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Abstract 

 

Title of Dissertation: Immune Responses to a Francisella Lipid A Mutant:  
Characterization and Therapeutic Potential 
 
Daniel Alford Powell, Doctor of Philosophy, 2012 
 
Dissertation Directed By: Robert K. Ernst, Ph.D., Associate Professor, Department of 
Microbial Pathogenesis 
 

 Francisella tularensis tularensis (Ft) is an intracellular Gram-negative bacterium 

and the causative agent of the severe human disease tularemia with potential for use as a 

bioweapon. Francisella lipid A, normally the biologically active component of 

lipopolysaccharide (LPS) has extremely low endotoxic activity. 

 A Francisella tularensis novicida (Fn) lipid A biosynthesis mutant was generated 

that lacked the 4´-phosphatase enzyme (lpxF). Analysis of lipid A isolated from this 

mutant strain, compared to WT Fn showed retention of the phosphate moiety at the 4´ 

position and the N-linked fatty acid at the 3 ́ position on the diglucosamine backbone. 

This mutant was previously shown in our laboratory to be avirulent and confer protective 

immunity to a lethal WT Fn challenge.  

 Further work has been carried out to elucidate the mechanisms of this protective 

immunity.  The role of B cells was examined using µMT-/- mice, which lack functional B 

cells.  While all mice survived the initial inoculation, all of the µMT-/- mice succumbed to 

the lethal challenge. This complete lack of protection shows that B cells are absolutely 

required for the protective response generated by the lpxF-null mutant.  

While development of an effective vaccine to Francisella remains a priority, we 

decided to address the therapeutic potential of serum obtained from immunization with 



	  

the lpxF-null mutant in the possibility of a Francisella outbreak.  Mice were infected 

with Fn and then were treated with serum either from naïve or immune mice.  Mice 

receiving immune serum were completely rescued out to 36 hours post-infection, and 

were partially rescued at 48 hours, whereas mice receiving naïve serum started 

succumbing to infection at 60 hours post-infection, indicating the serum has therapeutic 

potential even late in an infection.  The identity of the proteins recognized by this 

protective serum was further investigated.  Our work not only identified known 

Francisella immunogens but revealed proteins previously unknown to be antigenic.  

 Serum from LVS lpxF-null vaccinated-mice showed a similar protective capacity 

when given as a therapeutic.  Current work is being carried out to generate monoclonal 

antibodies to these identified proteins and assay their ability to be used in the event of a 

Francisella outbreak. 
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CHAPTER 1:  Regulation of Lipopolysaccharide Modifications and Antimicrobial 
Peptide Resistance1 

Introduction 

LPS is the major component of the outer membrane of Gram-negative 

bacteria and consists of three distinct structural domains: lipid A, a non-repeating 

“core” oligosaccharide, and a distal repeated O antigen polysaccharide. Lipid A, or 

endotoxin, is the hydrophobic anchor of LPS in the outer leaflet of the outer 

membrane in Gram-negative bacteria, whereas the core and O antigen extend out 

from the surface of the membrane. In this chapter, we will discuss the structure of 

these three regions, in order, as they extend out from the outer membrane focusing 

on regulated alterations, modifications, and/or substitutions. 

 

Section 1: Lipid A Biosynthesis 

Lipid A, or endotoxin consists of a diglucosamine backbone substituted 

with up to eight acyl chains.  These are either attached directly to the backbone 

sugars or acyl-oxy-acyl additions to these primary fatty acids.  The acyl chains 

located at the 2 and 2’ position are generally N-linked, whereas the acyl chains at 

position 3 and 3’ are generally O-linked. Biosynthesis of lipid A is conserved up 

to the stage of lipid IVA – which includes a diglucosamine backbone, two 

phosphate residues, and four fatty acids (Figure 1). After this structure is  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Erica N. Kintz, Daniel A. Powell, Lauren E. Hittle, Joanna B. Goldberg, and 
Robert K. Ernst 
 
This work is published in Regulation of Bacterial Virulence, ASM Press 2012. 
It is reprinted here with minor modifications with permission from the publisher. 
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Figure 1 

Schematic representation of modifications of terminal residues of lipid A 
Diagram shows the possible modifications outside of the terminal residues of lipid A.  Chemical groups 
are color coded by the enzyme responsible for their action, (+) indicate an addition to the base structure, 
(-) indicate a removal.  Under each enzyme is the regulatory system that controls each their action; 
éindicates a positive regulator; ê indicates a negative regulator. 

Kintz et al. Figure 2 
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synthesized on the inner membrane of the bacteria, a wide variety of modifications 

including heterogeneity in the number of attached fatty acids, length of the fatty 

acids, and decorations to the terminal phosphate moieties occur at both the inner 

and outer membranes Table 1. In most cases, synthesis of lipid A is essential to 

bacterial growth and survival.   

Modification of the base lipid IVA structure is species-specific and has profound 

implications for disease, particularly in humans. Lipid A modifications, both constitutive 

and regulated, have the potential to aid bacterial pathogens by evasion of the host innate 

immune system recognition and host killing mechanisms. Recognition of lipid A by the 

host innate immune system is occurs via Toll Like Receptor 4 (TLR4).  Stimulation of 

TLR4 by lipid A leads to activation of inflammatory mediators, such as tumor necrosis 

factor alpha (TNF-α) and interleukin-1 beta (IL-1β).  While this inflammation can, at 

times, lead to bacterial clearance, it can also lead to septic shock and death. More 

complete reviews of the TLR4 signaling pathway and its recognition and downstream 

effects have been undertaken by a number of authors [18, 259, 268, 269].  Modifications 

of lipid A not only alter inflammation and pathogenesis, but also can alter resistance 

profiles of the pathogen to host antimicrobial peptides (AMPs). A majority of host AMPs 

are positively charged (cationic) and target the surface of the bacterial cell through 

electrostatic interactions [125, 159]. Upon binding to the bacterial outer membrane, 

AMPs are thought to generate a pore and bind to components in the inner membrane that 

will eventually lead to cell death [193].  Bacteria are able to resist AMPs by changing the 

charge or fluidity of their membranes, specifically through lipid A modifications, to deter 

AMPs from traversing the membrane. 
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Table 1 

Enzymes Responsible for Modification of lipid A 

^ Homologue is present in genome by function is not seen is structure as of yet 
*Enzyme presence is conferred by structure though no homologue is identified 
as of yet 
#Francisella adds galactosamine and mannose as opposed to aminoarabinose 
 

Enzyme Modification Active Site Distribution Regulation 

LpxE 
Removal of 1 

position 
phosphate 

Outer leaflet of 
inner membrane 

Francisella, 
Helicobacter, 

Porphyromonas* 
Constitutive 

LpxF 
Removal of 4´ 

position 
phosphate 

Outer or inner 
leaflet of inner 

membrane 

Francisella, 
Helicobacter, 

Porphyromonas*, 
Leptospira* 

Constitutive 

LpxL/ 
MsbB 

Addition of 
acyloxyacyl 

laurate 

Inner leaflet of 
inner membrane 

E. coli, Salmonella, 
Shigella, Yersinia, 

Bordetella, Legionella, 
Pseudomonas, 

Francisella 

Constitutive 

LpxM/ 
HtrB 

Addition of 
acyloxyacyl 

myristate 

Inner leaflet of 
inner membrane 

E. coli, Salmonella, 
Shigella, Yersinia, 

Bordetella, Legionella, 
Pseudomonas 

Constitutive 

LpxO Hydroxylation 
of acyl chains 

Inner leaflet of 
inner membrane 

Salmonella, Klebsiella, 
Bordetella, Legionella, 

Pseudomonas 

Constitutive 
Oxygen 

dependent 

LpxT 
Addition of 

diphosphate to 
lipid A 

Outer leaflet of 
inner membrane 

E. coli, Salmonella, 
Yersinia* PhoR/PhoB 

LpxR 
Removal of 3´ 
position acyl 

chain 

Outer leaflet of 
inner membrane 
(Salmonella) or 
inner leaflet of 

inner membrane 

Salmonella, E. coli 
O157:H7^, 

Helicobacter, Vibrio^, 
Yersinia^, Francisella* 

PhoP/PhoQ 
and Ca+2 in 
Salmonella 

PagL 
Removal of 3 
position acyl 

chain 

Outer leaflet of 
outer membrane 

Salmonella, 
Pseudomonas, 

Bordetella 

PhoP/PhoQ 
in 

Salmonella 

PagP Addition of 
palmitate 

Outer leaflet of 
outer membrane 

E. coli, Salmonella, 
Shigella, Yersinia, 

Bordetella, Legionella, 
Pseudomonas* 

PhoP/PhoQ 
in 

Salmonella 

ArnT/ 
PmrK 

Aminoarabinos
e addition to 

lipid A 

Outer leaflet of 
inner membrane 

E. coli, Salmonella, 
Shigella, Pseudomonas, 
Yersinia, Francisella# 

PmrA 

EptA 
(PmrC, 
LptA, 
YjdB) 

Phosphoethanol
amine addition 

to lipid A 

Outer leaflet of 
inner membrane 

E. coli, Salmonella, 
Neisseria, 

Campylobacter, 
Helicobacter, Vibrio 

PmrA 
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Lipid A Biosynthetic Enzymes 

  While the early stages of synthesis of the lipid A molecule are conserved 

and play an important role in pathogenesis, modifications beyond the base lipid 

IVA structure require a wide variety of biosynthetic enzymes, including 

acyltransferases, deacylases, phosphatases, glycosyltransferases, and hydroxylases 

(Table 1). Here we will discuss the enzymes involved in the pathways post-

synthesis of lipid IVA (for a complete review of lipid IVA biosynthesis, see the 

works of Raetz and colleagues [291, 293]). As this chapter will detail, these 

biosynthetic enzymes are either constitutively active or regulated by a variety of 

two-component regulatory systems, including PhoR/PhoB, PmrA/PmrB and/or 

PhoP/PhoQ.  

Constitutively Active Lipid A Biosynthetic Enzymes 

Constitutive lipid A biosynthetic enzymes either change membrane 

permeability by the addition of fatty acids or lessen the negative charge of the 

membranes by the removal of phosphate groups.  These enzymes work by making 

modifications to lipid IVA independently of environmental signals. 

One of the first enzymes that acts upon lipid IVA is LpxL, also known as 

HtrB. LpxL is a constitutively active acyltransferase that adds a laurate, C12:0 

fatty acid, acyl-oxy-acyl at the 2’-position of lipid IVA, thus generating a penta-

acylated lipid A structure.  LpxL was first identified in a screen for mutants in 

Escherichia coli that failed to grow at temperatures over 33° C, leading to its 

original name htrB for high temperature regulation. However, additional analysis 
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demonstrated that it was not temperature regulated at the transcription level, 

suggesting a role for proper acylation patterns in membrane function [33, 49, 171-

173]. LpxL acts upon lipid IVA on the cytoplasmic side of the inner membrane 

prior to transport by MsbA, an essential ATP-binding cassette (ABC) protein 

responsible for the transport of lipid A from the inner to outer leaflet of the inner 

membrane. For a number of bacterial species including E. coli, Haemophilus, 

Bordetella, and Vibrio cholerae, LpxL activity requires phosphorylation of 3-

deoxy-D-manno-oct-2-ulsonic acid (Kdo), an eight carbon sugar that is required 

for the addition of core [127, 250, 332].  Alternatively, in Helicobacter pylori and 

Pseudomonas aeruginosa LpxL functions independently of phosphate on Kdo. 

Deletion of lpxL had little to no effect on AMP sensitivity in E. coli [377]. 

Following the addition of a laurate fatty acid by LpxL/HtrB, the lipid A 

molecule can undergo the addition of a second acyl-oxy-acyl fatty acid, myristate 

or C14:0 at the 3’ fatty acid of lipid A by LpxM, also known as MsbB. This 

addition generates a hexa-acylated molecule that is then transported by the LPS 

transporter MsbA [325]. Though constitutive in most bacterial backgrounds, msbB 

appears to be active at lower temperatures (~21°C) in Yersinia [282]. Recently, 

deletion of msbB in a variety of bacterial backgrounds has been used to generate 

avirulent strains for possible vaccine development [188, 209, 296]. LPS isolated 

from an lpxM mutant in E. coli acts as an agonist for human TLR4 by saturation 

binding to the TLR4 co-receptor Myeloid Differentiation Factor-2 (MD-2) and 

thus alters interactions with the host innate immune system [50] and increased 

sensitivity to AMPs [326, 371]. 
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Subsequent to the addition of myristate by LpxM/MsbB, this fatty acid can 

be modified by the addition of a hydroxyl group (OH) at the second carbon to 

generate a 2-hydroxymyristate-modified lipid A. Hydroxylation of myristate 

requires a membrane-bound hydroxylase, LpxO that directly modifies lipid A 

containing two Kdo residues (Kdo2-lipid A) on the inner leaflet of the inner 

membrane. LpxO enzymatic activity is present in a limited number of bacterial 

species; Salmonella, Klebsiella, Pseudomonas, Bordetella, and Legionella and is 

constitutively active in each [77, 87, 102, 103]. Additionally, the activity of LpxO 

is dependent on molecular oxygen during growth, as growth under anaerobic or 

oxygen-limited conditions yields a lipid A structure lacking 2-OH hydroxylation.  

Loss of LpxO activity in Salmonella and V. cholerae leads to increased resistance 

to AMP, suggesting a potential decrease in hydrogen bonding between individual 

lipid A molecules that alters outer membrane permeability [126, 127, 260, 267]. 

Following transport of the lipid A molecule to the periplasmic face of the 

inner membrane, two constitutively active phosphatases - LpxE and LpxF remove 

the phosphate moieties present at the 1 and 4’ positions, respectively (Figure 1). 

Initially identified in Francisella novicida (Fn), phosphatase activity has been 

observed in Rhizobium, H. pylori, and Porphyromonas gingivalis [68, 170, 362, 

379].  When expressed in E. coli, LpxE from Francisella is dependent on MsbA 

while LpxF is independent.  In contrast, LpxF and LpxE enzyme activity in 

Francisella and H. pylori is MsbA independent indicating that both may function 

before lipid A is “flipped” to the periplasmic side of the membrane. Deletion of 

either phosphatase results in an increased sensitivity to positively charged AMPs 
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and/or decreased virulence in animal models. In Helicobacter and Rhizobium, 

deletion of lpxE results in an increased sensitivity to the AMPs, polymyxin B and 

colistin [152, 244, 362, 379], whereas deletion of lpxF in Rhizobium leads to 

increased sensitivity only to polymyxin B [152] most likely due to the increase in 

the overall negative charge of this bacterium’s cell surface. Finally, when the lpxF 

mutant of Fn is injected into mice it is avirulent and elicits a protective immune 

response to lethal wild-type (WT) challenge [168]. 

Regulated Lipid A Biosynthetic Enzymes 

 In addition to the constitutively expressed lipid A biosynthetic enzymes, a 

wide variety of enzymes are regulated in response to specific environmental cues 

and growth conditions.  Regulated structural changes in lipid A are shown in 

Figure 1 and include the addition and removal of fatty acids, the addition of 

amino containing compounds such as aminoarabinose and phosphoethanolamine, 

and the addition or removal of phosphate groups. These structural modifications 

are regulated via a series of two-component regulatory systems, which are 

comprised of a sensor kinase, PhoB, PhoQ and PmrB, and it’s response regulator, 

PhoR, PhoP, and PmrA, respectively.  Each cognate pair controls the expression of 

a specific set of genes. The sensor kinase spans the inner membrane with the 

sensing domain in the periplasm, while the response regulator is found in the 

cytoplasm. Upon sensing of a specific environmental or host niche, the sensor 

protein phosphorylates a conserved residue on the cytoplasmic DNA-binding 

domain of the response regulator that subsequently interacts with target gene(s) 
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promoters. A more detailed review of two-component regulatory systems can be 

found elsewhere [194, 220, 386].  

 

PhoR/PhoB Regulated Lipid A Biosynthesis Enzymes 

PhoR/PhoB is a recently identified two-component system found to play a 

role in lipid A modification. The PhoR/PhoB system is activated under low 

phosphate growth conditions, which in turn, leads to activation of LpxT, a 

phosphotransferase which specifically transfers an additional phosphate group to 

lipid A. LpxT, formerly YeiU, is an enzyme originally identified in E. coli [361] 

that gives rise to a subset of lipid A, (~30%) of the total, in the outer membrane 

that contained an substituted diphosphate at position 1 of lipid A. This second 

phosphate moiety, added in the periplasmic space is cleaved from the essential 

carrier lipid undecaprenyl phosphate (C55-P) by LpxT in an MsbA-dependent 

manner.  While lpxT was originally identified for its ability to remove phosphate 

from C55-P [82], purified protein analysis showed that it has the both the ability to 

cleave the phosphate as well as add the phosphate to the lipid A [372].  

Preliminary work on the regulation of lpxT found that it is down-regulated in 

mutants of the phosphate-specific transport (Pst) system. The Pst system is a 

periplasmic protein-dependent transporter that operates as a primary transport 

mechanism for phosphate under stress conditions [201].  Additional analysis of the 

promoter region of the lpxT operon showed that lpxT was regulated by an 

additional mediator under the control of PhoR/PhoB [200], though not under 

conditions that induce PmrA (see discussion of PmrA/PmrB below).  This 
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suggests a possible post-transcriptional level of control of lpxT [141].  Further 

work showed that E. coli grown in phosphate-limited conditions produced lipid A 

with lower amounts of diphosphate at position 1 and showed an increased 

sensitivity to AMPs [200].  Finally, deletion of lpxT in E. coli resulted in an 

increase in sensitivity to the cationic AMP polymyxin B, although experiments 

elucidating roles for lpxT in overall pathogenesis have yet to be undertaken.   

 

PhoP/PhoQ Regulated Lipid A Biosynthesis Enzymes 

The second two-component system discussed is the PhoP/PhoQ system. 

Originally described in Salmonella typhimurium [109, 249], PhoP/PhoQ regulates 

a series of genes including those involved in Mg+2 transport (mgtABC) [327], 

modification of LPS (lpxR, pagL, pagP) [15, 118], and activation of a third two-

component regulatory system, PmrA/PmrB (discussed below) [115]. A variety of 

conditions that activate the PhoQ sensor region have been described: low 

concentrations of divalent cations [100], low pH [4] anaerobic growth (Ernst, 

unpublished), and AMPs [10]. While primarily investigated in Salmonella, PhoQ 

homologues have been found in a variety of pathogens including: P. aeruginosa, 

Shigella flexneri, Yersinia pestis, Photorhabdus luminescens, and Erwinia 

chrysanthemi where PhoQ is also indicated to sense low pH and AMPs and play a 

role in pathogenesis [76, 219, 256, 275, 301]. Interestingly, the three major lipid A 

modifying enzymes regulated by PhoP/PhoQ (LpxR, PagL, PagP) are located in 

the outer membrane and modify previously transported lipid A. 



	   11 

LpxR, originally characterized in Salmonella, is an outer membrane 12-

stranded β-barrel protein that catalyzes the removal of the 3’ acyl chains from lipid 

A [19, 303, 312].  Transcription of lpxR in Salmonella is regulated by the 

transcription factor slyA, under the control of the PhoP/PhoQ system. Lipid A 

extracted from Salmonella is normally acylated at the 3’ position indicating that 

the enzyme is not active under normal cellular growth conditions.  LpxR activity 

was only demonstrated using Salmonella membrane preparations after incubation 

in high levels of Ca2+ [303].  However, deletion of lpxR in S. typhimurium led to 

decreased replication in macrophages and increased inducible nitric oxide 

synthetase (iNOS) suggesting a role on overall pathogenesis of the organism [178].  

Orthologues of lpxR are found in the genomes of E. coli 0157:H7, Yersinia 

enterocolitica, Yersinia pseudotuberculosis, V. cholerae, and H. pylori. Notably, 

only Y. enterocolitica, Y. pseudotuberculosis, and H. pylori synthesize lipid A 

species that are deacylated at the 3’ position [253, 270, 301].  Also of note, Ft and 

P. gingivalis synthesize 3’ deacylated lipid A species, though orthologues of lpxR 

from Salmonella are not present in the genomes of these organisms. In these 

species the deacylation likely occurs before the lipid A transports to the outer 

membrane indicating these deacylases are different from LpxR in Salmonella [68, 

376]. 

A second deacylase, PagL is an eight-stranded β-barrel outer membrane 

enzyme that removes the acyl chain from the 3 position of lipid A [20, 312, 363].  

PagL is present among a wide variety of Gram-negative bacteria [9, 179, 180, 228, 

363] with the crystal structure elucidated from P. aeruginosa [312] where the 
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enzyme may play an important role in P. aeruginosa adaptation to the airways of 

patients with cystic fibrosis through its effect on IL-8 production [87].  In contrast, 

removal of the 3-position fatty acid leads to decreased proinflammatory responses 

via TLR4 recognition and increased sensitivity to polymyxin B in Salmonella 

[179-181]. Interestingly, PagL activity is inhibited by the addition of 

aminoarabinose to the terminal phosphate residue(s) to lipid A suggesting that 

aminoarabinose-containing outer membranes directly inactivate PagL enzymatic 

activity, or lipid A modified with aminoarabinose inhibits the physical interaction 

of LPS with PagL [182]. Recent reports have also shown that pagL from 

Bordetella bronchiseptica is constitutively active and produces a lipid A structure 

that is both deacylated at the 3 position and contains aminoarabinose suggesting 

that PagL latency induced by aminoarabinose in Bordetella is species-dependent 

[228]. 

The third PhoP/PhoQ regulated enzyme is PagP, an eight stranded β-barrel 

acyltransferase located in the outer membrane of Gram-negative bacteria, which 

transfers an acyl-oxy-acyl palmitate chain (C16:0 fatty acid) to lipid A [20, 151].  

PagP is present among a limited number of Gram-negative bacteria including the 

enteric organisms, as well as Pseudomonas, Bordetella, and Legionella [285, 287, 

304] with the crystal and NMR structure elucidated from E. coli [151]. The pagP 

gene was originally identified in a Salmonella mutant constitutively active for 

PhoP/PhoQ expression and was shown to play an important role to inducible AMP 

resistance and increased acylation of lipid A [118].  Further, pagP transcription 

was subsequently confirmed to be regulated by PhoP/PhoQ [180].   
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Similar to the Salmonella PagP, addition of palmitate by P. aeruginosa 

PagP led to increased resistance to AMPs and polymyxin B under conditions that 

induce PhoP/PhoQ along with decreased activation of TLR4 [87, 121, 229, 230]. P. 

aeruginosa PagP activity is induced in lab strains, environmental isolates, non-

cystic fibrosis (CF) clinical isolates and clinical specimens isolated from the 

airways of patients with cystic fibrosis [87].  Palmitate additions have been 

observed in both Y. enterocolitica and Y. pseudotuberculosis, but not Y. pestis 

[301].  Palmitoylation in Yersinia species is strongly induced upon shifting growth 

temperature from that of the environment to that of a warm-blooded host (21º C to 

37º C) [301, 398]. Addition of palmitate can also be driven in Y. enterocolitica 

under Mg+2 limited conditions presumably via PhoP/PhoQ and results in increased 

resistance to AMPs [118].  

Divergent from Salmonella PagP, the Bordetella parapertussis PagP adds 

the palmitate group to the 3’ position of the lipid A, as opposed to the 2 position, 

e.g. on the opposite side of the lipid A structure. In contrast to Salmonella, the 

Bordetella pagP is not regulated by PhoP/PhoQ, but rather by the BvgA/BvgS 

two-component virulence system [287] and the deletion of this gene had no effect 

on resistance to AMPs, but did result in increased killing by antibody-mediated 

complement lysis.  Finally, pagP was required in B. bronchiseptica for bacterial 

persistence in a mouse model of infection [285]. Interestingly, in Bordetella 

pertussis pagP is inactivated by an insertion of a transposable genetic element 

[287].   
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PmrA/PmrB Regulated Lipid A Biosynthesis Enzymes 

Activation of the PmrA/PmrB system leads to activation of lipid A 

modifications including the addition of aminoarabinose and pEtN additions.  

These modifications to the terminal phosphates of lipid A mask the negative 

charge affecting the electrostatic interaction of the bacterial cell surface and 

certain cationic AMPs [114, 407]. The genes in Salmonella involved in the 

aminoarabinose addition are pmrE and the pmrHFIJKLM operon (also named arn 

or pbg operon).  All the genes of this cluster are required for lipid A modifications 

except for pmrM [116]. In Salmonella, PmrA/PmrB regulates greater than 20 

confirmed, and possibly up to 100, genes [238, 350, 352]. Activation of 

PmrA/PmrB can occur by both direct and indirect mechanisms.  In Salmonella, 

iron (Fe3+), vanadate, aluminum (Al3+), and low pH are known as direct activators 

of PmrA/PmrB [397, 406]. PmrA/PmrB can be indirectly activated by the 

PhoP/PhoQ system [115, 327].  Activation of PhoP/PhoQ leads to the production 

of PmrD that post-transcriptionally regulates PmrA.  PmrD binds to and stabilizes 

PmrA in its phosphorylated form [174, 196].  Conversely, PmrA represses 

expression of pmrD. The mechanism for addition of aminoarabinose to lipid A of 

Salmonella was first elucidated in mutants with constitutively active PhoP or 

PmrA [118, 137].  Activation of PhoP or PmrA, as well as high iron and low pH, 

led to an up-regulation of pmrK/arnT, resulting in the addition of aminoarabinose 

at the 1 position of lipid IVA; the addition at the 4’ position only happens with 

Kdo2 lipid IVA [364].  
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     Phosphoethanolamine can be added to the outer heptose of core but also to the 

terminal phosphates of lipid A.  The original identification of this addition was in 

Neisseria where it is a constitutive addition [197, 286, 370].  The enzyme 

responsible for the addition, LptA, was identified by homology to the heptose 

phosphoethanolamine transferase, Lpt3 [60, 231].  Deletion of lptA leads to an 

increased susceptibility to complement-mediated killing and AMPs [210, 369].  

While the gene is named lptA in Neisseria for LPS phosphoethanolamine 

transferase for lipid A, in other species it is named eptA and care should be taken 

to avoid confusion with the LPS transfer protein LptA.  The resistance to AMPs is 

due to the pEtN reducing the overall negative charge and hydrophobicity of lipid 

A [207, 331, 350].  In Salmonella and E. coli, the PmrA/PmrB system is required 

for pEtN addition [407]. However, addition of pEtN is constitutive in Helicobacter 

and Campylobacter [365]. Mutants of Helicobacter and Campylobacter that lack 

pEtN show increased sensitivity to AMPs [64, 362].  In Campylobacter, the same 

gene that adds pEtN to lipid A also adds pEtN to the flagellar rod protein FlgG and 

encourages flagella assembly [64, 104].  This result highlights that the transferases 

involved lipid A modification may very well serve in other cellular roles.  

 

Section 2: Core Biosynthesis 

 Core oligosaccharide comprises the interior of typical LPS and has been 

shown to contribute to the permeability barrier of the OM leading to variability in 

defenses against antibiotics and cationic AMPs. The charge conferred by 

modifications of core sugars is of vital importance to proper linkage between LPS 
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molecules through interactions with divalent cations as well as proper stabilization 

and incorporation of outer membrane proteins (OMPs). Experimental models 

where LPS fails to incorporate substitutions allowing for this negative charge 

through its core have been shown to allow leakage of cytoplasmic proteins as well 

as decreased levels of OMPs.  Loss of core charge cannot be compensated for via 

modifications to the lipid A and/or O antigen. 

In addition to interactions between proteins and other LPS molecules, the 

core, typically attaches the lipid A component of LPS to the O antigen. In the 

instance where O antigen is present the LPS is referred to as smooth LPS (S-LPS). 

When O antigen is not present the LPS is described as rough (R-LPS), when the 

core is truncated even further, lacking the outer core portion it is referred to as 

deep rough LPS (Re-LPS). Instead of the archetypical LPS, some bacterial 

pathogens that inhabit mucosal surfaces express lipooligosaccharide (LOS), which 

lack the repetitive O antigen side chain.  The LOS of the human pathogens 

Haemophilus and Neisseria have been well studied and found to be variable and, 

in some cases, mimic host structures.  The genetic and molecular mechanisms of 

the regulation of LOS structures will be discussed in Chapter 8:  “Phase variation 

in Neisseria gonorrhoeae, Neisseria meningitidis & Haemophilus influenzae”.  

Here we will explore the regulation of one particular modification, that of 

phosphorylcholine (ChoP) on Haemophilus and Neisseria LOS. 

There are two regions of core commonly discussed, inner and outer core. 

The actual composition of each of these components is highly variable among 

bacteria at the levels of genera, species and strains, especially in regards to outer 
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core. Generally speaking, inner core is made up of one to three 3-deoxy-D-manno-

oct-2-ulopyranosonic acid (Kdo) groups attached to the lipid A moiety at the non-

reducing glucosamine at the 6’ position.  Branching from the KdoI residue is a 

string of heptose residues comprising the remainder of the inner core. The outer 

core is the most highly variable region of core. Outer core is made up of hexose 

residues such as D-glucose, D-mannose and D-galactose. In addition to the main 

core sugars, the structure can be further modified by the addition of phosphate, 

galacturonic acid, ethanolamine derivatives, Kdo, rhamnose (Rha), galactose, 

glucosamine, N-acetylglucosamine, heptose, and D-glycero-a-D-talo-oct-2-

ulopyranosonic acid (Ko) [98].  

Since core has been thoroughly studied with regard to pathways, enzymes 

involved, and their role in regulation, enteric organisms will be the focus of this 

section from here on systems primarily in E. coli K-12, R1, R2, R3, R4 and S. 

typhimurium will be discussed unless stated otherwise. The R groups indicate 

variations in the outer core region and O antigen.  

 

Biosynthesis of Inner Core 

 Synthesis and attachment of Kdo to lipid A has been well characterized in E. 

coli and other enteric organisms, studies in other bacteria have been steadily 

evolving. Generally, five enzymes are necessary for the synthesis and addition of 

Kdo to lipid A. The first four steps in the pathway occur in the cytoplasm with the 

final enzyme attaching Kdo sugars to lipid A at the inner leaflet of the inner 

membrane. The first enzyme in this pathway, KdsD, mediates the conversion of 
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D-ribulose 5-phosphate into D-arabinose 5-phosphate [45]. In the absence of 

KdsD there is a redundant enzyme, GutQ, which can act in its place [329]. The 

Kdo 8-phosphate synthase, KdsA, is the second enzyme acting in this pathway 

initiating the reaction of D-arabinose 5-phosphate with phosphoenolpyruvate to 

form Kdo 8-phosphate [392]. The phosphate is then cleaved by the phosphatase 

KdsC in the third step to produce Kdo and inorganic phosphate [21]. Like KdsD, 

KdsC has been found to be non-essential indicating there may be a redundant 

enzyme not yet elucidated. KdsB works in the fourth step to produce the activated 

sugar CMP-Kdo [298].  This pathway is summarized in Figure 2. Once the active 

sugar is produced, it can then be attached to the lipid A molecule by the integral 

inner membrane protein WaaA. The incorporation of one or more Kdo molecules 

into the final LPS/LOS has previously been described as dependent on the 

specificity of the WaaA enzyme itself leading to genera specific additions of Kdo. 

