatic cell death (Clarke, 1990; Van Cruchten 

and Van Den Broeck, 2002). Generally it is divided into two categories, apoptosis and 

necrosis. 

The stimulus can be very varied which led someone to claim that anything in the Sigma 

catalog can induce cell death, and it is just a matter of time and concentration. The same 

cell type can undergo either apoptosis or necrosis in response to different stimuli. 

2.2. Apoptosis 

Although most people believe that Kerr et al (Kerr et al., 1972) coined the Greek word 

apoptosis to designate a specific cell death process, actually this term was used for the 

first time by Hippocrates of Cos in the book Mochlicon referring to ‘falling off of the 

bones’ and then another Greek doctor Galen adopted this word not only for bone 

fractures but also for ‘dropping of the scabs’ (Esposti, 1998). Anoikis is a type of cell 

death committed when cells lose their attachment. 

If the death system is excessive or diminished, it will have deleterious effects. The 

importance of apoptosis research is also highlighted by the 2002 Nobel Prize awarding, 
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which recognizes the seminal contributions made by Sidney Brenner, H. Robert Horvitz, 

and John Sulston to this field using Caenorhabditis elegans as a model system. The 

apoptosis machinery is highly conserved throughout metazoan evolution with the 

expected greater complexity in mammals (Aravind et al., 2001). Apoptosis is a 

genetically encoded pathway that enables cells to undergo a highly regulated death in 

response to death signals. Two major determinants of cell survival are energy metabolism 

and apoptotic pathway (see below). 

In C. elegans, the death machinery is activated when Egl-1 binds to ced-9 and displaces 

ced-4. The autocatalytical activation of ced-3 is mediated by an induced proximity 

mechanism, which is seen in initiator caspase activation. In C. elegans, phagocytosis 

ensures the noninflammatory nature of apoptosis and further helps to promote cell death 

(Reddien et al., 2001). At least seven genes, as divided into two partially redundant 

classes, are involved in clearance of apoptotic cell bodies. The 1st class of genes helps to 

recognize apoptotic cells, ced-1 which encodes an engulfment receptor, ced-6 which is 

homologous to the mammalian PTB domain-bearing adaptor GULP, ced-7 which 

encodes a protein with homology to ABC-1 transporter. The 2nd class of genes influences 

cytoskeletal remodeling, ced-2, ced-10, ced-12. ABC-1, the ortholog of ced-7, is believed 

to regulate PS distribution on the membrane (Hamon et al., 2000). 

The Bcl-2 family can be divided into 3 main subclasses, the antiapoptotic members 

including Bcl-2, Bcl-XL, Mcl-1, A1 and Bcl-w, the proapoptotic members including Bax 

and Bak, and BH3-only Bid (Danial and Korsmeyer, 2004). Interestingly, some Bcl-2 

molecules share structural similarities with bacterial pore-forming toxins (Muchmore et 

al., 1996). The ratio of pro- to antiapoptotic Bcl-2 molecules sets the threshold that 

triggers apoptosis by the intrinsic pathway. The apoptotic threshold can be lowered by 

p53 transactivation of caspase-6 (MacLachlan and El-Deiry, 2002). 

Bcl-2 can block morphological changes of apoptosis: the plasma membrane blebbing, 

volume contraction, nuclear condensation, and endonucleolytic cleavage of DNA. Bcl-XL 

stimulates VDAC closure while Bax and Bak promote its opening to release cytochrome 

c (Shimizu et al., 1999). Bax and Bak regulate endoplasmic reticulum calcium which is a 
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control point for apoptosis (Scorrano et al., 2003). 

A group of cysteine aspartic acid-specific proteases, denoted caspases, is essential for 

programmed cell death in a variety of species. At least 14 caspases have been identified 

in mammals. Humans have caspase-1-10 and caspase-14 while murine caspase-11 and – 

12 are homologues of human caspase-4 and -5. Caspase-13 is a bovine homologue of 

caspase-4 (Degterev et al., 2003). There are 7 caspases in D. melanogaster and 4 in C. 

elegans (Richardson and Kumar, 2002). Caspase-1, -5 and -11 form a subclass of 

caspases that controls both apoptosis and certain inflammatory responses. Caspase-2, -8, 

9, -10 and -12 are the so-called initiator caspases of apoptosis, and they are autoactivated 

possibly by a proximity mechanism (Muzio et al., 1998). The effector caspases, primarily 

caspase-3, -6 and -7, are thought to be responsible for the majority of substrate 

degradation observed in apoptosis. 

Other catalytic molecules have also been involved in some forms of apoptotic death. 

Granzyme A can cause single-stranded DNA nicks, granzyme B can cleave caspase-3, 

Bid, and Icad, and granzyme C induces a caspase-independent death (Lieberman, 2003). 

Calpain can cleave caspases and share substrates with them (Gil-Parrado et al., 2002). 

Upon activation, the effector caspases are responsible for the proteolytic cleavage of a 

broad spectrum of cellular targets, ultimately leading to cell demise. These cleavages 

contribute to most of the morphological and biochemical features characteristic of 

apoptosis, manifested as cytoplasmic shrinkage, phophatidylserine exposure, 

condensation and fragmentation of nuclei, internucleosomal DNA fragmentation, 

blebbing of the plasma membrane, membrane-enclosed apoptotic bodies, and 

phagocytosis by neighboring cells. Phosphatidylserine (PS) exposure on the plasma 

membrane of the dying cell is the best characterized ‘eat me’ signal, which leads to 

annexin V binding and therefore serves as an early apoptosis marker. 

Two major apoptosis pathways have been identified, the intrinsic (mitochondrial, stress

induced) and the extrinsic (death receptor) pathway. 

The intrinsic pathway is activated by stimuli such as ultraviolet radiation, serum 

starvation, DNA damage, cytotoxic drugs, activation of oncogenes and tumor suppressor 
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proteins. Ten years ago, Newmeyer et al. (Newmeyer et al., 1994) indicated that 

mitochondria are essential for apoptosis. An array of molecules is released from the 

mitochondrial compartment to the cytosol, including cytochrome c, AIF, endonuclease G, 

Smac/Diablo, and Omi/HtrA (Du et al., 2000; Li et al., 1997; van Loo et al., 2002; 

Verhagen et al., 2000). Mitochondrial perturbation leads to cytochrome c release into the 

cytosol where it binds to Apaf-1, facilitating the binding of ATP/dATP and 

oligomerization of Apaf-1 to form the apoptosome (Li et al., 1997). Upon binding to 

cytochrome c, Apaf-1 becomes competent to recruit caspase-9 with the help of 

ATP/dATP, which ensures a high local concentration and proper conformation suitable 

for the self-processing activation of caspase-9 and the apoptosome assembly (Acehan et 

al., 2002). This oligomerization activates caspase-9, which is followed by the activation 

of effector caspases, such as caspase-3 and -7. 

The majority of cytochrome c resides in the inner mitochondrial membrane and only 15

20% in the intermembrane space. Permeability transition ultimately leads to swelling of 

mitochondria. In most apoptotic deaths, a substantial amount of cytochrome c is released 

prior to any swelling of the mitochondria. 

The extrinsic (death receptor) pathway requires death receptors to initiate a reaction 

cascade. The death receptor family includes CD95/Fas/Apo1, TNFR1, TNFR2, 

DR3/Wsl-1/Tramp, DR4/TRAIL-R1, DR5/TRAIL-R2/TRICK2/Killer and DR6  (Danial 

and Korsmeyer, 2004). Ligand-induced receptor trimerization results in the formation of 

a DISC complex (receptosome) which contains multiple adaptor molecules, including 

FADD, TRADD, DAXX, RIP, RAIDD and FLIP. The adaptor molecule (e.g., FADD) 

interacts with caspase-8 through DED. Recruitment and oligomerization of caspase-8 in 

the DISC complex results in its autocatalytic activation (Muzio et al., 1996). It is then 

followed either by a most direct pathway as shown in type I cells or an indirect pathway 

as shown in type II cells (Scaffidi et al., 1998). In type I cells, sufficient amount of 

activated caspase-8 is produced to activate enough downstream caspases to complete 

apoptosis. Fas-induced apoptosis is refractory to Bcl-2 inhibition since sufficient caspase

8 cleavage and activation of caspase-3, -7 occurs. In type II cells, insufficient amount of 

active caspase-8 or downstream caspases necessitates a mitochondrial amplification loop 
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to reinforce the death signaling to complete apoptosis. Caspase-8-mediated cleavage of 

Bid results in its translocation to mitochondria and cytochrome c release, which is the 

step converged with the intrinsic pathway (Li et al., 1997; Luo et al., 1998). 

