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Abstract During the evolution of Gram-negative bacteria, their outermost and major
membrane components, lipopolysaccharides (LPS), the constituents of the so-called
endotoxin, adapted to environmental changes. This helped pathogenic bacteria evade
detection by the host immune system. The modifications were numerous and occurred
in all three distinct LPS regions: lipid A, core, and O-chains.

In limited bacterial infections characterized by the presence of low LPS doses reaching
bloodstream, the immune system responses are beneficial for the host and lead to the
rapid clearing of pathogens. In contrast, in overwhelming infections, higher LPS doses
lead to uncontrolled cytokine overproduction, and result in septic (endotoxic) shock, that
is often lethal. This review describes the amazing diversity of these molecules, among
genera, species and strains, and the high degree of their structural heterogeneity, together
with the corresponding impact on their biological activities.
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Abbreviations
Ala alanine
Lys lysine

Ara4N  4-amino-4deoxy-B-L-arabinose
DAG 2,3-diamino-2,3-dideoxy-D-glucose

DC dendritic cells

EA ethanolamine

FA fatty acid

GalN galactosamine

GalNA  galactosaminuronic acid

Glc glucose

GlcN glucosamine

GIcNAc  N-acetyl-glucosamine.

Gly glycine

Hep L-glycero-D-manno-heptopyranose
IL Interleukin

Kdo 3-deoxy-D-manno-oct-2-ulopyranosonic acid
Ko D-glycero-D-talo-oct-2-ulosylonate
LPS lipopolysaccharide

LOS lipooligosaccharide

Man mannose

NO nitric oxide

PBS phosphate buffered saline

P phosphate

PEA phosphoethanolamine

PS polysaccharide

TLR Toll-like receptor
TLC thin-layer chromatography
TNF tumor necrosis factor

3.1 Introduction

Endotoxins are lipopolysaccharides (LPS), the major glycolipids of most Gram-
negative bacterial outer membranes [1, 2] (see Fig. 3.1). LPS molecules, forming
the outer layer of this membrane, represent about 50% of its weight, and cover about
75% of the bacterial surface. The general LPS architecture consists of three distinct
regions: (1) The hydrophobic region, called lipid A, is a glycophospholipid that
anchors LPS molecules to the outer membrane, through hydrophobic interactions
with the acyl chains of phospholipids constituting the inner layer of this membrane.
The outer membrane thus represents an asymmetric lipid bilayer. Its integrity is also
maintained by salt bridges formed between phosphate groups of neighboring lipid
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O-chain

Fig. 3.1 Schematic representation of the Gram-negative bacterial membrane (a) Rough-type bac-
teria, (b) Smooth-type bacteria

A molecules, and divalent cations (Ca2+ and Mg2+). (2) The core oligosaccharide
is covalently linked at its reducing end to the lipid A moiety via 3-deoxy-D-manno-
oct-2-ulopyranosonic acid (Kdo). Kdo can itself be substituted by other Kdo mole-
cules, then in most cases the sugars substituting Kdo are L-glycero-D-manno-
heptopyranose (Hep) residues, some of which are substituted with phosphate (P),
pyrophosphate (PP) or ethanolaminepyrophosphate (PPEA) groups. This proximal
region is referred to as the “inner core”. The presence of carboxyl and phosphate
groups makes this region highly negatively charged.

Salt bridges formed between neighboring acid groups via incorporation of diva-
lent cations, as well as electrostatic interactions with positively charged amino
groups, contribute to the mechanical strength and rigidity of the membrane. The
distal part of the core oligosaccharide also called “outer core” is usually composed
of neutral and basic hexoses. (3) An antigenic O-chain polysaccharide consisting of
a variable number of repeating oligosaccharide units, of 1-10 sugar residues, is the
third structurally distinct region of the LPS molecules. It is attached to the outer
core and is thus the most exposed to environmental factors. The presence or absence
of an O-polysaccharide chain determines whether a LPS is classified as being of a
Smooth- (S) or Rough- (R) type (Fig. 3.1a, b), respectively, because of the smooth
or rough appearance displayed by the bacterial colonies on agar plates.