WaaA in Chlamydia trachomatis has a slightly different activity in that it is 

trifunctional, adding three Kdo [16]: B. pertussis [153] and Haemophilus 

influenzae express a monofunctional WaaA [388]. However, new insights into the 

H. pylori Kdo pathway negate the idea that the number of Kdo moieties in the 

final molecule is solely dependent on WaaA. Previously, it was thought that H. 

pylori WaaA was monofunctional as the final LPS molecule contained only one 

Kdo in the inner core. Instead, enzyme activity was shown to be bifunctional with 

a Kdo hydrolase removing one Kdo moiety in the membrane [333]. Kdo 

hydrolases are now being discovered in other bacteria.  Two such enzymes have 

recently been described in Fn [405] with genes for these hydrolases having been  
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Figure 2 

Pathway for the synthesis of Kdo   
KdsD converts D-ribulose 5-phosphate to D-arabinose 5-
phosphate. D-arabinose 5-phosphate and phosphoenolpyruvate 
are combined by KdsA to form Kdo 8-phosphate. KdsC cleaves 
Kdo 8-phosphate to Kdo and Inorganic Phosphate. KdsB 
mediates the reaction of Kdo and CTP to form the activated 
sugar CMP-Kdo and PPi. This active sugar will be added to 
lipid IVA in the inner membrane. 
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identified in Ft, H. pylori, and Legionella pneumophila [39].  

A series of integral membrane proteins catalyzes the synthesis of the inner 

core after Kdo2-lipid IVA is established in the inner leaflet of the inner membrane. 

Sugars commonly incorporated are L-glycero-D-manno-heptopyranose (Hep). The  

heptosyltransferases WaaC, WaaF and WaaQ add these Hep sugars.  WaaC transfers a 

heptose residue from ADP-D-glycero-D-manno-heptose to Kdo2-lipid IVA [108]. The 

heptosyl II transferase, WaaF, catalyzes the reaction of ADP-D-glycero-D-manno-

heptose to HepI-Kdo2-lipid IVA [110]. As previously stated, there are also non-

stoichiometric substitutions such as phosphate and pEtN added to inner core, which are 

necessary for core assembly [98]. Addition of the final HepIII by the heptosyl III 

transferase is dependent on specific substitutions for proper enzyme activity. Two 

enzymes, WaaP and WaaY, mediate the phosphate/pEtN addition. WaaP makes the 

addition of phosphate or pEtN to HepI prior to the activities of both WaaY and WaaQ, 

disruption of WaaP leads to loss of phosphate addition at HepII (WaaY) and loss of the 

branch HepIII (WaaQ) [399].  Substitutions other than phosphate or pEtN are made to 

inner core. Salmonella and E. coli K-12 and R2 add a third Kdo (KdoIII) to KdoII via 

WaaZ [97], R2 adds Gal via WabA [136], K-12 utilizes WaaS [136] to add L-Rha. In 

Salmonella, the HepI residue is modified by the addition of a pEtN by the enzyme CptA 

[351].  

 

Biosynthesis of Outer Core 

Outer core synthesis is a more diverse process reflecting the degree of 

variability of outer core compared to inner core between genus and between 
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species. The outer core pathways from E. coli K-12, R1, R2, R3, R4 and S. 

typhimurium will serve as models for this section. Outer core synthesis begins 

with the addition of a hexose sugar to the HepI sugar.  For all the above stated E. 

coli strains and S. typhimurium this sugar is a glucose-α-1, 3-heptose (GlcI) added 

by WaaG [163].  Subsequently, the newly added sugar is modified by a α-1, 6-

galactose added by the enzyme WaaB [163, 393]. E. coli  R1, R3 and R4 do not 

have the waaB gene and therefore lack this substitution. The next addition for E. 

coli K-12, R1, R2 and R4 is the addition of α-1,3-glucose (GlcII) to GlcI by WaaO 

(formerly RfaI) [61]. E. coli R3 and S. typhimurium add α-1,2-galactose residue 

via WaaI [163]. This HexII sugar is modified after its addition in R1 by a β-1,3-

glucose (β-Glc) via WaaV [135], R3 adds α-1,3-N-acetylglucosamine (GlcNAc) 

[169], R4 adds β-1,4-galactose (β-Gal) via WaaX [135], while K-12, R2 and S. 

typhimurium remain unsubstituted at HexII.  Further additions to the straight chain 

by K-12 and R2 are a-1,2-linked glucose residue at the HexIII position by WaaR, 

and R3 and S. typhimurium by WaaJ [163, 169].  R1 and R4 make the subsequent 

straight chain additions at the HexIII of GalI via the enzyme WaaT [169].  

Terminal substitutions at the HexIII are made through the activity of WaaK adding 

GlcNAc in the case of Salmonella and R2, WaaU adding a HepIV for E. coli K-12 

[134], WaaW adding a Gal II for R1 and R4 [135], and WaaD adding Glc III for 

R3 [169]. Final core structures and the enzymes responsible for each addition for S. 

typhimurium and E. coli K-12 are shown in Figure 3. 
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Figure 3 

Structures of LPS core 
Structures of known inner and outer core for Salmonella enterica sv Typhimurium (A) and E. coli 
K-12 (B). All genes with known/proposed activities are indicated with gray arrows at the sites of 
activity. 
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Regulation of Core Biosynthesis 

 Regulation of LPS core biosynthesis is not well understood although some 

of the regulatory mechanisms for biosynthesis of Kdo, inner and outer core are 

emerging. As previously stated, the most active area of study with regards to 

regulation focuses on the pathways described above in E. coli and Salmonella. 

Here, we will look at what has been elucidated in those pathways as a model for 

what may emerge as other bacterial regulatory systems come to light. 

 

Regulation of Kdo Biosynthesis 

There are five major enzymes in the Kdo pathway. The genes for the first 

and third enzymes of the pathway, kdsD and kdsC, are found in the yrbG-lptB 

locus [329].  This locus is comprised of six genes, yrbG, a putative cation 

exchanger, kdsD (D-arabinose 5-phosphate isomerase), kdsC (Kdo 8-phosphate 

phosphatase), and lptC, lptA and lptB encoding three of the proteins in the LPS 

transporter.  It is also important to note directly downstream of the locus is the 

rpoN operon, which may also be transcribed from promoters in the yrbG-lptB 

locus indicating regulation of the locus at some level by sigma factor N (σN), this 

is best characterized for its activity under nitrogen limitation. Within the locus 

there are three promoter regions regulating three operons yrbG, kdsC, and lptA 

(Figure 4A). Promoters in the first two operons will be described here with the 

third region described in later section. The yrbGp promoter can drive transcription 

of all six genes of the operon, yrbG-kdsD or yrbG alone. Sequence data suggests  
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Figure 4 

Genetic organization of LPS core and LPS transport genes 
(A) E. coli K-12 yrbG-lptB operon and known promoters. All promoters are indicated with 
interacting sigma factors. Genes for LPS transport defined in white, the yrbG gene, part of the 
cation antiporter family, is shown in grey, inner core genes shown in black.  
(B) E. coli K-12 rfaD-waaL and waaQ-waaK operons with the waaA gene and indicated promoters. 
Promoters are labeled with interacting sigma factors, promoters in black indicate active promoters, grey 
promoters have not been proven active. Genes implicated in O antigen synthesis are displayed in white, 
outer core genes are shown in grey and inner core shown in black. 
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this promoter may be regulated by σD, the housekeeping sigma factor. The 

promoter region containing three promoters, kdsCp3, kdsCp2 and kdsCp1, for the 

kdsC operon is contained within the 3’ kdsD gene, which may drive transcription 

of kdsC-lptC as well as kdsC-lptB. Although exact regulation and environmental 

stimuli of these promoters is not known at this time, data suggest that that σN, 

sigma factor E (σE) the extracytoplasmic/extreme heat stress sigma factor and 

sigma factor S (σS) the starvation/stationary phase sigma factor are not involved 

[241].  The genes encoding the second and fourth enzymes in the pathway, kdsA 

and kdsB, are located within separate gene clusters. kdsA is the terminal gene in 

cluster of three genes that is driven primarily from a promoter located upstream of 

the ychQA-kdsA operon [341]. The promoter for kdsB drives the transcription of 

ycaR and kdsB. Both kdsA and kdsB are growth phase regulated at the level of 

transcription with mRNA levels dropping during entry to stationary phase. 

Accordingly, the promoters of these genes show sequences for σD binding. Protein 

levels for KdsA are highest in late log phase where KdsB shows expression in 

early phases followed by a re-emergence in late stationary phase [341]. Data has 

yet to show what turns transcription of these genes off in stationary phase although 

weak binding of σS may play a role. Not much is known about the regulation of 

kdtA other than its possible transcription from one of two possible promoters from 

the waaQ operon, both containing possible binding sites for σD [48]. 

Regulation of Inner Core and Outer Core  

The genes involved in synthesis of the heptose region of inner core and 

most of the genes for outer core synthesis of E. coli are found in one of two 
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operons, hldD-waaL and waaQ-waaK (Figure 4B). The hldD operon contains the 

genes hldD, waaF, waaC and waaL driven from three promoters. The three 

promoters, P1, P2 and P3, are all located upstream of hldD and regulated under 

three different conditions. The proximal promoter, P1, contains the recognition 

sequence for sigma factor D (σD) directing transcription of these genes during 

normal growth phases. The second promoter, P2, shows some sequence homology 

to the consensus sequence for sigma factor N (σN) suggesting the importance of 

these enzymes during nitrogen-limited conditions. Lastly, the P3 promoter is 

regulated by the heat shock response for growth above 42°C reaching optimal 

expression at 50°C [295]. Expression studies show at least two of the three 

promoters, P1 and P3, are necessary for expression of the operon. Substitution of 

pEtN for HepI in Salmonella as well as the removal of phosphate from HepII is 

regulated by the two-component system PmrA/PmrB described above.   

 Regulation of the waaQ operon is RfaH dependent which coincides with 

regulation of certain O antigen genes. The waaQ operon in E. coli contains a 

majority of the genes necessary for the remainder of inner and the outer core 

synthesis. The biosynthesis pathway of outer core for several E. coli and 

Salmonella were described above, the organization of the genes utilized in that 

pathway reflects the organization of the waaQ operon respectively. The waaQ 

operon of E. coli K-12 will be used here as an example.  Other bacteria outside of 

the enteric organisms show a similar operon structure based on specific outer core 

sugar incorporation and enzymes necessary for their synthesis. RfaH is an 

antiterminator that interacts with RNA polymerase permitting read-through of 
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termination sites for many genes involved in virulence and fertility. 

Antitermination by RfaH works through recognition of a 39 bp region upstream of 

the operon called the JUMPstart (just up-stream of many polysaccharide-

associated gene starts) sequence containing the ops (operon polarity suppressor) 

element on the non-template DNA strand downstream of the main promoter. This 

sequence recruits the RfaH protein while also causing RNA polymerase (RNAP) 

to pause at the same site [11]. Binding of the N terminal domain of RfaH causes 

the C terminal domain to undergo a conformational change that releases the N 

terminal domain to bind to the sigma site on RNAP [344]. Once bound to RNAP, 

RfaH can act by blocking termination sites within the operon and by blocking the 

rebinding of sigma factors that would lead to sigma-dependent pausing [318].   

 Within the waaQ locus lie two other possible promoters, rfaYp and rfaZp.  

These drive expression of waaYZ and waaZ, respectively. There is no strong 

evidence for the activity rfaZp, although weak activity from a fluorescent 

transcriptional reporter was indicated [402].  In contrast, rfaYp showed appreciable 

β-galactosidase activity from a waaYp-lacZ promoter fusion integrated into the 

chromosome when subjected to oxidant stress and certain antibiotics [208]. The 

two component systems, SoxR/SoxS and MarA/MarB, were indicated as likely 

mechanisms of regulation of waaYp under these conditions since SoxRS is 

induced under oxidative stress and MarAB through antibiotic stress. This was 

verified by observations that strains containing mutations in soxR and marA 

abolished waaYZ expression upon inducing conditions [208].   
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Regulation of ChoP modification of LOS by phase variation 

ChoP is recognized as a common surface modification of many mucosal 

pathogens.  ChoP mimics platelet activating factor (PAF) and binds to C-reactive protein 

(CRP) and PAF receptors on host cells.  In addition to H. influenzae and Neisseria 

species, Streptococcus pneumoniae [257] and Pseudomonas aeruginosa also express this 

moiety on surface-associated molecules [382].  

The ChoP modification of H. influenzae LOS was first recognized by screening 

for mutants that were immunochemically distinct from the WT strain [383].  These 

studies identified a locus, lic1, that was found to vary by slip-strand mispairing of a 

repeat sequence 5’-CAAT-3’ within the coding region of the licA gene, encoding choline 

kinase.  By varying the number of repeats, a change in the reading frame results in a high 

frequency of spontaneous phase variation (10-2-10-3 per generation) in the expression of 

ChoP on LOS [383].  In the lic1 operon, the downstream gene, licB, encodes a choline 

transporter, while the licC gene encodes a protein with similarity to nucleotide 

pyrophosphorylases, and the product of the licD gene is involved in the transfer of ChoP 

to its final location on H. influenzae LOS [384]. Interestingly, genes homologous to licA–

D have been identified in S. pneumoniae [404], which expresses ChoP on its cell wall 

teichoic acid and lipoteichoic acid.   

The biological role of ChoP modification of H. influenzae has been defined based 

on analysis of strains that vary in ChoP expression.  ChoP-expressing strains are more 

sensitive to the bactericidal action of normal human serum and this is correlated with the 

presence of anti-ChoP antibody in the serum [384].  The phase variable nature of the 

ChoP modification on LOS has been suggested to aid H. influenzae in evading CRP-
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mediated clearance.  Further experiments revealed that strains that did not express ChoP 

were more prevalent in the blood during infection [384], while ChoP-expressing strains 

are better able to persist on the mucosal surface of the respiratory tract [382] and play a 

role at the early stages of infection.  Other studies have confirmed that ChoP increases 

host cell adherence and invasion [345, 346] and resistance to host-derived antimicrobials 

[226].  Additional studies have shown ChoP is expressed in biofilms and that this 

modification may be disadvantageous during the planktonic phase of growth [147].  

Only a few hints have emerged since these genes were originally recognized to 

define conditions responsible for regulating ChoP expression on H. influenzae.  Wong 

and Akerley noted that ChoP was more highly expressed under conditions of low aeration 

and this correlated with the expression of licA in H. influenza [395].  However increased 

expression of licA alone was not sufficient to increase ChoP modification.  The authors 

concluded that phase variation was not the only mechanism to regulate ChoP expression.  

They found that a mutation in a gene encoding the global regulator CsrA showed an 

increase in ChoP expression under aerobic conditions compared to the WT strain [395].  

In Escherichia coli CsrA is a pleotropic post-transcriptional regulator.  Thus, it was 

concluded that the regulation of other genes involved in LOS biosynthesis are likely 

responsible for the modulation of ChoP expression.  Such modulation could allow H. 

influenzae to adapt rapidly to changing environments to control the level of ChoP 

modification. 

The location of ChoP on the LOS core region varies depending on the H. 

influenzae strain and is likely due to different specificity of the licD gene [226].  Other 

studies have linked the presence to two distinct ChoP modifications on H. influenzae 
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LOS to two different copies of the lic1 operon [94].  In this case, ChoP can be added to a 

hexose or heptose linked to the LPS core.   However, how these different lic1 loci are 

regulated and therefore what modification is expressed under particular conditions, is not 

currently known.  

Interestingly, the ChoP modification of the LOS of Neisseria is only found on 

commensal and not pathogenic species. These commensal strains have a gene 

homologous to the H. influenzae licA gene [316], as well as downstream genes 

homologous to licB, licC, and licD [317].  Again, with similarity to the H. influenzae 

system, the Neisseria licA gene has varying numbers of 5’-CAAT-’3’ repeats within the 

gene.  Therefore the expression of ChoP on LOS of commensal Neisseria is also phase 

variable.  The expression of ChoP on the LOS of these commensal Neisseria correlates 

with increased susceptibility to the bactericidal effects of human serum and the ability of 

the organism to adhere to and invade human epithelial cells.   Interestingly, and distinctly 

different, pathogenic Neisseria species, including N. meningitides and N. gonorrhoeae, 

do not contain the lic1 gene.  In fact, in these species, it is the pili are modified with ChoP 

rather than the LOS.  ChoP is added to the surface protein, pilin, by a post-translation 

mechanism [133].  It has been suggested that these modifications are also subject to 

phase variation due to a homopolymeric guanosine tract in the pptA gene, encoding a 

putative pilin phosphorylcholine transferase A [324, 381].  Similarly to that found with 

the modification of LOS, the variable expression of ChoP on pilin likely influences the 

interaction of these pathogens with host cells at different stages of infection.   

Regulation of LOS by PhoP/PhoQ in Yersinia pestis  

 Multiple systems are employed for the regulation of LOS including phase 
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variation, two component systems, as well as feedback systems. Many of the regulatory 

mechanisms are well studied with an emphasis on organisms such as Neisseria. 

Modification of the LOS by Y. pestis is important for survival in both the mammalian and 

flea host. Flea and mammalian hosts require adaptation to two temperatures, 25° C and 

37° C respectively.  Therefore, it is not surprising that regulation of certain LOS 

modifications for adaptation within the host are temperature-dependent. Structural studies 

have identified a unique 37° C structure and four glycoforms at 25° C conferring, among 

other modifications, a decrease in galactose incorporation into the core as temperature 

increases [192].  This change in galactose incorporation has been shown to be regulated 

by the two-component regulatory system PhoP/PhoQ, as mutants lacking phoP are unable 

to incorporate galactose thus expressing only the terminal Hep [144]. Although no direct 

link between temperature and PhoP/PhoQ activation has been elucidated, other modes of 

activation such as Mg2+ deficiency and exposure to cationic AMPs have been shown to 

regulate this system. A feedback loop mechanism has recently been identified for down 

regulation of PhoP/PhoQ, mediated by the integral membrane protein MgrB [217]. 

Transcriptional studies found up regulation of mgrB by PhoP and ΔmgrB strains show 

increased expression of PhoP-regulated genes even under repressing conditions [217].  

Influence of Core Structural Modifications on Antibiotic Resistance 

 Core structure is important to the overall stability and integrity of the 

Gram-negative outer membrane.  When minimal core structure is not incorporated 

release of cytoplasmic enzymes into the media, decreased fitness and loss of 

viability can result. Importance of core structure and its modification is evident 

when looking at survival within the host and resistance to antibiotics. In most 
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cases AMP resistance can be equated with a loss or masking of the negative 

charge of the membrane and/or decrease in membrane fluidity, thus decreasing 

electrostatic interactions, hydrophobic interactions and ability of AMPs to insert 

into the membrane. Positively charged AMPs utilize these properties to integrate 

into the outer membrane making pores, which ultimately lead to bacterial lysis and 

death. By utilizing positively charged additions, such as aminoarabinose, 

phosphoethanolamine, and ethanolamine, bacteria can lower the affinity of AMPs 

for the cell surface resulting in increased resistance. Other modifications such as 

the additions added to Y. pestis by PhoP/PhoQ, confer resistance to AMPs such as 

polymyxin B [144].  

 Since LPS comprises the majority of the outer membrane of Gram-

negative bacteria, it is important to understand how different LPS molecules will 

interact with and affect the OMPs and membrane integrity.  Some of these OMPs, 

such as porins, and changes in LPS affecting membrane permeability, are 

implicated in antibiotic resistance mechanisms. Changes in OMP incorporation, 

stability, and composition can all potentially lead to changes in susceptibility to 

antibiotics. There are different hypotheses on how variation in LPS core structure 

can affect any of these properties; some believe LPS core is independent of 

membrane protein incorporation and biogenesis, while others feel core plays more 

of an active role.  Recently, it was shown that an E. coli S17-1 (lpir) mutant with a 

waaQ mutation had an identical OMP aggregate composition when compared to 

WT E. coli K-12; thereby asserting core does not play a role in biogenesis [58]. 

Analysis of a Neisseria meningitidis lpxA deletion strain lacking LPS expresses a 
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majority of normal OMP, but lacks surface-exposed lipoproteins. The authors 

indicated that these properties are likely specific to capsule-producing N. 

meningitidis [334]. Others have shown appreciable changes to major OMPs with 

LPS core truncations. An E. coli deep rough mutant showed inability to produce a 

properly folded monomer of the OMP, PhoE, when compared to an isogenic rough 

strain; however there was no difference between the two strains in trimerization of 

the monomers in the outer membrane [72]. Follow up work from de Cock and 

colleagues utilized inner core mutants to isolate regions of inner core necessary for 

stable folding of the PhoE monomer and found that mutants with reductions in 

negative charge in the inner core reduced proper folding of PhoE [71].  Some 

modifications change antibiotic susceptibility by decreasing membrane 

permeability to lipophilic antibiotics as well as to AMPs. A study in Citrobacter 

rodentium examined affects of the two component system PmrA/PmrB, which 

triggers the addition of pEtN on both the lipid A by PmrC and core moiety by 

CptA, on susceptibility to antibiotics and AMPs. Mutants with deletions in 

pmrA/pmrB, pmrC, and cptA had increased susceptibility to antibiotics that diffuse 

across the membrane, increased uptake of fluorescent dyes and leakage of 

periplasmic β-lactamase, all of which indicate a decrease in membrane barrier 

function [374] 

Section 3: O-antigen Biosynthesis 

General Structure of the O Antigen  

The core oligosaccharide of LPS is often capped with an O antigen side 

chain that is composed of varying numbers of repeating sugar subunits and 
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extends out from the surface of the cell.  It is the composition of the O antigen 

subunit that distinguishes different serotypes of bacterial species from each other. 

The presence of this side chain differentiates S-LPS molecules (which contain the 

O antigen side chain) from R-LPS molecules (where nothing is added to the core). 

Some of the LPS produced in a cell can remain uncapped and rough, and the 

percentage can differ widely among different bacteria. For example, E. coli and S. 

enterica cap ~90% of their LPS molecules, while P. aeruginosa only caps ~10% 

[391]. The mechanism that determines how often LPS molecules will receive an O 

antigen side chain remains undetermined.  

Gram-negative bacteria attach O antigen side chains of different lengths to the 

LPS expressed on the surface. This phenotype is evident as a laddered banding 

pattern when isolated LPS is run on SDS-PAGE and stained, where each 

increasing band represents a LPS molecule with one additional O antigen subunit 

linked together to form the side chain (Figure 5B).  Bacteria tend to have a 

preference for producing O antigen side chains of specific lengths, resulting in a 

grouped modal banding pattern; this preference in chain length can vary 

depending on the species, strain, and/or serotype of the organism. 

The serotype-specific LPS O antigen is generally considered an 

immunodominant protective antigen.  E. coli and Salmonella strains with an S-

LPS have been shown to interact with the terminal components of the complement 

cascade, yet insertion of the membrane attack complex (MAC) does not occur 

[161].  Also, these strains are more resistant to the action of normal human serum 

than strains with a rough LPS.  The importance of the O antigen portion of LPS  
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Figure 5 

Structure and visualization of LPS 
(A) The typical Gram-negative membrane is comprised of the inner membrane, 
the periplasm and the outer membrane. The inner membrane is a phospholipid 
bilayer with integral and peripheral membrane proteins.  (B) Representation of 
LPS structure showing the O antigen in blue, core in purple and lipid A in yellow. 
Phosphates are shown as black circles. (C) LPS from S. typhimurium strain 
14028s and its isogenic Δwzzst mutant. The lower molecular weight bands 
demonstrate the banding pattern associated with increasing O antigen side chains. 
The loss of long chain lengths due to the absence of wzzst is evident in the 
deletion mutant strain. Since wzzfepE is still contained in the genome of both 
strains, the very long chain length is still detected at the top of the gel. LPS was 
detected using Salmonella O Antiserum Factor 4 from Difco Laboratories. 
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has been shown to be critical for virulence and pathogenesis of many Gram-

negative bacteria [57, 337, 389]. 

 

Loci Containing O Antigen Genes  

Most Gram-negative bacteria contain within their genome an entire locus 

dedicated to the synthesis of the O antigen subunit and assembly of the side chain. 

The organization and sequence of these loci differ depending on serotype, and 

include distinct genes that encode enzymes responsible for synthesis of the sugars, 

glycosyltransferases responsible for linking them together, and other genes for 

assembly of the O antigen subunits (Figure 6). Across the different serotypes of a 

species, these loci are generally located in the same area of the genome despite the 

sequence of the loci themselves being unique.  In Enterobacteriaceae, such as E. 

coli and Salmonella, these gene clusters are located adjacent to the his locus [184], 

while in P. aeruginosa, they are located between himD and tyrB [299].  These O 

antigen loci generally have a much lower GC content than the rest of the genome, 

suggesting they have been horizontally transferred and inserted into hotspots on 

the chromosome.  In some cases, genes required for O antigen synthesis and 

modification may be outside this locus. In bacteria that use the ABC transporter 

system for the synthesis of O antigen (see below), the genes that encode this 

system reside elsewhere on the chromosome. 
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Figure 6 

O antigen loci from different Gram-negative bacteria.  
Organization of loci was obtained from the Genome home of NCBI 
(http://www.ncbi.nlm.nih.gov/sites/genome). Strains are as follows: P. aeruginosa- PAO1; S. 
typhimurium- LT2; S. flexneri- 2a str 301. Locus tag numbers are provided underneath genes at the 
beginning and end of the operons. For reference some of the other O antigen associated genes are as 
follows: P. aeruginosa: waaL = PA4999, wzz2 = PA0938. S. typhimurium: rfc (wzy) = STM1332, 
fepE (2nd wzz gene) = STM0589. S. flexneri: waaL = SF3666. 
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Biosynthesis of O antigen   

To date, three different mechanisms for assembling the O antigen side 

chain have been described (reviewed in [184]). The most common, referred to as 

the Wzy-dependent pathway, uses specialized enzymes to generate the O antigen 

side chain (Figure 7). The second most common, the ABC transporter-dependent 

pathway, uses glycosyltransferases to assemble the side chain and ABC 

transporters to move it to the periplasm (Figure 8). The final synthase-dependent 

pathway, encoded by plasmid borne genes, has only been thus far described for S. 

enterica serovar borreze [183].This latter system uses one dual-activity enzyme 

both to form the side chain and to transport it into the periplasm.  All three 

pathways use enzymes located within the inner membrane, and end with the 

completed side chain on the periplasmic face of the inner membrane so it can 

interact with the WaaL O antigen ligase, linking it to lipid A + core. Another 

common feature of all three pathways is the use of a carrier lipid, C55-P, to begin 

assembly of the side chain.   

Generation of the O antigen side chain occurs in the periplasm during 

Wzy-dependent assembly (Figure 7). First, glycosyltransferases assemble the 

subunit onto C55-P on the cytoplasmic surface of the inner membrane. The Wzx 

flippase transfers the C55-P linked O antigen subunits to the periplasmic face of the 

inner membrane. Here, the Wzy polymerase links together subunits to form the 

side chain, requiring a new C55-P-linked subunit for each addition. The modal 

distribution discussed above is determined by the Wzz chain length regulator 
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Figure 7 

Wzy-dependent pathway for O antigen synthesis and 
transfer across the inner membrane.   
Diagram shows O antigens are synthesized on the C55-P and 
transferred via the Wzx, O antigen flippase.  The Wzy, O antigen 
polymerase, extends the chains, the length of which is controlled 
by the Wzz, O antigen regulator [293]. 
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Figure 8 

ABC-transporter dependent pathway for transfer 
across the inner membrane. 
Diagram shows the transfer of the C55-P -linked O antigen 
across the inner membrane by the ABC-transporter, Wzm and 
Wzt.  [293]. 
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proteins (discussed in detail below).  A few bacteria (S. typhimurium, S. flexneri, P. 

aeruginosa) produce two preferred chain lengths, leading to a bimodal distribution 

of lengths when LPS is visualized on gels [65, 261, 338].  Once the desired length 

has been reached, the entire side chain is transferred “en bloc” to the lipid A + 

core by the WaaL ligase and the completed LPS molecule can then be moved to 

the outer membrane (discussed below).  Mutants that have abolished the activity 

of their Wzz protein produce a random distribution of side chains, where shorter 

length side chains are produced by the Wzy polymerase acting without a 

regulating influence. 

The ABC transporter-dependent pathway for O side chain synthesis is 

typically associated with much simpler O antigen repeats than are found with the 

Wzy-dependent pathway.  P. aeruginosa uses this system to make a second O 

antigen, referred to as A-band or common antigen [299].  Instead of adding each O 

antigen subunit to an individual C55-P molecule, as occurs in the Wzy-dependent 

pathway, in the ABC transport system, a “priming” sugar is added to C55-P. O 

antigen side chain synthesis then occurs within the cytoplasm, anchored to the 

membrane by the C55-P lipid. Glycosyltransferases add sugars to the growing side 

chain and thus a dedicated Wzy polymerase is not required. Once the appropriate 

length is reached, the entire side chain is shuttled across the inner membrane via 

ABC-transporters, involving the membrane spanning protein Wzm, and the ATP-

binding protein Wzt.  Wzz proteins are not associated with this pathway of 

assembly, and how these strains exhibit O antigen modality remains under 

investigation. It is thought that it might be associated with size restrictions present 
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by the opening of the transporter [390]. Alternatively, it may be determined by the 

ratio of glycosyltransferases versus the ABC transporter.  Bronner et al. 

demonstrated that overexpression of the ABC transporter led to a decrease in chain 

length, possibly because the increased amount of transport protein gave the 

glycosyltransferases a shorter time to act before the chain was moved to the 

periplasm. Since the ABC transporter genes are located at the beginning of the O 

antigen operon, transcriptional polarity could influence protein levels and thus act 

as a mechanism to control chain length [31].  

In the synthase-dependent pathway, a priming sugar is also used to initiate 

the formation of the side chain. WbbF then adds sugars to increase the length of 

the side chain and also acts as the transporter that moves it to the periplasm. The 

side chains produced by this pathway appear largely unregulated in length; the 

modal distribution typically seen in other Gram-negative bacteria is not evident. 

There is a noticeable absence of side chains containing only one or two subunits, 

which are common for side chains produced by the other pathways. This finding 

suggests that the side chain has to reach a specific length before WbbF can move it 

across the membrane [183].  

