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Abstract A lipopolysaccharide (LPS) is considered to be one of the major
determinants of virulence expression and infection of virulent Coxiella burnetii. The
LPSs from virulent phase I (LPS I) and from avirulent phase II (LPS II) bacteria were
investigated for their chemical composition, structure and biological properties. LPS
II is of rough (R) type in contrast to LPS I, which is phenotypically smooth (S) and
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contains a noticeable amount of two sugars virenose (Vir) and dihydrohydroxystreptose
(Strep), which have not been found in other LPSs and can be considered as unique
biomarkers of the bacterium. Both sugars were suggested to be located mostly
in terminal positions of the O-specific chain of LPS I (O-PS I) and to be involved in
the immunobiology of Q fever. There is a need to establish a more detailed chemical
structure of LPS T in connection with prospective, deeper studies on mechanisms
of pathogenesis and immunity of Q fever, its early and reliable diagnosis, and effective
prophylaxis against the disease. This will also help to better understanding of
host-pathogen interactions and contribute to improved modulation of pathological
reactions which in turn are prerequisite for research and development of vaccines
of new type. A fundamental understanding of C. burnetii LPS biosynthesis is still
lacking. The intracellular nature of the bacterium, lack of genetic tools and its
status as a selected agent have made elucidating basic physiological mechanisms
challenging. The GDP-$3-D-Vir biosynthetic pathway proposed most recently is an
important initial step in this endeavour. The current advanced technologies providing
the genetic tools necessary to screen C. burnetii mutants and propagate isogenic
mutants might speed the discovery process.

Keywords Coxiella burnetii ® Biosynthesis ® Function ¢ Lipopolysaccharide
* Q fever ¢ Structure

4.1 Introduction

Upon serial passage in an immunoincompetent host, virulent C. burnetii undergoes
a modification of its LPS what is traditionally referred to as phase variation
(Stoker and Fiset 1956; Ftacek et al. 2000). C. burnetii phase variation includes the
non-reversible switch from the virulent phase I (S) LPS I, which has a full length
O-PS I chain (Mayer et al. 1988; Skultety et al. 1998) to the avirulent phase II (R)
LPS II, which is missing the O-PS I chain and the saccharides located in the LPS I
outer core (Toman and Skultety 1996; Toman et al. 2009). Several studies have
indicated differential protein expression between the small cell variant (SCV) and
large cell variant (LCV) cells of the bacterium (McCaul et al. 1991; Heinzen and
Hackstadt 1996; Seshadri et al. 1999; Coleman et al. 2004, 2007) but the structural
studies of the LPSs isolated from these variants have not been performed thus
far. Although the structure of lipid A proximal core region of LPS I, represented by
LPS II, was well established (Toman and Skultety 1996), both composition and
structural features of the LPS I outer core and O-PS I chain have not been fully
defined thus far (Toman et al. 2009).

LPS T is of particular biological, immunological and medical significance. It plays
an essential role in interaction between the microbe and host including pathogenicity
and immunogenicity of the agent. It is capable of inducing antibody response and
is considered to be a protective immunogen (Williams and Waag 1991; Gajdosova
et al. 1994; Hussein et al. 2001). Thus, it has been reported recently that O-PS I and
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its epitopes play a critical role in the antibody response to C. burnetii (Slaba et al.
2003; Vadovic et al. 2005), are involved in both signal transduction pathways
(Dellacasagrande et al. 2000a, b) and LPS trafficking (Pretat et al. 2009), and may
help to provide protection when included in a subunit vaccine (Zhang et al. 2007).
Furthermore, research that advances the objective of rapid and specific detection
of the infectious pathogen and differentiation of the individual isolates is centered
on the development of monoclonal antibodies (mAbs) directed against the unique
sugars present in the O-PS I chain (Palkovicova et al. 2009). However, both LPS I
and LPS II were shown to be poor endotoxins. Investigations of their endotoxin
activities showed that they were up to 1,000-fold less endotoxic than LPSs of
Escherichia coli and Salmonella typhimurium (Amano et al. 1987). In this chapter,
the structure, genetics, biosynthesis, and biological properties of the C. burnetii
LPS will be reviewed.

4.2 Lipopolysaccharide Overview

LPSs are complex macromolecules found in the Gram-negative bacteria cell walls
that may form up to approximately 75% of the outer leaflet of their outer membranes.
They are essential for the physical organization and function of these membranes,
and thus, for bacterial growth and multiplication. They are targets for bacteriophages,
possess binding sites for antibodies and non-immunoglobulin serum factors, and
in this way, they are involved in specific recognition and elimination of bacteria by
the host defense system (Alexander and Rietschel 2001). LPSs may prevent the
activation of complement and uptake of bacteria by phagocytes, and thus, they
play an important role in the bacterial virulence. It has been presented in numerous
studies (Alexander and Rietschel 2001; Raetz and Whitfield 2002) that LPSs
display a broad spectrum of biological activities such as lethal toxicity and pyroge-
nicity, up- and down- regulation of several biological processes and in this manner
they can contribute to the pathogenic potential of many Gram-negative bacteria.
Moreover, LPSs activate strongly B-cells, granulocytes and mononuclear cells being
considered as potent immunostimulators. In addition, there has been ever increasing
evidence on an extensive involvement of LPSs in certain signal transduction
pathways (Takeda and Akira 2005; Lu et al. 2008).

LPSs of Gram-negative bacteria share the common structural features and
consist usually of three structural domains: (1) lipid A, which is attached to the outer
bacterial membrane of the cell wall via acyl tails and is responsible for the endotoxic
properties of LPS, (2) a short non-repeating inner and outer core, which is attached
to lipid A and extends outwardly, and (3) O-PS chain, which is usually composed
of repeating saccharide units attached to the lipid A — core and is responsible for
serological heterogeneity among bacterial isolates (Alexander and Rietschel 2001).
Minimally for survival, Gram-negative bacteria require lipid A and one 3-deoxy-D-
manno-oct-2-ulosonic acid (Kdo). Bacteria with only these two subunits exhibit
a deep (R) LPS phenotype (Raetz and Whitfield 2002) while bacteria with lipid
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A — Kdo plus additional saccharide units but not O-PS are generally described as
(R) LPS bacteria. In contrast, (S) LPS bacteria are characterized by a lipid A — core
attached to a fully developed O-PS chain. In addition to numerous functions of (S)
LPS mentioned above, it may serve also as a permeability barrier against external
agents such as hydrophobic antibiotics and to help to maintain the structural integrity
of the Gram-negative cell wall (Raetz and Whitfield 2002). Moreover, (S) LPS has
been a defined virulence factor in many clinically relevant pathogens. For example,
(R) LPSs of Vibrio cholerae mutants were impaired in the intestinal epithelia
colonization in the mouse model, which reflected their increased sensitivity to
complement and cationic peptides (Nesper et al. 2001). Studies with uropathogenic
E. coli O75:KS5 showed that the chemistry and length of wild type O-PS degraded
the complement system by inhibiting the assembly of the membrane attack complex
(Joiner 1988; Burns and Hull 1998). The increased O-PS length also decreased the
sensitivity of E. coli to neutrophil bactericidal/permeability-increasing protein
(Weiss et al. 1986). The (S) LPS of Shigella flexneri influenced the polar localization
of its invasion protein and was essential for invasiveness and subsequent inter- and
intracellular spread (Sandlin et al. 1995, 1996; Van den Bosch et al. 1997). Finally,
experiments with the burned mouse model and corneal mouse model showed that
Pseudomonas aeruginosa (S) LPS is a critical virulence factor required for colonization
(Rocchetta et al. 1999).