The activated effector caspases cleave a range of protein substrates, including inhibitors 

of deoxyribonuclease (DFF45/ICAD), regulatory proteins (DNA-dependent protein 

kinase), structural components (nuclear lamin and actin), and other proapoptotic proteins 

and caspases. A morphological hallmark of apoptosis is nuclear condensation and 

fragmentation. Activated acinus induces chromatin condensation without inducing DNA 

fragmentation (Sahara et al., 1999). DNA degradation occurs first at A/T rich regions to 

generate 50-200 kb fragments. AIF induces nuclear condensation and large-scale DNA 

fragmentation (Joza et al., 2001). Endonuclease G and AIF are responsible for DNA 

degradation of apoptotic cell by a caspase-independent manner in mammalians and a 

caspase-dependent manner in C. elegans (Parrish et al., 2001). When dissociated from its 

inhibitor ICAD, CAD/DFF40 causes the 180-bp internucleosomal DNA fragmentation 

(Enari et al., 1998; Liu et al., 1998). 

There are stringent controls of apoptosis at several levels. The Bcl-2 family of proteins 

functions as an upstream regulator in two ways. As a gatekeeper, Bcl-2 controls release 

of an array of mitochondrial proteins, including cytochrome c, AIF, endonuclease G, 

Smac/Diablo, and Omi/HtrA (Danial and Korsmeyer, 2004). Bcl-XL stimulates VDAC 

closure while Bax and Bak promote its opening to release cytochrome c (Shimizu et al., 

1999). Smac and Omi facilitate caspase activation by relieving inhibition of IAP proteins. 

IAP proteins serve as downstream control molecules but they only target caspase-3, -7 

and -9, not other caspases (Deveraux and Reed, 1999). There is a last line of control, i.e., 

caspases are present in the cell as zymogens that are activated either by proximity 

autoactivation (initiator caspases) or by cleavage (effector caspases). They are also 

regulated by many other cellular processes, such as transcriptional regulation and 

posttranslational modification. Active caspases can be permanently removed by the 

ubiquitination-mediated proteasome degradation pathway (Huang et al., 2000). 
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2.3 Necrosis 

Necrosis, the Greek kernel ‘necros’ (meaning dead with a sense of dismay), refers to the 

accidental death of cells exposed to extreme environmental conditions, adverse and 

excessive stimuli, or genetically encoded insults. For historical reasons, necrosis has been 

considered as an accidental, deranged, chaotic process distinct from apoptosis. However, 

more and more data indicated that necrosis also could be a normal, physiological, 

regulated process (Proskuryakov et al., 2003). Oncosis, the Greek word for swelling, is a 

specific form of necrosis and used to designate any cell death characterized by a marked 

cell swelling (Majno and Joris, 1995). Although necrosis was described much earlier than 

apoptosis, our knowledge on the former is much more limited - partly because of 

scientific bias, partly because of its complexity. 

Cell fate is determined by the intensity of the insult, the expression levels of the 

downstream signal transducers, as well as the extent of the calcium overload, and the 

intracellular ATP levels (Bernardi et al., 1999). Many agents are able to cause necrosis, 

such as cytokines and in particular the TNF receptor family (Saldeen, 2000). Many 

diverse stimuli that trigger necrosis may provoke a net increase of cytoplasmic calcium, 

either by stimulating uptake of extracellular calcium or by facilitating the release of 

calcium stores from the endoplasmic reticulum. Removal of Ca2+ from medium by 

chelators protects cells from necrosis (Yoshioka et al., 2000). Once the insult or damage 

reaches or surpasses a critical threshold, it leads to cell death. 

Necrosis is generally considered to be a passive process because it does not require de 

novo protein synthesis, has only minimal energy requirements, and is not regulated by 

any homeostatic mechanism. Considering the fact that cells of different type and origin 

undergoing necrosis exhibit stereotyped morphological and ultrastructural features in 

response to injury, there should be certain underlying commonalities that may represent a 

conserved core execution program. 

Necrotic cells display typical gross morphological and ultrastructural features, such as 

extensive swelling and plasma membrane endocytosis and autophagy of the cell, 

distension of various cellular organelles, clumping and random degradation of nuclear 
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DNA (Wyllie et al., 1980). 

The random degradation of DNA results in a smear DNA pattern upon electrophoresis, 

which is a biochemical hallmark of necrosis, probably because the cellular metabolism of 

a necrotic cell is already impaired to such an extent that caspase activation is no longer 

possible. Without active caspases, eukaryotic chromatin cannot be degraded orderly at 

the internucleosomal site to generate a ladder pattern. Cells die of necrosis when their 

reducing homeostases are disturbed by an excess of ROS or damage to their antioxidative 

systems (Bernardi et al., 1999). ROS can cause release of proteases, lipases, and 

nucleases from the mitochondria (Fiers et al., 1999) and proteases become activated in 

response to the elevated calcium concentrations in cells dying via necrosis, which leads to 

the random DNA degradation. Permeabilization of the plasma membrane and disruption 

of cytoplasmic structures lead to the release of the inflammatory intracellular content into 

the extracellular space. 

The mitochondrion is a central control point of apoptosis as stated in the apoptosis 

section. Together with the endoplasmic reticulum and lysosomes, mitochondria have 

essential roles in the control of necrosis too. Mitochondria are the source of ATP, ROS, 

and cell death factors and the final outcome of cell death is dependent on the interplay 

between these factors. Some cells die via necrosis due to drastic ATP depletion (Bernardi 

et al., 1999). PARP activation, resulting in ATP depletion, is thus an active trigger of 

necrosis (Ha and Snyder, 1999). Mitochondrial inhibitors can cause necrosis, such as 

inhibitors of complex I, II and III of the respiratory chain (Proskuryakov et al., 2003). NO 

can bind iron of the respiratory chain complexes and thereby inactivate them, leading to 

mitochondrial damage. 
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_______________________________________________________ 

_______________________________________________________ 

Table 1. General comparison of apoptosis and necrosis 

Apoptosis Necrosis 
Stimulus 
Ca2+ increase 200-400 nM > 1 µM 
ROI production  moderate high 
ATP depletion (%)  25-70 70-100 
GSH depletion  progressive rapid 

Morphology 
Cell shape  shrinkage swelling 
Membrane integrity  intact  ruptured 
Chromatin condensation yes  no 
Cytoplasmic vacuolation no  yes 

Biochemistry 
DNA ladder  yes no 
Apoptotic caspase  yes no 

2.4 Cell death switch

Several stimuli, e.g., cytokines, ischemia, heat, irradiation, infections, can cause both 

apoptosis and necrosis. The same cell death stimulus can result either in apoptotic or 

necrotic cell death depending on the availability of active caspases and the cellular 

context. Furthermore, a confounding factor that is secondary to the initial stimulus, may 

switch the mode of cell death by modulation of signaling pathways, such as death 

receptors, kinase cascades, and mitochondria. The switch phenomenon adds another 

dimension of complexity in the field of cell death research. 

Cell fate is determined by the interplay between caspases, Bcl-2, cellular ATP level, 

mitochondria, and oxidative stress. 