 

Regulation of O Antigen Biosynthesis Genes 

The O antigen side chain, given its position on the surface, is one of the 

first components of the bacteria to interact with the environment. Since the side 

chains form a barrier that can protect the bacteria from complement and AMPs, it 

would seem evolutionarily advantageous that bacteria would regulate the amount 
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of O antigen on their surface to protect themselves as they encounter changing 

conditions. Several environmental conditions have been described that affect the 

expression of O antigen on the surface of the bacteria. These range from 

osmolarity, oxygen tension, to Mg2+ concentrations. One of the more extreme 

examples of growth conditions affecting chain length has been described for 

growth at different temperatures. For example, both Aeromonas hydrophilia and Y. 

enterocolitica express more O antigen at lower temperatures (20-25°C) compared 

to 37° C. For Y. enterocolitica, not only is more overall O antigen present at lower 

temperatures, an increase in the modality conferred by Wzz is more apparent. At 

37° C, the banding pattern resembles the random distribution of chain lengths of 

wzz mutant strains.  

Conditions that create membrane stress also lead to changes in O antigen 

chain length. In Y. entercolitica, Wzz overexpression led to decreased 

transcription of the O antigen locus.  The altered dynamics of the inner membrane 

were shown to activate the CpxA/CpxR extracytoplasmic stress response; the 

authors hypothesized that induction of this system eventually feed back to lead to 

the decrease in expression of the O antigen genes [17]. Similarly, extracytoplasmic 

stress in E. coli was also demonstrated to lead to changes in O antigen. Deletion of 

tolA or pal was associated with an upregulation of the sE extracytoplasmic stress 

response, and a decrease in the amount of the regulated O antigen chain length 

was evident [375]. A similar phenotype could be elicited by the addition of indole 

to the bacterial cultures, which is known to affect membrane stability; in this case 

that there was no decrease in transcription of the O antigen locus to explain the 
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phenotype [375]. However, the authors did not investigate expression levels or 

protein degradation of the Wzz chain length regulator.  However decreased 

amounts of the preferred chain length indicate there may be a reduced amount of 

Wzz available during membrane stress conditions.  How all these changes in 

conditions are recognized and how the bacteria subsequently adjust the expression 

of O antigen assembly genes has not been completely characterized. 

 

Regulation of the O Antigen Locus 

Regardless of which pathway is used to make O antigen, Gram-negative 

bacteria contain a locus dedicated to the synthesis of the O antigen subunit and 

assembly of the side chain. Despite the importance of this molecule as a major 

component of the bacterial surface, very little work has been done to investigate 

the transcriptional control and expression of O antigen associated genes. With a 

few exceptions, most of the work on O antigen gene regulation has been 

performed in enteric bacteria. 

One of the most common forms of regulation seen for O antigen loci 

across many species is post-transcriptional control of expression through RfaH. 

The JUMPstart sequence, containing the ops, has been identified in both Wzy-

dependent and ABC transporter-dependent O antigen loci [146, 378].  Given the 

large size of the O antigen operons, it is believed RfaH acts as a transcriptional 

antiterminator to promote transcription of genes at the 3’ end of the operon. 

Mutants made in rfaH have altered O antigen chain lengths compared to WT 

strains, and ß-galactosidase activity was reduced when promoter-lacZ fusions 



	   45 

using the upstream sequence to O antigen loci were expressed in rfaH mutant 

strains [24, 307]. Similarly, it has been demonstrated that transcription of distal 

genes is abolished compared to genes closer to the promoter in rfaH mutants. In 

some cases, O antigen locus promoter-lacZ fusions have not identified a change in 

expression under different conditions [240]. It is believed in these cases that the O 

antigen locus promoter may be constitutive and proper expression of assembly 

enzymes is dependent on regulation of transcript length via RfaH.  The residual 

expression of LPS in a Salmonella rfaH mutant and its modest attenuation has 

supported the premise that this strain might be a viable vaccine candidate [264].   

The amount of O antigen present on the surface increases as bacteria enter 

late exponential and stationary phase, indicating growth phase may play a role in 

the regulation of the O antigen locus [37, 307]. rfaH-lacZ fusions in S. typhi 

demonstrated that expression also increased as bacteria grew, providing an 

explanation for the differences in O antigen amount [24]. Analysis of the rfaH 

promoter revealed a σN-binding site, and mutation of rpoN abolished the increase 

in rfaH expression seen during stationary phase [24]. Since σS is associated with 

expression of stationary phase genes, its role rfaH regulation was also investigated 

[23]. Mutation of rpoS also reduced the expression of rfaH during stationary phase. 

However, when a double rpoS rpoN mutant was complemented with each 

individual gene, only expression of rpoN could rescue rfaH expression, leading 

the authors to conclude that RpoS does not directly interact with the rfaH 

promoter. Given the constitutive expression of σN, the authors hypothesize that σS 

regulates an as yet unidentified stationary phase factor that acts with σN to increase 
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expression of rfaH, leading to the increased amounts of O antigen seen during 

stationary phase. 

Regulation via RfaH does not completely explain expression of the O 

antigen locus nor the determination of O antigen chain length under different 

conditions. rfaH-lacZ fusions do not exhibit changes in expression when cultures 

are grown under different temperatures or different osmolarity conditions [240], 

indicating other unidentified factors may be regulating the transcription of the 

locus. Furthermore, JUMPstart sequences have not been identified upstream of the 

O antigen loci in a few Gram-negative species including: Y. enterocolitica and P. 

aeruginosa, also suggesting they may use another mechanism to ensure full 

transcription of the entire locus.  

 

Regulation of wzz Chain Length Regulators 

The Wzy-dependent pathway of O antigen assembly relies on the Wzz 

chain length regulators to determine the modal chain length characteristic to each 

species. In a majority of the O antigen loci whose sequences have been determined, 

the wzz gene is located near the locus, but has been found to have its own 

promoter separate from the one used for the rest of the operon. This provides 

another level of regulation for O antigen chain length. That is, the wzz genes can 

be expressed differently from the rest of the O antigen assembly genes.  

Transcriptional regulation of the wzz gene associated with the O antigen 

locus has best been characterized in different Salmonella enterica serovars [74].  

Delgado et al. investigated the role of the PmrA/PmrB and RcsC/YojN/RcsB on 
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wzz expression in S. typhimurium. These authors chose PmrA/PmrB to investigate 

since this two-component system is involved in the regulation of other LPS 

modification genes [100, 238, 327, 350, 352, 397, 406]. They also examined 

RscC/YojN/RcsB because these genes control capsular polysaccharide production, 

which is mechanistically similar to O antigen synthesis. The authors demonstrated 

that PmrA and RcsB bind the wzz promoter and can independently drive 

expression of wzz.  Expression of wzz increased under conditions that led to the 

activation of these two component systems, such as growth in low Mg2+ 

conditions or in the presence of Fe3+ [15, 115, 118, 327].  

More recently, the effect of dam methylation of wzz expression in S. 

enteritidis was investigated. The dam mutant exhibited an altered O antigen-

banding pattern compared to WT resulting in an increased number of lower 

molecular weight bands [314]. wzz promoter-lacZ fusions demonstrated decreased 

expression of wzz in the dam mutant; this was confirmed when Western blotting 

also found lower levels of Wzz protein in the mutant. It was not determined if this 

effect was due to direct regulation of the wzz promoter via the Dam 

methyltransferase. There are a few GATC sequences upstream of, and within, the 

wzz coding sequence, but the authors noted a three-fold higher distribution of the 

GATC sequence within rcsB compared to surrounding sequence. This suggests the 

effect seen on wzz may be due to dam regulation of the wzz transcription factors.  

Temperature regulation of the wzz gene has been associated with the 

changes in O antigen expression seen at different growth temperatures. For 

example, Aeromonas hydrophilia has decreased O antigen at 37° C compared to 
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20° C. Transcript levels of the O antigen locus are fairly equivalent between the 

two temperatures, so a decrease in the levels of the rest of the O antigen assembly 

enzymes does not explain the difference seen [160]. However, Wzz levels were 

reduced when the bacteria were grown at 37° C. Less Wzz protein would lead to 

fewer of the regulated chain length being produced, leading to more lower 

molecular weight chain lengths at that temperature.  

Gram-negative species that produce two different preferred chain lengths, 

such as some strains of E. coli, S. typhimurium, and S. flexneri, also contain a 

second wzz gene that is not associated with the O antigen locus. In E. coli and S. 

typhimurium, it is found within a locus dedicated to iron transport, while S. 

flexneri stably maintains this gene on a plasmid. When investigating expression of 

the different O antigen chain lengths in S. typhimurium, it was noted that the 

amount of very long chain length increased when the bacteria were grown in 

serum compared to standard media [262]. However, a wzzfepE promoter-lacZ fusion 

demonstrated that expression of this gene was not up-regulated in low iron 

conditions, as might be expected given its location in the genome, thereby 

suggesting some other condition present during growth in serum is responsible for 

the increased expression. More recently, PmrA, which regulates the O antigen 

locus associated wzz in S. typhimurium, was found to also bind the promoter 

region of wzzfepE in the same strain [283].  RcsB/C was not found to play a role in 

wzzfepE expression.  

The expression of both wzzB (associated with the O antigen locus) and 

wzzpHS-2 (encoded on the virulence plasmid pHS-2) has been investigated in S. 
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flexneri using promoter-lacZ fusions [37]. Both of the genes exhibited an increase 

in expression as cultures reached stationary phase, similar to that seen for genes in 

the O antigen locus. However, this increased expression was not dependent on 

RfaH since expression of these genes increased during stationary phase even in a S. 

flexneri rfaH mutant. This illustrates how the wzz genes are expressed in a 

different manner than the rest of the O antigen locus despite being key proteins 

that are important for achieving proper O antigen chain length. 

Regulation of O Antigen Modification Genes 

It has been demonstrated in both S. enterica and S. flexneri that 

bacteriophage infection can lead to a conversion from one O antigen serotype to 

another. This is due to phage-encoded glycosyltransferases that modify the sugars 

of the O antigen subunit and is believed to prevent competing bacteriophages, 

which typically bind O antigen for invasion, from infecting the same cell. The 

temperate bacteriophages involved in serotype switching encode three genes [3].  

The first of these genes two in the phage operon are the highly conserved 

glucosyltransferase genes gtrA and gtrB. The third gene is unique to each phage, 

and its encoded is responsible for the specific linkage of the glucosyl residue to 

glucosyltransferase the O antigen subunit that produces the seroconversion of that 

phage.  

Similar modifications that convert one O antigen serotype to another have 

also been seen in P. aeruginosa.  The phage D3 has been shown to carry genes 

responsible for changes in the acetylation pattern and linkages between sugars 

within the O antigen [198].  This phage encodes an O-acetylase, an alternative wzy 
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gene, and a wzy-inhibitor [266].  However other than observations that the GC 

content of these phages genes was distinct from the rest of the P. aeruginosa 

genome [165], how the genes controlling this type of modification are regulated 

has not been determined.  

The expression of the O antigen modification operon after insertion into 

the bacterial genome has been characterized for the P22 phage in S. typhimurium 

[30]. In this system, serotype conversion exhibited a heritable but reversible 

expression pattern similar to phase variation. Examination of the upstream region 

indicated there were three OxyR binding sites and several GATC sequences that 

might be subjected to methylation via the Dam methyltransferase. Since OxyR 

acts as a dimer, it was determined that if OxyR bound the first two sites because 

the third was precluded due to methylation of the site, then OxyR acted as a 

positive regulator for expression of the gtr operon. However, if the first binding 

site was methylated, leaving open the last two binding sites for OxyR, it then 

behaved as a negative regulator and inhibited transcription of the locus. The 

epigenetic regulation imposed by the methylation of the DNA would lead to the 

heritability of the phenotype, but would also explain how during DNA replication, 

when the sites were not bound by transcription factors, it could occasionally 

switch and lead to the phase variability observed.  

 

Regulation of O Antigen Chain Length by Wzz Proteins 

The Wzz proteins, which are members of the polysaccharide co-

polymerase family of proteins [254], are responsible for determining the number 
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of O antigen subunits that are linked together to form the side chain.  In strains 

producing two different preferred chain lengths, two different Wzz proteins are 

used to regulate each chain length. While the sequence similarity among Wzz 

proteins from different species is relatively low, they all contain two 

transmembrane domains at the amino- and carboxy-terminal ends of the protein 

that anchors them in the inner membrane.  The middle portion is exposed in the 

periplasm and structural analyses indicate it is largely alpha-helical [117, 360]. 

Because O antigen side chain synthesis occurs in the periplasm, this allows for the 

Wzz protein to interact with either the Wzy polymerase or the growing chain of O 

antigen subunits to determine the number of subunits linked together before 

ligation to lipid A + core.   

The effect of O antigen chain length on interaction with host cells has been 

investigated [190, 263].  An E. coli strain mutated in the wzz gene (called rol, for 

regulator of O antigen length) was more sensitive to the action of normal human 

serum compared to the WT strain, but less sensitive than a rough strain completely 

lacking O antigen [35].  In Salmonella, strains that lack the long chain length are 

more sensitive to the action of normal human serum and are less virulent in a 

mouse model of infection compared either to WT strains or those lacking the very 

long O chain length [261].  P. aeruginosa wzz mutants showed similar differential 

effects in in vitro and in vivo virulence models [154, 189].   

Despite the importance of achieving proper O antigen side chain lengths 

for the survival of the bacteria, how the Wzz proteins regulate this activity is not 

well understood.  Mutational analyses have determined that single amino acid 
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changes over the entire length of this protein could lead to shifts in preferred chain 

length or completely abolish the ability of Wzz to regulate any chain length [66, 

95].  Since these studies were unable to define a specific active site associated 

with regulating O antigen chain length, it is now assumed that Wzz does not 

possess any inherent enzymatic activity for regulating chain length, but instead 

acts as a structural scaffold for the other O antigen assembling components.  

Cross-linking studies indicate Wzz proteins form homo-oligomers [203, 

353, 360].  This ability to homo-oligomerize is tied to length-regulating activity 

because wzz mutants that no longer oligomerize also fail to regulate chain length 

[66].  Wzz oligomers with sizes consistent of octamers have been observed via 

Western blot [65].  The crystal structures to the periplasmic region of three Wzz 

proteins have been solved, and all three have been crystallized as oligomers 

containing five, eight, or nine Wzz monomers [360]. These crystal structures 

suggested a general shape for Wzz oligomers, with the monomers coming together 

to form an open barrel bell-shaped structure that extends about 100 Å into the 

periplasmic space. Since the number of monomers forming the oligomer differed, 

there was a larger difference in the diameter of both the inner cavity (9-50 Å) and 

the outer portion of the oligomer closest to the membrane (73-95 Å). These 

authors noted the presence of many charged amino acids covering the outer 

surface of the barrel, which they suggested may be important for interacting with 

the growing O antigen side chain [360].  

Several theories have been proposed to explain Wzz activity. According to 

the “molecular timer” model, Wzz exists in two conformational states with one 
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favoring further polymerization of the side chain by Wzy, while the other 

terminates this process to allow for ligation to lipid A + core [14]. Upon 

incubation with O antigen, Wzz is found in a more alpha helical conformation 

providing some support for this theory [117]. The “molecular chaperone” theory 

proposes that Wzz organizes Wzy and WaaL in a complex with the ratio of each 

protein affecting ligation kinetics, thus determining chain length [255].  The recent 

in vitro study by Woodward et al. demonstrated Wzz maintained chain length 

regulating activity in the presence of only Wzy, indicating that WaaL is not a 

necessary component of the complex for Wzz’s activity [396]. Both the 

“molecular timer” and “molecular chaperone” theories were introduced before 

evidence existed that Wzz itself homo-oligomerizes, although this information 

does not discount either model. More recently, Tocilj et al. proposed that the Wzz 

oligomer serves as a scaffold around which Wzy organizes, similar to the 

“molecular chaperone” theory. In this model, each Wzy protein completes the 

addition of one O antigen subunit before passing it off to a neighboring Wzy rather 

than one Wzy protein completing the entire side chain as was previously assumed 

[360]. Since there is a rough correlation between the number of Wzz proteins 

associated together in an oligomer and the length of the O antigen side chain 

produced, this “processive” model would better explain how an increase in Wzy 

protein levels leads to an increase in chain length [254]. An increased amount of 

Wzy assembled around a larger oligomer would allow for more rounds of 

polymerization to produce longer side chains. Which theory is most correct has 
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been difficult to determine since direct protein-protein interactions between Wzz 

and Wzy have yet to be detected.  

More recent mutagenesis studies have indicated an important role for the 

conformation of the barrel when determining chain length. When a five amino 

acid linker sequence was inserted into the region constituting the base of the 

protein, the chain length produced by that mutated Wzz increased in length [278]. 

The insertion was predicted to face the inner cavity formed by the monomer and 

may have been large enough to increase the diameter of the barrel. It is an 

intriguing possibility that O antigen chain length may be physically measured in 

some way using the barrel, so that increases in barrel size would lead to increases 

in chain length. Similarly, several studies have found that changing amino acids 

along the monomer-monomer interface can affect chain length, possibly by 

affecting the conformation of the barrel or the stability of the oligomer complex, 

again indicating that the barrel of the Wzz oligomer may play a larger role in 

Wzz’s chain length regulating activity than was suggested by any of the previous 

theories of activity [166, 278]. However, a direct correlation between mutated 

versions of Wzz producing different chain lengths or ones actually having altered 

conformations of the barrel have not been investigated.  

The amount of Wzz protein available can also have an effect on the 

amount of the preferred chain length produced. Overexpression of Wzz in Y. 

enterocolitica was demonstrated to produce its preferred chain length even when 

transcription of the rest of the O antigen locus was decreased [17]. The authors 

hypothesized that despite the reduced amount of O antigen assembly machinery 
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available, the excess Wzz protein expressed from the complementation vector 

allowed the assembly complex to operate more efficiently, thus producing a 

regulated O antigen chain length even under conditions where expression is 

typically repressed. Alternatively, overexpression of Wzy often leads to the 

production of an increased amount of shorter chain lengths, possibly because it 

exceeds the levels that can interact with the Wzz oligomers [38].  These results 

demonstrate the importance of the ratio of the proteins in the hypothetical 

assembly complex when determining chain length.  

In species producing two different chain lengths, there appears to be a 

competition between the two Wzz proteins for the O antigen assembly machinery, 

leading to another level of regulation. Different levels of the proteins can 

determine which chain length is produced in a greater amount. It has been 

demonstrated that overexpression of wzz associated with the O antigen locus can 

abolish the production of the chain length associated with the second Wzz protein, 

despite the fact that it still being expressed [184]. By determining which gene is 

up-regulated under different conditions it should be possible to explain why one 

chain length is expressed in a higher amount compared to the other as bacteria 

encounter different environments.  

Section 4: LPS Transport 

After the synthesis of lipid A and the addition of the core oligosaccharide, 

this moiety is flipped from the inner surface of the inner membrane to the 

periplasmic surface of the inner membrane by the ABC transporter MsbA.  The 

LPS can then be modified by the WaaL O antigen ligase (or can remain rough, as 
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is the case for E. coli K12) and transported to the cell surface.  The components 

responsible for this transport of LPS have only recently been identified.  Most of 

the genes that encode these LPS transport (Lpt) factors have been recognized by 

studies of conditional lethal mutants in E. coli (reviewed in [310]).  

The Lpt system contains seven components.  LptB appears to be a 

cytoplasmic protein, LptF and LptG are in the inner membrane, LptC appears to 

be periplasmic and anchored to the inner membrane, LptA is periplasmic, LptE 

(previously known as RlpB) appears to be periplasmic and anchored to the outer 

membrane, and LptD (previously known as Imp) is an outer membrane protein.  

There are currently two competing mechanisms proposed for how these proteins 

work together mainly based on studies in E. coli [26]. One relies on LptA acting as 

a chaperone to usher the LPS through the periplasm in a similar manner to how 

LolA transports outer membrane lipoproteins while another proposes a trans-

envelope complex of LptA that forms a bridge between the inner and outer 

membrane that assists the transport of the LPS (Figure 9).  The current evidence 

based on genetic and biophysical interaction studies of the Lpt proteins supports 

the trans-envelope model [26, 41-43, 330]. 

Interestingly, while these would appear to be processes that might be 

conserved in all Gram-negative bacteria, distinctions have already been noted to 

exist between E. coli and N. meningitidis.  Some of the Lpt proteins are found in 

different compartments in N. meningitidis when compared to E. coli, and while 

mutations in the lpt genes affected LPS transport in N. meningitidis, these genes 

were non-essential for survival of this organism [25]. This latter observation 
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Figure 9 

Diagram of the two proposed LptA transport mechanisms 
In both models, MsbA transports the lipid A-core across the inner membrane.  The completed 
Und-linked O antigen is transferred to the lipid A-core via the WaaL, O antigen ligase (not 
shown).  The left model shows that LptA docks with LptC and picks up the lipid A-core-O 
antigen and transports it across the periplasmic space where it docks with the LptDE complex 
before being translocated across the outer membrane.  The right model, LptA oligomerizes to 
form a scaffold that allows the LPS to be transported across the periplasmic space [26]. 
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would appear to be similar to the results with the lpxA mutant, which does not 

make LPS, but is non-essential in N. meningitidis [335].  Whether this is due to the 

fact that Neisseria generally makes LOS rather than LPS or other currently 

unrecognized differences in the outer membrane is not known.   

Regulation of LPS Transport 

The regulation of the lpt genes is complex [241].  Those that have been 

studied in the most detail are lptA, lptB, and lptC.  These genes are arranged in an 

operon that starts with a non-essential gene, yrbG, encoding a putative cation 

exchange factor, the Kdo genes, kdsD and kdsC, followed by lptC, lptA, and lptB 

(Figure 5).  Downstream of this operon is another operon that starts with the rpoN 

gene, encoding the alternate sigma factor, σN.  Also, as mentioned, the rpoN 

operon may also be transcribed and thus regulated with these upstream genes.  

This has lead Mortorana et al. to suggest that there may be regulatory coupling 

between LPS biogenesis and σN [241].  Studies have shown that promoters for 

yrbG, kpsC, and lptA were dependent on the housekeeping σD and that there are 

multiple transcriptional start sites [329].  Further studies have shown that lptA is 

also regulated by the extracytoplasmic σE [328].  This regulation seems to be 

distinct from other σE-regulated genes that suggest an added layer of regulation in 

the control of lptA.  Early studies showed that lptD (previously named - imp) is 

also part of the σE regulon [67]. 
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Concluding Paragraph  

LPS is an integral component of the outer surface of the outer membrane 

of Gram-negative bacteria and represents the intersection of the bacteria and the 

environment.  The conservation of LPS structure among different species 

increasingly varies as it extends out from the outer membrane.  Lipid A is 

generally well conserved, while its O antigen structure is distinct for each serotype 

of a species.  Therefore, it is not surprising that our understanding of the 

biosynthetic pathway and regulation of LPS follows a similar pattern:  the pathway 

for the synthesis of lipid A and the environmental conditions and genes impacting 

this structure are well defined.  The pathway for the synthesis of the LPS core is 

also well conserved, while the regulation is not as well understood.  Finally, the 

assembly of the O antigen on the C55-P and attachment to the lipid A-core is 

relatively conserved across species, but the biosynthetic pathway and regulation of 

these functions remains elusive.  Further studies into the regulation of LPS should 

help provide a link between signals in the environment and the resulting outer 

membrane composition that are likely to have the most impact on host-pathogen 

interactions.    
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CHAPTER 2:  Francisella tularensis and lpxF-null avirulence 

Francisella tularensis Clinical Microbiology 

Ft, the causative agent of tularemia, is a small pleomorphic Gram-negative 

coccobacillus first isolated from ground squirrels dying of a plague-like illness in Tulare 

County, CA in 1911 [276].   Originally assigned to both the genus Pasturella and 

Brucella, Francisella was assigned to its own genus in 1947 [78].  The Francisella genus 

encompasses a range of species and subspecies.  Francisella tularensis subspecies 

tularensis, also called Type A tularensis, is found North America and Western Europe.  A 

second Francisella tularensis subspecies holarctica, or Type B, is found is North 

America, Eastern Europe, Asia and recently Australia.  Recent Australian cases represent 

the first appearance of Francisella in the southern hemisphere [155].  Francisella 

tularensis subspecies mediasiatica has been found sporadically in fleas and ticks in 

central Asia, although no human cases have been confirmed [276].  Fn is a closely related 

pathogen that has, at times, been both classified as a Francisella tularensis subspecies or 

as a separate species [78, 93, 243].  Fn is avirulent in immunocompetent humans and 

rabbits, but does cause a tularemia-like disease in mice.  The attenuation in humans 

allows Fn to be used in a BSL2 setting and serve as a model system for the BSL3 

pathogens Ft.  A final species, Francisella philomiragia can cause a tularemia-like 

disease in fish but is avirulent in mammals.  All Francisella species share 95% genomic 

identity [306].   

Tularemia circulates in rodents, hares, rabbits and other lagomorphs; outbreaks in 

humans often parallel outbreaks in the animal populations [88]. In 2012, Francisella was 

re-identified in rabbits in central Maryland prompting the State Department of Health to 



	   61 

issue a bulletin advising area hospitals to be vigilant in identifying possible tularemia 

cases.   A wide range of arthropod vectors are implicated in transmission of tularemia 

including ticks, mosquitoes, and deer flies [27].  Although small mammals are often the 

source of transmission to humans, Francisella causes acute disease in these animals so 

another reservoir must be present.  Reports from the Nordic regions of Europe indicate 

that Francisella can be found in water as a biofilm and associated with amoeba [274].  

This water lifestyle may represent the natural reservoir for Francisella, although at this 

time there are no North American reports of Francisella from water borne sources.  

The severity of disease is dependent on the strain and route of the infection [85].   

Type A infections tend to be more severe [276].  Infection through the skin by arthropod 

bites or direct contact with infected tissue results in an ulceroglandular tularemia, the 

most common presentation of the disease [271].  Lesions will develop at the infection site 

often surrounded by a zone of inflammation.  Within a few days, infected individuals will 

develop fever, malaise, headaches, and a sore throat.  Draining lymph nodes can become 

enlarged and painful, similar to a bubo [138].  Less common infections can occur through 

the gastrointestinal tract from consuming contaminated meat or water.  Gastrointestinal 

tularemia ranges in symptoms from mild diarrhea to extensive and lethal ulceration of the 

bowel.  Gastrointestinal outbreaks are most commonly associated with Ft subsp. 

holarctica, and have never been shown to be caused by Ft subsp. tularensis. [276, 336, 

339, 355].  Respiratory or pneumonic tularemia results from inhalation of Ft.  Pneumonic 

tularemia has been reported from people engaging in hay harvesting, lawn mowing, 

processing deer and rabbits, and brush clearing, including a highly publicized recurring 

outbreak among gardeners in Martha’s Vineyard, MA from 2000-2005 [90, 242, 339, 
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347].  Lethality in pneumonic tularemia can reach as high as 30% if untreated, although 

antibiotic therapy reduces this number to ~2% [75].  Presentation can range from mild 

pneumonia, making diagnosis difficult, to acute infection with high fever, chills, cough, 

and pulse-temperature dissociation [85].  

Tularemia responds well to antibiotics particularly the aminoglycosides.   

Historically, treatment regimen consisted of streptomycin and chloramphenicol though 

they are less common now due to toxicity issues and effects on hematopoiesis, 

respectively.  Gentamicin has been used in recent cases though need for intravenous 

dosing has lead to decreased use except in the most severe cases.  Most uncomplicated 

cases are now treated by the tetracycline family member doxycycline or by the 

flouroquinolone family member ciprofloxacin [348]. 

Virulence factors and intracellular lifestyle 

While Francisella genomes do not encode “classical” virulence factors, such as 

exotoxins, recent advances in genetic manipulation has lead to increased understanding of 

the Francisella life cycle and mechanism of pathogenesis.  Though Ft can be grown in 

broth culture, most of its infection cycle is intracellular.  Ft, like Legionella invades 

macrophages through a process called “looping phagocytosis” in which membrane 

projections from the phagocyte extend from the surface and encircle the bacteria [47].  Ft 

enters into the phagocyte and arrests development of the phagosome at a late-endosomal 

stage.  This phagosome becomes acidified facilitating Ft escape to the cytosol where it 

replicates.  Acidification of the phagosome has also been shown to provide iron essential 

for bacterial replication [40, 313].   Escape to the cytosol is rapid, generally occurring 
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within 60 minutes of cellular entry.  After replication in the cytoplasm, bacteria are 

released by Francisella-induced apoptosis or pyroptosis [54, 92, 199].  

Disease progression of Ft derives from its capacity to replicate to very high 

bacterial loads that disrupt normal cellular function and cause an immune-mediated 

inflammatory response [274].  Unlike enteric infections, the inflammatory response to 

Francisella is not mediated by TLR4 [5, 123].  Ft has a unique tetra-acylated lipid A 

structure that has a single phosphate at the 1 position, which fails to stimulate TLR4 [284, 

376].  Francisella have been shown to stimulate innate immune responses through TLR2 

[54, 236].   The TLR2 response has been linked to two lipoproteins, TUL4 and FTT1103 

that may be responsible for the inflammatory response [235, 290, 358].  Macrophages 

infected with Ft produce an early inflammatory response.   Soon after infection 

macrophages develop an “alternatively activated” phenotype, which, in addition to down 

regulation of inflammatory cytokines, leads to macrophages that are hyper-permissive to 

Ft infection [105, 321].   

Random transposon mutagenesis identified a large Francisella pathogenicity 

island (FPI) that led to defects in intracellular growth [106].   The FPI contains 19 genes, 

including the iglABCD and pdpABCD operons and the regulator mglA; all of which have 

been shown to be essential for virulence [265, 387].  Also encoded in the FPI is a putative 

Type VI secretion system similar to Pseudomonas aeruginosa and Vibrio cholerae, 

though the effectors of this secretion system are as of yet unidentified [258, 288].   The 

iglABC genes have been the subjects of research by a number of groups.  IglA and IglB 

are localized in the bacterial cytoplasm and are thought to aid in secretion.  IglC has no 

known orthologues and has been shown to be critical for Francisella-induced apoptosis 
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and may also down-regulate TLR responses [356].  Deletion of iglC in Fn led to an 

attenuated strain that provided partial protection to homologous challenge with Fn [34, 

70, 199, 277, 387].  Deletion of iglC in Ft leads to attenuation but is not protective [366]. 

The regulator mglA controls expression of the FPI along with other genes, such as the 

peptidase gene pepO, and putative glucosidase gene bglX [32]. Deletion of mglA leads to 

an attenuated phenotype though it is unable to protect animals from a lethal challenge [13, 

387].  Of note, Fn only contains one copy of the FPI, whereas Ft strains have 2 copies of 

the FPI [202].   