The importance of LPS as a virulence factor for the intracellular pathogens is
less clear. It was shown in Legionella spp. that a virulence-associated LPS epitope
caused most community acquired legionellosis (Helbig et al. 1995) and a phase-
variable expression of LPS contributed to virulence by mediating serum complement
resistance (Luneberg et al. 1998). However, the O-acetyl groups that modify the
Legionella O-PS, hypothesized to be critical for virulence, were shown to have
no impact on serum resistance (Luck et al. 2001). Francisella tularensis blue strain
(S) LPS was more virulent than gray strain (R) LPS, but the mechanism of action is
still unknown (Gunn and Ernst 2007). Brucella can perturb bactericidal activity
in macrophages by influencing the host cell response to its advantage through its
LPS (Jimenez de Bagues et al. 2005). The C. burnetii phase II attenuation in the
immunocompetent hosts may be explained by several observations. The phase II
organisms are more susceptible to complement mediated lysis relative to the phase
I organisms (Vishwanath and Hackstadt 1988). It has been shown that phase I
C. burnetii can infect and propagate in human dendritic cells (DC) while inhibiting
their ability to induce maturation or inflammatory cytokine production (Shannon
et al. 2005). In the same study, phase II bacteria significantly induced DC maturation
and a robust inflammatory response.

4.2.1 Lipopolysaccharide Phase Variation

The generally accepted definition of phase variation is the reversible on-off switching
mechanism of cell surface structures under various environmental conditions
(Van der Woude and Baumler 2004). Although most O-PS operons are expressed
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constitutively (Raetz and Whitfield 2002), mechanisms for the LPS phase variation
have been described for several bacteria. For example, the O-PS of Yersinia entero-
colitica O3 is regulated by a repressor gene located outside of the O-PS gene cluster
which is expressed at 37°C but not at 25°C (Al-Hendy et al. 1991; Skurnik and
Toivanen 1993). The Legionella pneumophila O-PS is modulated by an unstable
30 kb genetic element that when integrated into the chromosome produces full
length O-PS, but when incorporated in its native plasmid express an (R) LPS
phenotype (Luneberg et al. 2001). Although Haemophilus influenzae lacks O-PS,
its LPS structure is a critical virulence factor and is modulated by slipped-stranded
mispairing (Weiser et al. 1989). Additionally, growth phase dependent expression
of RfaH, a transcriptional anti-termination factor, was shown to modulate O-PS
in S. enterica serovar Typhi (Rojas et al. 2001; Nagy et al. 2008).

In contrast, C. burnetii phase variation is historically defined as a non-reversible
switch from virulent phase I cells containing LPS I to avirulent phase II cells with
largely modified LPS II (Stoker and Fiset 1956; Williams and Waag 1991). It has
been proposed that the observed LPS modification proceeds through gradual
reduction of O-PS I during the phase variation yielding the LPS II which is the only
LPS present in the C. burnetii phase II cells (Diaz and Lukacova 1998). In contrast,
a completely different insight into this complex phenomenon was brought by
Ftacek et al. (2000) based on their study of both composition and structure of
LPSs isolated during serial passage of C. burnetii in embryonated hen eggs. It is a
well-known fact that LPS molecules isolated from most (S) strains/isolates of
Gram-negative bacteria are heterogeneous in size. They may contain some (R)
LPSs, and in several cases variously truncated LPS molecules (Keenleyside and
Whitfield 1999). Therefore, it can be assumed that strains/isolates of Gram-negative
bacteria contain cell populations that may express multiple LPS structures. As the
similar observation was also made by Ftacek et al. (2000), it has been suggested
that a redistribution of the existing LPS populations takes place during the C. burnetii
phase variation due to an increasing prevalence of those cells in the whole
cell population that express LPS molecules with truncated O-PS I and those being
of (R) type. It appears that in an attempt to optimize the balance between the expen-
diture of energy for the synthesis of complete LPS I molecules and the need to resist
the microbicidal activities of the phagolysosome of the host immune system,
C. burnetii has evolved genetic mechanisms of the transition from an energy-
demanding (phase I) to a lesser energy-demanding (phase II) states. Thus, the mutants
or strains/isolates that prefer biosynthesis of the incomplete LPS I subclasses might
have a growth advantage.

Investigations of the O-PS biosynthesis region in the phase II Nine Mile strain
(NM 1II, RSA 439) revealed that a large group of the genes was deleted (Hoover
et al. 2002; Denison et al. 2007). Nevertheless, some phase II isolates contained no
apparent deletions (Denison et al. 2007). To our best knowledge, the phase variation
mechanisms have not been elucidated by bioinformatics tools in C. burnetii thus far
and similarly, no R — S transition has ever been observed in the C. burnetii phase 11
strains/isolates. Thus, molecular mechanisms influencing the LPS modifications
during the C. burnetii phase variation remain unclear at present.
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4.3 Structural Studies of a Lipopolysaccharide from C. burnetii

4.3.1 Composition and Structure of LPS I1

The first, more detailed chemical study of LPS II reported that it had similar sugar
composition to LPS T although with quantitative differences (Baca et al. 1980).
The following studies showed that LPS II and LPS I differed in the composition
of constituent sugars (Schramek and Mayer 1982; Amano and Williams 1984;
Mayer et al. 1988). It has been suggested, however, that LPS II contains a “Kdo-like
substance” in the lipid A proximal region that is different from the enteric Kdo typical
for most bacterial LPSs. Moreover, the sugar sequence in the inner core region of LPS
IT was not fully characterized. In their initial study, Toman et al. (1993) confirmed
the presence of enteric Kdo in LPS II. Later, methylation-linkage analysis of LPS 11
demonstrated the presence of three Kdo residues with a structural arrangement
similar to that of many enterobacterial LPSs (Toman and Skultety 1994). From other
sugar residues, two terminal D-mannoses (Man), 2- and 3,4-linked D-glycero-D-manno-
heptoses (D,D-Hep) were established (Toman and Skultety 1996). The presence of
the latter sugar was quite surprising as most bacterial LPSs contain L-glycero-D-manno-
heptose as the constituent sugar of the inner core region. Fast atom bombardment
(FAB)- and electrospray ionization (ESI)-mass spectrometries (MS) of the lipid A
deprived LPS II established the sequence of its sugar residues (Toman and Skultety
1996). The chemical structure of lipid A proximal region of LPS II is shown in
Fig. 4.1. The subsequent matrix assisted laser desorption ionization (MALDI) — MS
measurements confirmed the previous results and established the molecular mass of
LPS II to 2841.58 (Toman et al. 2003b).