Although caspases are mainly functioning in apoptosis, they can sometimes play a 

decisive role in switching between necrosis and apoptosis or vice versa. Knockout mice 
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deficient in Apaf-1 or caspase-3/caspase-9 show a switch in their cell death to necrosis 

during development (Oppenheim et al., 2001). Caspase inhibitors switch apoptosis 

induced by irradiation, camphotechine, etoposide, dexametasone, etc. to necrosis (Coelho 

et al., 2000; Ferrari et al., 1999; Sane and Bertrand, 1999). Caspases can also influence 

the balance between apoptosis and necrosis in acrolein-induced cell death (Kern and 

Kehrer, 2002). TNF-D-induced IEC-6 cell apoptosis requires activation of ICE caspases 

whereas complete inhibition of the caspase cascade leads to necrotic cell death 

(Ruemmele et al., 1999). 

Exogenous NO switches apoptosis to necrosis by inhibiting caspase-3/7 (Leist et al., 

1999b) and, in return, inhibition of caspases leads to enhanced ROS formation. The 

balance between NO and superoxide appears to determine apoptotic and necrotic death of 

rat mesangial cells (Sandau et al., 1997). Modulation of redox signaling systems has a 

dramatic effect on the mode of cell death. H2O2 is a ROS component produced under 

various stresses and sublethal doses of H2O2 can switch apoptosis to necrosis together 

with anticancer drugs (Lee and Shacter, 1999). The selection between apoptosis and 

necrosis is differentially regulated in H2O2-treated and glutathione-depleted human 

promonocytic cells (Troyano et al., 2003). NO-donor exposure, NAD+ content, and p53 

accumulation play a decisive role in the balance between apoptotic versus necrotic 

RAW264.7 macrophage cell death induced by NO (Messmer et al., 1996). 

It is generally accepted that the intracellular ATP level is a denominator of cell death 

(Eguchi et al., 1997; Leist et al., 1997; Leist et al., 1999a; Tsujimoto, 1997) since 

activation of caspase-9 is apparently an ATP-dependent process during apoptosis. When 

the ATP concentration drops below a threshold level, it can switch apoptosis to necrosis. 

NO can also induce ATP depletion, subsequently inhibit procaspase activation, and 

eventually switch cell death from apoptosis to necrosis (Leist et al., 1999a; Leist et al., 

1999b). 

Since the mitochondrion is a cellular organelle important for ATP production, it is not a 

surprise that the mitochondrial permeability transition also can determine the mode of 

cell death (Hirsch et al., 1997; Kim et al., 2003a; Kim et al., 2003b). The Bcl-2 family 
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proteins are important for mitochondrial integrity, which may explain that coexpression 

of Bax with Bcl-XL switches apoptosis to necrosis (Shinoura et al., 1999). 

Although in most of the aforementioned cases, a switch in death mode is from apoptosis 

to necrosis, there are also examples of the opposite. Treatments with factors that 

influence cell proliferation and differentiation status, such as phytohemagglutinin 

stimulation of T lymphocytes, cAMP treatment of oligodendroglial cell line N20.1 switch 

necrosis to apoptosis (Studzinski and Benjamins, 2001). Mitochondrial permeability 

transition in ischemic rat hepatocytes and treatments with cytokines can also switch 

necrosis to apoptosis (Fischer et al., 2003; Kim et al., 2003a). 

Inhibition of one mode of cell death does not necessarily switch it to another (Lemaire et 

al., 1999), sometimes it shifts to cell senescence (Rebbaa et al., 2003) or proinflammatory 

signaling (Scheller et al., 2002). 

2.5 Bacterium-induced cell death 

Possible outcomes of host cell-microbe interactions are; 1) both survive, 2) both die, 3) 

one survives and the other dies, 4) the interaction affects bystander(s). This part focuses 

only on the host cell death in a Q&A manner and since the answers may not be 

exhaustive, reviews can provide additional information (for reviews, see (Gao and 

Kwaik, 2000; Navarre and Zychlinsky, 2000). 

Zychlinsky et al. (Zychlinsky et al., 1992) first described bacterium-induced macrophage 

apoptosis. Since then, the list of bacterium-induced apoptosis has been expanding rapidly. 

Largely due to the differences of the methodology (such as different bacterial strains, 

cells, animals, protocols), it is quite common to see discrepancies of the nature of cell 

death induced by a certain infection. For easy and reliable comparison, ideally, 

experiments should be carried out under identical settings (the same bacterial strain, same 

host cells or animals, same culturing, same protocol, and so on), which is almost 

impossible and unrealistic. Macrophages vary depending on their species of origin, 

anatomic location, state of activation, and culture conditions (Gordon et al., 1992). 
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Paradoxically, general conclusions drawn from studies using different bacterial strains 

and host cells of different sources are likely to be more reliable. 

2.5.1 Why does the mode of cell death matter? 

In general, apoptosis is believed to be a silent process with little if no inflammation while 

necrosis is an inflammatory cell death. If the cell death induced by Shigella is really 

apoptosis, as discussed below, this indeed represents an inflammatory form of apoptosis 

with IL-1 and IL-18 production and thus is a novel form that challenges the 

aforementioned conceptual understanding. Although the distinction between the two 

types of cell death in some circumstances becomes blurry, they are fundamentally 

different. Therefore, induction of different modes of death on the same type of cells may 

strongly indicate underlying genetic differences of different bacteria. 

2.5.2 Can the nature of cell death vary in cells infected by the same 

bacterium? 

Whether Salmonella induces apoptosis or necrosis has been controversial for quite some 

time and reviewed extensively (Boise and Collins, 2001; Knodler and Finlay, 2001; 

Monack et al., 2001b). Salmonella carries a number of SPIs with distinct roles in 

pathogenesis. SPI-1 encodes SipB, a homolog of IpaB from Shigella, that has an essential 

role at the initial stage of infection. SPI-2 is necessary for systemic infection (Galan, 

2001). It is true that Salmonella-induced rapid cell death is certainly not the typical 

‘classical apoptosis’. The question remains open whether it is true necrosis. 

It is clear that Salmonella has more than one way to kill macrophages depending on 

factors from the host side and proteins encoded by several pathogenicity islands of 

Salmonella. Salmonella can induce either a rapid or delayed cell death in macrophages. 

Ninety percent of macrophages are killed within 30 min of infection, a rapid cell death 

dependent on SipB, caspase-1 and caspase-2 (Jesenberger et al., 2000). The delayed type 

36




of cell death might occur in two scenarios. One is when caspase-1 is not available as in 

knockout mice (Jesenberger et al., 2000) or when using a specific caspase-1 inhibitor and 

the other when an overnight Salmonella culture is used for infection (van der Velden et 

al., 2000). Half of the macrophages are dead within 18 h of infection (Lindgren et al., 

1996; van der Velden et al., 2000). The delayed cell death in caspase-1-/- macrophages ( 

Jesenberger et al., 2000) is induced by infection with a log phase culture (SPI-1 inducing 

conditions), which is different from stationary phase bacteria of an overnight culture used 

in the other study (van der Velden et al., 2000). 

Although the above discussion is a matter of cell death kinetics and the components 

involved, results from other studies seriously question whether the nature of cell death 

induced by Salmonella infections is indeed apoptosis Salmonella enterica serovar 

Typhimurium and Dublin can lyse bovine alveolar and J774.2 macrophages by a 

mechanism distinct from apoptosis (Watson et al., 2000). Irrespective of its dependence 

of caspase-1, S. enterica serovar Typhimurium induces J774A.1 macrophage death by 

necrosis (Brennan and Cookson, 2000) and autophagy (Hernandez et al., 2003). 

Although some studies claim that intestinal epithelial cells are resistant to cell death 

induction from Salmonella infection (Monack et al., 2001b), one group has reported that 

S. enterica serovar Dublin induces a delayed type of apoptosis in human HT-29 intestinal 

epithelial cells dependent on genes from SPI-2 and the virulence plasmid (Kim et al., 

1998; Paesold et al., 2002). 

Similar to Salmonella (Jarvelainen et al., 2003), S. flexneri kills macrophages by using an 

almost identical effector protein (IpaB) and has the same requirement for host caspase-1. 