A variety of other factors have been implicated in Francisella including a putative 

Type IV secretion system implicated in expression of a Type IV pili as well as secretion 

of virulence factors [119]; disruption of genes in the pili biosynthesis has yielded mixed 

results on virulence.  Deletion of pilA in Ft holarctica leads to attenuation in mice 

whereas deletion of pilC or pilQ lead to retained virulence.  Interestingly, deletion of pilC 

in Fn leads to increased virulence.  The increased virulence was attributed to pilC-

controlled secretion of the peptidase PepO.  PepO has homology to proteins involved in 

cleavage of proendothelin to the vasoconstrictant endothelin.  With the loss of pilC, PepO 

secretion was abrogated leading to possible loss of vasoconstriction [119].  Genomic 

analysis of Ft tularensis and Ft holarctica strains reveled the pepO gene is inactivated 

perhaps leading to their increased virulence. 

Vaccine Development Attempts 

Soon after the identification of Francisella its ability to cause severe human 

disease was discovered.  This ability to cause severe disease has made development of a 

vaccine for Francisella a global priority.  The first attempt at a vaccine was the phenol-
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killed preparation of Francisella called the Foshay Vaccine.  In the 1930 Foshay study, 

809 individuals were vaccinated.  Of the 72 participants who worked with Francisella 23 

or 32% developed tularemia [164].  This was estimated to be about 1/3 of the expected 

rate of infection in lab workers [164].  Use of the Foshay vaccine continued through the 

1950s, though laboratory acquired infections remained a continuous problem.  A 

retrospective study showed that many lab workers who were vaccinated developed less 

severe infections than their unvaccinated counterparts indicating the Foshay vaccine was 

partially efficacious in limiting disease [273]. 

During World War II, the former Soviet Union developed a Live Vaccine Strain 

(LVS) based on mutation of Type B strains.  After a large-scale outbreak in the Western 

Front in 1942, the Soviet government vaccinated more than 60 million people with LVS 

using the aerosol route.  This large-scale vaccination did lead to a reduction in cases, as 

well as highlight the safety of the vaccine.  The United States acquired the LVS from the 

former Soviet Union in 1956.  The United States further modified and tested the LVS 

strains, eventually deciding on a modification of the Type B strain 15.  Interestingly, this 

strain shows differing colony morphology (blue and gray) depending on growth 

conditions. The blue colony was deemed to be the most immunogenic and was selected 

for vaccination use [81].  Subsequently, these subtle differences in colony morphology 

were related to the composition of LPS.  While both O-antigens are structurally similar, 

the less virulent grey colony had less or a shorter O-antigen and may explain the reduced 

immunogenicity.  Furthermore, the grey variant has alterations to the lipid A structure 

including reduced galactosamine additions at the 1 position [113].  As covered above, 

loss of these phosphate capping sugars can lead to increased sensitivity to host AMPs.  
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Testing of the LVS in laboratory workers showed a robust increase in protection 

as compared to the Foshay vaccine.  To truly test the efficacy of these vaccines for 

protection of the public, more controlled studies were needed.  To this end, in 1958, 

researchers at The Ohio State University and here at The University of Maryland, 

Baltimore vaccinated human prisoner volunteers with both the Foshay and LVS vaccines, 

as well as a cell wall preparation (Larson) vaccine before challenging them with varying 

doses of the prototypical lab Ft strain SchuS4.  These studies, all with strict ethical 

review, ultimately showed that LVS was more protective than the Foshay vaccine but it 

was far from completely protective [148].  When challenged with larger doses (2x105 

CFU), minimal protection was observed regardless of the vaccination.  For a more 

complete review of human testing of Francisella vaccines including ethical and historical 

perspectives see the recent publication by Cross et al. [63].  Though LVS does provide 

some measure of protection against a WT challenge it does not have approval as a 

vaccine in the United States for a variety of reasons including: (1) the lack of protection 

at high doses, (2) the exact mechanism of attenuation still remains unknown, and (3) its 

ability to cause adverse reactions in some recipients.  The lack of an effective vaccine 

highlights the need to investigate the possibility of developing a rationally designed live 

attenuated vaccine.   

Recent work in our laboratory has shown the importance of lipid A modification 

in Francisella pathogenesis [167, 168, 213].   Deletion of flmK, a gene controlling the 

addition of mannose and galactosamine to the Fn lipid A, was disrupted with a 

transposon resulting in a lipid A that was devoid of sugars at both the 1 and 4´ positions.  

The flmK-null mutant was attenuated in mice and provided a measure of protective 
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immunity against lethal Fn challenge.  In the studies contained herein, we will further 

investigate lipid A modification genes as virulence factors and assess their effect on 

pathogenesis as well as immune responses.  Through these studies we hope to develop a 

better understanding of protective immune responses to Francisella. 
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Role of Francisella Lipid A Phosphate Modification in Virulence and Long-Term 

Protective Immune Responses2  

Abstract 

LPS structural modifications have been shown to specifically affect the 

pathogenesis of many Gram-negative pathogens. In Francisella, modification of the lipid 

A component of LPS resulted in a molecule with no to low endotoxic activity. The role of 

the terminal lipid A phosphates in host recognition and pathogenesis was determined 

using a Fn mutant that lacked the 4´-phosphatase enzyme, LpxF. The lipid A of this 

strain retained the phosphate moiety at the 4´ position and the N-linked fatty acid at the 3´ 

position on the diglucosamine backbone. Studies were undertaken to determine the 

pathogenesis of this mutant strain via the pulmonary and subcutaneous (s.c.) routes of 

infection.  Mice infected with the lpxF-null Fn mutant by either route survived primary 

infection and subsequently developed protective immunity against a lethal WT Fn 

challenge.     

To determine the mechanism(s) by which the host controlled primary infection by 

the lpxF-null mutant, the role of innate immune components, including TLR2, TLR4, 

caspase-1, MyD88, interferon-alpha (IFN-α), interferon-beta (IFN-β), and interferon-

gamma (IFN-γ), was examined using knockout mice. Interestingly, only the IFN-γ 

knockout mice succumbed to a primary lpxF-null Fn mutant infection, highlighting the 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  Duangjit Kanistanon, Daniel A. Powell, Adeline M. Hajjar, Mark R. Pelletier, Ilana E. 
Cohen, Sing Sing Way, Shawn J. Skerrett, Xiaoyuan Wang, Christian R.H. Raetz and 
Robert K. Ernst  

This work was published in Infection and Immunity, March 2012 Vol. 80 no. 3 p943-951. 
It is reprinted here with minor modifications with permission from the publisher. 
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importance of IFN-γ production.  To determine the role of components of the host 

adaptive immune system that elicit the long-term protective immune response, T and B 

cell deficient RAG1-/- mice were examined.  All mice survived primary infection, 

however RAG1-/- mice did not survive WT challenge highlighting a role for T and B cells 

in the protective immune response.  

 

Introduction 

The Gram-negative bacterium Ft causes the human disease tularemia following 

infection through a variety of routes: skin contact, arthropod bite or inhalation of 

aerosolized bacteria.  Ft is classified as a category A bioterrorism agent by the Centers 

for Disease Control and Prevention (CDC) due to its low infectious dose and ability to be 

disseminated by an airborne route. Four Francisella species cause disease in mammals: 

tularensis (Type A), holarctica (Type B), mediasiatica and novicida.  Both Type A and 

Type B Francisella can cause lethal human disease, whereas Fn causes a lethal disease in 

mice but is non-virulent in immunocompetent humans.  There also is LVS that is 

attenuated in man but virulent to mice by certain infection routes.  All Francisella species 

share more than 95% DNA sequence homology; this close relationship allows Fn to serve 

as a representative model for Ft infection [185, 246, 322]. 

Recognition of lipid A, the biologically active component of LPS, is the cause of 

many pathological responses to Gram-negative bacterial infections.  Lipid A from 

Escherichia coli is biphosphorylated, hexa-acylated with fatty acid chains of 12-14 

carbons in length and is able to induce strong inflammatory responses through interaction 

with toll like receptor 4 (TLR4) [248, 292, 294].  By contrast, lipid A species that are 
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tetra- or penta-acylated have significantly decreased or absent immunostimulatory 

activity [87, 121, 325].  As previously shown, Francisella lipid A molecules, which are 

hypo-acylated, lack immunostimulatory activity and are not recognized by TLR2 or 

TLR4 [29, 53, 124]. 

Unlike LVS, lipid A from both Ft and Fn consists of a β-(1´-6)-linked 

glucosamine disaccharide backbone with amide linked fatty acids at the 2 and 2´ 

positions and an ester linked fatty acid at the 3 but not the 3´ positions (Figure 10).  An 

additional secondary fatty acid is attached to the 2´ fatty acid, forming an acyloxyacyl 

group.  Francisella lipid A has a single phosphate moiety at the 1 position; this phosphate 

can be further modified by the addition of a positively charged sugar, galactosamine.  The 

4´ phosphate normally present in most Gram-negatives is missing in Francisella, as it is 

removed by the 4´-phosphatase enzyme (LpxF).  Deletion of lpxF (FTN_0295) results in 

a penta-acylated lipid A with phosphate groups at both the 1 and 4´ positions (Figure 

10B).  A Fn mutant lacking the lpxF gene (lpxF-null Fn mutant) has been shown to be 

avirulent in the footpad injection model [380]. 

However, given the importance of arthropod bites and inhalation in the 

transmission of Francisella, the virulence and immunogenicity of this mutant need to be 

further characterized in more representative routes of infection.  In this work, we 

demonstrate that the lpxF-null Fn mutant is avirulent by both the pulmonary and s.c. 

routes of infection.  Furthermore, we showed that inoculation with the lpxF-null Fn 

mutant protected mice from a lethal challenge with WT Fn. 
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Figure 10 

Lipid A structures of WT Fn and lpxF-null Fn 
mutant 
MALDI-TOF MS of the lipid A of Fn U112 (A), Fn lpxF-
null Fn (B), and the Fn lpxF-null mutant complementation 
(C).  Structure of dominant ion species is shown as inset 
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Materials and Methods 

Mice 

C57BL/6 female mice (age 6-8 weeks) were purchased from Charles River 

Laboratories (Wilmington, MA).  TLR2/TLR4/caspase-1 triple knockout, 

MyD88/interferon-alpha receptor (IFNAR) double knockout and recombination 

activating gene-1-/- (RAG-1-/-) mice were obtained from Dr. Christopher B. Wilson 

(University of Washington, Seattle).  MyD88-/- mice were provided by Dr. S. Akira 

(Osaka, Japan).  IFN-γ-/- and B cell-deficient (µMT-/-) mice were purchased from The 

Jackson Laboratory (Bar Harbor, Maine). All genetic knockout mice were backcrossed 

onto a C57BL/6 background.  All mice were housed in a specific-pathogen free facility.  

All protocols were approved by the Institutional Animal Care and Use Committee of the 

University of Washington (Seattle, WA) and the Institutional Animal Care and Use 

Committee of the University of Maryland, Baltimore (Baltimore, MD).  

Bacterial strains and preparation 

WT Fn strain U112, Type A Ft strain FT1D (SchuS4) and Type B Ft strain 

FSC200 were obtained from Dr. Francis Nano (University of Victoria, Canada).  The 

lpxF-null Fn and mglA-null mutants were generated in previous works [204, 380].  

Complementation was accomplished using the expression plasmid pMP831 [221] 

containing the gene FTN_0295 (lpxF) under the control of the promoter upstream of 

FTN_1480.  Complementation restored both normal lipid A profiles and lethality.  Type 

A Ft strain FT4D was a clinical isolate from Everett, WA.  All bacterial strains were 

grown at 37º C in tryptic soy broth/tryptic soy agar supplemented with 0.1% cysteine 

(TSB-C).  Log phase bacterial cultures were used to inject mice, as described previously 
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[167].  Briefly, 1 ml of log phase bacterial culture was resuspended in PBS and the OD600 

was measured and adjusted with PBS to achieve the desired bacterial concentration.  

Confirmation of lipid A structures 

The lpxF-null Fn mutant’s lipid A structure was confirmed by Matrix Assisted 

Laser Desorption/Ionization Time of Flight (MALDI-TOF) Mass Spectrometry, as 

described previously [83].  Briefly, an overnight culture of Francisella was resuspended 

in 400 µl of isobutyric acid and 1 M ammonium hydroxide (5:3 v: v) and incubated at 

100ºC for 2 h.  After cooling, the sample was centrifuged for 15 min at 2000 × g and the 

supernatant collected and diluted 1:1 (v: v) with water.  This dilution was frozen and 

lyophilized overnight.  The dry material was then washed twice with 400 µl of methanol.  

Insoluble lipid A was extracted in 200 µl of a mixture of chloroform, methanol and water 

(3:1:0.25 v:v:v).  One microliter of this extract was then spotted onto a MALDI plate 

followed by 1 µl of 5-chloro-2-mercaptobenzothiazole (CMBT) matrix and air-dried.  

Samples were analyzed on a Bruker AutoFlex II (Bruker Daltonics, Billerica, MA) mass 

spectrometer, which was calibrated using Agilent Tuning Mix (Agilent Technologies, 

Foster City, CA). 

Macrophage infection in vitro assays 

The murine alveolar cell line MHS or the human monocytic THP-1 cells (BEI 

Resources, Manassas VA) were grown in RPMI supplemented with 10% FBS to ~75% 

confluency and then plated at 8 × 104 cells/well in 96-well flat bottom plates.  THP-1 

cells were then differentiated with 50 ng/ml of PMA for 24 h.  MHS cells were allowed 

to adhere in the presence of Vitamin D3.  Non-adherent cells were aspirated and media 

was replaced with serum free RPMI.  Bacteria were grown as described previously [167], 
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and prepared for infection.  Upon addition of bacteria, plates were centrifuged at 400 × g 

for 10 min at 4°C to favor bacteria-macrophage contact.  Cultures were then placed at 37° 

C for 1 hour.  The media was then removed and replaced with RPMI containing 10 µg/ml 

of gentamycin to kill any non-internalized bacteria.  After 30 min the antibiotic media 

was removed, and cells were washed three times with serum-free RPMI, and fresh RPMI 

with 10% FBS replaced. Cells were then returned to 37° C.  At the indicated time points, 

the culture media was harvested and macrophages lysed with 0.5% saponin. This was 

combined with the media and diluted for enumeration by serial dilution and plating on 

TSB-C agar plates. 

Virulence and protection studies 

Subcutaneous and pulmonary infections of mice with WT Fn U112 (WT) or lpxF-

null Fn mutant bacteria were carried out as described previously [167].  Briefly, for s.c. 

infection, mice were injected with ~106 CFU of lpxF-null Fn mutant or ~200 CFU of WT 

Fn.  For pulmonary infection, mice were exposed to aerosolized lpxF-null Fn mutant 

(~105 CFU) or WT Fn (~400 CFU) using a nose-only chamber unit (In-Tox, Moriarty, 

NM).  For protection studies, mice were initially primed with lpxF-null Fn mutant on 

either days -28 and -14 or on day -28 only, and subsequently challenged with a lethal 

dose of WT Fn on day 0.  Survival of the mice was recorded twice daily. 

Bacterial burden 

Mice were injected by the s.c. route with the lpxF-null Fn mutant and euthanized 

at the time points indicated.  Spleens and livers were harvested, homogenized, serially 

diluted and plated on tryptic soy agar plates supplemented with 0.1% cysteine. Plates 

were incubated at 37º C for 24-72 hours prior to determination of numbers of CFU. 
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In vivo immune cell depletion 

To deplete neutrophils, 250 mg of anti-Ly-6G monoclonal antibody (clone RB6-

8C5) was administered intraperitoneally 24 h before infection with lpxF-null Fn mutant 

bacteria, and survival of the mice was recorded.  For depletion of natural killer (NK) cells, 

300 µg of anti-NK1.1 monoclonal antibody (clone PK-136) was given on day’s -2, 0, 5, 

10, 15, 20 and 25 of the infection course.  Depletion of T cells was accomplished by 

intraperitoneal injection of 250 mg of anti-CD4 (clone GK1.5) or anti-CD8 (clone 2.43) 

monoclonal antibodies to deplete CD4+ or CD8+ T cells, respectively, 24 h before 

infection.  All antibodies used for in vivo cell depletion were purchased from BioXCell 

(West Lebanon, NH).  

Flow cytometry analysis 

Peripheral blood and spleen mononuclear cells were stained with a panel of 

murine markers and analyzed with a Becton-Dickson LSRII flow cytometer (BD 

Biosciences, San Jose, CA) and FlowJo Software (Tree Star, Ashland, OR).  Antibodies 

to murine CD3e (clone 145-2C11), CD4 (clone GK1.5), CD8a (clone 53-6.7), 

NK1.1/CD161c (clone PK-136), and Gr-1 (clone RB6-8C5) were purchased from 

eBioscience (San Diego, CA).     

Sensitivity to cationic AMPs 

Susceptibility of the lpxF-null Fn mutant and WT Fn to polymyxin B and colistin 

was determined using a commercial gradient strip assay (Etest®, AB bioMerieux, Solna, 

Sweden) according to the manufacturer’s instructions.  

Heterologous Francisella challenge 
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C57BL/6 mice were immunized with the lpxF-null Fn mutant and later 

challenged with lethal doses of F. tularensis subsp. tularensis (Type A strains SchuS4 

and FT4D) or F. tularensis subsp. holarctica (Type B strain FSC200) for the 

heterologous protection study, or with F. tularensis subsp. novicida (U112) for 

homologous protection.  Survival was recorded twice daily. 

Statistical analysis 

All statistical analysis was performed using Prism 4 (Graph Pad Software Inc., 

San Diego, CA). A Log-Rank test was used for statistical analysis.  Group differences 

were considered significant at p <0.05. 

Results 

An lpxF-null Fn mutant fails to replicate in macrophages in vitro 

Francisella has the ability to replicate in a variety of cell types, including 

epithelial cells and macrophages.  Previously, some Fn mutants (mglA-null, acpA-null, 

iglC-null) showed a decreased ability to replicate in macrophages, as compared to WT Fn 

[204, 251, 277].  To determine the ability of the lpxF-null Fn mutant to replicate in 

macrophages, the murine alveolar cell line (MHS) and the human monocytic cell line 

(THP-1) were infected with WT U112 Fn, lpxF-null Fn and mglA-null Fn, a known 

macrophage replication deficient mutant, initially at an MOI of 50.  While WT Fn was 

able to replicate in both cell types, both lpxF-null and mglA-null mutants failed to 

replicate (Figure 11), however by 3 hours post-infection, recovery of the lpxF-null 

mutant was significantly lower than WT (p=0.0488 in MHS, p=0.0298 in THP-1) or the 

mglA-null mutant (p=0.0268 in MHS, p=0.0019 in THP-1).   This suggests that the lpxF-

null mutant was cleared at a faster rate than the mglA mutant.  To determine if decreased  
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Figure 11 

lpxF-null Fn mutant fails to replicate in macrophage cell lines 
Murine alveolar MHS cells (A) or human monocytic THP-1 cells (B) were infected at a MOI of 50 for 
1 hour, followed by gentamicin treatment.  Bacteria were recovered at the 3 hours post-infection 
(black bars) and 24 hours post-infection (red bars) and enumerated by viable counting.  Each bar is an 
average of triplicate wells.  Data are representative one of three independent experiments. 
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uptake or phagocytosis was responsible for the lack of recovery, the lpxF-null mutant was 

added at a range of MOIs (50-400) to try to normalize the uptake number.  While a MOI 

of 400 resulted in the recovery of numbers of lpxF-null mutant bacteria equal to WT Fn 

(MOI 50) at the 1 hour time point, lpxF-null recovery was severely decreased compared 

to both WT and the mglA mutant at 3 hours and no lpxF-null mutant bacteria were 

recovered after 24 hours (data not shown), suggesting that the lpxF-null bacteria is not 

phagocytosed at a lower rate but is also rapidly cleared from the macrophages.  The lpxF-

null mutant also grew slower in broth culture when compared to WT (Figure 12), which 

may explain the lack of macrophage replication, though slow broth growth cannot be 

strictly equated to a lack of replication in macrophages [1].   

Avirulence of an lpxF-null Fn mutant in subcutaneous and pulmonary infection 

models 

The lpxF-null Fn mutant was previously shown to be avirulent in the mouse 

footpad injection model [380].  In order to mimic more natural routes of Francisella 

infection, we conducted experiments in mice using the s.c. and pulmonary routes of 

infection, corresponding to arthropod bite and airborne spread, respectively.  In mice, the 

lethal dose of Fn is <10 CFU by both the s.c. or pulmonary routes of infection [204].  

C57BL/6 mice infected with 105-106 CFU (10,000-100,000 × LD100) of the lpxF-null Fn 

disease (weight loss, piloerection, hunching).  Histological analysis of spleen mutant, by 

either infection route survived (Figure 13A and 13B) and showed no signs of and lung 

showed minor damage compared to WT infection (Figure 14 and Figure 15).  

Additionally, mice challenged by the s.c. route with 5×107 CFU (5,000,000 × LD100) 

showed no signs of disease or virulence (data not shown) indicating the severe defect in 



	   79 

  

Figure 12 

Growth of lpxF-null mutant in broth culture 
WT Fn (black squares) or lpxF-null mutant Fn (red circles) were 
grown to mid-log phase and then adjusted to an OD600 of 0.05 in 
fresh tryptic soy broth supplemented with 0.1% cysteine in a 96 well 
plate.  Cells were then grown shaking at 37° C, OD600 readings were 
taken every 15 minutes.  Each data point is an average of 8 wells.  
Data are representative one of three independent experiments. 
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Figure 13 

lpxF-null Fn mutant is avirulent in mice 
(A) C57BL/6 (N=4 each group) were inoculated twice with the lpxF-null Fn mutant (day 0: 1.2x106 
CFU, day 14: 1.1x106 CFU, red circles) or once with WT Fn (day 0: 432 CFU, black squares) by the s.c. 
route.  (B) C57BL/6 (N=4 each group) were inoculated twice with the lpxF-null Fn mutant (day 0: 
1.1x105 CFU, day 14: 1.9x104 CFU, red circles) or once with WT Fn (day 0: 547 CFU, black squares) 
by the pulmonary route.  Mice were then followed for survival and disease progression.  Data are 
representative one of three independent experiments. 
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Figure 14 

lpxF-null infection causes minimal damage to the host spleen 
C57/BL6 mice were infected by the s.c. route with either WT Fn (B), lpxF-null Fn (C,D) or PBS as 
a control (A).  Spleens were harvested one day after infection (A,B), or 3 (C) and 7 (D) after 
infection.  Sections were imaged at 40x magnification. 
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Figure 15 

lpxF-null infection causes minimal damage to the host lung 
C57/BL6 mice were infected by the s.c. route with WT Fn (B), lpxF-null Fn (C,D) or PBS as a 
control (A).  Lungs were harvested one day after infection (A,B), or 3 (C) and 7 (D) after infection.  
Sections were imaged at 40x magnification. 
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pathogenesis of this mutant. As a control, mice infected by the s.c. route with the WT Fn 

(~400 CFU) succumbed by day 2, while mice infected by the pulmonary route with WT 

Fn (~500 ) died by day 4 post-infection.  To confirm the role of the LpxF enzyme in 

virulence, mice were infected by the s.c. route with the complemented strain lpxF-null 

(pMP831-lpxF).  These mice died over the normal time course of 3 to 5 days (data not 

shown). Since survival rates after infection by both the s.c. and pulmonary routes were 

comparable, further experiments were conducted using the s.c. route, unless otherwise 

stated. 

Bacterial dissemination after lpxF-null Fn mutant infection 

To determine the kinetics of bacterial replication and spread following infection, 

C57BL/6 mice were infected by the s.c. route with ~106 CFU of the lpxF-null Fn mutant 

and the bacterial burdens in the liver (Figure 16A) and spleen (Figure 16B) determined 

at the indicated time points.  As initial short-term experiments showed incomplete 

clearance by 6 days post-infection, a second group of mice was challenged and followed 

for an extended time point (Figure 16C and 16D).  As shown in both experiments, no 

increase in the number of lpxF-null Fn mutant bacteria was observed in these organs with 

the overall number of bacteria steadily declining and became undetectable in all organs 

by 14 days post-infection, thus indicating that a chronic infection or carrier state was not 

established. 

Increased susceptibility of the lpxF-null Fn mutant to AMPs 

Components of the host innate immune system, specifically AMPs, target and 

disrupt the membrane of bacteria through electrostatic interaction. As the overall  
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Figure 16 

Bacterial burden in lpxF-null mutant infected mice 
Bacterial burden in C57BL/6 liver (A,C) and spleen (B,D) after s.c. infection with the lpxF-null Fn 
mutant (5x107 CFU).  Each data point represents one mouse.  Data are representative one of three 
independent experiments. 
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phosphate content of the lpxF-null Fn mutant is increased (Figure 10B), we used an 

AMP gradient assay to determine the sensitivity of the lpxF-null Fn mutant to killing by 

the positively charged hydrophobic peptides (polymyxin B and colistin). The lpxF-null 

Fn mutant was shown to be significantly more sensitive to these peptides than that of WT 

Fn, with p values of 0.002 and 0.0012 for polymyxin B and colistin, respectively (Table 

2).  This increased sensitivity indicates that altering the overall charge and lipid content 

of the outer membrane can alter resistance to innate immune killing mechanisms. 

 

Clearance of lpxF-null Fn mutant is not mediated by TLR2, TLR4 or MyD88 

signaling 

We have previously shown that Francisella LPS/lipid A is not recognized by the murine 

TLR2 or TLR4 systems [122].  We investigated whether the altered lipid A structure of 

the lpxF-null Fn mutant allowed it to be sensed by the TLR2 or TLR4 systems, 

facilitating clearance of these bacteria.  LPS from both the WT Fn strain as well as the 

lpxF-null mutant failed to stimulate production of either IL-8 or TNF-α from THP-1 cells.  

As literature indicates that human and murine TLR4 can respond differently to altered 

lipid A structures we also tested the ability of the WT and lpxF-null lipid A in MHS cells, 

once again cells failed to produce cytokines in response to either the WT of lpxF-null 

lipid A (Figure 17).  While the LPS failed to stimulate in vitro we wanted to determine if 

perhaps the mutant would signal through TLR2/TLR4 in vivo.  In order to test this 

hypothesis, knockout mouse strains were exploited.  Initially, WT C57BL/6 and C57BL/6 

TLR2/TLR4-/- mice were infected by the s.c. route with ~106 CFU of the lpxF-null Fn 

mutant. All mice survived the infection (data not shown). Subsequently, all mice   
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Table 2 

Sensitivity of the lpxF-null Fn mutant and WT Fn to cationic 
AMPs 

Bacterial cultures were grown overnight and adjusted with fresh 
TSB-C to an OD600=0.132 (~0.5 McFarland units).  Cultures were 
then spread on TSB-C plates and a single Etest Strip was placed 
on each plate.  The MIC was calculated according to the 
manufacturers instructions.  Data is an average of 3 independent 
experiments. 

 

 Minimum Inhibitory Concentration (µg/ml) 
 

 Polymyxin B Colistin 

WT Fn 54.40±11.97 36.00±7.66 

lpxF-null Fn 0.48±0.08 0.60±0.10 
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Figure 17 

Lipopolysaccharide stimulation of macrophages 
The human monocytic cell line THP (top panels) and the murine alveolar cell line MHS (bottom 
panels) were stimulated for 24 hours with LPS from WT Fn (black lines), lpxF-null Fn (red lines) or 
E. coli O111:B4 (blue lines) as a control.  Cell supernatants were harvested and assayed by ELISA 
for production of the indicated cytokines.  Data points are from triplicate wells.  Each graph is 
representative of one of three independent experiments. 
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survived primary infection using a triple knockout mice (C57BL/6 TLR2/TLR4/caspase-

1-/-) that also lacked caspase-1, a proteolytic enzyme that cleaves precursors of the 

interleukin-1β (IL-1β) and interleukin-18 (IL-18) cytokines which have been shown to be 

involved in clearance of LVS infections (Figure 18A).  This indicates that in addition to 

the TLR2/4 systems, these two pro-inflammatory cytokines were not necessary during the 

course of lpxF-null Fn mutant infection.  To confirm that other receptors in the TLR 

system were not involved in the detection of the lpxF-null Fn mutant, we used knockout 

mice lacking the signaling adapter molecule, MyD88.  MyD88 is used by many TLRs to 

activate host NF-κB-driven inflammatory responses.  C57BL/6 MyD88-/- mice were 

infected by the s.c. route with the lpxF-null Fn mutant all but one survived the infection 

(Figure 18B).  The fact that only one C57BL/6 MyD88-/- mouse died, and this at a very 

late time point (day 14 after the lpxF-null Fn mutant infection), suggests that MyD88 has 

a minimal effect on the control of lpxF-null infection.  We further confirmed the 

dispensability of MyD88 using MyD88/ IFNAR-/- mice.  All C57BL/6 MyD88/IFNAR-/- 

mice also survived infection with the lpxF-null Fn mutant (Figure 18C), emphasizing 

that MyD88, and thus the majority of the TLR signaling system, was not essential for 

control of lpxF-null Fn mutant infection.  

The adaptive immune system is not required for control of lpxF-null Fn mutant 

infection 

The resistance of TLR/MyD88 deficient mice to lpxF-null Fn mutant infection 

may be a result of priming of adaptive immune components that confer protection to a 

primary infection.  To test this possibility, the susceptibility of C57BL/6 RAG-1-/- mice, 
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Figure 18 

Survival of knockout mice in primary lpxF-null mutant infection 
Knockout (red circles) and C57BL/6 (black squares) mice (N=4 in each group, except (C) which is N=3) 
were infected by the s.c. route with the lpxF-null Fn mutant ((A,B) day 0: 5x105 CFU, day 14: 3x106 
CFU; (C,D) day 0: 4x106 CFU, day 14: 5.7x106 CFU)) and survival was followed.  Each graph is 
representative of one of two independent experiments. 
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 which lack mature T and B cells, to the lpxF-null Fn mutant was investigated.  C57BL/6 

and C57BL/6 RAG-1-/- mice were infected by the s.c. route with ~106 CFU of lpxF-null 

Fn mutant bacteria.  C57BL/6 RAG-1-/- mice did not show any signs of disease and 

survived the infection, similar to WT mice (Figure 18D).  This finding indicated that T 

and B cells were not essential in the control of primary infection with the lpxF-null Fn 

mutant. 