3.2 Role of Lipopolysaccharides

LPSs are essential for the survival of most Gram-negative bacteria, the Rough-type
(lipid A plus core) and deep rough-type LPS (lipid A plus Kdo) are described as less
protective for the bacteria. However, a few examples of bacteria without LPS have
been described as exceptions [3]. When present, as in the large majority of cases, the
LPS monolayer contributes to the outer membrane’s integrity. In direct contact with
the environment, it provides bacteria with an efficient permeability barrier to
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antimicrobial compounds, and protection against complement mediated lysis.
Moreover, the LPS molecules are necessary for the correct anchoring and functions of
the outer membrane proteins [4-6]. The minimal LPS structure required for bacterial
growth in vitro consists of lipid A and Kdo domains [7]. For bacterial survival and
virulence in natural conditions, lipid A, core and O-polysaccharide chain are required
to protect the bacteria from hostile environments. Consequently, the O-antigens are
present in most wild-type Gram-negative bacteria. Nevertheless, some important
pathogens like Bordetella pertussis, Neisseria meningitidis, and Haemophilus
influenza do not synthesize O-chains. LPS molecules of these and a few other spe-
cies only display an oligosaccharide core that is often branched. They are named
lipo-oligosaccharides (LOS) [8-11].

LPS molecules, in addition to being the outermost membrane layer, are highly
immunogenic. While the polysaccharide moiety carries the antigenic determinants
(O-chains or core side chains) [12, 13] the lipid A portion is recognized by the
innate immune cell receptors (TLR4/MD2-CD14 complex of macrophages and
dendritic cells). This leads to activation of signaling cascades and results in the
secretion of pro- (and anti-) inflammatory cytokines, thereby initiating inflamma-
tory and immune-defense responses [14—16].

Biological and physical-chemical properties of LPSs and their multimolecular
assemblies are defined by their fine molecular structures [17, 18]. Being ubiqui-
tous microorganisms living in all biotopes of the earth, bacteria have adapted to
very different environmental conditions which submit them to different types of
stress, both physical and chemical (temperature, ion and nutrient concentration,
etc.) and biological (host-immune system). Bacterial lipopolysaccharides play
important and diverse roles in this adaptation. This is likely to be the reason for
the enormous structural diversity of these molecules. LPS structures can differ
not only among different genera, species and strains, but also within a strain
grown under different conditions. All the elements of the common LPS architec-
ture (lipid A, core, and O-polysaccharide) contribute to this structural diversity
and variability. The purpose of this chapter is to illustrate the high diversity and
heterogeneity of LPS structures, and the roles of discrete LPS structural varia-
tions in bacterial adaptation and virulence.

3.3 Brief History of Lipopolysaccharides

The French chemist Louis Pasteur, born in 1822, elucidated the problem of fermen-
tation and demonstrated that the theory of spontaneous generation was an erroneous
doctrine. He first worked at discovering microbial infections of vines and silkworms
and showed that microorganisms were at the origin of infectious diseases [19].

If the term “Endotoxin” was first introduced by Richard Pfeiffer, a German phy-
sician and bacteriologist, in 1892, to define a pyrogenic heat-stable and non-secreted
toxin from Vibrio cholerea, similar substances had been previously described or
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cited by a few authors [20]. It was first cited as “pyrogenic material”, “putrid poison”
or “toxin”. Nicolai Gamaleia, a Russian physiologist described in 1888 that heat-killed
bacteria, like Burkholderia mallei, Serratia marcescens and Bacillus anthracis, could
induce fever in rabbits. Sir Armand Ruffer, a German-British Paleo-pathologist and
Microbiologist, demonstrated in 1889 that filtered bacterial culture supernatants
could also induce fever in rabbits.