Analogously, a number of studies also question the nature of S. flexneri-induced 

macrophage death. One study described that human monocyte-derived macrophages 

infected with virulent S. flexneri in vitro underwent a rapid cytolytic event similar to 

oncosis but not apoptosis (Fernandez-Prada et al., 1997). In defending their previous 

work, Hilbi et al. carefully examined S. flexneri-infected human monocyte-derived 

macrophages and were sure that they died via apoptosis (Hilbi et al., 1997). They claim 

that the difference probably comes from cell types besides different protocol. 

37 



There are also numerous examples from other experimental models as to whether the cell 

death is apoptosis or not. The mechanism of cell death in Listeria monocytogenes

infected murine bone marrow macrophages is distinct from apoptosis (Barsig and 

Kaufmann, 1997). Bordetella bronchiseptica induces caspase-1-independent necrosis 

(Stockbauer et al., 2003), which overrides the conclusion from a previous study of the 

same group that B. bronchiseptica induces apoptosis (Yuk et al., 2000). Pseudomonas 

aeruginosa infection causes macrophage oncosis in one study (Dacheux et al., 2001) but 

apoptosis of macrophages and epithelial cells as reported in another study (Hauser and 

Engel, 1999). 

The aforementioned findings also raise another interesting question regarding the 

terminology of bacterium-induced non-apoptotic host cell death. Since necrosis often is 

defined as an accidental, and not programmed cell death caused by physical damage to a 

cell, it is questionable if any form of cell death resulting from events initiated by a 

pathogen, but not a response to it, can be defined as necrosis. However, since non

infectious necrotic cell death most likely depends on conserved core execution program 

(Proskuryakov et al., 2003), it seems reasonable to also use the designation for bacterium

induced cell death that shows the characteristics of necrosis. 

2.5.3 Can a certain type of bacterium induce more than one type of cell 

death? 

A nonmucoid P. aeruginosa strain secretes products (possibly a mix of azurin and 

cytochrome C551) and kills macrophages in two modes: caspase-mediated apoptosis 

independent of ATP and P2Z-receptor-mediated necrosis dependent on external ATP 

(Zaborina et al., 2000). Likewise, Staphylococcus aureus kills human keratinocytes by 

apoptosis and necrosis (Mempel et al., 2002). Although it is not exactly similar, viable 

Streptococcus pneumoniae causes necrosis whereas killed bacteria induce apoptosis in 

neutrophil granulocytes (Zysk et al., 2000). 
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S. flexneri strain YSH6000 induces apoptosis or oncosis in U937 cells differentiated by 

IFN-J or retinoic acid respectively, depending on their differentiation status (Nonaka et 

al., 1999). This work helps somehow in reconciling difference of two studies about the 

nature of cell death caused by S. flexneri infections (Fernandez-Prada et al., 1997; Hilbi 

et al., 1997), suggesting that the status of host cell might be the reason of discrepancy. 

Further work from the same group reports that J774 and retinoic acid-differentiated U937 

macrophages undergo necrosis upon S. flexneri infection (Nonaka et al., 2003). S. flexneri 

did induce apoptosis in IFN-J-differentiated U937 cells, but these macrophages also died 

by apoptosis upon infection with avirulent bacterium, such as Escherichia coli JM109, 

killed or avirulent S. flexneri (Nonaka et al., 2003). Looking retrospectively, this work 

casts some doubt on their previous results using similar IFN-J-differentiated U937 cells 

(Nonaka et al., 1999), obviously these cells are hypersensitive to some types of stimuli 

and easily undergo apoptosis. 

Another scenario is that the bacterium causes one type of cell death at the early stages of 

infection while induces another one at later stages. This seems true for L. pneumophila 

since at low MOI it causes apoptosis at the early and necrosis at the late stages of 

infection in macrophages and epithelial cells (Gao and Abu Kwaik, 1999). 

If a specific effector should be convincingly determined to have a critical role, there 

should be rigorous testing to see if the mutant is constructed properly without any polar 

effects and able to be complemented besides its indisputable apoptogenic effect. Some 

bacterial molecules can meet this criterion, e.g., the aforementioned IpaB of Shigella, 

SipB of Salmonella and YopJ/YopP of Yersinia have been studied in very much detail 

(Mills et al., 1997; Monack et al., 1997). A Chlamydia protein CADD, encoded in the C. 

trachomatis genome, interacts with death receptors and induces apoptosis in a variety of 

mammalian cells when expressed in these cells (Stenner-Liewen et al., 2002). Others 

have recently been shown to have important roles in cell death, such as the J-glutamyl 

transpeptidase encoded by HP1118 gene of H. pylori (Shibayama et al., 2003), and ExoS 

of P. aeruginosa (Jia et al., 2003). 
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Likewise, it is almost taken as granted that the same molecule(s) can induce different cell 

death on different host cells. For example, IpaB is required for S. flexneri to both induce 

apoptosis in murine macrophages and necrosis in human neutrophils (Francois et al., 

2000; Zychlinsky et al., 1992). Hemolysin-positive enteroaggregative and cell-detaching 

E. coli strains cause oncosis of human monocyte-derived macrophages and apoptosis of 

murine J774 cells (Fernandez-Prada et al., 1998). Mycobacterium tuberculosis infection 

causes apoptosis in human macrophages U937 but necrosis in alveolar epithelial cells 

A549 (Danelishvili et al., 2003). Interestingly, the attenuated strain H37Ra induces more 

macrophage apoptosis than the virulent strain H37Rv. In fact, M. tuberculosis specifically 

induces necrosis in A549 cells by inhibiting their proapoptotic and activating 

antiapoptotic genes, which is the opposite to the effect on macrophages as revealed from 

cDNA microarray results (Danelishvili et al., 2003). 

S. enterica serovar Typhimurium induces cell death in bovine monocyte-derived 

macrophages by early sipB-dependent and delayed sipB-independent mechanisms 

(Santos et al., 2001a). S. enterica serovar Typhimurium SPI-2-dependent macrophage 

death is mediated in part by the host caspase-1 (Monack et al., 2001a). Intracellularly 

expressed SpvB, a Salmonella plasmid virulence protein, induces apoptosis in cos-7 cells 

(Kurita et al., 2003). Genes in the S. enterica serovar Dublin SPI-2 and its virulence 

plasmid are essential for apoptosis induction in intestinal epithelial cells (Paesold et al., 

2002). 

2.5.4 Can a bacterium inhibit or promote cell death? 

It should be recognized that some treatments might change the cell susceptibility to death 

signals. For instance, activation of human monocytes induces differential resistance to 

apoptosis with rapid down regulation of caspase-8/FLICE (Perera and Waldmann, 1998). 

All three Chlamydia species have apoptosis-inhibiting and -inducing capacities. Studies 

from a research group have reported that C. psittaci can induce apoptosis in HeLa cells, 

epithelial cells and macrophages (Ojcius et al., 1998; Perfettini et al., 2002). In contrast, 

C. trachomatis induces apoptosis in HeLa cells (Perfettini et al., 2002). In another study, 
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C. psittaci-infected macrophages can resist apoptosis induction of external stimulus. 

Likewise, C. trachomatis and C. pneumoniae infection also inhibit apoptosis in THP-1 

cells, epithelial or myeloid cells (Carratelli et al., 2002; Fan et al., 1998; Fischer et al., 

2001; Rajalingam et al., 2001). MonoMac 6 macrophages can survive a C. pneumoniae 

infection by activating NF-NB and inhibiting apoptosis (Wahl et al., 2001). Chlamydia

infected cells continue to undergo mitosis and resist induction of apoptosis (Greene et al., 

2004). Chlamydia infection inhibits CD95-induced apoptosis at a mitochondrial step 

(Fischer et al., 2004). Interestingly, TNF-D secretion by C. trachomatis-infected 

macrophages can induce activated T cells to undergo apoptosis in vitro (Jendro et al., 

2004). A surprise finding is that the uninfected neighbouring McCoy cells adjacent to, 

instead of the C. trachomatis-infected cells per se, undergo apoptosis (Schoier et al., 

2001), possibly due to any diffusible apoptogenic molecule(s) produced by the infected 

ones. Helicobacter pylori induces apoptosis through cytochrome c release and at the 

same time inhibits apoptosis through NF-NB activation, and both events depend on cag 

PAI (Maeda et al., 2002). 