IFN-γ is required for clearance of the lpxF-null mutant  

The importance of IFN-γ in the clearance of intracellular bacterial infections has 

been demonstrated [69, 79, 142].  To explore the role of IFN-γ in the clearance of an 

lpxF-null Fn mutant infection, C57BL/6 IFN-γ-/- mice were infected by the s.c. route with 

~2×106 CFU of the lpxF-null Fn mutant or ~200 CFU of WT Fn.  C57BL/6 IFN-γ-/- mice 

died at day 3 after WT Fn infection, similar to WT mice infected with WT Fn (Figure 

19A).  In contrast to WT mice infected with the lpxF-null Fn mutant, all of the C57BL/6 

IFN-γ-/- mice succumbed to the lpxF-null Fn mutant, although the time of death was 

delayed to day 7 post-infection (Figure 19A).  This finding was confirmed in C57BL/6 

IFN-γ-/- mice using a pulmonary infection model.  C57BL/6 IFN-γ-/- mice exposed to 

~200 CFU of aerosolized WT Fn died at day 2 post-infection.  When C57BL/6 IFN-γ-/- 

mice were exposed to ~ 6x105 CFU of aerosolized lpxF-null Fn mutant bacteria, all mice 

succumbed to the infection by day 11 post-infection, a significant delay when compared 

to WT Fn infection of these mice (Figure 19B).  

 

  



	   91 

  

Figure 19 

IFN-γ-/- mice are sensitive to lpxF-null Fn mutant infection by both the subcutaneous 
and pulmonary routes 
C57BL/6 or IFN-γ-/- mice (N=4 each group) were exposed to either WT Fn ((A) 244 CFU (B) 225 
CFU) or the lpxF-null Fn mutant ((A) 2.2x106 CFU, (B) 6x105 CFU) by either the s.c. (A) or 
pulmonary (B) routes.  Each graph is representative of one of three independent experiments. 
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Natural killer cells and neutrophils are not required for clearance of the lpxF-null 

Fn mutant  

Subsets of innate immune cells are capable of producing IFN-γ during the course 

of bacterial infection, including NK cells and neutrophils.  To evaluate the role of NK 

cells, C57BL/6 mice depleted of NK cells by antibody injection, or mock depleted with 

PBS, were infected by the s.c. route with the lpxF-null Fn mutant and survival monitored.   

Mice depleted of NK cells were able to survive lpxF-null Fn mutant infection 

(Figure 20A).  Depletion of NK cells was confirmed by flow cytometry analysis of 

spleens from both depleted and PBS-treated control mice (Figure 20B). 

Neutrophils have also been shown to play an important role in bacterial clearance, 

particularly during the primary phase of infection [107, 281].  Depletion of neutrophils 

using an anti-Ly-6G antibody had no effect on lpxF-null Fn mutant infection (Figure 

21A), suggesting that neutrophils, as well as NK cells, are not essential for clearance of 

the lpxF-null Fn mutant.  Complete depletion of neutrophils was confirmed by flow 

cytometry analysis of both anti-Ly-6G- and PBS-treated mice (Figure 21B). 

LpxF-null Fn mutant infection can protect against lethal challenge with WT Fn  

To investigate if a primary infection with the lpxF-null Fn mutant could protect 

mice from a subsequent lethal WT Fn challenge, mice were inoculated either by the s.c. 

route or by the pulmonary route with the lpxF-null Fn mutant on days -28 and -14.  Mice 

were then challenged with ~200-400 CFU (20-40 × LD100) of WT Fn on day 0 and 

followed for 30 days post challenge.  Mice inoculated with the lpxF-null Fn mutant by 
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Figure 20 

Effect of depletion of Natural Killer Cells on lpxF-null Fn mutant survival 
C57BL/6 (N=5 each group) mice were depleted of NK cells by monoclonal antibody injection.  Mice 
were then inoculated by the s.c. route with 1.5x106 CFU lpxF-null Fn mutant and followed for 
survival.  PBS depleted mice were used as a control.  Depletion was confirmed by flow cytometry 
analysis of spleens from PBS treated (B top panel) and antibody treated mice (B lower panel).  Each 
graph is representative of one of two independent experiments. 
 
 

!"#$%$#

&&
'(
)#

)#

*#



	   94 

  

Figure 21 

Effect of depletion of neutrophils on lpxF-null Fn mutant survival 
C57BL/6 (N=5 each group) mice were depleted of neutrophils by monoclonal antibody injection.  
Mice were then inoculated by the s.c. route with 9.67x105 CFU lpxF-null Fn mutant and followed for 
survival.  PBS depleted mice were used as a control.  Depletion was confirmed by flow cytometry 
analysis of spleens from PBS treated (B top panel) and antibody treated mice (B lower panel).  Each 
graph is representative of one of three independent experiments. 
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either the s.c. (Figure 22A) or pulmonary (Figure 22B) routes showed complete 

protection from a WT Fn challenge.  To determine if inoculation with the lpxF-null Fn 

mutant could protect against a higher dose of WT Fn, mice were inoculated by the s.c. 

route as in Fig. 7A, but were challenged with a WT Fn dose of 7.4×104 CFU (7400 × 

LD100). All lpxF-null Fn mutant-primed mice survived this lethal Fn challenge, whereas 

naïve controls all died by day 3 post-challenge (Figure 22C).  Finally, the protective 

efficacy of administration of only a single dose of the lpxF-null Fn mutant was examined 

by inoculating mice by the s.c. route with ~1.3×106 CFU of lpxF-null Fn mutant and 

challenging them 28 days later with 220 CFU of WT Fn.  Again, all mice that received a 

single dose of the lpxF-null Fn mutant survived WT challenge, whereas all naïve controls 

died by 3-4 days post-infection (data not shown).  

To determine if long-term immunity to a lethal WT challenge was achieved in 

mice immunized with lpxF-null mutant, C57BL/6 mice were inoculated by the s.c. route 

with two doses of the lpxF-null mutant (1.5×105 CFU) 14 days apart, as in previous 

experiments.  These groups were then allowed to rest for either 90 or 120 days before 

challenge with ~200-500 CFU of WT Fn. All mice that received the lpxF-null mutant 90 

or 120 days before challenge survived, while all naïve controls died over a normal time 

course (data not shown).   

Innate and adaptive immune components are essential for development of protective 

immunity 

To determine if components of the host innate immune system were required in the 

generation of the protective immune response, WT C57BL/6 mice and C57BL/6   
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Figure 22 

lpxF-null Fn mutant inoculation can protect mice against a subsequent WT Fn 
challenge 
C57BL/6 (N=5 each group) mice were inoculated by s.c. injection (A,C) or pulmonary exposure 
(B) on day -28 (A,C) 1x106 CFU; (B) 1x105 CFU and day -14 (A,C) 1.1x106 CFU; (B) 1x105 
CFU.  The mice were then challenged with varying doses of WT Fn (A,B) 400 CFU; (C) naïve 
173 CFU; low dose 7x103 CFU, high dose 7.4x104 and survival was followed.  Each graph is 
representative of at least three independent experiments.   
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TLR2/TLR4/caspase-1-/- mice were immunized by the s.c. route with the lpxF-null Fn 

mutant on days -28 (5×105 CFU) and -14 (3×106 CFU), and challenged by the s.c. route 

with a lethal dose (200 CFU) of WT Fn on day 0.  All C57BL/6 TLR2/TLR4/caspase-1-/- 

mice succumbed, while WT mice survived (Figure 23A).  To examine the role of 

MyD88 in eliciting protective immunity, WT C57BL/6, C57BL/6 MyD88-/-, and 

C57BL/6 MyD88/IFNAR-/- mice were immunized with the lpxF-null Fn mutant on days -

28 and -14, as in Figure 23A, and challenged with WT Fn on day 0.  All WT mice 

survived, while all C57BL/6 MyD88-/- and all of the C57BL/6 MyD88/IFNAR-/-, mice 

succumbed to the challenge (Figures 23B and 23C).  

The role of adaptive immunity was subsequently examined using C57BL/6 RAG-

1-/- mice.  C57BL/6 RAG-1-/- and WT C57BL/6 mice were immunized with the lpxF-null 

mutant on days -28 and -14 and challenged with WT Fn on day 0. As expected, all 

C57BL/6 RAG-1-/- mice succumbed to the infection indicating a role for T and B cells in 

the protective immune response (Figure 23D).  To dissect the essential role of individual 

cell types of the adaptive immune system, B cell-deficient mice (C57BL/6 µMT-/-) and in 

vivo depletion of T cell subpopulations were utilized.  WT C57BL/6 or C57BL/6 µMT-/- 

mice were immunized with lpxF-null Fn mutant bacteria on day -28 and later challenged 

with WT Fn on day 0.  All WT mice were protected against WT Fn challenge, whereas 

all C57BL/6 µMT-/- mice died over a normal time course of 3-5 days (data not shown).  

This finding indicated that the protection from WT Fn challenge exhibited by lpxF-null 

mutant-immunized mice was dependent on B cells. To investigate whether this protection 

from WT Fn challenge was also reliant on T cells, C57BL/6 mice were depleted of CD4+ 

or CD8+ T cells by antibody depletion. 
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Figure 23 

Survival of knockout mice in response to WT challenge 
Knockout and C57BL/6 mice (N=4 in each group, except (C) which is N=3) were infected by the 
s.c. route with the lpxF-null Fn mutant ((A,B) day -28: 5x105 CFU, day -14: 3x106 CFU; (C,D) day 
-28: 4x106 CFU, day -14: 5.7x106 CFU)).  Mice were then challenged by the s.c. route on day 0 
with WT Fn ((A, B) 220 CFU; (C,D) 153 CFU) and survival was followed.  Each graph is 
representative of one of at least two independent experiments.  
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These mice were inoculated with the lpxF-null Fn mutant on day -28, depleted of 

T cell subpopulations on day -1, challenged with WT Fn on day 0 and survival followed.  

CD8+ T cell-depleted mice that received a single lpxF-null Fn mutant inoculation were 

able to survive WT Fn challenge, whereas half of the CD4+ T cell-depleted mice 

succumbed, indicating that protection is at least partially dependent on CD4+ T cells 

(Figure 24).  Complete depletion of T cells was confirmed by flow cytometry analysis 

(Figure 25). 

LpxF-null Fn mutant infection fails to protect mice from lethal challenge with Type 

A or Type B F. tularensis  

Following the finding that infection with the lpxF-null Fn mutant could protect 

mice from WT Fn challenge, this protection was tested for the ability to protect mice 

from heterologous Type A or Type B Ft challenge. C57BL/6 WT mice were inoculated 

with the lpxF-null Fn mutant on days -28 and -14 and then challenged with either two Ft 

Type A strains - SchuS4 (FT1D) and the clinical isolate FT4D, a Type B strain FSC200, 

or WT Fn as a control. All mice that were challenged with the heterologous Type A 

strains (Figure 26A and 26C) or Type B strain (Figure 26B) failed to survive the 

challenge, whereas complete protection was observed when mice were challenged with 

the homologous WT Fn strain.  

Discussion 

Francisella is a Gram-negative intracellular pathogen that has a history of and the 

potential future for use as a bioweapon [128, 322].  This bacterium, once taken up by 

phagocytes can inhibit phagolysosomal fusion and escape from the phagosome into the 
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Figure 24 

Role of T cells in protection from lethal WT challenge 
C57BL/6 (N=5 per group) mice were inoculated with the lpxF-
null Fn mutant on day -28 and -14 (1x105 CFU).  Mice were then 
depleted of CD4+ or CD8+ T cells at day -1, challenged with WT 
Fn on day 0 and survival and disease progression were monitored.  
Data are representative of one of three independent experiments. 
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Figure 25 

Confirmation of T cell depletion by antibody injection 
Spleens harvested from mice treated with αCD4 antibodies (A), αCD8 antibodies (B), or PBS (C) as 
a control were stained for flow cytometry analysis.  Total live lymphocyte gate was used for further 
analysis of CD4 and CD8 content. 
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Figure 26 

lpxF-null Fn mutant inoculation fails to protect from Type A or Type B Francisella 
challenge 
C57BL/6 (N=4 per group) mice were immunized twice with lpxF-null Fn mutant (day -28: 3.05x104 
CFU, day -14: 7.92x105 CFU) and were then challenged with either Type A (FT1D (SchuS4) or 
FT4D) or Type B (FSC200) F. tularensis ((A) 253 CFU; (B) 275 CFU; (C) 1800 CFU) or with Fn 
U112 ((A,B) 173 CFU (C) 20 CFU).  Naïve mice were also challenged with Ft as a control ((A) 49 
CFU; (B) 32 CFU; (C) 144 CFU).  Data are representative of one of two independent experiments. 
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cytoplasm.  The lipid A structure of Francisella differs from the classical lipid A 

structure present in enteric bacteria, and does not exhibit proinflammatory activity via 

TLR2 or TLR4, either in vivo or in vitro [124].  This lack of recognition may contribute 

to the high lethality of Francisella infection.  One contributing factor in the lack of 

proinflammatory responses for Fn lipid A is the lack of the 4’ position phosphate, 

removed by the inner membrane/periplasmic enzyme, LpxF. The absence of this enzyme 

in the lpxF-null Fn mutant causes retention of both the 4´-phosphate moiety on the lipid 

A backbone and, surprisingly, one additional fatty acid chain at the 3´-position suggesting 

steric hindrance of a currently unidentified 3’ position deacylase if the phosphate moiety 

is retained.  This mutant was reported to be highly avirulent in the mouse intradermal 

footpad infection model. In addition, in this infection model system, a strong in vivo 

proinflammatory response was observed [380]. 

We showed here that the lpxF-null Fn mutant is rapidly cleared in macrophages, sensitive 

to AMPs and is also avirulent when WT mice are infected via the s.c. and pulmonary 

routes, even at a very high dose.  We next investigated which arm of the host immune 

system was essential for clearance of primary infection with the lpxF-null Fn mutant.  

Because the lpxF-null Fn mutant has an altered lipid A structure and induces 

proinflammatory responses in vivo [380], we hypothesized that the lipid A modification 

in the lpxF-null Fn mutant might render it recognizable by the TLR system and thus 

stimulate a host immune response able to clear the bacteria.  However, 

TLR2/TLR4/caspase-1-/- and WT mice infected by the s.c. route with the lpxF-null Fn 

mutant all survived the infection, thus indicating that TLR2 and TLR4 do not play a 

crucial role in the initial immune response to an lpxF-null Fn mutant infection.  This 
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result was contrary to the immune response to infection with LVS that was reported to 

require the host TLR2 system for survival [237].   

In addition to the TLR system, caspase-1 activation was previously reported to 

mediate the innate immune response to LVS infection [211].  Caspase-1 activation leads 

to the cleavage and release of mature forms of IL-1β and IL-18.  In contrast, in our 

studies, mice lacking caspase-1, along with TLR2 and TLR4, survived infection with the 

lpxF-null Fn mutant, indicating that the innate immune response to this mutant does not 

require caspase-1 activation. 

Because the lpxF-null Fn mutant activates a proinflammatory response in mice, 

the mutant may be detected by TLR systems other than TLR2 and TLR4.  The major 

functional pathway downstream of TLR stimulation requires MyD88 signaling leading to 

the activation of target genes involved in the host proinflammatory response [2].  The 

MyD88 adapter protein, while important to TLR signaling is important, is also involved 

in the signaling of many other intracellular sensors.  To determine if MyD88 was 

important for control of lpxF-null Fn mutant infection, MyD88-/- mice were utilized.  

MyD88-/- mice infected with the lpxF-null Fn mutant remained healthy throughout the 

study, indicating that the MyD88 pathway was not required for the response to infection 

with this strain.  Furthermore, the survival of MyD88/IFNAR-/- mice not only confirmed 

the dispensability of MyD88, but also implied that TLR activation through a MyD88-

independent pathway involving IRFs and type I interferon was not involved in clearance 

of the lpxF-null Fn mutant.  Taken together, the data suggested that although an innate 

immune response played a role in lpxF-null Fn mutant infection, this response did not 

require the TLR system and its MyD88 adapters, caspase-1 or type I interferon.   



	   105 

  It is possible that the lpxF-null Fn mutant may replicate very poorly in vivo, 

similar to its slow growth in broth culture (Figure 12), and is thus eliminated by other 

components of the innate immune system, such as neutrophils, NK cells, macrophages, 

complement or AMPs.  To evaluate this possibility, in vivo depletion of neutrophils or 

NK cells was performed by administration of cell specific antibodies, before infection 

with the lpxF-null Fn mutant.  Both the neutrophil- and NK cell-depleted mice survived 

the infection, suggesting that neither of these cell types was required for clearance of 

lpxF-null Fn mutant bacteria.  However, it is feasible that neutrophils and NK cells might 

have been incompletely depleted and that the remaining cells, even if only a small 

number, were recruited to the site of infection and eradicated the bacteria.  Further 

investigation using mice with a defects in neutrophil killing mechanisms or NK cells, 

such as gp91-/- mice and NK-T+ mice, should provide more definitive information on the 

role of neutrophils and NK cells in control of lpxF-null Fn mutant infection.  

  Interferon-γ has been shown to be important in several intracellular bacterial 

infections [79, 142]. Engagement of the IFN-γ receptor initiates a signaling pathway 

involving activation of Janus kinases (JAK) and signal transducer and activator of 

transcription (STAT) proteins, followed downstream by the transcriptional induction of 

target IFN-stimulated genes [349].  IFN-γ is important in the activation of macrophages 

to effectively kill intracellular bacteria, and in the induction of CD4+ TH1 and CD8+ 

cytotoxic T cell responses.  IFN-γ can suppress Francisella replication inside 

macrophages [8].  Priming of macrophages with IFN-γ can inhibit bacterial phagosome 

escape, and also induce the expression of IL-23 and other proinflammatory molecules 

[36].  Conversely, Francisella infection may suppress activation of STAT1 expression 
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and phosphorylation, possibly through up-regulation of suppressors of cytokine signaling 

3 (SOCS3) expression [280].  We observed here that absence of IFN-γ shortened the time 

to death in mice with pulmonary tularemia, emphasizing the importance of IFN-γ in WT 

Fn infection [277].  Our data also showed that IFN-γ was essential for clearance of lpxF-

null Fn mutant bacteria in both s.c. and pulmonary infections.  Although the lpxF-null Fn 

mutant pulmonary-infected IFN-γ-/- mice died significantly more slowly than WT mice 

with WT Fn infection (day 10-11 vs. day 4, respectively), it is likely that this was due to 

the very slow replication rate of the mutant and thus slow onset of disease.  

Multiple sources of IFN-γ in the early course of LVS infection have been reported, 

including NK cells, T cells, dendritic cells (DCs), NK-T cells, NK DCs, macrophages, 

and neutrophils [53, 54, 73].  Production of IFN-γ during LVS infection was not 

dependent on T and B cells (8).  In the lpxF-null Fn mutant infection model, the 

production of IFN-γ is very likely independent of TLR2, TLR4, MyD88 adapter, type I 

IFN, and T and B cells.  IFN-γ production is also independent of NK cells, since mice 

depleted of NK cells were able to survive primary lpxF-null Fn mutant infection.  The 

sources of IFN-γ in lpxF-null Fn mutant infection remain to be determined.  

As there are no FDA approved vaccines for Francisella available, there is a need 

to identify well-defined vaccine targets that protect against a potential outbreak.  We 

determined that the highly avirulent lpxF-null Fn mutant could induce protection against 

WT Fn infection, as well as the mechanisms underlying the development of protection.  

The lpxF-null Fn mutant provided complete protection against WT Fn infection by both 

the s.c. and pulmonary routes.  This protection is dependent on both innate and adaptive 

immunity, as knockout mice remained susceptible to lethal WT challenge after 
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vaccination with the lpxF-null Fn mutant.  Specifically, we determined that B cells from 

the adaptive immune system were essential, since all µMT-/- mice succumbed to infection.  

RAG-1-/- mice died later than any of the innate immune system knockout mice, 

suggesting that the innate immune system controls early infection, which can then be 

cleared by antibody.   

Protection was achieved even when immunized mice were challenged with very 

high, lethal dose of WT Fn, suggesting that this mutation may be a potential candidate for 

vaccine development.  Protection was also long-lived (120 days after vaccination) and 

partially dependent on CD4+ T-cells, indicating protection is most likely mediated by 

class switched high-affinity antibodies and not natural IgM, as is seen in some LVS 

models of protection [56].  The class of antibodies induced by lpxF-null infection will be 

determined in a future study.  The lpxF-null Fn mutant did not cross-protect against 

heterologous Type A and Type B Ft infection, possibly due to antigenic differences 

among different Francisella subspecies.  Therefore, whether mutations in the lpxF gene 

in Type A and Type B Ft genomic backgrounds would provide comparable protection to 

that observed in the Fn model should be determined.  

Finally, the lpxF-null Fn mutant may be recognized by intracellular receptors, 

such as NLRs (nucleotide-binding domain, leucine-rich repeat containing proteins), 

although whether the lpxF-null Fn mutant can escape phagolysosomal fusion and activate 

intracellular receptors remains to be determined.  Recent studies have implicated the 

pattern recognition receptor AIM2 (absent in melanoma 2) as being critical for survival 

of primary Fn infection [91, 297].  However, AIM2 is unlikely to play a role in lpxF-null 

Fn mutant infection, since it functions upstream of caspase-1, which our data suggest was 
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dispensable for survival.  In conclusion, this study described the lpxF-null Fn mutant, 

which is rapidly cleared and sensitive to AMPs, as a potential vaccine candidate for the 

s.c. and airborne routes of transmission, as well as the understanding the fundamental 

basis of the immune response to this mutant.  This knowledge should help guide 

development of vaccines against human tularemia to obtain maximum efficacy. 
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CHAPTER 3:  The Role of the Innate Immune System in Pathogenesis and 
Protection 

Innate Immunity 

The host is constantly being exposed to a wide variety of microorganisms.   A 

very small percentage of these microbial insults ever produce a noticeable response from 

the host.  Most of the constant stream of microorganisms are detected and destroyed 

within hours of entry by the innate immune system, which does not rely on memory and 

expansion of specific cells like the adaptive immune system. 

 The innate immune system can be divided into two phases.  First there is the 

immediate innate immunity, which acts in a matter of minutes to hours through the 

recognition of conserved epitopes using preformed effectors and broadly specific effector 

molecules.  The initial barrier to infection are host anatomical barriers; skin preventing 

penetration of microbes, beating cilia clearing airway pathogens, and mucus lining 

mucosal surfaces which can trap and kill microorganisms.  When anatomical barriers are 

breached, through trauma or bacterial subversion, host factors in the serum can inhibit 

microbial colonization and growth.  These factors range from indirect, such as lactoferrin 

sequestering iron, to direct like complement binding to the cell surface and forming a 

MAC to lyse invading microbes.   Along with these secreted factors early acting innate 

immune cells from the bone marrow including DCs, mast cells, NK cells, and 

macrophages can kill microbes in a variety of ways including phagocytosis (DCs and 

macrophages) and production of toxic molecules (NK cells and mast cells). 

A second phase of the innate immune system, acting of the time frame of hours is 

the pattern recognition system.  The pattern recognition system recognizes epitopes of 

broad specificity, which are conserved across many pathogens.  These Danger Associated 
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Molecular Patterns (DAMPs) are recognized by genome inherited Pattern Recognition 

Receptors (PRRs) and generate a rapid response to attempt clearance of the pathogen.  

These PRRs can be free proteins or surface bound receptors. 

The free PRRs, such as the serum protein mannose-binding lectin (MBL), the 

galectins and the epithelial surfactant proteins A and D (SP-A, SP-D) recognize DAMPs 

and “coat” the microorganism to make them more susceptible to phagocytosis or to 

attract other immune components that can directly kill the microorganism.  PRRs are also 

cell bound and include the macrophage mannose receptor or the TLR family among 

others.  Cell bound PRRs, be they surface or endosome associated signal through cellular 

partners and produce a cellular response to either kill the pathogen or recruit immune 

cells to the site of the infection.  In humans, ten distinct TLRs have been identified that 

react to a variety of ligands.  The exact response is shaped by the specific TLR stimulated 

and the signaling pathway utilized after stimulation. 

TLRs1-9 are expressed by both murine and human cells and with a few 

exceptions respond to the same ligands.  TLR2 can dimerize with either TLR1 or TLR6 

to recognize triacylated or deacylated lipoproteins respectively.  Experimentally these can 

be stimulated with purified Pam3Cys for TLR1/2 or zymosan for TLR2/6.  Francisella 

also induces a strong TLR2 driven response.  The best characterized of the TLRs is TLR4 

which responds primarily to LPS along with a cadre of other exogenous and endogenous 

molecules.  Recent work from our laboratory has shown that murine TLR4 reacts more 

strongly to hypo-acylated LPS molecules than their human counterparts [120, 121].  LPS 

from Francisella fails to stimulate TLR4 responses from either species.  TLR5 responds 

to bacterial flagellin, a component Francisella is lacking.  TLR9 is found in the 
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endosome and reacts to CpG DNA found in bacterial DNA.  Other endosomal TLRs 

(TLR7,8) respond to single stranded RNA found in viral infections, while TLR3 responds 

to double stranded RNA.  TLR10 is found only in humans and while, like TLR2, it can 

dimerize with TLR1 and TLR6, no ligand has yet been identified.  TLR11 is expressed in 

murine cells and has been shown to respond to the protozoan parasite Toxoplasma gondii.  

TLR12 and TLR13 are also murine restricted.  A ligand for TLR12 has yet to be 

identified.  Recently, TLR13 was shown to respond to bacterial 23S RNA.  Interestingly 

23S RNA from erythromycin-resistant S. aureus failed to stimulate TLR13, while 

sensitive strains did cause stimulation [272].  

TLR activation leads to the production of proinflammatory cytokines, primarily 

TNF-α, IFN-α/β, IL-12 and IFN-γ.  Dimers of TLR1/2 and TLR2/6 signal through the 

adapter complex of MyD88 and TIRAP/MAL, TLR4 can also use this pair of adapters 

leading to the degradation of IKK-α/β that releases NF-κB to move to the nucleus where 

it can drive proinflammatory and proliferative responses.  TLR5, TLR7, TLR8, and 

TLR9 also signal through MyD88 but do not require the second adapter molecule TIRAP.  

Alternatively, TLR3 signals through TRIF, which activates IRF-3 translocation to the 

nucleus and produces primarily IFN-β responses.  TLR4 can also signal through TRIF 

with the help of the co-adapter TRAM.  TLR4 is the only TLR known to use 2 different 

signaling pathways, recent evidence indicates that differing lipid A structures can 

influence which signaling partners are recruited to the receptor.   

The production of Type I interferons (IFN-α/β), that are produced by all nucleated 

cells has primarily been studied as an antiviral mechanism.  While some bacterial TLR4 

responses can produce IFN-α/β, most IFN-α/β responses are generated by cytosolic PRRs.  
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Chief among these cytosolic PRRs are the RNA helicases retinoic acid inducible gene I 

(RIG-I) and melanoma differentiation-associated gene 5 (MDA-5).  Both of these PRRs 

recognize dsRNA in a manner independent of TLR3.  Upon recognizing dsRNA RIG-I 

and MDA-5 activate both IRF-3 and IRF-7 through the signaling adapter CARD adapter 

inducing IFN-β (CARDIF) that induce IFN-β and a host of other “antiviral” genes.  

Recently, a handful of intracellular bacterial pathogens; Legionella pneumophila, Listeria 

monocytogenes, Bacillus anthracis and Ft have the ability to induce IFN-α/β responses.  

The exact mechanism of recognition of these pathogens is still under investigation.  

In order to successfully establish colonization a pathogen must have the ability to 

avoid these early innate immune defense systems.  Below we will examine the ability of 

the lpxF-null Fn mutant to avoid the innate immune system. 

 

Mechanism of increased sensitivity to AMPs 

 Gram-negative bacteria employ a host of mechanisms to resist killing by AMPs.  

Host cationic AMPs (CAMPs), such as magainin, LL-37, and M-CRAMP are positively 

charged, small molecules produced by a variety of cells including neutrophils, 

macrophages, and epithelial cells.  These CAMPs work by binding to the bacterial 

membrane and either dimerizing to form a pore or penetrating the membranes completely 

and binding to intracellular targets.  Binding is predicated on the negative charge of the 

bacterial membrane, imparted by the terminal phosphates of LPS, attracting the positively 

charged peptide [193, 331].    

To combat this binding, bacteria have developed a variety of compensatory 

mechanisms.  One such mechanism is the expression of OMPs to cleave these peptides as 
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is seen with the Salmonella protein PgtE [112].  Other mechanisms involve alteration of 

the LPS molecule as discussed above.  To combat the negative charge in the membrane, 

the negatively charged phosphates can be “capped” with positively charged sugars such 

as aminoarabinose in Pseudomonas and Salmonella [114, 179, 182].  Alternatively the 

phosphate can be removed from lipid A as is seen in Francisella and Helicobacter [168, 

362, 380].  Another mechanism of resisting CAMPs is to decrease the permeability of the 

membrane by adding additional or longer acyl chains to the lipid A molecule.   

The lpxF-null mutant has a variety of lipid A modifications when compared to the 

WT Fn strain.  In the lpxF-null mutant, we have competing mechanisms of resistance.  

While the mutant lipid A molecule does contain an additional fatty acid when compared 

to the WT it possesses an increased negative charge due the phosphate remaining at the 

4´ position (Figure 10). Above, we have shown that the Fn lpxF-null mutant is 

hypersensitive to the cationic peptides polymyxin B and Colistin (polymyxin E) (Table 

2).  To determine if the overall permeability of the membrane in the mutant was affected 

uptake of ethidium bromide was measured.  Ethidium bromide is able to cross permeable 

cell membranes and fluoresces when bound to DNA; increased fluorescent signal is 

attributed to increased permeability.  Briefly, cultures of either WT Fn or lpxF-null Fn 

were grown overnight in LB.  The following morning, cultures were adjusted to OD=0.1 

and incubated with ethidium bromide at a concentration of 2.5 µM.  To rule out the 

possibility of membrane changes altering efflux pump activity a second group was 

incubated with the efflux pump inhibitor chlorpromazine CPZ (10 mg/L) as well as 

ethidium bromide.  Fluorescence at OD595 was measured every 2 minutes for 30 minutes 

using a Beckman Coulter DTX880 Fluorescent Plate Reader.  WT Fn showed increased 
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ethidium bromide uptake indicating it was more permeable than the lpxF-null mutant.  

The presence of efflux pump inhibitors showed increased ethidium bromide in both 

samples but the WT Fn was still significantly higher than the lpxF-null mutant (Figure 

27).  The decreased permeability in the lpxF-null mutant provides some interesting 

insight into the mechanisms of CAMP resistance. The two changes in the membrane, 

increased permeability and negative charge, separately have differing effects on CAMP 

resistance. The increased negative charge from the phosphate moiety that remained at the 

4´ position has a greater effect on CAMP resistance than the altered permeability. 

  

Serum sensitivity of lpxF-null Fn mutant 

 As seen previously WT Fn is resistant to killing by complement [46].  Mutants 

with deficiencies in O-antigen have shown hyper-susceptibility to killing by complement 

and are avirulent in mouse models of infection.  While being attenuated these mutants do 

not induce protective immunity [300].   