Edwin Klebs, a German and Swiss bacteriologist, attributed a possible role in
military diseases and death to a pyrogenic substance from living micro-organisms
that he named “Microsporum septicum’. He was followed by a Danish pathologist,
Peter Ludvig Panum who reported a heat resistant, water-soluble pyrogenic toxin
isolated from putrid matter. Thanks to the culture techniques developed by the
German physician and microbiologist Robert Koch, in “Investigations about the
etiology of wound infections™ it was possible to demonstrate that some diseases
were caused by different bacteria. Koch discovered many important pathogens like
Bacillus anthracis, the etiologic agent of anthrax in 1876, Mycobacterium tubercu-
losis, the etiological agent of tuberculosis in 1882, and together with the German
bacteriologist Georg Gaffky, in 1883, the agent of cholera, Vibrio cholera [21].
William B. Coley M.D., showed that a mixture of killed bacteria (Serratia marces-
cens and Streptococci) inducing fever were able to induce cancer remissions for soft
tissue sarcoma in humans [22]. This work was at the origin of the discovery of TNF-
a, decades later [23]. It was the first discovery of the association of deleterious and
beneficial effects induced by pyrogenic endotoxins.

To define their chemical nature, progress in the extraction of endotoxins
was crucial. Thus, André Boivin from the Pasteur institute invented the tri-
chloro-acetic acid method and published together with his PhD student
Mesrobeanu [24]. Endotoxins were then defined as being made of O-antigens
glycolipid and proteins. It was later shown that the protein constituents were
contaminants thanks to the phenol-water method of extraction described by
Otto Liideritz and Otto Westphal [25]. Improving the purification of LPS by solvent
extraction also allowed elimination of a lipid B, at first supposed to be a LPS con-
stituent. This non-covalently linked phospholipid is at the origin of the name given
to the famous lipid A.

Anne-Marie Staub, from the Pasteur Institute established the polysaccharide
nature of bacterial O-antigens [26]. Together with Otto Westphal and Otto Liideritz,
they demonstrated that oligosaccharides in the form of repeating units formed the
species-specific O-antigens [27]. Following the Phenol-water extraction method,
the Phenol-Chloroform-Petroleum ether (PCP) method was introduced specifically
for the extraction of Rough-type LPS [28]. Other methods were introduced with
more or less success, i.e., extraction with cold ethanol [29], aqueous butanol [30],
methanol [31], extraction with Triton and Mg2+ [32] or extraction in water at
100 °C [33].

Extraction with hot phenol-water remains the gold standard. However, we introduced
a method of extraction performed at room temperature with isobutyric acid and
NH,OH (1 M) which avoids the use of toxic solvents [34].
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3.4 LPS General Structural Architecture

Since LPS are amphipathic molecules, structural analysis of its distinct domains or
testing them for their biological activities often necessitates chemical cleavage to
liberate lipid A, or the core, or core plus O-chain moieties. They can be split through
the acid-labile glycosidic bond of Kdo to sever the hydrophilic and hydrophobic
LPS moieties.

3.5 O-Polysaccharides Structures

Exposed at the bacterial surface, the O-polysaccharides constitute an interface
between the bacterium and its environment. They play multiple roles in the pro-
cesses of colonization and virulence, including the evasion of complement and
phagocytosis, adhesion to tissues, molecular mimicry, and cooperation with other
virulence factors. At the same time, they are highly immunogenic and represent one
of the first targets of the host immune system. They are also known as receptors for
some bacteriophages as described for Pseudomonas [35]. This is why the enormous
structural diversity observed in O-polysaccharides is believed to be an important
factor of bacterial evolution, allowing adaptation to different niches and hosts [36].
Composed of variable numbers of repeating oligosaccharide units, from one to ten
sugars, O-antigens synthesized by different species, and different serotypes of a
species, differ in the type of monosaccharides and their arrangement within the
repeating oligosaccharides, as well as in the presence of non-glycosidic substituents.
Some examples are displayed in Fig. 3.2.