2.5.5 Does the same mode of cell death share the same pathway? 

If cell death depends on distinct factor(s) as evidenced from precise knockout constructs, 

either from the bacterial or host cell side, the pathway is highly unlikely the same. S. 

enterica serovar Typhimurium rapidly kills dendritic cells and macrophages via a 

caspase-1 dependent mechanism (Hersh et al., 1999; van der Velden et al., 2003). 

Salmonella that reside in the phagocytic vacuole do not cause this early cell death and 

can trigger a macrophage cell death at a much later time point. This late-phase cell death 

is dependent on SPI-2-encoded genes and opmR (Lindgren et al., 1996; van der Velden et 

al., 2000). In caspase-1-/- macrophages, a delayed activation of macrophage cell death is 

apparent which requires SipB and involves caspase-2 activation (Jesenberger et al., 

2000). After TLR4 activation, protein kinase PKR is required for macrophage apoptosis 

induced by infection of Salmonella, Yersinia, Shigella, and the Gram-positive Bacillus 

anthracis (Hsu et al., 2004). 
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Despite that caspase-1 is not considered as a caspase unique for apoptosis (Degterev et 

al., 2003), a number of examples of bacterial pathogen-induced cell death depend on this 

cysteine protease (Brennan and Cookson, 2000; Hersh et al., 1999; Klingler et al., 1997; 

Monack et al., 2001b; van der Velden et al., 2003). Examples of caspase-1-independent 

cell death also exist (Jesenberger et al., 2000; Siegesmund et al., 2004; Stockbauer et al., 

2003). 

Caution should be taken to interpret observations of up- and/or down-regulation of 

molecules. The example that S. aureus D-toxin induces necrosis despite apoptotic caspase 

activation (Essmann et al., 2003) suggests that caspase activation does not always lead to 

apoptosis. Another example is that caspase-3 activation is essential for arrested 

biogenesis of phagosome in Legionella infection (Molmeret et al., 2004) but L. 

pneumophila induces apoptosis via the mitochondrial death pathway (Neumeister et al., 

2002). 

2.5.6 Is bacterial entry, survival and/or intracellular growth important for 

cell death? 

Most intracellular bacterial pathogens need to enter host cell to exert their pathological 

role. Yersinia is a rare if not the only exception that uses a type III secretion system to 

translocate YopJ of Y. pseudotuberculosis or YopP of Y. enterocolitica from the outside 

to the inside of the host cell which results in macrophage apoptosis (Mills et al., 1997; 

Monack et al., 1997). It remains unclear whether Salmonella needs to be inside 

macrophages to cause cell death. Cytochalasin D was found to inhibit macrophage death 

induced by Salmonella infection in some cases (Guilloteau et al., 1996; Monack et al., 

1996), but not others (Chen et al., 1996; Lundberg et al., 1999). Probably the discrepancy 

is due to the concentration used in each study (1 or 10 Pg ml-1) or different cell lines. 

Apoptosis induced by S. aureus, S. flexneri, and S. pneumoniae all requires bacterial 

internalisation that is sensitive to cytochalasin D treatment (Dockrell et al., 2001; Hilbi et 

al., 1998; Mempel et al., 2002). Interestingly, cytochalasin D can inhibit S. flexneri
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induced necrosis in J774 and U937 macrophages but cannot inhibit apoptosis induction in 

IFN-J-differentiated U937 (Nonaka et al., 2003). 

An ability to survive the harsh intracellular environment is a prerequisite for further 

growth. The importance of intracellular growth in cell death induction varies case by 

case. For instance, Salmonella infection induces apoptosis in an epithelial cell line with 

dependence on bacterial invasion and intracellular replication (Kim et al., 1998) while 

invasive but non-replicating S. enterica serovar Typhimurium strains still induce 

apoptosis in RAW264.7 macrophages (Monack et al., 1996). C. psittaci needs to replicate 

intracellularly to induce apoptosis during late stages of infection (Ojcius et al., 1998). 

2.5.7 Does cell death occur in vivo and is it important? 

There are not many studies on bacterial pathogen-induced host cell death in vivo. 

Although it is always good to observe a phenomenon in a real situation besides in vitro 

experiments, the difficult part is to interpret in vivo results. Salmonella induces cell death 

in vivo in mouse liver macrophages and neutrophils (Richter-Dahlfors et al., 1997). C. 

trachomatis induces apoptosis in an in vivo mouse infection model (Perfettini et al., 

2000). S. flexneri induces apoptosis in a rabbit infection (Zychlinsky et al., 1996)  and 

rectal tissues from human shigellosis patients (Raqib et al., 2002). Lethal L. 

monocytogenes infection causes apoptosis in the spleen but not the liver of mice, possibly 

due to a protective role of endogenous TNF-D and IL-6 in the liver (Miura et al., 2000). 

Cell death is a double-edged sword that plays distinct roles in different infections. 

Although apoptosis is induced in Peyer’s patches of mice by attenuated strains of S. 

enterica serovar Enteritidis (Cerquetti et al., 2002), Salmonella–induced cell death is not 

required for enteritis in calves (Santos et al., 2001b). Yersinia-induced apoptosis in vivo 

helps to establish a systemic infection in mice (Monack et al., 1998). The apoptosis in P. 

aeruginosa pneumonia prolonged host survival (Grassme et al., 2000). 
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Depending on the bacterium, host cell death can be detrimental or advantageous to 

pathogenesis. Human monocytes kill S. flexneri but then die by apoptosis (Hathaway et 

al., 2002). The viability of intracellular C. burnetti and M. tuberculosis markedly 

decreased upon macrophage apoptosis, indicating a host protective role of apoptosis 

(Dellacasagrande et al., 1999; Fratazzi et al., 1997). The rapid cell death induced by 

Salmonella certainly helps to establish the early infection and the delayed type of cell 

death will benefit the persistence of Salmonella inside macrophages. 

2.6 METHODOLOGY AND ON-LINE RESOURCES

Besides those commercial catalogs, there are a few review articles specifically focusing 

on apoptosis assays (Van Cruchten and Van Den Broeck, 2002; Mirakian et al., 2002; 

Watanabe et al., 2002; Weiss and Zychlinsky 2002; Zakeri and Lockshin, 2002). Besides 

those personal and institutional websites, there are a few databases about apoptosis 

(http://www.apoptosis-db.org (Doctor et al., 2003)). Although the pros and cons of each 

assay are discussed in detail in these articles (Watanabe et al., 2002; Weiss and 

Zychlinsky, 2002), one is advised to use several complementary assays to minimize the 

chance of misdiagnosis. Electron microscopy remains the golden morphological standard 

to distinguish necrosis from apoptosis. 
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3. AIMS OF THIS THESIS

x�	 To characterize the mode of macrophage cell death following Francisella 

tularensis infection 

x�	 To identify the cellular and molecular death pathways 

x�	 To search for putative virulence factors which may contribute to macrophage cell 

death 
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4. RESULTS AND DISCUSSION 

4.1 F. tularensis strain LVS induces macrophage apoptosis which requires 

intracellular bacterial growth (paper I) 

F. tularensis LVS infection of the murine macrophage-like cell line J774A.1 was found 

to cause morphological changes and detachment of the cells during the late stages of 

infection although the underlying mechanism is unclear (Anthony et al., 1991).  We 

wondered if the cytopathogenic effect (CPE) was related to the intracellular survival and 

growth of F. tularensis LVS and what the nature of cell death is. 