To determine if altered lipid A in the lpxF-null Fn results in altered resistance to 

serum killing.  To this end a serum killing assay was performed.  Briefly, mid-log phase 

WT Fn, lpxF-null Fn, or E. coli DH5α as a positive control were adjusted to an OD600 of 

0.1 in sterile PBS.  Normal or heat inactivated human serum was then added to these 

samples at 0%, 5%, and 20%.  The samples were then incubated with mild agitation at 

37° C for 1 hour.  Samples were then centrifuged at 5000x g for 5 minutes.  The  
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Figure 27 

lpxF-null Fn mutant shows decreased permeability as 
compared to WT Fn 
Cultures of WT Fn (black squares) and lpxF-null Fn (red 
circles)were adjusted to OD600 =0.1.  Bacterial cultures were then 
incubated in the presence (closed symbols) or absence (open 
symbols) of the efflux pump inhibitor chlorpromazine CPZ 
(10mg/L).  Ethidium bromide at a concentration of 5 µM was added 
to all cultures.  Cultures were then incubated at 37° C and the 
absorbance at 595 nm was measured every 2 minutes.  Each data 
point is the average of triplicate wells.  Graph is representative of 
one of three experiments. 
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supernatant was removed and replaced with sterile PBS.  These samples were then 

enumerated by serial dilution and plating on TSB-C agar plates.  As has been seen 

published previously WT Fn showed no killing even at 20% serum.  The positive control 

DH5α was almost completely killed at 5% serum, heat inactivated serum showed no 

killing indicating the killing was mediated through complement.  Interestingly, the lpxF-

null Fn mutant showed ~90% killing at 5% serum and recovery was almost absent at 

20%.  Like was seen in the DH5α control heat inactivation completely ablated the serum 

mediated killing (Figure 28). 

Ability of lpxF-null Fn to replicate in macrophages 

 As shown above, the lpxF-null Fn mutant fails to replicate in either the mouse 

alveolar macrophage MHS cell line or the human monocytic THP-1 cell line [168].  

Many Francisella mutants that are unable to replicate in macrophages; iglC-null, mglA-

null, vgrG-null, due to a defect in the ability to escape the phagosome [12, 204, 216].  To 

determine the ability of the lpxF-null mutant to escape the phagosome, a recently 

developed, differential lysis procedure was employed [80].  This method allows for 

enumerating not only the total number of bacteria in the macrophages but also the total 

found outside the phagosome.   

Immortalized C57BL/6 bone marrow derived macrophage cell line (BMDM) 

(BEI Resources, Manassas VA) was allowed to adhere to 96 well plates at 1x105 

cells/well.  Non-adherent cells in the media were removed and fresh antibiotic free media 

was replaced.  Remaining adherent cells were infected with WT (15 MOI), lpxF-null (90 

MOI) or mglA-null Fn (120 MOI).  An increased MOI of both mutants was used to 

compensate for their lack of replication.  Cells were centrifuged at 200x g for 5 minutes  
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Figure 28 

lpxF-null Fn mutant is sensitive to killing by normal 
human serum 
E. coli DH5α, WT Fn, and lpxF-null Fn were adjusted to an OD600 
of 0.1 in sterile PBS and incubated for 1 hour with normal human 
serum at the indicated concentration.  Bacteria were then washed 
and serum was replaced with sterile PBS.  Samples were then 
enumerated by serial dilution.  Each bar is the average of triplicate 
well.  Graph is representative data of one of two independent 
experiments. 
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to maximize bacteria-macrophage contact.  After 30 minutes the cell culture 

media was removed and replaced with media containing 50 µg/ml of gentamycin to kill 

all extracellular bacteria for 30 minutes.  After killing of extracellular bacteria, wells 

were lysed (1 hour time point) or fresh antibiotic free culture media was added and 

infection was allowed to continue until the 5 hour time point. 

For differential lysis of tissue culture cells, both saponin and digitonin were 

utilized.  Saponin is a non-ionic surfactant was used at 0.1%.  Saponin lyses the 

macrophage outer membrane as well as the lysosomal membrane thereby allowing 

enumeration of the total number of bacteria in each infected well.  Digitonin, a non-ionic 

detergent was used at 50 µg/ml.  Digitonin permeabilizes just the macrophage membrane 

while leaving the lysosome intact. This allows for enumeration of only bacteria that have 

escaped from the lysosome [80].   

 When applied to the lpxF-null mutant, as well as the negative control mglA-null 

mutant, differential lysis showed both mutants were incapable of escaping the phagosome 

(Figure 29).  At the one-hour time point, saponin treatment showed both mutant strains 

as well as the WT Fn used were able to enter the macrophages.  Both mutants show a 

higher load than the WT; this may be due in part to the increased MOI used in the 

mutants.  It is important to note that in previous experiments, mutant bacteria are taken 

up by macrophages at equal rates to the WT.  Digitonin lysis at the 1-hour time point 

showed minimal escape of the WT and mglA-null Fn and no escape of the lpxF-null 

mutant.  At the 5 hour time point, the total bacterial load of both the mglA-null and lpxF-

null mutant was dropping while the WT load was increasing as would be expected.  

Saponin treatment showed that much of the WT bacterial load was outside of the  
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Figure 29 

Differential lysis of macrophages reveals phagosomal 
escape defect in lpxF-null Fn mutant 
C57BL/6 BMDM were plated in 96 well plates at 1x105 cells per 
well.  Cells were infected with WT Fn (black bars MOI 15), mglA-
null Fn (red bars MOI 90), or lpxF-null Fn (blue bars MOI 120) 
indicated MOIs for 30 minutes followed by a 30 minute gentamycin 
treatment to remove extracellular bacteria.  At the indicated time 
points, cells were lysed with either digitonin (cytosolic bacteria) or 
saponin (total bacteria).  Lysates were diluted and plated for 
enumeration of TSB-C agar plates.  Each bar is the average of 
triplicate wells.  Graph is representative data of one of two 
independent experiments. 
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phagosome while there was minimal mglA-null recovery and the lpxF-null mutant was 

not recoverable (Figure 29).  These results indicate that, like the mglA-null mutant, the 

lpxF-null mutant fails to escape the phagosome leading to impaired replication in 

macrophages.  

 

Co-localization of lpxF-null Fn with acidified compartments in macrophages 

 To further confirm lpxF-null Fn fails to escape the phagosome co-localization 

with acidified vesicles was determined.  Immortalized C57BL/6 BMDMs were allowed 

to adhere to 6 well chamber slides at 1x105 cells/well.  Non-adherent cells in the media 

were removed and fresh antibiotic free media was replaced.  Remaining adherent cells 

were infected with green fluorescent protein (GFP) expressing WT, lpxF-null or iglC-null 

Fn.  Cells were centrifuged at 200x g for 5 minutes to maximize bacteria-macrophage 

contact.  After 30 minutes the cell culture media was removed and replaced with media 

containing 50 µg/ml of gentamycin to kill all extracellular bacteria for 30 minutes.  Along 

with the gentamycin cells were also treated with LysoTracker Red (Molecular Probes, 

Eugene OR) at a concentration of 1 µM.   After killing of extracellular bacteria and 

lysosome staining, wells were aspirated and fixed with Vector Shield for microscopic 

analysis.  Slides were imaged on a Zeiss AX-10 microscope.  50 bacteria were scored for 

co-localization with LysoTracker for each strain.  Percent of bacteria in the acidified 

endosome was determined by enumerating the number of GFP expressing Francisella 

either in the cytosol (green) or localized with the red LysoTracker (yellow) (Figure 30). 
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Figure 30 

lpxF-null Fn co-localizes with acidified vesicles 
C57BL/6 BMDM were infected with GFP expressing WT Fn 
(black bars), iglC-null Fn (red bars), or lpxF-null Fn (blue bars) at 
a MOI of 50.  After 30 minutes were treated for 30 minutes with 
gentamycin to kill extracellular bacteria and LysoTracker Red to 
labeled acidified endosomes.  Slides were then enumerated for 
bacteria that localized with the acidified compartments.  50 cells 
were counted per strain. 
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Ability of lpxF-null Fn to replicate in genetic knockout macrophages 

 To determine which components of the innate immune system may be controlling 

the intracellular replication of the lpxF-null mutant, a wide variety of knockout BMDM 

cell lines were utilized.  All cell lines are on the C57BL/6 background.  The following 

cell lines were used: WT, TLR2-/-, TLR4-/-, TLR9-/-, CD14-/-, Mal-/-, Trif-/-, Tram-/-, 

Trif/Tram-/-, and MyD88/Tram-/-.  All cell lines were from BEI Resources, except for the 

MyD88/Tram-/-, which were a kind gift from Katherine Fitzgerald (University of 

Massachusetts).   

TLR2 is plasma membrane associated and dimerizes with either TLR1 or TLR6 to 

signal after stimulation with lipoproteins.  TLR4 self dimerizes and signals in response to 

LPS among other stimulus.  TLR9 is endosome associated and is stimulated by dsDNA 

molecules.  CD14 is a co-receptor with TLR4 that transfers LPS from the LPS binding 

protein to MD-2 and TLR4.  Mal or TIRAP is an adapter molecule that facilitates 

signaling through MyD88 downstream of TLR2 and TLR4.  Trif and Tram are adapter 

molecules downstream of TLR3 and TLR4 (Figure 31). 

Each of the above cell lines were infected with WT Fn, the lpxF-null mutant, as 

well as another lipid A mutant lpxD1-null [213].  The lpxD1-null mutant was chosen as a 

control because though it is attenuated in mice, it maintains the ability to replicate in 

macrophages.  At 3 and 24 hours post-infection, macrophages were lysed with saponin 

and bacteria were enumerated by serial dilution.  Interestingly, while both the WT and 

lpxD1-null mutant were able to replicate in all cell lines tested, no cell line was able to 

support lpxF-null replication (Table 3).  As can be seen in Figure 32, our knockout 

library covers all facets of the TLR system.  Using this collection of knockout cell lines  
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Figure 31 

Schematic of TLR signaling 
Outline of TLR signaling adapter use along with TLR ligands.  TLR10-13 removed for simplicity.   
 

!"#$%!"#&'
!()*+,-*./0'
-)121/130/'
4*567,8'

'

!"#&%!"#9'
:)*+,-*./0'
-)121/130/'
4*5&7,8'

'

!"#;'
"4<'

#<='>'1(2./)?'
@<49A'

'

'

!"#B'
>-*C/--)?'

'

!"#D'2('!"#E'
88#FG'

'

'

!"#6'
08#FG'
42-,HI7'

'

'

!"#J'
74K':FG'

'

!H#G4' !#H>' !#GL' L,:DD'L,:DD'

!#H>'

L,:DD'

H#>
6'

H#GM'

F>NOP'

H#>
6'

H>FNQ!'

F>NOP'

!F>NRS'H"N9S'H"ND!'

'
T?02825/'

'

'

'
FU+-/U8'

'

'



	   124 

  

Table 3 

Replication of WT Fn and Fn lipid A mutants in BMDMs 

BMDM cell lines from the indicated mutants (all on C57BL/6 
background) were seeded at 1x105 per well.  Cells were then 
infected for 30 minutes with WT Fn, lpxD1-null, or lpxF-null 
Fn mutants at an MOI of 50, followed by a 30-minute 
gentamycin wash to kill extracellular bacteria.  Lysates were 
diluted and enumerated by viable counting on TSB-C agar 
plates.  Bacterial multiplication is noted by a ✔, while no 
growth is noted by a ✗. n.d. not determined. 
 

Cell Line WT Fn lpxD1-null lpxF-null 

WT BMDM ! ! " 

TLR2 KO ! ! " 

TLR4 KO ! ! " 

TLR9 KO ! ! " 

CD14 KO ! ! " 

Mal KO ! ! " 

Trif KO ! ! " 

Tram KO ! ! " 

Trif/Tram KO ! ! " 

MyD88/Tram KO ! n.d. " 
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Figure 32 

Schematic of TLR signaling with knockout cell lines 
Overview of TLR signaling including pathways abrogated with various knockout cell lines used. 
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we can definitively say that the TLR system is not controlling intracellular replication of 

the lpxF-null mutant. 

 

in vivo Control of the lpxF-null Fn mutant 

 While the lpxF-null mutant is unable to replicate in any of the macrophage lines 

tested, the possibility remains that is might be able to replicate in other cell types and 

cause disease in vitro.  To this end, we tested the lpxF-null Fn mutant in mice with a 

variety of genetic backgrounds (Table 4).  Briefly, mice were challenged by the s.c. route 

with ~1x105 CFU of lpxF-null Fn as described above.   

To begin with the TLR system mice deficient in either TLR2 or TLR4 were 

initially challenged with the lpxF-null mutant.  TLR2-deficient mice have previously 

been shown to be sensitive to LVS infection compared to their WT littermates [53, 55, 

211].  When challenged with the lpxF-null mutant all mice survived regardless of TLR 

deficiency.  Mice deleted of the signaling adapter MyD88 also survived the lpxF-null 

challenge.   

 To determine if Type I interferons were involved in surviving the lpxF-null 

infection, mice deleted of the IFN-α/β Receptor were investigated.  IFNAR-/- mice that 

were challenged with the lpxF-null mutant all survived the infection. Mice deficient in 

both IFNAR and MyD88 were also able to survive the lpxF-null challenge, indicating 

neither the Type I interferon nor TLR/IL-1 family systems was needed for control of the 

lpxF-null mutant.  Some recent data has indicated that IFNAR-/- mice are more resistant 

to WT Fn infection than WT mice at a dose of 5x105 CFU [385].  Our attempts to  
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Table 4 

Survival of genetic knockout mice challenged with lpxF-null Fn followed by WT Fn challenge 

The indicated genetic knockout mice (all on C57BL/6 background) were inoculated with 1x105 
CFU of lpxF-null mutant on day -28.  Mice were followed for survival and disease progression.  
Surviving mice received a second lpxF-null Fn dose on day -14 followed by a lethal challenge of 
~200 CFU of WT Fn.  Mice were followed for disease progression and survival. 
 

Strain 
 

lpxF-null Primary 
Infection Survival 

U112 Challenge 
Survival 

Mean Time to 
Death in days 

TLR2/TLR4/Caspase1-/- 8/8 0/8 5.75 
TLR2-/- 8/8 0/8 5.0 
TLR4-/- 8/8 0/8 5.0 

MyD88/IFN!R-/- 10/10 0/10 6.0 
MyD88-/- 10/10 0/10 5.0 
IFN!R-/- 12/12 0/12 4.5 
RAG-1-/- 10/10 0/10 3 

Tcr"/Tcr#-/- 6/6 0/6 9.7 
µMT-/- 8/8 0/8 4.2 

IL-17a-/- 8/8 0/8 7.4 
IL-23p40-/- 8/8 0/8 8.0 

Stat1-/- 0/5 NA 7.5 (lpxF-null) 
IFN-$-/- 0/10 NA 7 (lpxF-null) 
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confirm this observation show that even at 50 CFU (a 1000x reduction from the 

published dose) all mice, including IFNAR-/- mice, succumbed to infection (Figure 33). 

The only mutant found to be sensitive to the lpxF-null mutant were those deficient 

for the signal transducer STAT-1 that is downstream of all interferons.  Since we have 

shown above that Type I interferon is not required to survive the infection, we sought to 

determine if the required interferons were of Type II (IFN-γ) or Type III (IFN-λ).  IFN-γ-

/- mice were challenged by the s.c. route with ~1x105 CFU of lpxF-null Fn, as done above.  

All IFN-γ-/- mice succumbed to the lpxF-null Fn challenge, indicating that Type II 

interferon was the requirement for survival.  Strikingly, these mice did survive 

considerably longer ~7 days after s.c. infection, as compared to mice infected with WT 

Fn that only survived ~3 days.  This delay in time to death may be related to the slow 

broth replication of the lpxF-null mutant. 

 As most mutants we tested were able to survive the lpxF-null infection, we sought 

to determine what components of the innate immune system were required for protective 

immunity (Table 4).  To this end, KO mice previously challenged with lpxF-null Fn were 

given a second booster dose of ~1x105 CFU of lpxF-null mutant 14 days after their initial 

dose.  Two weeks after this booster dose mice were challenged with ~200 CFU of WT Fn.  

Strikingly, while all WT mice that received the lpxF-null mutant were able to survive the 

WT challenge, not a single knockout mouse strain  

 was able to survive the WT challenge.  This data taken together indicates that while only 

IFN-γ is needed to survive the primary lpxF-null infection a completely intact immune 

system is required for survival of a lethal challenge.          

 



	   129 

  

Figure 33 

INFAR-/- mice do not show increased resistance to Fn 
infection 
INFAR-/- mice (N=3 per group) were challenged with the indicated 
dose of WT U112 Fn by the s.c. route.  Mice were then followed for 
survival and disease progression.  Representative of one of two 
independent experiments. 
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Conclusions 

 To be an effective pathogen, bacteria must initially avoid the host innate immune 

system to efficiently colonize.  The lpxF-null Fn mutant fails to control/avoid the host 

immune system in a number of ways.  Initially, the mutant is hyper-susceptible to host 

CAMPs.  CAMPs are expressed at a basal level at mucosal surfaces such as the lungs and 

intestines [403].  Expression of these proteins can be rapidly up-regulated by a variety of 

signals during microbial infections.  While the lpxF-null mutant is taken up by 

macrophages in vitro at a level equivalent to WT, the CAMP activity in vivo may limit 

the number of bacteria who reach target cells, curtailing pathogenesis before cellular 

entry.  The real value in the CAMP resistance data from the lpxF-null Fn mutant is the 

elucidation of the hierarchy of CAMP resistance mechanisms.  As discussed in Chapter 1, 

modification of lipid A is a survival strategy of many bacteria to resist both host CAMPs, 

as well as cationic antimicrobial drugs such as the polymyxin family.  Active removal of 

negative lipid A charges by either adding sugars to these phosphates, as seen in 

Salmonella, Yersinia, and Legionella, or by removing the phosphate from the backbone, 

as seen in Helicobacter, Porphyromonas, Leptospira, and Francisella.  Here we have 

shown that the increase of negative charge on lipid A is a strong indicator of CAMP 

sensitivity even when coupled with lowered membrane permeability. With growing 

research into mechanisms and means of counteracting antibiotic resistance, our research 

shows that inhibitors directed towards lipid A charge modification genes (lpxF, lpxE, 

arnT, pmrK) should be a priority over inhibitors that block acyltransferases, such as htrB 

and pagP.  
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 Though the lpxF-null Fn mutant is hypersensitive to CAMPs, the overriding 

virulence defect lies in the loss of intracellular replication.  Once the lpxF-null mutant 

enters host cells we have shown it fails to replicate, regardless of defects in the TLR 

system.  The lpxF-null mutant is cleared from macrophages at an even faster rate than 

other Fn mutants known to be replication-deficient in macrophages.  The mglA-null 

mutant, lacking the master regulator and unable to produce any of the essential FPI genes 

is still able to persist in cell lines for longer times than the lpxF-null mutant.  As the lpxF-

null mutant fails to escape the phagosome, like the mglA-null mutant, the rapid clearance 

points to an impaired ability to survive the phagosome environment.  Generally, 

inhibiting the acidification of the phagosome by chemical means (bafilomycin or 

ammonium chloride) can rescue bacterial mutants that fail to escape the phagosome.  In 

Francisella, acidification of the phagosome is essential for escape and survival.  

Phagosomal escape and intracellular replication are dependent on the FPI, though recent 

work has indicated a number of genes outside the FPI that when deleted cause a decrease 

or loss of intracellular replication.  Our current work has highlighted a new gene in lpxF 

that is critical for intracellular replication.  It is important to note that not all mutants 

devoid of intracellular replication elicit a protective immune response (mglA-null) and 

conversely some protective mutants replicate to WT levels in macrophages (lpxD1-null).   

A wide variety of genetic knockout mice were utilized in these studies to attempt 

to determine the “minimal immunological unit” required to survive the lpxF-null 

infection.  The only immune system component found to be absolutely necessary for 

mice to survive the primary lpxF-null infection was IFN-γ.  IFN-γ pretreatment of 

macrophages induces a “classically activated” phenotype that can restrict or slow WT 
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Francisella replication.  As discussed above, Francisella has a mechanism to re-polarize 

the macrophage response from an inflammatory IFN-γ based response to a more suitable 

“alternatively activated” phenotype.  The exact mechanism of the impairment of the 

lpxF-null mutant is unclear at this time but in the mouse this mutant does persist for ~10 

days, allowing for the robust induction of immunity.  It is possible that in vivo the lpxF-

null mutant is infecting and persisting in another target cell type, such as hepatocytes, 

epithelial cells, DCs, or neutrophils. 

The other striking piece of data is that no mutant mouse strain was able to survive 

the lethal challenge after lpxF-null primary vaccination.  The need for complete adaptive 

and innate immune systems indicates just how coordinated of a response is needed to 

clear Francisella infection.  As can be seen in Table 4, RAG1-/- mice that do not make 

any adaptive immune cells, also succumb to the WT challenge but at a more rapid rate 

than their innate immune deficient counterparts.  This is an interesting observation as in a 

traditional infection, the innate immune system will control the early stages of infection 

whereas the adaptive immune system comes in later to resolve the infection. In the case 

of the lpxF-null Fn mutant it seems that upon WT challenge the adaptive immune system 

is acting early to control the infection.  The role of the adaptive immune system in this 

protective response will be examined in the subsequent chapters. 
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Chapter 4:  The role of T cells in the protective immune response generated by the 
lpxF-null mutant 

T lymphocytes 

 The adaptive immune system is the source of “memory” in the immune system.  

Adaptive immune cells respond to highly specific antigens and responses are fine tuned 

through a variety of irreversible genetic recombination events.  The two main cellular 

players in the adaptive immune process are the T and B lymphocytes. 

T lymphocytes develop in the thymus before entering the blood and migrating 

through lymphoid tissues. T cells, in general can be divided into two main populations: 

CD4+ or CD8+.   T cells respond to short amino acid sequences found in proteins.  T cells 

do not respond to free antigen, Antigen Presenting Cells (APCs) must process antigen 

and present it to T cells in the Major Histocompatibility Complex (MHC) molecules.   

MHC class I presents sequences of 8-10 amino acids and peptides are bound to 

MHC class I on both ends.  Peptides for MHC class I presentation generally are produced 

from misfolded proteins found in the cytosol.  These are known as defective ribosomal 

products (DRiPs) [400].  These DRiPs are then degraded into fragments by the cellular 

proteasome.  IFN-γ treatment can precipitate formation of the “immune-proteasome” 

which changes the cleavage pattern of the proteasome and generates proteins more suited 

for presentation on MHC class I molecules [373].  Digested protein fragments enter the 

endoplasmic reticulum (ER) through the mechanisms of the transporters associated with 

antigen processing 1 and 2 (TAP1 and TAP2).  Peptides entering the ER are then loaded 

into waiting MHC class I molecules.  Proper binding of peptide will release the MHC 

class I molecule from its chaperone complex of tapasin and calreticulin to be transported 

to the surface for interaction with CD8+ cells.  Fragments that are too long for MHC class 
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I can be further trimmed in the ER through a process called endoplasmic reticulum 

aminopeptiase associated with antigen processing (ERAAP).  This process, like the 

immune-proteasome is increased upon IFN-γ stimulation.  MHC class I can also present 

membrane and phagocytosed proteins through the process of cross presentation in which 

proteins undergo retrograde translocation to the ER and are then digested in the cytosol 

for presentation on MHC class I.  Peptides from MHC class I are presented to the T cell 

receptor (TCR) on CD8+ cells.  The CD8 molecule serves to bind to the MHC class I 

molecule and, along with a host of other protein interactions, facilitate a strong 

interaction between the T cell and APC. 

MHC class II presents sequences through interactions along the entire binding 

cleft [162].  MHC class II presented molecules are greater than 13 amino acids and there 

seems to be no constraint on the final length.  Antigen processing and loading into MHC 

class II is, in general, a simpler process.  MHC class II molecules initially are found in 

the ER and the peptide-binding cleft is blocked with the invariant chain that prevents 

aberrant binding of proteins.  The MHC class II molecule then leaves the ER in a 

membrane-bound vesicle.  This vesicle becomes acidified, cleaving the invariant chain 

and leaving only a short molecule, CLIP, to protect the binding pocket.  The MHC class 

II-containing vesicle then fuses with an acidified endosome from the membrane.  Upon 

fusion with peptide containing vesicle, MHC class II is bound with a partner HLA-DR.  

HLA-DR allows for the removal of CLIP and insertion of peptides into the MHC class II 

binding cleft.  After a peptide is bound, the MHC class II molecule is then translocated to 

the surface where it interacts with CD4+ cells [206].    
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CD4+ T cells, also called T helper cells secrete cytokines that help shape the 

immune response of other cells.  There are a number of subsets of CD4+ cells defined by 

their cytokine expression profile, as well as hallmark “master regulator” transcription 

factors that control gene expression [302].  The phenotype of a T cell is shaped by the 

cytokine milieu where it is activated and recent evidence indicates its phenotype is plastic 

and can change in response to environmental changes.   

The first of these subsets is T Helper (TH)1 that is defined by their secretion of 

IFN-γ, IL-12, GM-CSF, and TNF-α; they are controlled by the master transcriptional 

regulator T-bet.  TH1 cells are induced in an environment of IFN-γ, and IL-12.  TH1 cells 

generally are associated with an inflammatory response and are able to activate 

macrophages to kill intracellular bacteria [302].  The ability of mice to produce IFN-γ 

and therefore a TH1 response has been shown to be critical to survival of Francisella 

infections [8, 36, 47, 79, 80, 84, 168].   

TH2 cells, associated with non-inflammatory responses and induction of humoral 

immunity, are induced by IL-4.  Their master transcriptional regulator GATA-3 and their 

production of the cytokines IL-4, IL-13, and IL-5 characterize TH2 cells [145].  In an 

infection response, TH2 cells provide help to B cells to proliferate and secrete 

immunoglobulin (Ig) [145].  Accumulated evidence shows that Francisella actively 

induces a switch from a TH1 environment to a TH2 environment favoring its pathogenesis 

[105, 321]. 

Another set of T helper cells is the TH17 cells.  TH17 cells are a recent discovery 

and are induced through TGF-β and IL-6.  Characteristically, TH17 cells make IL-17 as 

well as IL-6 under the control of RORγT [195].  TH17 cell production has also been 
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shown to be induced by intranasal, but not intradermal Francisella infection [59, 215, 

279].  Finally, TH17 responses have been shown to induce recruitment of neutrophils to 

sites of infection [195]. 

The final CD4+ subset we will be discussing here is the Regulatory T cell or TReg. 

These cells are induced by TGF-β and produce TGF-β and the anti-inflammatory 

cytokine IL-10 [408].  TReg cells dampen the immune response by inducing T cell cycle 

arrest and decrease surface expression of co-stimulatory molecules on APCs [408].  Also 

there is limited and widely debated evidence of direct killing of activated cells [111].  

The master transcriptional regulator Forkhead Box Protein 3 (FoxP3) is the hallmark of 

TReg cells.   New research has provided evidence for TH3, TH22, and TH9 cells, but these 

cells are outside the scope of this work. For a more complete review see Ma et al. [227].  

CD8+, or cytotoxic T cells, can directly kill infected cells [394].  CD8+ cells are 

not differentiated into sub-groups.  Unlike CD4+ cells, which are presented antigen in the 

context of MHC-II, CD8+ cells recognize antigen bound to MHC-I.  CD8+ cells secrete 

perforin and granzyme that can directly kill infected cells.  CD8+ T cells, like TH1 cells, 

also secrete the proinflammatory cytokines IFN-γ and TNF-α. 

The role of T cells in primary vaccination 

Since T cells, CD4+ T cells in particular, can have helper functions at both the 

time of vaccination and challenge, we sought to examine their role at both times.  To 

examine the role of T cells at the time of vaccination, Tcrβ/Tcrδ-/- mice were used (The 

Jackson Laboratories, Bar Harbor ME).  These mice lack both αβ and γδ T cells [252].  

These mice, along with WT controls, were vaccinated with two doses of the lpxF-null 

mutant (~1x105 CFU) on days -28 and -14, as described above.  On day 0, the mice were 
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challenged with a lethal dose (200 CFU) of WT Fn.  The mice were then followed for 

survival and clinical signs of disease.  All mice survived the vaccination with the lpxF-

null mutant.  When mice were subjected to a lethal WT Fn challenge the WT mice all 

survived, whereas the Tcrβ/Tcrδ-/- all succumbed to the challenge.  Interestingly, a small 

portion (~20%) of the Tcrβ/Tcrδ-/- mice were able to control the challenge for a time and 

had a delayed time of death (Table 4).  This is similar as to what is seen in experiments 

using LVS to vaccinate T cell-deficient mice [84].  Taken in whole, this indicates that T 

cells are essential at the time of vaccination for the development of the protective 

immune response. 

The requirement for T cells during lethal Fn challenge 

To examine the effect of T cells at the time of primary challenge, antibody 

depletion of T cells was used [168].  WT C57BL/6 mice were vaccinated with lpxF-null 

Fn, as described above.  On day -1 before the lethal challenge, mice were depleted of 

CD4+, CD8+, or both CD4+ and CD8+ cells.  These mice were then followed for survival 

and disease progression.  Depletion was confirmed on day 1 by flow cytometry analysis 

of the peripheral blood, as done above.  Similar to what was seen in our previously 

published works, mice depleted of CD8+ cells all survived the challenge, whereas 40% of 

the mice depleted of CD4+ cells survived the infection (Figure 34).  Strikingly, mice 

depleted of both CD4+ and CD8+ cells all survived the infection.  This data indicates that 

the CD4+ cells are only required in the presence of CD8+ cells. 
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Figure 34 

Double depletion of T cells results in protection from 
lethal WT challenge 
C57BL/6 (N=5 per group) mice were inoculated with the lpxF-null 
Fn mutant on day -28 and -14 (1x105 cfu).  Mice were then depleted 
of CD4+ or both CD4+ and CD8+ T cells at day -1, challenged with 
WT Fn on day 0 and survival and disease progression were 
monitored.  Data are representative of one of three independent 
experiments. 
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To determine if this negative CD8+ response was specific to all Francisella 

mutants, the experiments were repeated with two additional mutants that produce 

protective immune responses; iglC-null, which is unable to replicate in macrophages, and 

lpxD1-null, which is fully competent to replicate in macrophages [168, 213].  These 

mutants along with the lpxF-null mutant were used to vaccinate groups of five WT 

C57BL/6 mice by the s.c. route, as done above.  On day -1 mice were mock depleted with 

PBS or depleted of CD4+, CD8+, or both CD4+ and CD8+ cells.  On day 0, mice were 

challenged with 200 CFU of WT Fn; mice were then followed for clinical signs of 

disease and survival.  All mice that were mock depleted survived the challenge regardless 

of the immunizing strain.  S0imilarly, mice depleted of either CD8+ or both CD4+ and 

CD8+ cells all survived the challenge as well.  Surprisingly, when depleted of CD8+ cells 

only mice vaccinated with the lpxF-null mutant succumbed to the lethal challenge, 

indicating the CD8+ response was specific to the lpxF-null mutant (Figure 35). 