More than a hundred different monosaccharides, both common and rare, have
been found in bacterial O-antigens, which form homo- and hetero-polymers with
linear and branched structures of the repeating units. This makes the
O-polysaccharides, not only the most variable part of the LPS molecules but also
one of the most variable elements of bacterial cells. Such variability provides the
basis for the serotyping schemes that identify Gram-negative bacteria. Thus far, 186
serogroups of E. coli [37], 34 serogroups of Shigella [38], 46 serogroups of
Salmonella [39], and more than 200 serogroups of Vibrio cholerae [40] have been

—3)-¢-L.-Rhap-(1—2)-a-L-Rhap-(1—3)-B-L-Rhap-(1—4)-B-D-GlcpNAc-(1— E. coli 050
—3)-a-D-GalpNAc-(1—2)-a-D-PerpNAc-(1—+3)-a-L-Fucp-(1—4)-B-D-Glcp-(1— E. coli 0157

—2})-a-L.-Rhap-(1—2)-a-L.-Rhap-({1—2)-a-L.-Rhap-(1—2)-a-D-Galp-(1—3)-a-D-FucpNAc-(1—  E. cloacoe C4115

—+4)-a-L-Rhap-(1—2)-a-L-Rhap-(1—3)-B-L.-Rhap-(1— X. citri NCPPB 3562
—3)-B-D-ManNAc4Lac-(1—4)-B-D-GlcBOAC(1—3)-B-D-FucNAc4N-(1— F. nucleatum MIR 77578
—4)-B-NonSAM7Ac-(1—4)-B-D-GleNACYI3NFoAN-(1—3)-B-D-FucNAc4M-(1— F. nucleatum ATCC 23726

Fig. 3.2 Some examples of repeating units of O-chain polysaccharides
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identified. Different biosynthetic pathways of O-antigen assembly determine their
precise stereo regularity. A small number of O-polysaccharides occur as polymers
wherein a regular repeating sequence is capped by a distinct terminal monosaccha-
ride or capping oligosaccharide. If LPS structures are unique for a given bacterial
species or strain, it is thanks to the amazing diversity of sugars and their high degree
of linkage possibilities, as well as to the diversity of polymerization linkage between
the oligosaccharides repeating units. The number of possibilities of linkage between
sugars, versus between amino-acids, can be taken as an example.

There is only one possibility to form an amino-acid homo-dimer, but 11 possi-
bilities with the same hexose, one possibility for an amino-acid homo-trimer, but
176 with hexoses, or 6 possibilities for an amino-acid hetero-trimer, compared to
1056 possibilities with hexoses. Fusobacterium nucleatum MIJR 7757B O-chain
was recently characterized [41]. It is an anaerobic bacterium already described as a
dental pathogen involved in periodontis complications. It was also identified as
causing colorectal cancer. The ManNAc4Lac, analogue of N-acetylmuramic acid,
was found in this structure for the first time in natural sources. Xanthomonas citri is
responsible for Asiatic citrus canker, the more serious citrus diseases. The LPS was
involved in the pathogen virulence and shown to induce ROS accumulation [42].

3.5.1 Inter Genera Common or Closely-Related O-chain
Structures: The Example of Brucella abortus, Yersinia
enterocolitica and Vibrio cholera

If the O-chain structures are known as being unique for a given species, there are a
few exceptions that prove the rule. A famous one is the structure of the O-chain of
Brucella abortus, the agent of brucellosis [43]. The structure was characterized
as being a linear homopolymer of 1,2-linked 4,6-dideoxy-4-formamido-o-D-
mannopyranosyl residues or N-formyl-perosamine.

The serological reactivity of bovine antiserum to B. abortus 1119-3 with the
lipopolysaccharides of Yersinia enterocolitica serotype 0:9 and Vibrio cholerae O1
species was shown to be due to the presence of perosamine in the O-PS repeating
unit. Yersinia enterocolitica 0:9 shares an almost identical O-PS structure with
that of B. abortus [44] and in V. cholerae O1 it differs by the nature of the N-acyl sub-
stituant. In V. cholerae the N-formyl group is replaced by an N-acetyl group. Of
course the structures of the respective lipid A and core moieties are different, which
makes the complete LPS structures different, but their serological common reactiv-
ity is due to the O-chains. This complicates the serological detection of brucellosis
by bovine antiserum to B. abortus.