4.1.1 Intracellular growth of F. tularensis LVS leads to a cytopathogenic 

effect on J774A.1 macrophages 

The intramacrophage growth phenotype was verified by using an infection MOI of 500 

that infected the majority of J774A.1 cells. The number of CFUs from infected 

macrophages 12 h after start of infection (PI) did not change much from that at 6 h. The 

growth thereafter accelerated and the CFU increased approximately 2 log10 24 h at PI. 

CPE was judged by detachment of the J774A.1 monolayer and the presence of LDH in 

cell culture medium both of which can be quantitatively measured. Most of the LVS

infected J774A.1 macrophages detached from the culture plate and they were smaller 

than uninfected cells. When a high MOI of 500 was used, the value of LDH release from 

J774A.1 cells for each time point was 7.8 r 1.9 % at 6 h, 13.9 r 5.6 % at 12 h, and 51.9 r 

5.5 % at 24 h. The progression of cell detachment was similar to that of the LDH release, 

both of which were time- and dose- (i.e. multiplicity of infection [MOI])-dependent. 

Compared to the qualitative microscopic observation, quantitative measurement of 

detachment and release of markers for eukaryotic membrane integrity are more precise 

and objective assays for monitoring cytopathic effect. An MOI of 500 appears to be very 

high but after the 2 h period, the uptake rate is only 1% which results in approximately 2 
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bacteria per cell (Telepnev et al., 2003). 

4.1.2 F. tularensis LVS kills J774A.1 macrophages through apoptosis 

As stated in the literature, necrotic cells are swollen and apoptotic cells shrunken. To 

define the nature of cell death, we first started looking for signs of apoptosis after 

knowing the smaller size of dead infected J774A.1 macrophages. At 12 h PI, both 

infected and uninfected cells showed low levels of double staining with annexin V and 

propidium iodide (PPI). At 18 h PI, among the infected cells 25.0 % were positive for 

annexin V-staining (apoptotic), 52.0 % double positive (secondary necrosis from 

apoptosis) and 3.5 % PPI positive (background level of necrosis). 

F. tularensis LVS infection caused distinct DNA fragmentation as revealed by gel 

electrophoresis in a similar time- and dose-dependent manner as for CPE. A typical DNA 

ladder pattern, similar to that of a positive control (staurosporine), was revealed from 

DNA samples of LVS-infected J774A.1 macrophages. Likewise, results of ELISA tests 

measuring the release of cytoplasmic DNA fragments were positive for LVS-infected 

J774A.1 cells at 24 h PI, indicating the occurrence of apoptosis. At 24 h PI, the 

percentages of TUNEL-positive cells were approximately 1.0, 10, 60 % for LVS-infected 

J774A.1 macrophages infected with MOI of 5, 50, 500, respectively. 

All the 4 indicators of apoptosis (presence of surface-exposed phosphatidylserine, 

positive TUNEL staining, formation of DNA ladder, and release of nucleosomes) 

occurred in a time- and MOI-dependent manner, strongly indicating the importance of 

LVS intracellular growth. 

4.1.3 Entry of live F. tularensis LVS into J774A.1 macrophages is required to 

trigger CPE and apoptosis 

More than 99.9 % of the uptake of LVS was prevented by cytochalasin D treatment and 
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as a result, the number of CFU at 6 h with and without cytochalasin D was 3.1 r 0.0 log10 

and 6.7 r 0.1 log10, respectively (similar to the level at 2 h). At 24 h, the LDH release was 

57.5 % vs. 5.7 %, and cell detachment 82 % vs. 21 % for infected J774A.1 cells without 

or with cytochalasin D. Only a very weak DNA ladder was revealed from DNA of LVS

infected cells after the 3.5 h of cytochalasin D treatment. Neither killed LVS nor the 

supernatant filtrate of an overnight culture caused any CPE or DNA fragmentation. 

The above results clearly demonstrated that LVS requires actin polymerization for its 

entry and cytochalasin D effectively inhibits the entry process. Cytochalasins are a group 

of molecules that bind to actin and alter its polymerization. Cytochalasin D is about 10 

times more effective than cytochalasin B in inhibiting actin filaments (Cooper, 1987). A 

previous study stated that F. tularensis enters host cell by a cytochalasin B insensitive 

way and therefore does not need any actin polymerization for its entry (Fortier et al., 

1994), which is cited in the literature a few times (Ellis et al., 2002; Titball et al., 2003). 

Although it is not a direct comparison and some relevant information is lacking in that 

study, such as the concentration and duration of cytochalasin B, the discrepancy in 

relation to our conclusion most probably comes from the different inhibiting capacity of 

the two chemicals. 
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Fig. 2. Morphological features of LVS-infected J774A.1 macrophages (EM photo, 
courtesy of Dr. V. Baranov) and apoptosis quantification by FACS-TUNEL analysis. 

4.1.4 Intracellular survival and growth of F. tularensis LVS is essential for 

CPE and apoptosis 

A bactericidal antibiotic, ciprofloxacin, was used to eradicate intracellular F. tularensis 

bacteria. As expected, it effectively, but not completely, killed intracellular LVS after 24 

h (the log10 CFU were 8.7 r 0.2 without ciprofloxacin and 4.7 r 0.0 with ciprofloxacin). 

The infected and ciprofloxacin-treated J774A.1 cells showed few morphological changes 

and much less detachment than infected but untreated macrophages. Furthermore, no 

DNA fragmentation occurred in those treated cells. 

Survival following uptake is the prerequisite for further intracellular growth of bacterial 

pathogens and the recovered CFU is a net result of growth and killing. Our unpublished 

results from using bacteriostatic antibiotics (chloramphenicol, rifampicin) do not show 

clear-cut protection against CPE of the infected J774A.1 macrophages, suggesting that 
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the effect of a low intracellular bacterial load may still affect the host cells after a long 

incubation. 

4.2 F. tularensis strain LVS induces macrophage apoptosis via the intrinsic pathway 

with a critical involvement of caspase-3 and mitochondria (paper II) 

4.2.1 Release of mitochondrial cytochrome c and perturbation of membrane 

potential 

When compared with uninfected control cells, the level of cytochrome c in the cytosol of 

LVS-infected J774A.1 cells was almost the same at 6 h, increased at 12 h and even 

further at 18 h. At the final time point (18 h), the level was comparable to that of 

staurosporine-treated J774A.1 cells. The mitochondrial membrane potential of LVS

infected cells at 18 h markedly decreased (90 % of them with lower potential versus 50 % 

in control macrophages). 

Considering that LVS needs to enter, survive, and grow inside J774A.1 to induce 

apoptosis, the apoptotic pathway is very likely not the extrinsic pathway that uses death 

receptor(s) outside host cell to initiate cell death. Mitochondria in J774A.1 cells were not 

examined extensively in this study. Besides cytochrome c and potential changes, most 

probably they would show changes in their ultrastructure and function. Even if there are 

such changes, one cannot simply conclude that they are apoptosis-specific without careful 

scrutiny of the findings since the distinction between the typical morphological changes 

of apoptosis and necrosis may be blurry. 

4.2.2 Caspase activity in vitro and in vivo 

Specific cleavage of the prodomains of procaspases results in caspase activation. LVS

infected J774A.1 cells showed a time-dependent cleavage of the 32-kDa procaspase-3 
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into the 17-kDa caspase-3. Activation of caspase-3 was detectable from 12 h PI. 

Cleavage of procaspase-9 was observed at 12 h PI. Activation of caspase-1 was not 
A

40
5 

observed at any of the 8 time points. 

The levels of caspase-3 activity remained at basal level in samples from J774A.1 cells 

treated with killed LVS or infected and treated with the caspase-3 inhibitor, Z-DEVD-

fmk. Fig. 3 shows the kinetics of caspase-3 activation after LVS infection. It gradually 

increased and reached double the value of the uninfected cells at 12 h. 
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Fig. 3. Caspase-3 activity and PARP degradation. 