In the last decade, many (R) LPSs have been found in pathogenic wild type
bacteria including those colonizing especially the mucosal surfaces of the respiratory
and urogenital tracts, such as Neisseria meningitidis, N. gonorrhoeae, H. influenzae,
Bordetella pertussis or Chlamydiaceae (Holst 1999; Caroff et al. 2000). At present,
it is not known with certainty whether these bacteria are not able to biosynthetize
(S) LPSs or whether the genes encoding synthesis of O-specific chains are suppressed
or deleted by regulatory mechanisms induced by environmental cues (Burns and
Hull 1998; Heinrichs et al. 1999; Holst 1999). However, occurrence of such (R)
type LPSs in the pathogenic wild-type bacteria indicates that the O-chain cannot
be considered as the only major factor of pathogenicity in the respective bacterium
and that it is dispensable without deleterious effects for it.

4.3.2 Composition and Structure of LPS 1

As mentioned earlier, LPS I plays an important role in the interaction of C. burnetii with
host, its pathogenicity and immunogenicity and is considered to be a protective immu-
nogen (Amano and Williams 1984; Williams and Waag 1991; Gajdosova et al. 1994;
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Fig. 4.1 Chemical structure of lipid A proximal region of LPS II from Coxiella burnetii in
avirulent phase II. Hep D-glycero-D-manno-heptose, Kdo 3-deoxy-D-manno-oct-2-ulosonic
acid, Man D-mannose

Hussein et al. 2001). Several structural studies of this polymer were reported in
the past but the data obtained brought only limited information on its structural
features (Schramek et al. 1985; Amano et al. 1987; Toman and Kazar 1991; Skultety
et al. 1998). LPS I contains, in addition to the sugar residues found in LPS II and
some frequently occuring sugars, two unusual sugar units in its O-PS I, namely
virenose (Vir, 6-deoxy-3-C-methylgulose) and dihydrohydroxystreptose [Strep,
3-C-(hydroxymethyl)lyxose]. Both sugars have not been found in other bacterial
LPSs and can be considered unique biomarkers of C. burnetii. The enantiomeric
forms and ring conformations of both saccharides were established from the optical
rotation and nuclear magnetic resonance (NMR) data (Toman et al. 1998). Vir was
found to be the D-gulo enantiomer with the “C, ring conformation and Strep was
shown to be the L-lyxo enantiomer also with the 4C1 conformation. However, a
structural analysis of LPS I showed that Strep was present in the parent LPS I in a
furanose form (Toman 1991). Therefore, it was suggested that a furanose to pyranose
tautomerization took place in the course of the isolation procedure (Toman et al.
1998). Recently, candidate genes involved in the synthesis of Vir and Strep have
been suggested (Hoover et al. 2002; Thompson et al. 2003) and their protein
products NDP-hexose 3-C-methyltransferase TylCIII (CBU0691) and methyltrans-
ferase FkbM family (CBU0683) were identified by the proteomic analysis (Skultety
et al. 2005). However, the presence of galactosaminuronyl-o-(1 — 6)-glucosamine
structural motif reported to occur in O-PS I (Amano et al. 1987) could not be
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Vir, Strep, Man, Gic,
GlcNAc, GalNAc
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Fig. 4.2 Preliminary structural arrangement of the sugar residues of LPS I from Coxiella
burnetii in virulent phase I. GalNAc N-acetyl-D-galactosamine, GIcNAc N-acetyl-D-glucosamine,
Glc D-glucose, Hep D-glycero-D-manno-heptose, Kdo 3-deoxy-D-manno-oct-2-ulosonic acid,
Man D-mannose, Strep dihydrohydroxystreptose [3-C-(hydroxymethyl)-L-lyxose], Vir virenose
(6-deoxy-3-C-methyl-D-gulose). The sugars in bold are prevailing in the O-specific chain

confirmed in our laboratory very recently. Methylation analyses of two polysaccharide
fractions of LPS I revealed the presence of terminal Vir, Strep, and Man, 4-substituted
Vir, 4-substituted Man, and 2,3- and 3,4-disubstituted D,D-Hep (Vadovic et al. 2005).
From amino sugars, 4-substituted D-glucosamine (GlcN) was detected. The meth-
ylation data demonstrated the pyranose form of Vir, Man, D,D-Hep and GIcN, and
the furanose form of Strep. It could be anticipated from previous investigations
(Toman and Skultety 1996) that 2,3- and 3,4-disubstituted D,D-Hep, and two terminal
Man were from the core region of LPS I and thus, other terminal and substituted
sugars should be located in the O-PS I chain. It was suggested in earlier studies
(Schramek et al. 1985; Amano et al. 1987; Toman 1991; Skultety et al. 1998) that
Vir and Strep were located almost exclusively in terminal positions. However, the
recent findings have indicated that this might be true only for Strep as Vir is also
(1 —4)-linked (Vadovic et al. 2005). Similarly, Man is present in terminal positions
but about 23% of it could also be involved in 1 —4 linkages. A faster progress in a
more detailed structural characterization of O-PS I is hampered by the presence of
several O-PS I populations differing one from another in size, shape, and chemical
composition. Therefore, only a tentative structural arrangement of sugar residues in
LPS I can be given at present as shown in Fig. 4.2.