LPS from other genera were found to react with the B. abortus antiserum. This
reactivity was due to the presence of a perosamine residue in these O-chains. It led to
the characterization of many major pathogens LPS O-chain structures. N-acetyl-
perosamine was first found in Perimycin an antibiotic produced by the Gram-positive
Streptomyces coelicolor [45]. N-acetyl-Perosamine was found in the O-chain of the
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E.coli pathogen O157:H7 [46] but also in Caulobacter crescentus CB15 [47].
C. crescentus is a non-pathogenic alphaproteobacterium with an atypical lipid A
structure [48] and an O-chain trapped beneath an S-layer, which complicated its
structural analysis. However, it was shown to contain N-Acetyl-perosamine. This
LPS contains about five repeats of the heptameric O-chain unit and its SDS-PAGE
profile is particularly homogeneous with a single apparent band [49].

3.5.2 O-polysaccharide Structure-Function Relationships

At least 20 serogroups have been identified for Pseudomonas aeruginosa, an oppor-
tunistic pathogen and a major cause of nosocomial infections [50, 51]. This bacte-
rium produces two types of O polysaccharides, known as the common A-band (a
homopolymer), and the serospecific B-band (a heteropolymer). Several studies have
demonstrated that the presence of the B-band polysaccharides confers serum resis-
tance, and elicits a protective immune response to the bacterium [52].

Three different pathways, the Wzx/Wzy, the ABC transporter, and the synthetase
pathways are described for the assembly and processing of O-antigens with the
Wzx/Wzy pathway being the most common one. In this case, oligosaccharide units
are synthesized on the cytoplasmic surface of the inner membrane, before transloca-
tion to its periplasmic surface where they are polymerized into the final O-antigen.
The dynamic diversity of O-antigens observed within species is due to various
mechanisms. New O-antigens are derived from others by mutation, lateral transfer
of O-antigen coding genes, insertion or deletion of O-antigen genes mediated by
insertion sequence (IS) elements, transferring O-antigen clusters, or O-antigen
genes, by plasmids as well as by serotype-converting bacteriophages [36].

The role of O-antigens in bacterial virulence is multiple. The bacterial ability to
evade complement thanks to the presence of long O-polysaccharide chains has been
well documented [53]. O-antigen-deficient mutants are differentially attenuated in
different animal models, they disseminate less easily from the initial point of infec-
tion and are more serum-sensitive than the corresponding wild-type strains. In sev-
eral bacterial models, O-antigens were reported to be antiphagocytic, allowing less
internalization of smooth-type strains and, in certain cases, induced better intracel-
lular phagocyte survival [54, 55]. Another function of O-antigens contributing to
bacterial virulence is molecular mimicry, i.e. structural similarity of bacterial anti-
genic determinants to host “self” components. The O-chains of Helicobacter pylori,
the major cause of chronic gastritis and ulcers, carry Lewis antigenic epitopes
(mainly LeX and LeY). From 80% to 90% of H. pylori isolates, from various geo-
graphical regions worldwide, express these antigens. Their putative biological and
pathogenic roles suggested by numerous studies include escape from the control of
the host-immune system, induction of autoimmune-mediated inflammation, and
favoring gastric adhesion [56]. The role of LPS in bacterial adherence to host cells
and mucous layers, as well as to abiotic surfaces, is now generally recognized [57].
In the case of H. pylori the O-antigen-mediated adhesion seems to be due to a
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specific recognition of Lewis antigens by receptors expressed on the surface of
gastric epithelium [58]. However, in many cases depending on the chain length and
chemical composition of the repeating oligosaccharides, O-antigens can both pro-
mote and interfere with bacterial adherence via non-specific interactions (hydro-
phobic, electrostatic, hydrogen bonds, etc.) as well as via masking other surface
adhesins [59-61]. Long O-chains, necessary for bacterial protection against com-
plement-mediated lysis, can also mask other important virulence factors.

The virulence of invasive bacteria Shigela flexnerii and Salmonella enterica criti-
cally depends on the functions of two type III secretion systems. It was shown that
these bacteria possess mechanisms for adapting O-antigen length, allowing them to
regulate their defensive and invasive virulence functions [62, 63].

E.coli K12, the famous laboratory strain was first thought not to produce
O-antigens and consequently it had lost its capacity to survive in a natural environ-
ment where the outer core and O-chains are required. However, it was shown that
the O-chains can be expressed in the wild strain [64].