Cleavage of PARP (113-kDa) into the signature fragment 89-kDa remained at the 
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background level in LVS-infected J774A.1 macrophages (Fig. 3) at five time points 

before 12 h PI (2, 4, 6, 8, and 10 h). The 89-kDa fragment became prominent from LVS

infected samples at 12 h PI as in staurosporine-treated J774A.1 macrophages. 

Since signs of activation of caspase-3 and -9, and release of cytochrome c (data not 

shown) emerged almost at the same time point (9 h since infection), it is difficult to 

conclude which event occurred first. As an additional confounding factor, it is unclear 

whether a low level of caspase activation is apoptosis specific. The activity assay 

indicated that processing of the inactive zymogen of caspase-3 (procaspase-3) results in 

functional active caspase-3. In vivo cleavage of PARP is a reliable indicator showing that 

caspase-3 activation results in substrate degradation and that apoptosis is not abortive. 

4.2.3 Inhibition of caspase-3 activation blocks LVS-induced DNA 

fragmentation 

At a concentration of 100 PM, the caspase-3 inhibitor (Z-DEVD-fmk) effectively 

prevented the fragmentation of DNA but did not affect LVS intracellular growth. These 

results suggest that the fragmentation of DNA was due to the activity of caspase-3 and 

the inhibition of DNA fragmentation is not due to any effect of Z-DEVD-fmk on 

intracellular bacterial multiplication. 

The inhibition experiment confirms that caspase-3 is responsible for some, but not all 

changes of apoptotic cells, since caspase activation may not always lead to apoptosis, 

which is consistent with its inhibitory effect on the activity of active caspase-3. 

4.3 IglC is required for intramacrophage growth and apoptosis induction (Paper 

III) 

After establishing that the nature of macrophage cell death induced by F. tularensis LVS 

is apoptosis, the search for an effector of apoptosis became a priority. IglC, a 23-kDa 
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protein, was one of the most prominent proteins overexpressed by LVS upon infection of 

macrophages and exposure to stress conditions (Golovliov et al., 1997). We generated an 

iglC mutant from LVS strain by site-directed mutagenesis of iglC (Golovliov et al., 

2003b) and complemented the iglC mutant strain in trans (IglC/p). 

4.3.1 The iglC mutant generated by site-directed mutagenesis of F. tularensis 

LVS is defective in intramacrophage growth 

The iglC mutant grew well in vitro in Chamberlain medium. One of the key indicators of 

successful iglC complementation is illustrated by the restored IglC expression in the iglC 

mutant (unpublished data). The macrophages internalized LVS and its derivative strains 

equally well. The iglC mutant had a defect in intramacrophage growth and the 

complemented strain (IglC/p) showed a restored intracellular growth ability inside 

macrophages similar to that of its parental strain. 

The complementation experiments ensured that the mutagenesis was done properly 

without obvious polar effects. Otherwise, it cannot restore the phenotype of 

intramacrophage growth. 

4.3.2 The iglC mutant is non-cytopathogenic 

For unknown reason(s), the complemented iglC strain had a slight delay exhibiting its 

cytopathogenicity as compared to the wild-type LVS when infection was carried out 

using the same MOI. Nevertheless, the iglC-complemented strain caused LDH release at 

later time points. In order to synchronize the kinetics and to avoid the marked detachment 

due to LVS infection at an MOI of 500, an MOI of 50 for the parental LVS and 500 for 

its mutant and the complemented strain were used for the remaining infection 

experiments. As expected, infection with LVS at an MOI of 50 caused moderate LDH 

release at 24 h. After synchronization of the cytopathogenic process, the parental strain 

and the complemented iglC strain caused almost equal levels of LDH release at 36 h. At 
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48 h after infection, the parental strain and the complemented iglC strain caused apparent 

macrophage detachment and morphological changes while the iglC mutant neither caused 

any noticeable morphological changes nor LDH release when compared with the 

uninfected controls. 

The delay of cytopathogenicity by the complemented strain should not be from a lower 

level of IglC expression. Its wild-type LVS has two copies of iglC on the chromosome 

and complementation of iglC mutant is conferred by a multicopy plasmid. The genetic 

manipulation could cause changes in many ways, such as IglC conformation, secretion, 

stability and so on that may affect its function in general. Moreover, complementation 

does not always restore phenotype(s) fully as in the parental strain or sometimes does not 

work at all. 

4.3.3 The iglC mutant is non-apoptogenic 

The apoptogenic ability of the iglC mutant was evaluated by several complementary 

assays for apoptosis detection. Whereas J774A.1 macrophages infected with the iglC 

mutant behaved similar to the uninfected control cells in almost all the assays, infection 

of its parental strain and the complemented strain produced typical features of apoptosis. 

When compared with its parental strain LVS (MOI 50) after 36 h of infection, the 

complemented strain (MOI 500) caused the infected macrophages as much of DNA 

fragmentation in terms of formation of DNA ladder, resulted in substantial numbers of 

TUNEL positive cells, and generated oligonucleosome release. A key marker of 

apoptosis induction is specific caspase activation, such as caspase-3. The level of 

caspase-3 activity in J774A.1 cells infected with the mutant was even lower than that of 

the uninfected control cells whereras the complemented strain induced a level of caspase

3 activation comparable to that of the wild-type strain. 

IglC is not the bona fide effector for apoptosis induction in a strict sense, but it represents 

a good and only (up to now) example how important intramacrophage growth of F. 

tularensis LVS is for induction of macrophage apoptosis by using a mutant generated via 
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specific mutagenesis. Moreover, the successful complementation in trans is the first case 

in the Francisella research history. 

4.4 F. novicida induces macrophage necrosis (paper IV) 

F. novicida infection has been shown to cause macrophage cytopathogenicity already 

decade ago (Anthony et al., 1991) and it is logical to ask if this cell death is also due to 

apoptosis. 

4.4.1 F. novicida infection induces cytopathogenicity in J774A.1 macrophages 

In order to infect the majority of J774A.1 macrophages, a high MOI (500) was used. F. 

novicida strain U112 and the complemented 'mglA strain increased their intracellular 

numbers 100-fold within 12 h, caused macrophage enlargement and rounding up and 

LDH release at 24 h PI in a MOI and time-dependent fashion. In contrast, the 'mglA 

strain survived but did not cause any change of macrophage morphology or release of 

LDH. 

The U112 strain grows faster both extracellularly or intracellularly than LVS, probably 

due to its less fastidious requirement for growth. 
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Fig. 4. Morphological changes of J774A.1 macrophages infected with F. novicida strain 
U112 (u 200 Giemsa stain). See details in Paper IV Fig. 2 legend. 

4.4.2 F. novicida infection kills macrophages by necrosis 

Up to now in our experiments, F. novicida U112 behaved similar to F. tularensis strain 

LVS. DNA extracted from macrophages infected with F. novicida strain U112, the 

complemented 'mglA strain and F. tularensis strain LVS exhibited a dramatically 

different pattern upon electrophoresis. Whereas LVS infection generated a DNA ladder 

pattern characteristic of apoptosis, infection with the other two strains led to random 

cleavage of macrophage chromatin, which resulted in a diffuse DNA pattern. Similar to 

LVS, U112 did not activate caspase-8. In contrast to LVS, U112 did not activate caspase

3. 

Similar level of intracellular growth led to different signaling events and infection 

outcomes. In the same cell line, one strain activates caspases, degrades host DNA orderly 
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and kills macrophages by apoptosis whereas the other strain randomly degrades host 

DNA and kills the cells necrosis without signs of specific apoptosis caspase activation. 

4.4.3 F. novicida infection inhibits NF-NB binding ability 

NF-NB is a key player in modulating cell survival and death. We wanted to see what kind 

of impact F. novicida infection had on this transcription factor. There was very little 

change at 2 h and 6 h PI. At 15 h PI, the DNA binding ability of NF-NB was markedly 

decreased in cells infected with the wild-type U112 and the complemented 'mglA mutant 

whereas no alteration was seen after infection with the 'mglA strain. 