In the past, the C. burnetii clonal derivative RSA 514 named “Crazy” (Cr) was
isolated from the placental tissue of guinea pig infected with the phase I Nine Mile
(NM I, RSA 493) strain for 343 days (Hackstadt et al. 1985). It reacted with phase
I antiserum, but to a much lesser extent than the NM I strain, and displayed no reactivity
with phase II antiserum. The isolated LPS Cr gave one band at about 14 kDa on
SDS-PAGE in contrast to LPS I and LPS II (Toman et al. 2009). The compositional
analysis revealed the presence of Man, Glc, D,D-Hep, Strep, and GIcN in a molar
ratio 3.1:0.1:1.0:1.5:1.2, respectively. No Vir was found. Both composition and
structure of LPS II were shown to be a result of large chromosomal DNA deletions
in the phase II cells of NM I strain (Hoover et al. 2002). However, deletions in the
variant RSA 514 were larger extending on both ends beyond the phase II deletion
junctions. Surprisingly, structural complexity of the LPS Cr appeared to be interme-
diate to LPS I and LPS II. The reasons for this discrepancy are still unknown.
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4.3.3 Composition and Structure of Lipid A

The lipid A portion of LPS is linked to the core oligosaccharide mostly via Kdo
and serves as the hydrophobic anchor of LPS in the bacterial outer membrane.
Lipid A is established as the endotoxic principle of bacterial LPSs and represents in
terms of both chemical composition and structure the most conserved region in
them (Alexander and Rietschel 2001; Raetz and Whitfield 2002). Lipid A plays
a major role in the pathogenesis of bacterial infections and is important contributor
to massive inflammation, sepsis, and septic shock leading to fatalities in Gram-negative
bacteria infections. It also promotes the activation of the innate immune system via
induction of inflammatory cytokines released by human cells (Alexander and Rietschel
2001). Structurally, lipid A is typically composed of a -D-GlcN-(1 — 6)-a-D-GIcN
disaccharide backbone carrying two phosphate groups at positions O-1 and O-4'. Both
phosphates can be further substituted with groups such as ethanolamine, ethanolamine
phosphate, ethanolamine diphosphate, GlcN, 4-amino-4-deoxy-L-arabinopyranose,
and D-arabinofuranose (Rietschel et al. 1987; Vadovic et al. 2007). There are attached
up to four acyl chains by ester or amide linkages to the GIcN disaccharide. These chains
can then in turn be substituted by further fatty acids to provide the lipid A moieties
with up to seven acyl substituents, which vary quite considerably among species in the
nature, number, length, order, and saturation (Alexander and Rietschel 2001).

It appears that the major contributing factors to endotoxicity are the number
and lengths of acyl chains present and the phosphorylation state of the disaccharide
backbone. For example, the structures with only one phosphate at either O-1 or O-4'
appear in most assays to be ~1,000-fold less active than the highly endotoxic lipid A
of E. coli as it was found in the naturally occurring monophosphorylated Bacteroides
fragilis lipid A (Rietschel et al. 1987; Alexander and Rietschel 2001). However,
phosphates by themselves do not appear to be essential as the substitution with the
phosphono-oxyethyl group does not alter activity of the compound, suggesting that
only correctly placed negative charges can restore activity (Ulmer et al. 1992; Erridge
et al. 2002). The GIcN monosaccharide preparations phosphorylated and acylated
in various positions lack activity in general, suggesting that the disaccharide backbone
is also required for the optimum recognition by the humoral/cellular receptors
(Aschauer et al. 1990). Nevertheless, lipids A with 2,3-diamino-2,3-dideoxy-D-glucose
replacing GIcN in the backbone have similar activity than those having GIcN as seen,
e.g. in Campylobacter jejuni (Moran et al. 1991; Alexander and Rietschel 2001).

Naturally, much work was concentrated on the role of the nature, number and
lengths of acyl chains attached to the lipid A. For example, structures similar to
that of the E. coli lipid A with two phosphates, but with seven or five fatty acids
were less active by a factor of approximately 100 (Rietschel et al. 1993; Erridge
et al. 2002). Thus, it appears that the hexaacylated lipid A species consisting of
two 3-hydroxyacyl and two 3-acyloxyacyl residues limited in length of individual
acid chains to 12 or 14 carbons of either E. coli or N. meningitidis like — types are
optimally recognized by the mammalian receptors to express the full spectrum of
endotoxic activities (Alexander and Rietschel 2001; Erridge et al. 2002).
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Wollenweber et al. (1985) analyzed the fatty acid composition in the C. burnetii
lipids A from LPS I and LPS II. The authors identified more than 50 different
3-acyloxyacyl residues to be involved in the amide linkage, and together with other
fatty acids found, suggested an enormous heterogeneity of both lipid A components.
In contrast, Toman et al. (2003a) could not find any 3-acyloxyacyl residues in the
investigated lipids A from the LPSs I of Henzerling and S strains, and in addition,
their fatty acid compositions were considerably less complex than those published
by Wollenweber et al. (1985). The authors showed that both lipids A were tetraacylated
with two amide-linked 3-hydroxy and two ester-linked nonhydroxylated fatty acids
attached to the GIcN dissaccharide. Differences were found in the small structural
details only. Further, in the LPS I of Priscilla strain, two tetraacylated lipid A species
were found as the major components despite a noticeable microheterogeneity of the
analyzed sample (Toman et al. 2004). They possessed the classical backbone of
diphosphorylated GIcN disaccharide, in which both reducing-end GIcN I and terminal
GIcN II carried amide-linked iso-branched or normal (n) 3-hydroxyhexadecanoic
fatty acids. One of the species had ester-linked n-hexadecanoic acids at both
GlcNs while the other had ester-linked anteiso-branched pentadecanoic instead of
n-hexadecanoic acid at GIcN II. The lipid A moiety had a cubic inverted aggregate
structure, and the inclination angle of the GIcN disaccharide backbone plane of
the lipid A part with respect to the membrane normal was around 40°. The lipid
A readily intercalated into phospholipid liposomes mediated by the LPS-binding
protein. The lipid A-induced tumor necrosis factor (TNF) production in the human
mononuclear cells was one order of magnitude lower than that found for lipid
A of S. minnesota. In another study (Zamboni et al. 2004), an asymmetrical structure
of the C. burnetii lipid A was suggested where a 3-acyloxyacyl chain, alternatively
composed of 3-hydroxytetra- to hexadecanoic acids, was attached to the amide-linked
3-hydroxylated fatty acid at the N-2' of the GIcN II unit. However, the proposed
structure needs further verification.

It was reported (Alexander and Rietschel 2001) that variation of the lipid A domain
of LPS serves as one strategy utilised by Gram-negative bacteria to promote survival
by providing resistance to components of the innate immune system and helping to
evade recognition by Toll-like receptor 4 (TLR 4). Thus, it was of interest to see if
the long-term survival of C. burnetii in host led to modifications in its lipid A in
comparison with the known structures for lipids A from the strains Henzerling, S and
Priscilla (Toman et al. 2003a, 2004). The recent study of lipid A from the clonal
derivative RSA 514 has revealed no substantial modifications in the basic chemical
composition and structure proposed for lipid A of C. burnetii (Vadovic et al.
2009). It appears that lipids A from various strains/isolates of C. burnetii represent
tetraacylated molecular species with the conserved basic structural features.
Some differences are found in nature, length and possibly also in distribution of fatty
acids along the GIcN disaccharide. These fatty acid variations contribute to a
remarkable diversity of the C. burnetii lipid A although its biochemical synthesis
is a highly conserved process like in other Gram-negative bacteria. Nevertheless, further
studies are needed to confirm symmetrical (Toman et al. 2003a, 2004; Vadovic
et al. 2009) or asymmetrical (Zamboni et al. 2004) structural model of the lipid
A. The proposed structural features of C. burnetii lipid A are shown in Fig. 4.3.
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Fig. 4.3 Basic chemical structure of lipid A of Coxiella burnetii. Models with symmetrical
R,=H,C~(CH,) -CH,-CH,-CO or H,C—(CH,) -CH(OH)-CH,-CO, R,=H (Toman et al. 2003a;
Toman et al. 2004; Vadovic et al. 2009) and asymmetrical R, =H, R,=H,C~(CH,) ~CH(OH)~
CH,-CO (Zamboni et al. 2004) structures have been proposed; n=12-14, X=C