3.5.3 Core Oligosaccharide Structures

The core oligosaccharide is built up of ten to fifteen monosaccharides arranged both
in linear-and branched structures. It consists of two distinct regions: the “inner core”
connected to the lipid A moiety, and the outer core to which the O-antigen can be
linked [65]. The inner-core structures are generally more conserved, and in
Enterobacteria they are made of Kdo and L-glycero-p-manno-heptose residues
(Hep). The Kdo residue linked to the O-6" position of lipid A through an a-ketosidic
linkage is named Kdo-I, it can be glycosylated by one or two other Kdo residues
(Kdo-II, and Kdo-III). Kdo-I is glycosylated at the O-4 position by Hep, designated
as Hep-1, it can be decorated by P, PP or PEA, or by one or two other Hep or another
sugar making the inner-core structure. The outer core in Enterobacteria consists of
an oligosaccharide of up to 6 sugars with Glc, Gal, GIcN, all in pyranose form and
in general having the a-anomeric configuration [2]. Figure 3.3 displays a few core
examples like that of E. coli R3 core type which is present in the well-known sero-
groups O157, O111 and 026 (66, [67].

The major modifications of E. coli core structures involve non-stoichiometric
incorporation of additional Kdo, phosphate, PEA, Rhamnose, GlcN. It was shown
that when GIcN was incorporated, Hep-1II was not phosphorylated. Some explana-
tions have been given to explain the physiological impact of PEA addition, like
sensitivity of the bacterium to antibiotics and detergents [68]. Another gene specific
to PEA addition was involved in Ca+ hypersensitivity [69].

Proteus mirabilis, like E. coli, belongs to Enterobacteria, it is a facultative anaer-
obic bacterium found in soil, water, and human and animal intestinal microflora.
This opportunistic bacterium is also responsible for skin wounds infections, and
causes human upper and lower urinary tract infections, especially in patients with
catheters [70]. A first unusual trait of the genus is to carry 4-amino-4-deoxy-B-
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A. Haemophilus influenzae
PPEA
!

4
R1-4)-L-a-D-Hepl-(1-5)-a-Kdo - Lipid A
K
? (Cly)o.r  N(Gly)g.4

1
R2-3)-L-a-D-Hepll6PPEA
L3
27(Gly)p.4
!

;
R3—2/3)-L-a-D-Heplll
(Gly)o.1

R1, R2, R3 = H or sugar residues

B. Proteus mirabilis

R2 B-1-Arad4N
1 1
! 1
8 8
R-(1—4)-a-GalA(1—3)-a-Hepb6R1(1—3)-a-Hep-(1—5)-a-Kdo — Lipid A
7 4 4
T T 1
1 1 2
R3(1—7)-a-Hep B-Glc a-Kdo

P. mirabilis O6:

R = B-Qui4NAlaAla(1—3)-a-Gal(1—6)-a-GlcNAc(1—4)-a-GalN
P. mirabilis O28:

R = B-GalALys4PEA-(1—3)-B-GlcNAc-(1—6)-a-GIcNGly

R1, R2, R3 = H or sugar residues

C. Pseudomonas aeruginosa

R2 P P
1 ! -
P P
1 l 1
4 6 4 »
R1-(1—3)-GalN(1—3)-Hep(1—3)-Hep-(1—5)-Kdo — Lipid A
2 7 2 4
T T T T
L-Ala Cm =] 2
T Kdo
PEA

R1, R2 = sugar residues, Cm, carbamoy!

Fig. 3.3 Some examples of core and OS LPS structures, A-Haemophilus influenza, B-Proteus
mirabilis, C-Pseudomonas aeruginosa
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L-arabinose at the C-8 position of Kdo-I. Kdo is also found in the outer-core region
on GIcN. These core structures also display interesting amide-linked amino-acid
decorations with lysine, glycine, and alanine, but also an unusual core component
like quinovosamine [71]. The LPS core structures, as well as the O-chains, can be
used as markers for strain identification. Such epitopes, like terminal sugars, or non-
sugar residues, are characteristic of given serogroups [70].