LVS infection causes a rapid, within less than 2 h, upregulation of the NF-NB activity 

(Telepnev et al, unpublished data), whereas F. novicida causes an inhibition of NF-NB 

that occurs at 15 h. 

4.4.4 Infection of J774A.1 macrophages with F. novicida U112 or the 'mglA 

mutant leads to differential modulation of IL-12 production 

We started by comparing the ability of live U112 bacteria with heat-killed U112 for 

modulating IL-12 production by J774A.1 macrophages. Whereas infection with live 

U112 bacteria did not induce any IL-12 production from infected macrophages above the 

level of detection limit at 24 h PI, the heat-killed U112 showed potent induction of 

macrophage IL-12 secretion. We then extended the experiments by examining the 

kinetics of IL-12 production in macrophages infected with U112 and its derivative 

strains. Infection with the 'mglA strain induced vigorous secretion of IL-12 from the 

J774A.1 macrophages starting at 15 h PI, whereas wild-type strain U112 and the 

complemented 'mglA strain did not induce secretion of any measurable IL-12 at any time 

points. None of the strains induced detectable levels of IFN-J production from the 

J774A.1 cells. 
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It remains to be determined whether cytokine production affects intracellular F. novicida 

growth or vice versa. LVS inhibits IL-12 transcription in J774A.1 macrophages 

(Telepnev et al., 2003). It will be interesting to test if the iglC mutant (of LVS and U112) 

and the mglA mutant of LVS (not available yet) stimulate IL-12 production too. There is 

IL-12 and TNF-D expression resulting from LVS infection in vivo (Golovliov et al., 

1995; Stenmark et al., 1999), but the source of these cytokines remains to be clarified. 

4.5 Francisella strains express hemolysins of distinct characteristics (paper V) 

Francisella strains have been described as nonhemolytic in the 10th edition of Bergey’s 

Manuel (Sjöstedt, 2003b) and so far it holds true for most of the F. tularensis subspecies. 

By using solid and liquid hemolysis assays we found that two Francisella type strains are 

hemolytic and they belong to F. tularensis subspecies novicida and another Francisella 

species, F. philomiragia, respectively. 

4.5.1 Solid-phase hemolysis 

Blood agar plate is a quite convenient way for hemolysis detection. Two methods of 

inoculation were used. One is to drop overnight Francisella culture solution onto the 

surface of blood agar plate and the other conventional streaking. Whereas the F. 

tularensis LVS strain did not show any observable hemolysis for as long as one week, 

both F. novicida U112 and F. philomiragia FSC144 showed a hemolytic halo at 48 h on 

horse blood agar plates. The halo was more obvious with inoculation by dropping than by 

streaking. Only FSC144 was able to lyse human RBC. 

It remains to see if these two strains cause any hemolysis on RBCs from other animal 

species. 
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4.5.2 Liquid-phase hemolysis 

A liquid-phase hemolysis assay has been used very often to quantify hemolysis. LVS 

remained nonhemolytic at all the time points. Before 48 hours, no strains released more 

hemoglobins than negative control wells. After two days, FSC144 and U112 started to 

show their hemolytic activity. The hemolytic activity of F. philomiragia FSC144 was 

stronger than that of F. novicida U112 for horse RBC whereas only strain FSC144 had a 

lytic effect on human RBC. 

At 48 h, the hemolysis on blood agar plates is already discernible while in liquid phase it 

has barely started. It is possible that these strains produce the hemolytic component(s) 

differently (in its amount, diffusibility, secretion, stability) in liquid medium and on solid 

surface. 

4.5.3 Western blot detection of HlyA 

Most hemolysins are secreted extracellularly. To examine this possibility, we first 

precipitated the culture supernatants of several hemolytic or non-hemolytic Francisella 

strains and subjected these samples to SDS-PAGE analysis. It came as no surprise that F. 

novicida strain U112 released proteins into the culture supernatant, which has been 

previously described (Baron and Nano, 1998). A novel finding was a protein band of 110 

kDa from samples of F. novicida strains U112 and FSC159. Obviously there was no 

serious protein degradation due to any bacterial lysis. Since HlyA is the prototype 

hemolysin and has similarity to some other hemolysins, we chose to use the antiserum 

against E. coli HlyA to hybridize a blot transferred from the SDS-PAGE gel. 

Surprisingly, lanes with either the sample from U112 or FSC159 showed a strong and 

specific signal corresponding to the HlyA band. This protein was tentatively designated 

as novilysin A. For F. philomiragia strain FSC144, there was no band on the SDS-PAGE 

gel and no signal on the Western blot. Preliminary kinetics of novilysin A secretion 

indicated its growth-phase dependency with a peak at the stationary stage. 
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The nature of the hemolytic component(s) produced by FSC144 remains to be 

determined. It is also of interest to investigate what factors can regulate novilysin A at 

levels of transcription, translation, or post-translation and what environmental cues can 

modulate its activity and production. The exact role of these hemolytic molecules in 

pathogenesis can only be properly assessed when null mutants are available. 

Taken together, it is clear that intramacrophage growth is essential for F. tularensis to 

induce either macrophage apoptosis or necrosis. Although both of the two mutants have a 

loss-of-function phenotype (intramacrophage growth defect), which results in their 

inability to kill macrophages, we lack evidence to prove that these two molecules per se 

are the bona fide effectors for apoptosis and necrosis induction. Most probably, the low 

intracellular Francisella load from its in vivo growth defect generates low level of 

effector production and insufficient amount of effector. Therefore they cannot transduce 

death signals to the threshold to tip the balance between cell survival or death. F. 

tularensis seems to benefit from either type of macrophage death by abandoning the dead 

host cell and attacking a new one. The different mode of J774A.1 cell death caused by the 

two most widely used but distinct F. tularensis strains demonstrates that they have 

fundamental differences in their genetic makeup despite their seemingly similar 

biological phenotype(s). Compared to other intracellular pathogens as discussed in the 

introduction section, F. tularensis certainly has its own strategy of survival and unique 

mechanisms to kill macrophages.  
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Fig. 5. Cell death model. Both F. tularensis strain LVS (F.t.) and F. novicida strain U112 (F.n.) 
attach to and invade J774A.1 macrophage via a cytochalasin D-sensitive mechanism (point A). 
After some time, the bacteria start to grow (step 2). LVS growth indirectly leads to mitochondrial 
alterations and the release of cytochrome c. Cytochrome c together with procaspase-9 and Apaf-1 
form the apoptosome which leads to caspase-9 autoactivation (Casp-9). The executioner caspase-3 
is activated, which in turn activates caspase-activated DNase (CAD) and apoptotic chromatin 
condensation inducer in the nucleus (Acinus) and also leads to degradation of PARP. If LVS 
growth is prevented by ciprofloxacin (Cip in point B) or caspase-3 activation is inhibited by the 
specific inhibitor Z-DEVD-fmk, the downstream events are inhibited. The growth of F. novicida 
strain U112 leads to NF-NB inhibition. There is no activation of apoptosis specific caspases. 
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5. CONCLUSIONS

9�Francisella tularensis subsp. holarctica strain LVS induces apoptosis in murine 

macrophages in a time- and infection dose-dependent manner. 

9�Francisella tularensis enters J774A.1 macrophages via a cytochalasin D-sensitive 

actin polymerization mechanism. 

9�Macrophage apoptosis is mediated via the intrinsic apoptosis pathway with 

involvement of host caspase-3 and mitochondria. 

9�IglC is required by LVS for intramacrophage growth and apoptosis induction. 

9�Francisella tularensis subsp. novicida strains induce necrosis in murine macrophages 

by a time- and infection dose-dependent manner. 

9�MglA is required by F. novicida for intramacrophage growth and necrosis induction. 

9�Francisella strains express hemolysins of distinct characteristics. 
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6. FUTURE DIRECTIONS 

The most important issue is whether F. tularensis infection induces any cell death in vivo 

and what role(s) cell death plays in the pathogenesis and disease development. 

To search for the real effector molecules in macrophage cell death induction will be a 

challenging work. 
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