H3

14-16

Distinct structural features of the C. burnetii lipid A might be the reason for its
lower endotoxic activity as compared to the classical forms of enterobacterial lipids
A, found, e.g. in E. coli, N. meningitidis or Salmonella spp. Nevertheless, C. burnetii
and its LPS were shown to exhibit various immunomodulatory activities despite
their low endotoxic activity (see below). This behavior could be elucidated by applying
the previously presented conformational concept of endotoxicity (Seydel et al. 1999),
a conical shape of the lipid A of C. burnetii and a sufficiently high inclination of the
sugar backbone plane with respect to the membrane (Toman et al. 2004).

4.4 Biosynthesis of Lipopolysaccharides

4.4.1 Nomenclature

The complex biochemistry of LPS biosynthesis and expression causes confusion
when naming and studying LPS related genes. Contributing factors that add to the
confusion include different names for duplicated genes located in different loci of a
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bacterium, different names for the same gene in different bacteria or the same name
for genes that are not related in different bacteria. Additionally, some contemporary
LPS biosynthesis investigators still use nomenclature that reflects the historical
assignment of a gene by the Demerec System (Demerec et al. 1966). To help to
resolve the limitations inherent to the Demerec System, a new system was proposed
by Reeves et al. (1996) known as the Bacterial Polysaccharide Synthesis and Gene
Nomenclature (BPGN). This system expanded the number of gene possibilities
from 26 (number of letters in the alphabet) to 17,576 possibilities and is organized
by function. Since both Demerec and BPGN nomenclature systems are currently
in use, the usage of gene names in this chapter will reflect those which are most
frequently found in literature.

4.4.2 O-Polysaccharide Genetics

The structural heterogeneity observed in various O-PS chains correlates to the genetic
variation found within their encoding loci (Raetz and Whitfield 2002). Despite this
variation the clusters themselves tend to be highly organized (Stroeher et al. 1998;
Trefzer et al. 1999; Luneberg et al. 2000; Raetz and Whitfield 2002; King et al. 2009).
Present just upstream of many polysaccharide gene clusters is a 39-bp JUMPstart/
Operon Polarity Suppressor site that is involved in transcriptional anti-termination
shown to require RfaH (Hobbs and Reeves 1994; Wang et al. 1998). This finding is
consistent with a hypothesis that the O-PS clusters are transcribed as a single locus,
which may contain 7 to over 17 genes (Raetz and Whitfield 2002). In E. coli and
S. enterica, the O-PS locus is usually flanked by his and gnd (Raetz and Whitfield
2002) while in Pseudomonas spp. is flanked by ihfB and wbpM (Rocchetta et al.
1999). It has been suggested that these flanking genes are target sites for the lateral
transfer of O-PS clusters (Bisercic et al. 1991; Nelson and Selander 1994). Further
supporting this hypothesis is the observation that the O-PS gene clusters typically
have a GC content lower than the genome average (Samuel and Reeves 2003).

The currently accepted organizational paradigm for genes located within the O-PS
locus, referred to as wb (BPGN) or rfb (Demeric), is by function: (1) pathway genes,
(2) processing genes and (3) transferase genes. Pathway genes include those genes
involved in the activated carbohydrate biosynthesis. These genes share a high degree
of identity among a wide range of species (Trefzer et al. 1999; Raetz and Whitfield
2002; Samuel and Reeves 2003). Processing genes encode proteins that mediate O-PS
transport from the cytosol to the periplasm and are usually adjacent within the wb
locus (Raetz and Whitfield 2002). Transferase genes catalyze the sequential attach-
ment of sugar units to the growing O-PS chain. The glycosyltransferases are often
dispersed throughout the wb locus and have low levels of similarity with one notable
exception, wecA (rfe, Demeric) (Raetz and Whitfield 2002). The wecA gene encodes
a glycosyltransferase responsible for the transfer of the first saccharide called the
primer saccharide to the hydrophobic lipid carrier molecule, undecaprenol phosphate
(und-P), in E. coli. The initial transfer of the primer saccharide to und-P is required
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for the O-PS elongation in the cytosol (Raetz and Whitfield 2002). Unlike other
transferases, wecA is located outside of the wb locus. Bioinformatic analysis of
various WecA glycosyltransferases showed a high degree of similarity and it was
once thought they might have wide substrate specificity when compared to other
glycosyltransferases (Raetz and Whitfield 2002). However, recent evidence has shown
that WecA is specific for only GlcNAc transfer to und-P (Rush et al. 2010).

4.4.3 O-Polysaccharide Genetic Analysis of C. burnetii

As mentioned earlier, the clonal derivative Cr had a large chromosomal deletion
(25,997 bp) that overlapped the NM II deletion. The deletion should correspond to
the loss of Vir in this and also the NM II strain and should explain the nonreversible
phase variation observed with the NM strain (Vodkin and Williams 1986; Hoover
et al. 2002). However, it does not explain the presence of LPS II in the NM II
strain that lacks also Strep and the outer core saccharides. Furthermore, a recent
study has shown that several phase Il C. burnetii strains/isolates have a functional
C. burnetii wb locus but still exhibit the (R) LPS phenotype (Denison et al. 2007).
This finding might suggest that genes outside of the deleted region are required
for both O-PS I and the outer core biosynthesis.

Further comparative genomic analysis revealed three regions that might contain
genes necessary to express O-PS I'in LPS I. Region 1 (605781-653889) includes the
deleted region of the strains NM I (RSA 493) and Cr (RSA 514) defined by Hoover
et al. (2002) and may contain the genes needed for GDP-B-D-Vir biosynthesis.
Region 2 (775635-813578) may contain those genes needed for the expression
of sugars constituting the O-PS I backbone, and region 3 (1760021-1768371) may
contain the genes needed for the expression of Strep (Seshadri et al. 2003). Within
the region 1, the genes that are normally associated with a wb operon, like genes for
an activated saccharide biosynthesis, the glycosyl transferase genes and processing
genes, have been identified (Hoover et al. 2002). Just outside of the NM II (RSA 439)
and Cr (RSA 514) deleted regions, there are two adjacent genes that code for an
ABC transporter system, O-antigen export system permease protein (CBU0703)
and LPS/O-antigen export permease (CBU0704). The ABC transporter dependent
pathways typically transport the linear O-PS structures versus branched structures
characteristic of the Wzy dependent pathway (Raetz and Whitfield 2002). This evidence
might support a hypothesis that the O-PS I in LPS 1 is essentially a linear polymer.
However, this hypothesis could not be confirmed by the glycomic studies mentioned
above. An exhaustive bioinformatic search has failed to identify any of the genes
necessary for the Wzy dependent pathway thus far.