The Pseudomonas aeruginosa core also contains amino acids, and other non-
carbohydrate substituents such as P, PPEA, acetyl and carbamoyl. Pseudomonas
aeruginosa also synthesizes two types of cores, one being caped and covalently
linked to the O-chains, the second uncapped and devoid of O-chain. In Pseudomonas
a few modifications of the wild-type strain have been described such as a Glc resi-
due only present in nine of the 20 serotype strains. Non-carbohydrate substitutions
are the usual P, PPEA and O-acetyl groups. Another variability arises from trunca-
tion of the core structure; however such modifications are more frequently observed
in laboratory strains than in clinical isolates [72].

3.5.4 Reducing Core Sugars

As already mentioned, in most of the described LPS structures, the reducing core
sugar, linking the polysaccharide moiety to the lipid A region, is Kdo. This keto-
deoxy-acid sugar is rarely present as a single element, it can be substituted by one
or two other Kdo molecules, by phosphate groups [8, 40, 73] or by a GalA residue
as in Xanthomonas campestris [74], thus keeping the highly negatively-charged
level of this crucial region at the surface of the outer membrane. Kdo can also be
substituted by Ko molecules [75], or itself being replaced by Ko [76]. All these dif-
ferent structures are illustrated in Fig. 3.4. The 2-deoxy-ketopyranosidic bond of
Kdo being very labile in mild acidic conditions, permits the O-PS-core and lipidic
moieties of LPS to be cleaved by mild hydrolytic conditions, without liberating or
inducing too many modifications of other sugars or substituents. However, since the
O-chain is often composed of deoxy-sugars, these can also be very labile and split
at the same time, in this case the O-chain is released and this can be checked by
MALDI-MS analysis.

Many different conditions have been described for Kdo anomeric bond cleavage
since the beginning of the structural analyses of LPS. They varied from hydrochlo-
ric acid 1-2 M to much milder conditions including the frequently used 1% acetic
acid method at pH 3.4 for one to 4 hours at 100 °C, and the mild pH 4.2 in sodium
acetate buffer introduced by Rosner et al. [77]

Decades ago, LPS structures were often characterized by colorimetric tests to
detect and estimate amounts of amino sugars, neutral sugars, and the thiobarbiturate
test was used to detect Kdo molecules [78]. However, due to a chemical reaction, if
a Kdo molecule carrying the sugar chain at position C-5 was also substituted at
position C-4 by a phosphate group, a beta-elimination occurred with concomitant
liberation of the phosphate and formation of a double bond between the C-3 and C-4
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Fig. 3.4 Some examples of inner-core — lipid A linkage of LPS structures

positions. This modification resulted in a negative response in the thiobarbiturate
colorimetric test and the mistaken proposal of Kdo-less endotoxins. Among those
listed at first were Vibrio LPS, Bordetella pertussis, B. parapertussis, B.
bronchiseptica, Bacteroides, Aeromonas and other genera [79]. After LPS treatment
with hydrofluorhydric acid to remove the Kdo phosphate groups, the colorimetric
response was restored in the thiobarbiturate test, and since then the only Kdo-less
endotoxins listed were those in which Kdo was replaced by Ko. Such a Kdo bearing
phosphate at position C-4 was also mentioned in Haemophilus, and more recently
described in Aeromonas salmonicida by detection with electrospray quadrupole
orthogonal time of flight, and tandem mass spectrometry [80].