Absence of CD4+ cells leads to increased bacterial burden in vitro 

To further characterize the effect of CD8+ cells in our infection model, 

splenocytes co-culture experiments were carried out.  Mice were vaccinated with either 

lpxF-null or lpxD1-null Fn then mock treated with PBS or depleted of either CD4+ or 

CD8+ cells.  One day after depletion, spleens were harvested and single cell suspensions 

were generated.  These splenocytes were then cultured with WT C57BL/6 BMDMs at a 

splenocytes: macrophage ratio of 1:1 or 10:1.  Mixed cultures were then infected as 

described above with WT Fn at a MOI of 50.  At three hours post-infection, wells were 

lysed with saponin and diluted for enumeration on agar plates.  Wells with only 

macrophages showed similar replication numbers to wells with naïve splenocytes and  
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Figure 35 

CD4+ dependence is specific to lpxF-null Fn 
C57BL/6 (N=5 per group) mice were vaccinated by the s.c. route with ~1x105 cfu of the lpxF-null Fn 
mutant (black squares), the lpxD1-null Fn mutant (red circles), or the iglC-null Fn mutant (blue 
triangles) on day -28 and -14.  On day -1 mice were depleted with the PBS (A), αCD4 (B), αCD8 (C), or 
αCD4 and αCD8 (D).  On day 0 mice were challenged with ~500 cfu of WT Fn.  Mice were followed 
for disease progression and survival.  Data is representative of one of two independent experiments. 
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macrophages.  Wells using mock depleted or splenocytes depleted of CD8+ cells showed 

similar numbers of bacteria regardless of the vaccinating strain. Strikingly, when 

splenocytes depleted of CD4+ cells were used in this assay, the lpxF-null splenocytes 

produced a significantly higher bacterial load, as compared to wells using lpxD1-null 

splenocytes (Figure 36). 

Regulatory T cells in the protective response 

The fact CD4+ cells are only required for survival after lpxF-null vaccination 

when CD8+ cells are present indicates that the CD4+ cells are by some unknown 

mechanism controlling the CD8+ cells.  One way in which CD4+ cells control immune 

responses is through the action of regulatory T cells (TReg).  TReg are hallmarked by 

upregulation of their master transcriptional regulator Foxp3 as well as production of the 

anti-inflammatory cytokines IL-10 and TGF-β.  There are multiple mechanisms by which 

TReg cells dampen the immune response including direct killing of immune cells through 

perforin and granzyme B, as well as inducing cell cycle arrest through production of IL-

10 and TGF-β that also lead to decreased expression of the co-stimulatory molecules 

CD80 and CD86 on APCs [408].   

Phenotypically, TReg cells are identified by surface expression of CD4 and CD25 

as well as a lack of CD127 (IL-7Rα).  These markers make TReg cells not suitable for 

antibody depletion as newly activated TH1 and TH2 cells also express CD25.  Recent 

developments have enabled the specific depletion of TReg cells using non-antibody based 

methods.  Transgenic mice have been engineered with the human diphtheria toxin 

receptor (DTR) fused to foxP3 as well as GFP [187].  Mice are resistant to diphtheria 

toxin (DT).  The fusion allows for DT-induced specific killing of cells only when they  
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Figure 36 

Increased bacterial burden in co-cultures using splenocytes from lpxF-null-vaccinated 
mice depleted of CD4+ cells 
Mice vaccinated with the lpxD1-null Fn mutant (A), or lpxF-null Fn mutant (B) were depleted of 
CD4 or CD8 cells 14 days after a second vaccination.  The following day splenocytes were 
harvested and cellular monolayers were generated.  Splenocytes were co-cultured with WT BMDM 
at a ratio of 10:1 and then infected at an MOI of 25 for 30 minutes, followed by a 30-minute 
gentamycin treatment to remove bacteria outside of the cells.  After killing of extracellular bacteria 
cells were washed and fresh media was replaced.  At 3 hours cells were lysed and total bacterial 
load was determined by serial dilution and enumeration on TSB-C agar plates.  Data is 
representative of one of two independent experiments 
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express the master transcriptional regulator Foxp3, the GFP allows for easy monitoring of 

successful depletion by flow cytometry. 

  To determine if depletion of TReg cells has a similar effect as total CD4+ depletion, 

we used the lpxF-null Fn mutant to vaccinate C57BL/6 foxp3-gfp-dtr mice, a kind gift 

from Jessica Shiu and Tom Blanchard (University of Maryland, Baltimore).  Mice were 

mock treated with PBS or depleted with diphtheria toxin (50 µg/kg) on day -2, 0, 2, 7, 

and 12.  A third set of C57BL/6 foxp3-gfp-dtr mice were depleted with DT but received 

no other treatment to control for possible DT toxicity.   Depletion was confirmed by 

monitoring GFP in the peripheral blood by flow cytometry (Figure 37).  On day 0, mice 

were challenged with 225 CFU of WT Fn; mice were then followed for survival and 

disease progression.  Strikingly, while lpxF-null immunized foxp3-gfp-dtr mice that 

received mock depletion all survived the infection; mice depleted with diphtheria toxin 

succumbed to the infection at a rate (~60%) similar to mice depleted of CD4+ cells 

(Figure 38).  Control mice that received only DT or being mock depleted with PBS all 

survived.  Taken with the previous experiments, this data indicates that under normal 

circumstances CD4+ TReg cells are controlling the negative CD8+ responses. 

Conclusions 

 In a general infection, T cells fulfill a variety of roles: helper, effector, and 

protector.  These processes are carried out through a variety of cytokine mediators as well 

as direct contact with infected cells.  Dysregulation in any of these roles can lead to 

unchecked infections. 

 The first role we examined was the role of helper.  T cells, CD4+ T cells in 

particular, provide valuable “help” to a variety of different cell types.  These cells, upon  
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Figure 37 

Flow cytometric confirmation of TReg depletion 
Peripheral blood from mock-depleted foxp3-GFP-DTR mice (A) diphtheria toxin depleted foxp3-
GFP-DTR mice (B) and diphtheria toxin treated WT C57BL/6 mice (C) was stained with anti-
mouse CD4 PE antibodies and analyzed for presence of absence of GFP.  Cells in the Live, CD4+ 

gate were used for analysis.  Graphs are representative of 5 individual mice.  Gating on total live 
lymphocytes provided similar results. 
 

!"#$%&'!(&)*+,
-.,)*,*#,

!"#$%&'!(&)*+,
/)*,*#,

0*,1234567,
/)*,*#,

'!(6!"#(%,

18
99,
-
:;

<8
=,

>, 4, 1,



	   145 

  

Figure 38 

TReg depletion mimics the survival seen in CD4+ T cell 
depletion 
C57BL/6 foxp3-gfp-dtr (N=5 per group) were vaccinated with 
1x105 cfu of the lpxF-null Fn mutant by the s.c. route on day -28 
and -14.  Vaccinated mice (red triangles) and naïve controls 
(green diamonds) were depleted of regulatory T cells by the 
administration of diphtheria toxin on day -2, 0, 2,  5, and 10.  
Following depletion vaccinated control mice (black squares) and 
depleted and vaccinated mice (red triangles) were challenged with 
225 cfu of WT Fn.  Mice were followed for disease progression 
and survival.  Data is representative of one of two individual 
experiments.   
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recognizing their cognate antigen from an APC will secrete cytokines that have a 

multitude of effects.  TH1 cells can secrete cytokines, specifically IFN-γ that not only 

activate macrophages to up-regulate antigen processing and presentation, but IFN-γ will 

also aid in class switching of Ig [308].  TH1 responses are generally observed in response 

to extracellular bacteria as well as bacteria persisting in intracellular vesicles, such as 

Mycobacteria and Pneumocystis carinii [101, 225, 245, 311, 359].  More common 

inducers of TH1 responses are the intracellular bacteria that break free of vesicles, such as 

Listeria and Francisella.  Francisella actively re-polarizes macrophages from an IFN-γ-

based response to a more favorable IL-4 response.  TH2 cells have little direct effect on 

infected cells but do polarize Ig towards IgE as well as activating mast cells and 

eosinophils.  These TH2 responses are more commonly associated with parasites and 

allergic reactions [232].  Neutrophil recruitment and function can be enhanced by TH17 

responses.  TH17 responses have been associated with intracellular bacteria including 

Salmonella enterica and Francisella infection, though the association with Francisella 

seems to be dependent on the route of infection [59, 215, 279].  

 The early need for T cells was investigated through the use of tcrβ/tcrδ-/- mice that 

make no functional T cells.  As is seen in (Table 4), these mice survive the primary lpxF-

null Fn infection with no signs of disease.  Interestingly, when they are challenged with 

WT Fn, all mice succumb to the infection and had a delayed time to death when 

compared to the innate immune system mutants of the RAG1-/- mutants.  This delayed 

average time to death arises from a subset of T cell-deficient mice that control the 

infection for 10-14 days before succumbing to infection, while the others die in the 

normal time course of 3-5 days.  This is similar to results seen in sublethal vaccination of 
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T cell-deficient mice [84].  CD8+ cells are rarely involved in a helping capacity, though 

CD8+ IFN-γ producing TC1 and IL-4 producing TC2 cells can influence antibody isotypes 

[130].  Due to this, we decided to further characterize the role of CD4+ cells in the helper 

response.   

Additional strains of knockout mice have led to the implication of either TH1 or 

TH17 cells as being important in Francisella immunity. Recently, a IL-23 p40-/- mouse 

strain has been available to our laboratory.  The p40 subunit is shared between both IL-12 

(TH1 inducing) and IL-23 (TH17 inducing).  IL23-p40-/- mice vaccinated with the lpxF-

null Fn mutant succumb to the infection in a manner similar to the tcrβ/tcrδ-/- mice used 

above, including the delayed death in a subset of mice (Table 4).  This would indicate 

that the T cell dysregulation is either in the TH17 or TH1 subset.  To further subdivide 

whether the TH1 or TH17 cells are involved IL-17A-/- mice were utilized.  These mice 

succumbed to the challenge in a similar way to IL-23p40-/- mice, indicating the 

importance of TH17 cells, consistent with work done in LVS infections [59, 215, 279].  

Whether TH1 differentiation is important remains to be explored.  Our work with innate 

immune knockout mice highlighted a need for an intact immune response.  To further 

break down the necessity of TH1, mice deficient of IL-12p35 could be used.  Additionally 

TH2 can be examined in IL-4Rα-/- mice. 

The role of T cells at the time of challenge revealed many interesting questions 

for further investigation.  To determine the role T cells play in infection, mice were 

depleted of T cells using injection of antibody prior to WT Fn challenge.  Initially, mice 

were depleted of either CD4+ or CD8+ cells prior to challenge.  The necessity of CD4+ 

cells also had a slight dose dependent response; mice that received 1 dose prior to 
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depletion and challenge died at a higher rate than mice receiving two doses.  This led to 

the hypothesis that the CD4+ cells were providing help to the B cells in generating high 

affinity antibodies while CD8 cells had no effect on challenge survival.  If this were the 

case, depletion of both CD4+ and CD8+ cells should result in a similar phenotype as 

CD4+ deletion.  Strikingly, this was not the case.  lpxF-null immunized mice depleted of 

both CD4+ and CD8+ cells all survived lethal WT Fn challenge indicating that the CD4+ 

cells were only required in the presence of CD8+ cells. 

Initial experiments set out to determine if this was specific to the lpxF-null mutant 

or if all Francisella mutants produced these negative reacting T cells.  We utilized two 

additional mutants to examine the specificity.  The iglC-null mutant has been previously 

characterized as causing a protective immune response to WT Fn challenge [204, 216].  

This mutant, much like the lpxF-null mutant fails to replicate in macrophages or to 

escape the phagosome.  A second control, the lpxD1-null mutant deficient in temperature 

switching of lipid A was generated in our laboratory [213].  The lpxD1-null mutant, while 

generating a protective immune response replicates at an equal rate to WT Fn in murine 

macrophages.  Upon vaccination with the mutant Fn strains, protective immunity to a 

WT challenge was induced.  Interestingly, the only CD4+ depleted mice that failed to 

survive challenge where those vaccinated with the lpxF-null mutant.  It is unclear why 

the lpxF-null mutant alone produces this negative CD8+ response.  One possibility may 

be that the CD8+ cells are being primed with different antigens in the lpxF-null infection 

than in the other attenuated mutants.  The manipulation of the lipid A molecule in the 

lpxF-null mutant may have a drastic effect on the total proteome.  We have already 

shown the membrane in the lpxF-null mutant is hypo-permeable and that this rigidity 
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may alter both the identity and abundance of proteins that are able to transport to and 

insert in the membrane.  Determining the exact repertoire of molecules that are being 

presented to the CD8+ cells would require infecting macrophages with the WT as well as 

the three Fn mutants we have tested.  MHC Class I molecules can then be chemically and 

selectively stripped from the cell surface and resolved on a SDS-PAGE gel.  It is 

important to note that all peptides loaded into MHC-Class I complexes are limited to 8-10 

amino acids so a 2-D gel or HPLC separation system will be needed as all peptides will 

migrate at roughly the same weight.  After visualizing these gels, it can be determined if 

there are spots in the lpxF-null that are absent in the other gels.  These novel spots can 

then be identified by mass spectrometry, synthesized, and used to prime CD8+ cells to see 

if transfer to depleted mice will recapitulate the effect.   

The negative effect of CD8+ T cells on infection is a rather narrow field with only 

a few examples.  The most commonly studied CD8+ hyper-response is immune mediated 

damage to surrounding cells [309].  This is seen commonly in influenza infections and a 

few bacterial cases [22, 309].  A second mechanism could be ineffective lysis of infected 

cells leaving the bacteria alive while allowing it to spread to new target cells and continue 

its infectious cycles. A final effect that is seen in a handful of bacterial infections is TC1 

and TC2 cells skewing the isotype of Ig to an unfavorable isotype. 

To start to determine the effect imparted by the CD8+ cells, we quantified the 

bacterial load when macrophages were infected in the presence of splenocytes from the 

various mutant vaccinations.  Interestingly, splenocytes from vaccinated mice caused a 

small increase in bacterial load.  This increase in the bacterial load may arise from the 

activated macrophage in the immunized mice phagocytizing the bacteria at a greater rate.  
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Enumeration of total bacterial uptake can clarify this question.  Nevertheless when using 

splenocytes depleted of CD4+ cells from lpxF-null-vaccinated mice, the bacterial load 

was significantly increased compared to naïve splenocytes or splenocytes depleted of 

CD4+ cells from lpxD1-null-vaccinated mice (Figure 36).  This increase in bacterial load 

fits with our earlier observation of increased death in mice depleted of CD4+ cells.  

Future experiments will be needed to determine if the bacterial load is increased during in 

vivo infections upon CD4+ depletion.  

Immunopathology from CD8+ cells results from the lysing of infected cells.  Lysis, 

being an extrinsic death can release cellular factors that can cause increased inflammation 

and damage to surrounding tissues.  To avoid overly vigorous immune reactions, the 

immune system produces TRegs that blunt the immune response through a variety of 

mechanism.  Loss of TRegs leads to variety of autoimmune diseases [408].  TRegs have also 

been shown to be essential to allow mice to recover from influenza and RSV infection.  

In our infection model, the loss of TRegs in the lpxF-null immunized mice gives us a 

similar result as seen in CD4+ depletion.  Indicating that only the TReg compartment of the 

CD4+ cells was needed n the presence of CD8+ cells.  The requirement for T cells is 

summarized in Figure 39.  To determine if this is an immunopathology effect, histology 

sections can be generated and scored for immunopathology. 

In the case of our lpxF-null mutant vaccination, all facets of T cell function are 

needed.  The helper response is clearly needed to protect mice from lethal challenge 

following vaccination with the lpxF-null mutant.  When T cells are genetically ablated, 

mice do not survive the lethal challenge with most of them succumbing in the same time  
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Figure 39 

Necessity of T cells after lpxF-null Fn vaccination 
Antibody depletion elucidates the necessity of T cells upon WT challenge after lpxF-null Fn 
vaccination.  CD4+ cells are required only in the presence of CD8+ cells.  More specifically only the 
TReg compartment of CD4+ cells is required when CD8+ cells are present. 
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frame as the RAG-1-/- mice (Table 4).  The delayed time to death of a small portion of 

the mice may be due to antibodies that are produced by B cells independent of T cell help.  

These are generally IgM responses and have shown some protective capacity in 

Francisella.  The effect of these early antibody responses will be examined later in 

Chapter 5.  The requirement for the effector function of T cells is highlighted by the 

failure of the IL-17A-/- and IL-23 p40-/- mice to survive a WT challenge.  Loss of these 

TH1 and TH17 functions lead to complete loss of the protection imparted by the lpxF-null 

mutant.  It is important to note that the IL-23 p40-/- mice survive the primary lpxF-null 

mutant infection, whereas IFN-γ-/- and STAT-1-/- mice succumb to the primary infection.  

This difference indicates an innate source of IFN-γ required to survive the primary 

infection. 

Finally, the protective or regulatory T cell response is also required.  The loss of 

TRegs correlated with the same loss of survival seen in the CD4+ depletions.  While it is 

interesting that only the lpxF-null Fn mutant induced this negative CD8+ response, it may 

serve as a point of departure for future studies.  If the response is due to a specific MHC 

Class I priming event, the isolation of the peptide can open the doors to further study of T 

cell regulation and recognition of self.  Vaccine development generally calls for the 

development of antigen specific responses from both B and T cells.  This data illustrates 

that while T cell responses can be beneficial, there lies the risk of having negative effects 

as well.  Careful evaluation of function of both CD4+ and CD8+ T cells should be 

undertaken during any vaccine development.  
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CHAPTER 5:  The role of B cells in protective immunity 

B cell response and refinement 

 The humoral immune response is the heart of highly specific and long-lived 

memory of the immune system.  Upon activation, B cells can differentiate into Ig 

secreting plasma cells.  Secreted antibodies can combat infection in three ways: 

neutralization, opsonization, and complement activation.  Neutralization involves 

blocking the ability of the microbe to bind its receptor or adhere to cellular proteins.  

Opsonization coats the microbe and facilitates phagocytosis.  Complement activation 

involves binding of members of the complement system that can lead to both increased 

opsonization as well as formation of the MAC, which can lyse some bacterial cells.  

Francisella has been shown to be resistant to killing through the complement pathway.  B 

cells can recognize their cognate antigens in either T cell-dependent or independent 

manners.  T cell or thymus independent (TI) antigens generally are repeating subunits and 

are recognized in two different classes.  TI-1 antigens, also called B cell mitogens, 

directly induce B cell proliferation and can activate both naïve and mature B cells.  One 

of the most widely studied TI-1 antigens is LPS.  The concentration of TI-1 antigens is 

critical in determining which B cells are activated.  At low concentrations, TI-1 antigens 

will activate antigen-specific B cells leading to antigen-specific antibodies.  At high 

concentrations, B cells of many specificities are activated resulting in polyclonal and 

nonspecific antibody production.  TI-2 antigens do not have the ability to induce B cell 

proliferation and only activate mature B cells.   TI-2 antigens primarily activate the 

innate-like B-1 cell.  TI-2 antigens work by crosslinking multiple B cell receptors leading 

to activation.  Once again antigen concentration is critical in activation.  While TI-2 

antigens at low concentrations only activate specific B cells, similar to TI-1 antigens, at 
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high concentrations they can cause B cell anergy.  Memory to TI antigens is generally 

short lived and the antibodies produced are of low affinity. 

 Thymus-dependent antigens activate B cells through the help of T cells.  T cells 

can only provide help when the antigen is presented by MHC-Class II interactions. 

Generally, B cell antigen receptors recognize free antigen, which is then pinocytosed and 

degraded before loading into MHC-Class II for presentation to T cells.  DCs can also 

present antigens directly to B cells.  Determination of the isotype of Ig produced is 

dependent on the type of T cell “help”, the cytokine environment [227]. 

 There are five classes of Ig: IgM, IgD, IgG, IgE, and IgA.  Their differing heavy 

chains identify these classes.  Class switching occurs after B cells recognize their cognate 

antigen, through the replacement of gene segments through irreversible V(D)J 

recombination much like T cells differentiation [205].  IgM antibodies are the first 

produced antibodies, which is secreted and forms pentameric superstructures with 10 

potentially available binding sites, by which IgM increases avidity to compensate for its 

low affinity [129].  IgD Ig represents a very low percentage of total antibodies.  The role 

of IgD in disease and B cell maturation remain unclear.  IgA forms dimers and is 

primarily found at mucosal sites.  IgE is found in very low concentrations and is most 

commonly involved in mast cell sensitization.  IgG is the most common Ig class and can 

be further subdivided in mice:  IgG1, IgG2A, IgG2B, IgG2C, and IgG3.  Human IgG 

alternatively is divided into IgG1, IgG2, IgG3, and IgG4 [319, 320].  The IgG subtype is 

heavily influenced by the helper T cell response.  TH1 responses increase production of 

IgG2A, whereas TH2 responses generate more IgG1 and IgE.  IgA and IgG2B are increased 

under TReg conditions [205]. 



	   155 

After class switching, antibodies undergo somatic hypermutation in peripheral 

lymphoid organs.  Somatic hypermutation involves single nucleotide exchanges in 

hypervariable regions of the Ig molecule [214].  These mutations can lead to either 

increased or decreased affinity for their specific antigen.  Increased affinity leads to 

increased proliferation while mutations that give reduced binding are neglected, leading 

to cell death [205].  

Generation of specific and long lasting Ig is the goal of vaccine development.  

Efficacy of vaccination is determined by measuring the antibody titers to the pathogen.  

In this chapter we will examine the Ig response to the lpxF-null mutant and its possible 

therapeutic uses. 

            

Serum components are crucial for the protective response imparted by the lpxF-null 

mutant  

 Previously, we have shown that µMT-/- mice, that are deficient in B cells, fail to 

survive a lethal challenge after lpxF-null vaccination.  This indicates a crucial role for B 

cells in the protective response to this attenuated strain.  Generally, B cell-dependent 

immunity is mediated through the secretion of Ig.  To determine if the secreted Ig or the 

activity of the B cells themselves was important for the protective response induce by the 

lpxF-null Fn a passive transfer experiment was undertaken.  C57BL/6 mice were 

vaccinated by the s.c. route with 1x105 CFU of the lpxF-null Fn mutant or PBS as a 

control on days -28 and -14.  On day 0, mice were sacrificed and peripheral blood and 

spleen were collected.  Serum was harvested from peripheral blood by centrifugation at 

200x g for 10 minutes.  Mononuclear cells were made from spleens as described 

previously [6].  Serum (50 µl) or splenocytes (1x107 cells) were transferred to naïve 
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recipient mice by intravenous injection the same day.  On day 1, recipient mice were 

challenged by the s.c. route with 500 CFU of WT Fn.  Mice that received control serum 

or splenocytes from naïve mice all succumbed to the lethal challenge.  Mice receiving 

splenocytes from immune mice survived the infection at a rate of 60%.  Mice receiving 

serum from immune mice all survived the infection indicating the serum components are 

critical for the protective response (Figure 40).  This coupled with the absolute 

requirement of B cells for the protective response lead us to believe the protective 

component is secreted Ig.      

 

Serum from lpxF-null-immunized mice as an immunotherapeutic agent 

 While antibiotic treatments are available for Francisella infections, emergence of 

antibiotic-resistant Francisella, either natural acquired or laboratory engineered remains a 

distinct possibility.  Antibiotic-resistant Francisella was developed as a bioweapon [44, 

75, 128] and importantly, Francisella has shown an ability to acquire genes from other 

organisms it contacts in its varied life cycle [212].  With this in mind, we evaluated the 

capacity of our immune serum to be used as a post-exposure treatment to infection.  

Intravenous immunoglobulin (IV-Ig) is used as a treatment option for many infectious 

diseases [139, 176, 177].  Francisella antibodies have been attempted as an 

immunotherapy  
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Figure 40 

Serum can transfer immunity to naïve mice 
Donor C57BL/6 mice were vaccinated with PBS or lpxF-null Fn by 
the s.c. route on day -28 (1.5x105 cfu) and day -14 (1.1x105 cfu).  On 
day -1 serum and splenocytes were harvested from donor mice. 
Splenocytes (1x107) (red circles) or serum (100 µl) (blue triangles) 
was transferred to naïve recipient mice (N=5 per group).  As a 
control mice received PBS, naïve serum or naïve splenocytes (black 
squares).  On day 0 mice were challenged with 350 cfu of WT Fn.  
Mice were followed for disease progression and survival.  Data is 
representative of one of two separate experiments. 
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with limited success [56, 99, 143, 149, 223, 224, 305, 315].  In contrast to previous failed 

attempts, our work concentrates on a rationally defined mutant that generates a highly 

reactive and protective Ig repertoire.   

To determine the ability of serum generated by lpxF-null Fn infection to be used 

as a therapeutic we administered to mice after being given a lethal dose of WT Fn.  Naïve 

recipient mice were infected with WT Fn at 12, 24, 36, or 48 hours post inoculation and 

were given serum (50 – 100 µl of unpurified serum) from either naïve or immune donors 

by the intravenous route.  All mice receiving serum from mice immunized with the lpxF-

null mutant, up to 36 hours post-exposure survived this lethal WT infection, whereas 

mice receiving naïve serum all succumbed to infection within 60 hours (Figure 41). 

 

Francisella novicida specific immunoglobulin titers 

 To determine the Ig profile induced by lpxF-null Fn vaccination, serum from 

lpxF-null immunized mice was isotyped and titrated using isotype specific ELISAs on 10 

separate mice vaccinated by the s.c. route with lpxF-null.  Briefly, WT Fn lysate protein 

was produced by harvesting 50 ml overnight cultures.  Pellets were resuspended in cold 

protease inhibitor cocktail (Roche Indianapolis, Indiana), along with sterile 0.1 mm glass 

beads.  Pellets were then vortexed for one minute followed by two minutes on ice.  This 

cycle was repeated a total of 10 times.  Soluble proteins were then separated by 

centrifugation at 12,000x g for 10 minutes.  Protein (100 ng/well) in bicarbonate buffer 

was used to coat ELISA plates overnight at 4° C.  The following morning wells were 

blocked with 0.1% BSA in PBS for 2 hours at 37° C.  The blocking solution was 

removed and dilutions of immune or naïve sera were added to plates in triplicate.  Sera  
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Figure 41 

Serum from lpxF-null Fn vaccinated mice can be used as 
a therapeutic 
Donor C57BL/6 mice were vaccinated with lpxF-null Fn by the s.c. 
route on day -28 (1.5x105 cfu) and day -14 (1.1x105 cfu).  On day -1 
serum was harvested from donor mice.  Serum (100 µl) was 
transferred by the iv route to naïve recipient mice (N=4 per group) at 
12 hours (red circles), 24 hours (blue triangles), 36 hours (green 
diamonds) and 48 hours post-infection (purple crosses).  Control 
C57BL/6 mice (N=3) received PBS at 12 hours post-infection (black 
squares).  Data is representative of 2 individual experiments. 
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was allowed to bind antigen for 2 hours at 37° C followed by 3 washes with 0.1% 

Tween-20 in PBS.  Isotype specific (IgG, IgM, IgG2A, IgG2B, IgG2C) goat anti-mouse 

alkaline phosphatase conjugated antibodies were added (1:2000) and allowed to bind for 

2 hours at 37° C followed by 3 washes with 0.1% Tween-20 in PBS.  Wells were 

developed with the colorimetric substrate p-nitrophenylphosphate (pNPP) for at least 1 

hour.  Absorbance was determined at OD405.  Data was graphed and the titer was 

determined to be the last dilution before dilution reached the naïve level. 

 All mice tested showed high titers of both IgG (106) and IgM (105), though some 

differences in intensity of signal are seen the final titer point was the same for all mice 

tested (Figure 42).  When the IgG subclasses were determined, no evidence of strong 

binding of IgG2A or IgG2C antibodies was seen.  Interestingly, there was a high titer of 

IgG2B (103-104) (Figure 43).  IgG2B Ig is generally associated with strong TReg responses, 

which lends strong supportive evidence to our TReg responses seen earlier (Figure 38). 

 

Determining the kinetics of the immunoglobulin response 

       To determine the kinetics that shape the IgG and IgM responses, ten mice 

were vaccinated with the lpxF-null Fn mutant.  On day 1, 6, 10 and 12 after lpxF-null Fn 

vaccination was harvested and used for ELISAs to determine the titer of both IgG and 

IgM (Figure 44).  As would be expected titers on IgM increases on day 1 and 6 where as 

titers of IgG are undetectable until day 10.  The titers of IgM at day 10 and 12 are similar 

to the one from day 28 (Figure 42).  Compared to day 28 the IgG titers will increase ~2 

logs over the days from day 12 to day 28.   
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Figure 42 

Vaccination with lpxF-null Fn produces Francisella specific antibodies 
C57BL/6 (N=10) were vaccinated PBS or lpxF-null Fn by the s.c. route on day 0 (1.3x105 cfu) and 
day 14 (1.8x105 cfu).  On day 28 serum was harvested.  Serial dilutions of the serum were then used in 
an ELISA against WT Fn U112 lysate.  Serum was allowed to bind for 2 hours at 37°C for 2 hours.  
After 3 washes alkaline phosphatase coupled secondary antibodies (rat αmouse IgG (A,B) rat αmouse 
IgM (C,D)) were allowed to bind for 2 hours.  Plates were then washed 3 times and developed with 
pNPP for 1-5 hours.  OD490 was read and recorded.  Values were compared to naïve serum at equal 
dilutions (black boxes).  Each point represents the average of triplicate wells.  Data is representative 
experiment of two independent experiments. 
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Figure 43 

Antibody Isotyping provides insight into the T cell response 
C57BL/6 (N=10) were vaccinated PBS or lpxF-null Fn by the s.c. route on day 0 (1.3x105 cfu) and day 
14 (1.8x105 cfu).  On day 28 serum was harvested.  Serial dilutions of the serum were then used in an 
ELISA against WT Fn U112 lysate.  Serum was allowed to bind for 2 hours at 37° C for 2 hours.  After 
3 washes alkaline phosphatase coupled secondary antibodies (rat αmouse IgG2A (A,B) rat αmouse IgG2B 
(C,D) and rat αmouse IgG2C (E,F)) were allowed to bind for 2 hours.  Plates were then washed 3 times 
and developed with pNPP for 1-5 hours.  OD490 was read and recorded.  Values were compared to naïve 
serum at equal dilutions (black boxes).  Each point represents the average of triplicate wells.  Data is 
representative experiment of two independent experiments. 
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Figure 44 

Vaccination with lpxF-null Fn produces Francisella specific antibodies 
C57BL/6 (N=10) were vaccinated PBS or lpxF-null Fn by the s.c. route on day 0 (1.3x105 cfu).  On 
the indicated day mice were bled and serum collected for further analysis.  Serial dilutions of the 
serum were then used in an ELISA against WT Fn U112 lysate.  Serum was allowed to bind for 2 
hours at 37°C for 2 hours.  After 3 washes alkaline phosphatase coupled secondary antibodies (rat 
αmouse IgG (left panel) or rat αmouse IgM (right panel)) were allowed to bind for 2 hours.  Plates 
were then washed 3 times and developed with pNPP for 1-5 hours.  OD490 was read and recorded.  
Values were compared to naïve serum at equal dilutions (black boxes).  Each point represents the 
average of triplicate wells.  Data is a representative mouse from the ten vaccinated.  Graph is 
representative of one of two independent experiments. 
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Early immune responses to lpxF-null mutant are not sufficient for complete 

protection 

 There is some evidence that early polyvalent IgM responses to LVS LPS can 

impart protective immunity [56].  We sought to determine if this mechanism was 

responsible for the protective response observed in the lpxF-null mutant.  To this end, we 

vaccinated mice by the s.c. route with 1x108 CFU of the lpxF-null mutant on day -2 and 

subsequently challenged them with 1x105 CFU of WT Fn on day 0.  Mice were then 

followed for clinical signs of disease and survival.  Strikingly, little protection was 

observed (Figure 45).  Only 1 of the 4 mice that received the lpxF-null mutant survived 

the lethal challenge.  This data indicates that the early Ig produced after lpxF-null 

vaccination was not sufficient to provide protection against a lethal challenge. 