Although the GC content of the deleted region is slightly lower than the chromosomal
GC content (43% in RSA 493 and 39% in the deleted region of RSA 439), there are
no apparent target sites where the lateral transfer might occur. The bioinformatic
analysis indicates no JUMPstart/ops sequence and several genes, some divergently
transcribed, that may not play a role in the O-PS I biosynthesis.
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4.4.4 O-Polysaccharide Biosynthesis and Export
Mechanisms of C. burnetii

Three O-PS biosynthesis pathways have been described: (1) ABC-transporter
dependent, (2) Wzy dependent and (3) synthase dependent. Each pathway initiates
the O-PS biosynthesis by attaching a sugar-1-phosphate catalyzed by a membrane
bound glycosyltransferase to und-P. The model glycosyltransferases are WecA in
E. coli and WbaP in Salmonella spp., which transfer GIcNAc and D-galactose to
und-P, respectively (Raetz and Whitfield 2002). Nevertheless, other initial glycosyl-
transferases have been shown to initiate the O-PS biosynthesis. For example, the
Pseudomonas aeruginosa WbpL catalyzes the transfer of N-acetyl-D-fucosamine
(D-FucNAc) and N-acetyl-D-quinovosamine (D-QuiNAc) to und-P (King et al.
2009). It is likely that other initial glycosyltransferases exist but have not been
characterized thus far. For example, the unique primer saccharide legionaminic
acid could be transferred to und-P by an undefined enzyme in L. pneumophila
(Knirel et al. 1994).

Structural studies indicated that GIcNAc was present in the O-PS I of LPS I from
the NM I strain (Toman and Kazar 1991), and GlcNAc and GalNAc were both
identified in the O-PS I of LPS I from the C. burnetii strain Priscilla in phase I
(Hussein et al. 2001). Additionally, C. burnetii undecaprenyl-phosphate a.-N-acetyl-
glucosamine phosphotransferase (CBU0533) has a strong sequence homology
to the characterized WecA in the model organisms. Taken together, we hypothesized
that GlcNAc or GalNAc could be the initial saccharides in the O-PS I chain and
CBUO0533 might catalyze their attachment to und-P. To prove this hypothesis, we
constructed an E. coli O157:H7 ZAP198 AwecA mutant by a modified protocol
described by Emmerson et al. (2006). The mutant was verified genotypically by
polymerase chain reaction and phenotypically by silver staining and immunoblot.
The wild type E. coli O157:H7 LPS was restored to the ZAP198 AwecA mutant
when the native wecA was expressed in trans. However, despite the bioinformatic
similarity between CBU0533 to characterized WecAs, it failed to complement the
ZAP198 AwecA mutant in trans.

Several possibilities may explain this observation: (1) CBU0533 does not catalyze
the transfer of GIcNAc or GalNAc to und-P, (2) it is not active in E. coli O157:H7,
or (3) the E. coli O157:H7 lipid carrier molecule is not a CBUO0533 substrate. It is
well known that the lipid carrier molecules are used in both eukaryotic and prokaryotic
cells to transport glycans across the lipid bilayers. The most characterized prokaryotic
lipid carrier molecules have 11 isoprene units, 3 in trans and 8 in cis positions for a
total of 55 carbons (C,,). Thus, the name “undecaprenyl” phosphate derives from
this finding (Raetz and Whitfield 2002). Many laboratories have shown that both
length of polyisoprenol carrier molecule and nature of o-isoprene unit drive the
specificity and efficiency of the initial glycosyltransferase reaction in eukaryotes
(Szkopinska et al. 1992; Rush et al. 1993; D’Souza-Schorey et al. 1994; Kean et al.
1994; McLachlan and Krag 1994; Dotson et al. 1995) and in prokaryotes (Rush
et al. 1997; Chen et al. 2007). An in vitro evidence from the Rocky Mountain
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Laboratory (RML) in Hamilton, MT, has shown that CBU0533 does not transfer
GlcNAc to und-P (unpublished data). In light of the bioinformatic analysis and
experimental work performed in our laboratory and at RML, we have concluded
that the C. burnetii RSA 493 CBUO0533 encodes a wecA-like gene. Future studies on
the O-PS I biosynthesis in LPS I should focus on the attachment of the first mono-
saccharide to the lipid carrier molecule.

After attachment of the primer saccharide to und-P, the various O-PS pathways
differ in their polymerization and transport mechanisms. In the ABC transporter
pathway, rather than adding O-PS units to a growing O-PS chain in the periplasm,
the O-PS is completely formed at the inner leaflet of the inner membrane by a series
of glycosyltransferase reactions. This pathway is found in those bacteria that generate
the O-PS homopolymers while heteropolymers are usually synthesized via the Wzy
pathway (Raetz and Whitfield 2002). The completed O-PS subsequently transits
to periplasm via the ABC transporter system (encoded by wzm and wzt) where it
is ligated to the lipid A — core by WaalL (Raetz and Whitfield 2002). How modal
distribution is achieved in the ABC transporter dependent pathway is not fully
understood. However, non-reducing terminal modifications have been shown to
regulate the O-PS length in E. coli and M. smegmatis and may signal for its transport
through its ABC transporter (Weisman and Ballou 1984; Clarke et al. 2004).

It should be mentioned here that the ABC transporters are a large class of importers
and exporters observed in both eukaryotic and prokaryotic cells. Because these
transporters are important in the nutrient uptake and drug resistance, they are
the subject of ongoing research (Hollenstein et al. 2007). The ABC transporters that
move O-PS from cytosol to periplasm are not as well characterized. However,
the fundamental transport mechanism appears to be conserved. Wzm is a membrane
bound protein that facilitates the O-PS transport through the inner membrane
(Raetz and Whitfield 2002). The C. burnetii O-antigen export system permease protein
(CBUO0703) is adjacent to the putative O-PS I biosynthesis genes and is anno-
tated as wzm. The hydropathy plots using the Kyte-Doolittle scale (Bowen 2008)
of CBUO703 detected hydrophobic regions typical of the characterized Wzm
proteins. The C. burnetii LPS/O-antigen export permease (CBU(0704) is annotated
as wzt. Bioinformatic analysis has suggested that the C. burnetii Wzt has a classical
ATP-binding cassette motif for which the transport system is named. This enzyme
is responsible for binding the und-P linked O-PS I, and providing the machinery
required for transport at the expense of ATP hydrolysis.

4.4.5 Tentative Biosynthesis Pathway of D-Virenose in C. burnetii

A fundamental understanding of O-PS I biosynthesis in LPS I is still lacking.
The intracellular nature of C. burnetii, lack of genetic tools and its status as a poten-
tial biowarfare agent have made elucidating of its basic physiological mechanisms
challenging. Most recently, an attempt has been made to elucidate the enzymatic
steps responsible for the formation of guanosine-5'-diphosphate (GDP)--D-Man
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in the bacterium, which were bioinformatically predicted as the initial steps of
GDP-B-D-Vir biosynthesis (Narasaki et al. 2011). Based on both structural determi-
nation of Vir (Toman et al. 1998) and analysis of the genes deleted in the RSA 439
variant (Hoover et al. 2002), it has been hypothesized that GDP-B-D-mannose is
synthesized from fructose-6-phosphate (F6P) in three successive reactions that
include: (i) isomerization to D-mannose-6-phosphate (M6P) catalyzed by a mannose-
6-phosphate isomerase (PMI), (ii) conversion to mannose-1-phosphate (M1P)
mediated by a phosphomannomutase (PMM) and (iii) addition of GDP by a GDP-
mannose pyrophosphorylase (GMP) (Fig. 4.4). GDP-B-D-mannose is then likely
converted to GDP-6-deoxy-f-D-lyxo-hex-4-ulopyranose, a Vir intermediate, by a
GDP-D-mannose dehydratase (GMD). To prove the suggested pathway in C. burnetii,
three ORF (CBU0671, CBU0294 and CBU0689) annotated as bifunctional type II
PMI, as PMM or GMD were functionally characterized by complementation of
corresponding E. coli mutant strains and in enzymatic assays. However, CBU0671
failed to complement an E. coli manA (PMM) mutant strain but complementation
of manC (GMP) mutant strain restored the capsular PS biosynthesis. CBU0294
complemented a P. aeruginosa algC (GMP) mutant strain and showed phos-
phoglucomutase activity in a pgm E. coli mutant strain. Despite the inability
to complement a manA mutant, recombinant C. burnetii PMI protein showed
PMM enzymatic activity in biochemical assays. CBU0689 showed dehydratase
activity and determined kinetic parameters were in agreement with the data reported
from other organisms.

GDP-6-deoxy-B-D-lyxo-hex-4-ulopyranose formed by GMD is the metabolic
intermediate of GDP-L-fucose, GDP-colitose, GDP-perosamine, GDP-D-rhamnose
and GDP-6-deoxy-D-talose (Samuel and Reeves 2003). The enzymes required to
generate the final steps for GDP-perosamine (perosamine synthetase, CBU0830) and
GDP-L-fucose (fucose synthetase, GDP-4-keto-6-deoxymannose epimerase/reductase,
CBUO0688) have been identified in the C. burnetii genome (Seshadri et al. 2003).
However, we have not detected any perosamine or L-fucose in the compositional
analyses of LPSs I obtained from various strains/isolates of C. burnetii. Nevertheless,
the suggested biosynthesis pathway for Vir has established an initial step towards a
better understanding of the O-PS I formation, which is the only known virulence
factor of C. burnetii.

4.5 Functional Characteristics of the C. burnetii
Lipopolysaccharide

TNF is a cytokine involved in systemic inflammation and is a member of a group
of cytokines that stimulate the acute phase reaction. It is a protein with a molecular
mass of 17 kDa and is produced mainly by mononuclear phagocytes following
induction with an LPS (Flebbe et al. 1990). The primary role of TNF is in the regula-
tion of immune cells. It is able to induce apoptotic cell death, to induce inflammation,
and to inhibit tumorigenesis and viral replication. Dysregulation of TNF production
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has been implicated in a variety of human infectious diseases including Q fever
(Locksley et al. 2001; Capo et al. 1999). Although LPS I and LPS II are weak
endotoxins their ability to induce TNF was reported (Toman et al. 2004). TNF and
IL-1p production is increased in monocytes from patients with Q fever endocarditis,
whereas it remains low in patients with uncomplicated acute Q fever (Capo et al.
1996; Dellacasagrande et al. 2000a). Thus, the TNF production seems to be related
to the disease activity. However, the TNF production does not directly reflect the
virulence of C. burnetii since avirulent phase II bacteria were also shown to induce
this cytokine (Tujulin et al. 1999). In fact, avirulent bacteria were even more potent
than virulent phase I organisms at stimulating the TNF production (Dellacasagrande
et al. 2000b). It has already been reported in this chapter that lipids A of LPS I and
LPS II have almost identical chemical structures, and therefore, other factors should
be involved in this phenomenon. One could hypothesize that presence or absence
of O-PS I in these LPSs might play a role. However, it appears more likely that a
limited efficiency of TNF production is not a consequence of poor activity of LPS I
as this has been shown to be more potent than LPS II at stimulating the TNF release
(Dellacasagrande et al. 2000b). It has been suggested that virulent bacteria, which
bind poorly to monocytes, likely present fewer LPS I molecules to the target cells
than do avirulent ones that efficiently bind to monocytes. The effect of activation
on the uptake efficiency was also supported by the finding that neutralizing anti-TNF
antibodies decrease the C. burnetii internalization by monocytes from patients
with Q fever endocarditis but do not affect the long term survival of bacteria
(Dellacasagrande et al. 2000a). Moreover, a neutralization of TNF with specific
antibodies prevented macrophage apoptosis and the eradication of C. burnetii
(Dellacasagrande et al. 1999). Recently, the strain specific differences in the TNF
induction have been published (Kubes et al. 2006). The highest TNF production was
monitored with both cells and LPSs of the C. burnetii strains Scurry and Priscilla.
Both strains were shown to be genetically very close by the multiple locus variable
number tandem repeats analysis (Svraka et al. 2006). On the contrary, previous
SDS-PAGE and immunoblot analyses of their LPSs I indicated that these might be
structurally and antigenically distinct (Hackstadt 1986; Skultety et al. 1998).
Macrophages, DCs and neutrophils sense invading microbial pathogens by so-called
pattern recognition receptors (PRRs) to activate rapidly the innate host defence
system and to promote triggering of the whole array of adaptive immune responses
(O’Neill 2006; Kawai and Akira 2008). Toll-like receptors (TLRs) are the principal
membrane-associated innate sensors that recognize conserved pathogen associated
molecular patterns (PAMPs) at the cell surface or in the intracellular endosomal
compartments (Doyle and O’ Neill 2006; O’Neill 2006). TLR 4, the predominant
signal transduction receptor for the Gram-negative bacterial LPSs, is critical for the
host defence against Gram-negative bacterial pathogens (Alexander and Rietschel
2001; Takeda and Akira 2005). In addition to LPS, TLR 4 recognizes other structur-
ally unrelated microbial PAMPs like chlamydial heat shock proteins 60 and 70
(Bulut et al. 2002) and pneumolysin (Malley et al. 2003). MD-2, an extracellular
protein, is essential for conferring LPS sensitivity to TLR4 (Shimazu et al. 1999),
and CD14 enhances LPS responses by facilitating LPS binding to MD-2, enables
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MyD88-independent signaling pathways by LPS. TLR 2 has been shown to recognize
lipoproteins and lipopeptides from Gram-positive bacteria, mycoplasma, and
mycobacteria (Lien et al. 1999) in cooperation with TLR 1 or TLR 6 (Hajjar et al.
2001; O’Neill 2006). Recent results suggest, however, that TLR 4 and TLR 2
polymorphisms are associated with susceptibility to infectious diseases (Lorenz
et al. 2000; Awomoyi et al. 2007).