 

Identification of proteins recognized by serum from lpxF-null Fn-vaccinated mice 

 In order to identify the proteins recognized by the Fn lpxF-null immunized mice, 

serum from vaccinated mice was used as a probe in Western blot analysis.  Some groups 

have reported that media composition can alter the accessibility of epitopes on the 

bacterial surface [401].  Particularly Francisella isolated from macrophages show 

increased expression of FPI genes as well as reduced antibody binding to surface proteins 

as compared to TSB-C grown bacteria. To account for this, two medias were used in 

protein preparations for our study.  The two medias chosen were TSB-C, which we have 

used previously, along with Brain Heart Infusion (BHI).  Growth in BHI is thought to 

yield Francisella that more resembles bacteria isolated from infected macrophages [401].  

Briefly, Fn or Ft LVS lysates were separated on SDS-PAGE gels and transferred to 

nitrocellulose membranes.  Membranes were blocked overnight at 4° C with 5% dry  
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Figure 45 

Early immune responses fail to protect mice from a 
lethal challenge 
C57BL/6 mice (N=4) were infected on day -2 with 1x108 CFU of 
lpxF-null Fn by the s.c. route.  As a control mice (N=3) were 
dosed with 50 µl of PBS.  On day 0 mice were challenged with 
250 CFU of WT Fn by the s.c. route.  Mice were followed for 
survival and disease progression.   
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non-fat milk in Tris-buffered saline with 0.5% Tween-20 (TBS-T).  Serum from lpxF-

null-vaccinated mice was diluted 1:40 in the 5% milk blocking solution and allowed to 

bind for 2 hours at room temperature.  The membrane was then washed three times with 

TBS-T for 20 minutes per wash.  Finally, a secondary antibody, goat anti mouse IgG 

coupled to GFP (1:2000), was allowed to bind for 2 hours at room temperature.  

Membranes were then washed 3 times in TBS-T and imaged on a GE Typhoon Imager 

(GE Biosciences Pittsburgh, PA).  Imaging showed 4 common bands in both the Fn and 

Ft LVS lanes, as well as 3 unique bands in the Fn lane (Figure 46).  The separation 

between bands was not defined enough to allow for the excision of bands for MALDI-

TOF identification.  To increase separation membrane proteins were produced from Fn.  

Membrane proteins were produced by separation using Sarkosyl and TritonX-100 

detergents as previously published with the assistance of Karsten Hazlett and Tiffany 

Zarrella, University of Albany Medical Center [401].  Separation of membrane fractions 

by SDS-PAGE yielded seven distinct bands after Western blotting (Figure 47).  These 

seven proteins (Figure 48) were excised and identified by MALDI-TOF MS.  Spot 

number 1 was identified as Tul4, which is a lipoprotein, encoded by FTN_0427 lpnA.  

The second spot is a protein isomerase from FTN_0751.  The third spot was identified as 

elongation factor Tu encoded by FTN_1576 tufA.  The chaperone protein DnaK was the 

fourth spot.  The fifth spot was identified as Francisella outer membrane protein A 

(fopA) from FTN_0756.  The final two spots were identified as two hypothetical proteins 

encoded by the genes FTN_0714 and FTN_0715 respectively.  The protein identities as 

well as their Ft homologues are summarized in Table 5. 
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Figure 46 

Sera from lpxF-null Fn-vaccinated mice recognizes specific Francisella proteins 
Ft LVS and WT Fn proteins were separated on 2 SDS-gels one was silver stained and the other was 
transferred to a polyvinyl diflouride (PVDF) membranes.  Serum from C57BL/6 mice 28 days after 
vaccination was diluted 1:40 in 5% non fat milk and used to probe these membranes.  A secondary GFP 
conjugated rabbit anti-mouse IgG antibody was used diluted 1:10,000.  Membrane was imaged using a 
GE Typhoon imager. 
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Figure 47 

Sera from lpxF-null-vaccinated mice recognizes membrane Francisella proteins 
WT Fn proteins were separated in to membrane fractions; (A) total cellular protein (D) TritonX-114 
soluble (SS) Sarkosyl soluble (SI) Sarkosyl insoluble and separated on 2 SDS-gels one was silver 
stained and the other was transferred to a PVDF membranes.  Serum from C57BL/6 mice 28 days 
after vaccination was diluted 1:40 in 5% non-fat milk and used to probe these membranes.  A 
secondary GFP conjugated rabbit anti-mouse IgG antibody was used diluted 1:10,000.  Membrane 
was imaged using a GE Typhoon imager. 
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Figure 48 

Band selection from proteins recognized by sera from 
lpxF-null-vaccinated mice 
WT Fn proteins were separated in to membrane fractions; (A) 
total cellular protein (D) TritonX-114 soluble (SS) Sarkosyl 
soluble (SI) Sarkosyl insoluble and separated on 2 SDS-gels one 
was silver stained and the other was transferred to a PVDF 
membranes.  Serum from C57BL/6 mice 28 days after vaccination 
was diluted 1:40 in 5% non-fat milk and used to probe these 
membranes.  A secondary GFP conjugated rabbit anti-mouse IgG 
antibody was used diluted 1:10,000.  Membrane was imaged using 
a GE Typhoon imager.  Bands were aligned to the silver stained 
gel and bands were excised for MALDI-TOF identification. 
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Table 5 

Identities of proteins recognized by sera from lpxF-null Fn-vaccinated mice 

 

Spot 
Number 

Fn Gene Product 
Identified 

Size Ft Homologue Size Percent 
Identity 

Previously 
found in Sera 

1 FTN_0427 
(lpnA, Tul4) 

149aa FTT_0901 149aa 100 Human B/ 
Murine 

2 FTN_0751 
(Protein Isomerase) 

373aa FTT_1103 365aa 99.67 Human B/ 
Murine 

3 FTN_1576 
(tufA, elongation 

factor Tu) 

394aa FTT_0137 394aa 99.75 Human B/ 
Murine 

4 FTN_1284 
(dnaK) 

642aa FTT_1269c 642aa 99.83 Human A+B/ 
Murine 

5 FTN_0756 
(fopA/ompA) 

392aa FTT_0583 393aa 98.72 Human B/ 
Murine 

6 FTN_0714 
(Hypothetical Protein) 

 

1852aa FTT_0742 662aa 79.36 This Work 

7 FTN_0715 
(Hypothetical Protein) 

1256aa FTT_0742 662aa 79.36 This Work 
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Deletion of lpxF in Ft LVS leads to attenuated phenotype 

 With all the previous work being carried out in the murine pathogen Fn, we 

sought to determine if deletion of lpxF in Ft strains would recapitulate the data from Fn.  

To this end, we performed an allelic exchange using a kanamycin resistance cassette to 

replace the lpxF gene FTL_1704 in LVS ATCC29684 obtained from BEI Resources 

(Manassas, VA).  The lpxF gene is 100% conserved across all sequenced Francisella 

genomes.  The surrounding region is also highly conserved [202], indicating that the 

function is purposefully conserved.  Deletion of the gene was confirmed by examining 

the lipid A molecule by mass spectrometry (data not shown). 

 A successful lpxF-null LVS clone was injected into BALB/cJ mice by the s.c. 

route at increasing doses (Figure 49).  Similar to the Fn lpxF-null strain, the lpxF-null 

LVS mutant showed a marked attenuation.  While WT LVS was lethal for all mice at 

7.5x103 CFU, the mutant was attenuated up to the highest dose tested, 1.1x109 CFU 

(>100,000 LD100s). 

The LVS lpxF-null strain produces protective immunity against WT LVS 

 Since the lpxF-null LVS strain is attenuated, we sought to determine if it could 

provide protective immunity against a lethal LVS challenge.  Briefly, ten C57BL/6 mice 

were injected with 1x106 CFU of lpxF-null LVS on day -28 and 2x107 CFU on day -14 as 

described above with the Fn lpxF-null mutant.  At day -1, five mice were harvested for 

serum to be used in a therapeutic experiment.  On day 0, the remaining mice, along with 

naïve controls and serum recipients, were challenged with 8.5x103 CFU of WT LVS by 

the s.c. route.  As expected, all naïve mice challenged with LVS succumbed to the 

infection.  All mice that were vaccinated with the lpxF-null mutant survived the lethal 

challenge.  Also mice that received immune serum at 12 hours post-infection were all  
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Figure 49 

lpxF-null LVS is avirulent 
C57BL/6 (N=4) were infected either lpxF-null LVS or WT LVS 
as a control at the indicated doses.  Mice were then followed for 
disease progression and survival.  Data is representative of one of 
two independent experiments. 
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protected, while mice that received serum at 24 hours post-infection showed 75% 

protection (Figure 50). 

 

Epitopes recognized by serum from lpxF-null LVS infected mice 

 Since the sera from lpxF-null LVS showed similar therapeutic potential to Fn sera, 

we sought to identify the epitopes recognized by serum from lpxF-null LVS-vaccinated 

mice.  To this end, we membrane fractionated LVS and used the serum as a probe in a 

Western blot as done above with the Fn serum.  This technique identified 14 bands 

(Figure 51).  These bands were then excised and identified by MALDI-TOF (Figure 51 

and Table 6).  Many of the proteins identified from the LVS blots were also found in the 

Fn blots.  Among these spot number 2 was the chaperone DnaK, spot 5 and 15 were 

identified as the outer membrane protein FopA, and spots 10 and 11 were identified as 

the lipoprotein Tul4.  We also identified a group of bands specific to the LVS blots.  Spot 

number one was the aconitate hydratase encoded by FTL_1772 acnA.  Along with DnaK 

another chaperone protein was identified, spot number three was GroEL.  The biotin 

carboxylase subunit of Acetyl-CoA was matched to spot 4.  Spot 6 and 7 were identified 

as the 50S ribosomal protein L15 and the septum site determining protein MinD 

respectively.  The ninth spot matched to DNA directed RNA polymerase beta chain 

encoded by FTN_1744.  The metabolic gene FTL_1783 sucB matched to spot number 12.  

Three hypothetical proteins were identified the proteins corresponding to FTL_0617, 

FTL_1678, and FTL_0317 matched to the spots 8, 16 and 17 respectively.  The proteins 

identified in both the lpxF-null Fn and lpxF-null LVS vaccinations are contrasted in 

Figure 52. 
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Figure 50 

lpxF-null LVS mutant provides protective immunity 
against a WT challenge as well as generating therapeutic 
serum 
C57BL/6 mice were vaccinated with lpxF-null LVS by the s.c. route 
on day -28 (1.5x107 cfu) and day -14 (1.1x106 cfu).  On day -1 
serum was harvested from donor mice.  On day 0 naïve control mice 
(black squares), lpxF-null LVS-vaccinated mice, or naïve recipient 
mice were infected with WT LVS 1x105 CFU (red circles).  Serum 
(100 µl) was transferred by the iv route to naïve recipient mice (N=4 
per group) at 12 hours (blue triangles) or 24 hours (green triangles). 
Mice were followed for disease progression and survival.  Data is 
representative of 2 individual experiments. 
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Figure 51 

Sera from lpxF-null-vaccinated mice recognizes membrane Francisella proteins 
WT LVS proteins were separated in to membrane fractions; (A) total cellular protein (D) TritonX-114 
soluble (SS) Sarkosyl soluble (SI) Sarkosyl insoluble and separated on 2 SDS-gels one was silver 
stained and the other was transferred to a PVDF membranes.  Serum from C57BL/6 mice 28 days 
after vaccination was diluted 1:40 in 5% non-fat milk and used to probe these membranes.  A 
secondary GFP conjugated rabbit anti-mouse IgG antibody was used diluted 1:10,000.  Membrane 
was imaged using a GE Typhoon imager. 
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Table 6 

Identities of proteins recognized by sera from lpxF-null LVS-vaccinated mice 

 
 

Spot 
Number 

LVS Gene Product 
Identified 

Size Ft Homologue Size Percent 
Identity 

Previously 
found in Sera 

1 FTL_1772 
(acnA, aconitate 

hydratase) 

937aa FTT_0087 937aa 99.25 Human A+B/ 
Murine 

2 FTL_1191 
(dnaK) 

642aa FTT_1269c 642aa 99.67 Human A+B/ 
Murine 

3 FTL_1714 
(groEL) 

544aa FTT_1696 544aa 99.43 
 

Human B/ 
Murine 

4 FTL_1591 
(accC, Acetyl-CoA, 
biotin carboxylase 

subunit) 

451aa FTT_0473 451aa 99.11 Murine 

5 FTL_1328 
(fopA/ompA) 

392aa FTT_0583 393aa 99.23 Human B/ 
Murine 

6 FTL_0255 
(rplO, 50S Ribosomal 

protein L15) 

143aa FTT_0344 143aa 98.60 This Work 

7 FTL_0519 
(minD, Septum site 

determining protein) 

274aa FTT_1606 274aa 100 This Work 

8 FTL_0617 
(Hypothetical Protein) 

146aa FTT_1441 161aa 98.63 Human B/ 
Murine 

9 FTL_1744 
(rpoB, DNA Directed 
RNA polymerse beta 

chain) 

1358aa FTT_0144 1358aa 99.48 This Work 

10 FTL_0421 
(lpnA, Tul4) 

149aa FTT_0901 149aa 99.26 Human B/ 
Murine 

11 FTL_0421 
(lpnA, Tul4) 

149aa FTT_0901 149aa 99.26 Human B/ 
Murine 

12 FTL_1783 
(sucB) 

489aa FTT_0077 489aa 99.80 Human A+B/ 
Murine 

13 FTL_1751 
(tufA, elongation 

factor Tu) 

394aa FTT_0137 394aa 99.75 Human B/ 
Murine 

15 FTL_1328 
(fopA/ompA) 

392aa FTT_0583 393aa 99.23 Human B/ 
Murine 

16 FTL_1678 
(Hypothetical Protein) 

337aa FTT_0101 337aa 99.41 Human B/ 
Murine 

17 FTL_0317 
(Hypothetical Protein) 

111aa FTT_0825c 111aa 100% This Work 
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Figure 52 

Summary of proteins identified using lpxF-null mutants 
Identified proteins from lpxF-null LVS-vaccinated mice (blue circle) or lpxF-null Fn-vaccinated 
mice (green circle) are represented above, hypothetical proteins are referenced by their locus 
number.  Novel immunogens are highlighted in red text. 
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Discussion 

 Here we have shown that not only is the robust serum-based immunity conferred 

by the lpxF-null Fn mutant transferable to naïve mice, but also this serum can be used as 

an effective post-exposure therapy after Fn infection.  The same held true for serum from 

mice vaccinated with LVS lpxF-null.  The therapeutic protection is a very important 

finding.  While many groups have attempted to develop therapeutic antibodies for 

Francisella infection, the level of protection we have seen compared to the amount of 

antibody input is unprecedented [191, 224, 315].   

A study by Kirimanjeswara et al. used serum from a sublethal LVS infection 

[191].  They transferred serum by the intraperitoneal route at 24, 48, and 72 hours after 

intranasal LVS infection.  No protection was observed when treating 72 hours after 

challenge, while 24 and 48 hours protected 90% and 25% of mice, respectively.  Of note 

in this experiment, the authors used 250 µl of serum and repeated serum administration 

every 3 days.  In 2007, Lu et al. used heat-killed LVS to vaccinate mice for hybridoma 

production [224].  They developed a panel of monoclonal antibodies that recognized LVS.  

Among these monoclonals were five different antibodies to the O-antigen of LPS of 

differing isotypes (IgM, IgG2A, IgG1, IgG3), as well as IgG antibodies to DnaK, GroEL, 

and the 50S ribosome.  When used at a final concentration of 200 µg, one of the LPS 

isotypes (IgG2A) was able to protect all mice challenged with LVS when administered 

one hour after challenge - no later time points were tested.  The protein antibodies 

showed no effect unless coupled with the protective anti-LPS antibody, except for the 

anti-GroEL antibody, which protected 20% of mice when administered alone.  It is 

important to note, all antibodies were administered 1 hour after challenge.  Finally Savitt 

et al. used a sublethal dose of LVS, coupled with sonicated LVS preparations, to produce 
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monoclonal antibodies [315].  Their monoclonal antibodies recognized variety of 

epitopes: LPS, FopA, 50S ribosome, succinyl coenzyme A synthetase - SucC, succinyl 

transferase - SucB, DnaK, Tul4, and bacterioferritin.  The only antibodies that showed 

any protective effect, when used before LVS infection were Tul4, LPS, and FopA.  When 

used as a therapy, these antibodies were administered at 50 µg on day 1, 3 and 5 after 

challenge.  All three antibodies protected (~50%) of the mice when administered after 

LVS challenge.  Of note, pre-exposure treatment with the LVS antibody did significantly 

delay time of death is Ft Type A SchuS4 challenged animals [315].     

The first protein we identified is the 149 aa Tul4, which was found in both the Lu 

and Savitt studies.  This non-essential product is from FTN_0427 lpnA Tul4 and has 

100% identity to the SchuS4 protein FTT_0901. Using similar Western blotting 

techniques to the ones used in out studies, a number of groups have identified reactivity 

to this protein in both human and murine sera [89, 132, 150, 157].  Expression of Tul4 in 

a Salmonella vector induces reactive T cells as well as antibody responses that correlated 

to some protection against LVS infection [323].  Tul4 has also been shown to be 

stimulate TLR2 [358]. 

 The second protein identified, derived from the gene FTN_0751, encoding a 373 

aa protein isomerase with strong identity (99.67%) to the Ft protein FTT_1103.  

FTT_1103 has been shown to be a TLR2 agonist and has been recognized by sera from 

both murine and human infections [131, 132, 157, 367, 368].  Deletion of FTT_1103 

leads to a loss of the ability to replicate in macrophages and attenuation in murine models 

of infection.  Vaccination with this deletion mutant strain led to a partial protection 

against SchuS4 lethal challenge [290]. 
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 Two additional proteins were TufA (394 aa FTN_1576) and DnaK (642 aa 

FTN_1284).  These proteins are highly conserved in Ft (99.75% and 99.83% 

respectively).  While generally considered to be intracellular proteins, these proteins 

consistently are identified in membrane preparations from Francisella from a variety of 

isolation techniques [186].  Both proteins have previously been identified as 

immunogenic by both murine and human sera [89, 131, 132, 157, 158, 343, 367, 368].  

 Another notable protein that was identified was the product of FTN_0756 - fopA 

or ompA.  This protein has been shown to have partial therapeutic potential against LVS 

and has been recognized by serum from many different sources including human and 

murine [89, 131, 150, 157, 158, 343, 367, 368].  

The final two proteins identified in the Fn experiments, FTN_0714 and 

FTN_0715, are closely related.  FTN_0714 (1852 aa) is the longer of the two while 

FTN_0715 (1256 aa) is missing a short section of amino acids near the N terminus 

(Figure 53).  These proteins have a homologue in Ft (FTT_0742, 662 aa, 79.55%) 

though it is much shorter.  Interestingly, neither of these proteins, nor their Ft homologue 

are included in the 144 proteins that have been identified using Western blot approaches 

[186].  Two separate groups have recently deleted FTN_0714, annotated as a hypothetical 

protein.  In 2006, Fred Heffron’s group, showed deletion of this gene led to a strain that 

was reduced in macrophage replication and was attenuated and protective strain in mouse 

infections [357].  In 2010, Denise Monack’s group deleted the gene and showed reduced 

biofilm formation, reduced adhesion to crab shells but no difference in colonization when 

used in a competition assay with WT Fn, indicating the in vitro function maybe 

complemented by the WT strain [239].  As of yet, no work has been carried out with  
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Figure 53 

Protein alignment reveals conserved regions in newly identified Fn immunogens 
Protein sequences for the paralogs FTN_0714 and FTN_0715 are aligned with their Ft homologue 
FTT_0742.  Alignment shows highly conserved regions in first half of the protein 
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FTN_0715, the fact that deletion of FTN_0714 leads to attenuation indicates that 

FTN_0715 cannot compensate for loss of FTN_0714.  Vaccine predictions were made 

using the Vaccine Invetigation and Online Information Network hosted by the University 

of Michigan (http://www.violinet.org/).  FTN_0714 scored a 0.952 probability of being 

on the outer membrane with an adhesin probability of 0.645.  No transmembrane helices 

are predicted.  FTN_0715 has a 0.952 probability of being in the outer membrane and the 

adhesin probability is 0.546.  The high probability of being on the outer membrane, as 

well as the possibility of having adhesion functions may explain why the serum from 

lpxF-null Fn vaccinated mice provides such robust immunity. 

Vaccination with lpxF-null LVS identified a greater number of proteins (17 spots 

identifying to 15 different proteins) compared to lpxF-null Fn (7).  Whether this 

increased number of immunogenic proteins stems from increased vaccination dose, 

altered innate immune responses, or differences in protein abundance remains unclear.  

As was seen in the lpxF-null Fn vaccinations fopA FTL_1328, tufA FTL_1751, lpnA/Tul4 

FTL_0421, and dnaK FTL_1191 were all recognized by serum from lpxF-null LVS 

vaccinated mice.  These same four proteins are also recognized by monoclonals 

developed in both the Lu and Savitt studies.  As these studies showed limited therapeutic 

efficacy, the remaining recognized proteins warrant exploration. 

Many of the proteins identified by serum from lpxF-null LVS vaccinated mice 

match proteins that have been found by many other groups.  Among these are the 

aconitate hydratase encoded by FTL_1772 acnA, the transcription factor GroEL encoded 

by FTL_1714 groL, the biotin subunit of acetyl-CoA carboxylase from FTL_1591 accC, 

and the dihydrolipoamide succinyltransferase component of 2-oxoglutarate 
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dehydrogenase complex encoded by FTL_1783 sucB [186].  While generally thought to 

be cytoplasmic, these proteins have been identified by multiple groups as being not only 

recognized by serum from LVS-infected mice but also convalescent humans after 

Francisella infection [186].  These proteins all have strong homology to proteins in Ft 

SchuS4; acnA 99.25%, groEL 99.43%, accC 99.11%, sucB 99.80.  It should be noted 

again that antibodies to GroEL have shown partial therapeutic ability when administered 

1 hour after infection. 

E. coli and B. subtilis have been shown to encode two separate aconitase genes 

acnA and acnB [28, 354].  Aconitase B is the more prevalent enzyme and is involved in 

the citric acid cycle, whereas Aconitase A was shown to be induced upon cellular stress .  

In E. coli, Aconitase A has the ability to enhance translation of mRNA.  Specifically, 

Aconitase A has shown an ability to affect the posttranslational regulation of the 

superoxide dismutase gene sodA.  The ability to increase sodA expression may highlight a 

role for acnA in the intracellular life cycle of Francisella.  It is important to note that 

Francisella does not encode a homologue to the acnB from E. coli [202],so acnA may 

play an expanded role in Francisella. 

GroEL is a potent transcription factor and has been harnessed for expression of 

exogenous proteins in Francisella [221, 222, 233, 234].  Not only has it been identified 

as an antibody epitope, it has also been shown to generate robust T cell activity [86].  

Acetyl-CoA carboxylase is an essential protein that irreversibly converts acetyl-CoA to 

malonyl-CoA that is essential for fatty acid biosynthesis.  While not directly correlated to 

pathogenesis, acetyl-CoA carboxylase is a target for antibiotic development as human 

and bacterial proteins are widely divergent [96].  sucB is involved in the breaking down 
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of fatty acids for energy use.  It has shown potential for drug development against 

persistent infections, as mutants of sucB fail to thrive in long-term cultures with sub-

optimal antibiotic concentrations.  Not only has sucB been recognized by Francisella 

convalescent serum, it also is recognized by serum from patients infected with the related 

pathogen Bartonella subspecies [218], the causative agent of Cat Scratch disease [51]. 

Two hypothetical proteins identified in our screen also matched to previously 

identified antigens with high homology to Ft SchuS4 proteins, FTL_0617 (98.63% 

homology) and FTL_1678 (99.41% homology).  FTL_0617 encodes a 146 aa protein that 

is predicted to be cytoplasmic (prob=0.896).  While the assembled Francisella genome 

calls this gene product a hypothetical protein, it shows high homology to bacterioferritin, 

which is involved in iron uptake and storage [202]. The Savitt studies produced 

monoclonals to this gene product, which showed no therapeutic potential [315].  

Interestingly, ablation of the FTL_0617 gene leads to attenuation in a lung infection 

model [342].  The second hypothetical protein FTL_1678 codes for a 337 aa protein with 

a single transmembrane helix [202].  The last 300 aa are all predicted to be extracellular 

[202].  FTL_1678 has been shown to be up-regulated upon LVS infection and ablation of 

the gene leads to impaired lung infection [342]. 

Our analysis of serum from lpxF-null LVS infected mice also identified four new 

proteins that have not previously been identified as immunogens.  Three of these have 

defined cellular roles: the 50S ribosomal protein, L15, encoded by FTL_0255 rplO, the 

septum site determining protein MinD from the gene FTL_0519 minD, and the DNA-

directed RNA polymerase beta chain encoded from FTL_1744 rpoB.  All three of these 

proteins have cytoplasmic predictions.  FTL_0255 rplO shows 98.60% homology to the 
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same gene in Ft SchuS4.  While not identified in previous studies, many other proteins of 

the 50S ribosome have been identified as immunogens including the L1, L7/L12, and L9 

proteins [186].  MinD the septum determining protein is important for proper cellular 

division.  Genetic deletion of the mind gene has been shown to ablate the ability of LVS 

to colonize the lung of mice [7].  FTL_1744 rpoB is essential for proper promoter 

recognition and activator interaction of the RNA polymerase [202]. 

The final novel protein we identified is the hypothetical protein encoded by 

FTL_0317.  This gene product is a 111 aa lipoprotein with a single predicted alpha helix.  

Little work has been done on this gene though it does share 100% homology with its 

counterpart in Ft SchuS4 [202].  FTL_0317 has been shown to be down-regulated, along 

with Tul4 and Type IV pilus assembly proteins, in the absence of the virulence regulator 

Hfq [247].            

The wide array of proteins identified in our serum assays, both previously known 

and unknown, shed light on why the serum from lpxF-null vaccinated mice has such 

great therapeutic potential.  Whether the increased therapeutic potential arises simply 

from the addition of new antigens, the combination of antibodies, or that our antibodies 

recognize the epitopes differently than the previously tested monoclonals remains to be 

seen.   

Future Directions 

Passive transfer of immunity is rooted in natural processes, such as transfer of 

maternal antibodies to the developing fetus for post-partum protection of the newborn.  

This property of protective antibody transfer has developed into the common usage of Ig 

products for clinical treatments. IV-Ig has been used to treat autoimmune as well as 
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infectious diseases [175-177, 289].  As an approach to treatment of infectious disease, 

passive immunity can be an effective alternative in the absence of a vaccine or in cases of 

compromised immune function [52, 62, 139, 140, 340].  Many FDA-approved 

prophylactic Ig products are in use to treat infectious diseases, including human Ig 

reactive to rabies, vaccinia, and hepatitis B antigens [52, 62, 139, 340].  Ig products have 

also been used in the case of immunodeficient patients to prevent infectious disease.  

Known risks of serum sickness and hypersensitivity reactions exist for non-human borne 

Ig [156]; however, deliverable passive protection could be of great benefit in an outbreak 

response plan.  Finally, with the short period of time to fulminant Francisella infection 

and the high morbidity/mortality rate, it is important to induce sterilizing immunity as 

soon as possible.  Antibiotic susceptibility data may not be available for an extended time 

period in the case of a Francisella exposure, potentially rendering first-line antibiotics 

useless.  In such a scenario, Francisella-specific Ig-mediated passive immunity (in the 

form of whole serum, monoclonal antibodies, or polyclonal antibodies) may be the best 

broadly protective approach.  Also the inclusion of multiple protective epitopes in a 

multivalent preparation will circumvent the natural or malicious alteration of the target 

proteins to avoid antibody binding. 

Moving forward in this development, we would seek to express the Ft 

homologues of the recognized proteins from both the lpxF-null Fn and lpxF-null LVS 

strains.  In our laboratory, we currently have a library of all open reading frames (ORFs) 

from Ft SchuS4 cloned into the Gateway pDONR plasmid (BEI Resources, Inc.).  This 

asset will allow for simplified and rapid expression of relevant proteins identified in the 

Western blots.  Briefly, ORFs of our proteins-of-interest will be cloned into peptide-
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tagged Gateway expression vectors (or alternative expression systems as necessary).  

Vectors will be transformed into E. coli for large-scale protein production.  Alternative 

protein expression systems exist if unanticipated problem arise with E. coli expression, 

such as baculovirus expression in insect cells.  Proteins expressed with in-frame 

cleavable tags will allow for large-scale purifications on affinity resin columns followed 

by removal of the peptide tag for downstream applications.  Purified proteins of interest 

can be used for further experiments and for monoclonal antibody production. 

Once antibodies are raised to our purified proteins, groups of ten C57BL/6 mice 

can be treated with antibodies by either the intraperitoneal or intravenous routes 24 hours 

prior to WT Ft challenge.  Single monoclonal antibodies will be delivered at doses of 50, 

100, 200 and 500 µg/mouse.  Monoclonal combinations will also be tested at similar total 

doses. Control mice will also receive 500 µg of a non-Francisella reactive isotype control.  

Twenty-four hours later mice will be challenged with 100-1000 CFUs WT Ft by the 

intranasal or s.c. routes as described above.  These mice will be monitored twice daily for 

survival and clinical signs of disease for 30 days.   
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