TLR 4 was reported to be involved in the recognition of LPS 1, initial activation
of macrophages, and inflammatory response associated with the C. burnetii infection
(Honstettre et al. 2004). It was shown later, however, that lipid A from C. burnetii
antagonized activation of TLR 4 by the highly endotoxic lipids A from E. coli and
B. pertussis, and by the E. coli LPS (Zamboni et al. 2004). A similar competitive
inhibition of LPS activation of the TLR 4-dependent responses was reported for
other lipids A, such as those isolated from Rhodobacter sphaeroides and lipid IV,
(Golenbock et al. 1991). This fact appeared to be in agreement with observations
that LPSs of some bacterial species failed to activate TLR 4 and that these bacteria
activated host cells through a TLR 2-dependent mechanism (Hirschfeld et al. 2001;
Girard et al. 2003; Darveau et al. 2004). It has already been mentioned in this
chapter that the chemical structure of C. burnetii lipid A differs considerably from
those reported for the classical enterobacterial lipids A that activate predominantly
TLR 4. The recent findings in the field have indicated that TLR 4 is involved in the
cytoskeleton remodeling induced by C. burnetii, controls the immune response
against it through granuloma formation and cytokine production, and is dispensable for
the bacterial clearance in vivo (Honstettre et al. 2004). TLR 2 seems to be also
involved in the TNF and IFN-y production induced by avirulent variants of
C. burnetii in macrophages from TLR 2-deficient mice (Zamboni et al. 2004).
Moreover, these macrophages have been shown to be highly permissive for the
intracellular growth of bacteria. Experiments in vivo have also indicated that TLR 2
is involved in the granuloma formation similar to that of TLR 4 (Meghari et al.
2005). Thus, a synergistic action of both TLRs has been proposed in some signal
transduction pathways. However, a more detailed role of LPS I and LPS II in these
events remains to be elucidated.

It has already been reported that phase I C. burnetii replicated within the human
DCs without inducing maturation or inflammatory cytokine production (Shannon
et al. 2005). In contrast, the phase II bacteria induced a dramatic maturation of
the cells. A model has been proposed whereby LPS I masks TLR ligands from
innate immune recognition by DCs, thereby allowing replication without significant
maturation or inflammatory cytokine production. This immune evasion strategy
was suggested to allow C. burnetii to persist in an immunocompetent host.
However, these findings raised several points that are discussed in a more detail in
the dedicated chapters of this book.

It has been well known for many years that during acute Q fever C. burnetii
induces antibodies in host against its phase II (protein) antigens, while in the later
stages of the disease, and especially in its persistent/chronic form, high titers of
antibodies are directed against phase I (LPS I) antigen (Marrie and Raoult 1997).
Initial work has already been performed towards elucidation of the interaction of phase
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I antibodies with the LPS I antigen (Vadovic et al. 2005). A noticeable decrease in
the serological activity of the O-antigen was monitored when Vir and Strep were
selectively removed from its O-PS I chain. However, it is still not known with
certainty whether the immunoreactive epitopes are located only at both sugars in
terminal positions or also at those Vir residues located in the O-PS I backbone.

The presence of unique biomarkers Vir and Strep in LPS I and their favourable
location in its O-PS I provides an excellent opportunity to generate mAbs against
them that would enable rapid, sensitive and specific detection of the virulent
form of the bacterium. So far, a mAb (IgG2b subclass) has been generated that was
proved to be highly specific for the presence of Vir in the bacterium and LPS I
as only Vir-containing C. burnetii strains/variants and their LPSs reacted with
the mAb (Palkovicova et al. 2009). In addition, no cross-reaction was observed
with the cells and LPSs from the selected species of the families Rickettsiaceae,
Piscirickettsiaceae, Chlamydiaceae and Enterobacteriaceae.

Most recently, the intracellular trafficking of LPS I and LPS II in murine bone
marrow-derived macrophages has been investigated (Pretat et al. 2009). It has been
found that the intracellular trafficking of LPS I is similar to that of LPS II and that
the high portions of both LPSs have not used the endosomal route. It was proposed
that the LPSs transit through non-classical endocytic or uncharacterized pathways.
Moreover, the results suggest that LPS I may be involved in a subverted conversion
of the C. burnetii phagosome by interfering with the endosomal pathway.

More information on the biological and functional characteristics/properties of
the C. burnetii LPSs can be found in the dedicated chapters of this book.

4.6 Summary

Although the C. burnetii lipid A and inner core structures of LPS I are well charac-
terized, the composition and structure of its outer core and O-PS I chain are not
entirely resolved. More detailed investigations are necessary in this direction, and
in addition, there is a need to better characterize the role of individual LPS I
components in pathogenesis and immunity of Q fever. Thus, it is important to inves-
tigate effects of these biological response modifiers on both humoral and cellular
immune systems. For example, knowledge on the structure/function relationship
of the LPS I antigens involved in the induction of immunity and pathological
reactions during the infection and administration of the experimental vaccines is
not sufficient. A better understanding of both composition and structure of the bio-
logically active outer membrane components (LPS I and proteins) of C. burnetii
will be of crucial importance not only in a more detailed elucidation of host-pathogen
interactions but also in modulation of pathological reactions, which in turn is a
prerequisite for development of vaccines of new type.

The intracellular nature of C. burnetii, the lack of genetic tools and its status as
a selected agent have made elucidating its basic O-polysaccharide biosynthesis
and export mechanisms together with other principal physiological mechanisms
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challenging. Future technologies that provide the genetic tools necessary to screen
C. burnetii mutants and propagate isogenic mutants might speed the discovery
process in this area.
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