3.5.5 The Sugar Moiety of Bacterial Lipooligosaccharides
(LOS)

As already mentioned, a number of highly virulent pathogens including Haemophilus
influenzae, B. pertussis, Neisseria meningitidis, Neisseria gonorrhoeae, Campy-
lobacter jejuni do not display an O-chain, but their complex and highly decorated
core structures are responsible for serological specificity. The structure of
Haemophilus influenza core is shown in Fig. 3.3. It can be decorated at the various
positions, like indicated, by a glycine amino-acid substituent. It also often carries
phosphoryl-choline residues [73, 81]. LOS vary with environment and culture con-
ditions, they are often longer than usual cores, and can extend to 15 sugars. In a
recent paper it was shown on non-typable H. influenzae (NTHi) that a distal Kdo or
NeuSAc could be added to the distal part of the structure on N-acetyl-lactosamine.
However, NeuS5Ac has to be present in the growth medium as it cannot be
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synthesized and has to be acquired from the environment. Studies using anti-Kdo
antibodies showed that the terminal Kdo was widespread in biofilm environment
and that Kdo could be used as a target of bactericidal antibodies [82]. Studies on
Neisseria LOS showed that when PPEA and sialic acid are present on the core struc-
ture it induces serum resistance in vitro [83]. The Bordetella dodecasaccharide core
structure will be described below in the paragraph dedicated to Bordetella LPS.

3.6 Core Structure-Function Relationships

The inner core structure is normally highly conserved within a genus or family.
Negatively charged residues that make up this region contribute to interlink the adja-
cent LPS molecules, and thus to stabilize the outer membrane and prevent permeabil-
ity of antimicrobial substances. Being more exposed to the external conditions, the
outer-core region is more variable [65]. Such structural variability contributes to the
bacterial serological specificity and may participate in bacterial adaptation to hosts
and niches. Moreover, the core structure can be modified under environmental stress.
Some of these modifications, e.g. substitution of the Hep-I residue with PEA and
dephosphorylation of Hep-II in Salmonella, are controlled by the two component
regulatory systems PmrAB. The first modification was shown to contribute to bacte-
rial resistance against cationic antibiotics like Polymixin B, while the second has been
implicated in bacterial resistance to Fe3+- mediated killing and survival in soil [84].
PEA substituting the Hep Il residue in N. meningitidis LOS was identified as a site for
complement C4b attachment. PEA at the 6-position of Hep II was more efficient than
PEA at the C-3-position in binding C4b. Interestingly more than 70% of clinical iso-
lates of N. meningitides express LOS molecules with PEA substituting Hep II at the
C-3 position [85]. Core oligosaccharide structures are of particular importance for
rough-type pathogens that do not have O-polysaccharide chains. In these bacteria, the
core-oligosaccharide region is often branched and multiple lateral chains function in
a similar way to O-chains in smooth-type bacteria. The phenomenon of molecular
mimicry has been observed in N. meningitidis and H. influenza where their LOS struc-
tures are able to be decorated with sialic acid residues, thus mimicking the host gan-
gliosides and reducing complement activation [11, 81, 86, 87] A. pleuropneumoniae
LPS has been identified as the major molecule involved in cell adhesion, and the
core oligosaccharide moiety was found to be responsible for adhesion to porcine
respiratory tract cells and mucus [88-91].

3.7 Lipid A Structures

Lipid A is a key element and structure, for both bacterium and host, as it anchors
LPS in the outer membrane of Gram-negative bacteria and carries most of the bio-
logically deleterious and beneficial properties of LPSs. As an essential structure it is
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Fig. 3.5 Some examples of lipid A structures

stabilized in the outer leaflet of the external membrane by two important properties,
its natural charges interact to maintain molecules stability through bivalent cations
bridges, and its hydrophobicity, due to the numerous fatty acids, which keep it sta-
ble in the outer membrane by interaction with other lipid molecules, mainly
phospholipids.

In most Enterobacteria, and in most of the already described structures, lipid A
consists in a bisphosphorylated p-1,6 glucosamine disaccharide backbone substi-
tuted via ester and amide bonds with a variable number (3-7) of fatty acids.
Figures 3.5 and 3.6 display different examples of lipid A structures.

3.7.1 Number and Length of Fatty Acids

We demonstrated earlier that, in contrast to what was suggested by the E. coli para-
digm studies, there could be considerable structural variability in lipid A structures
within a genus. This was shown in the Bordetella genus, the example of lipid A
heterogeneity which is presented below. The same lipid A structural variability was
observed in the Yersinia genus. The best-known member of Yersiniae is Y. pestis, the
agent of plague. Y. enterocolitica and Y. pseudotuberculosis cause enterogastritis
[92, 93]. We have shown that different structures were present in different species
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Fig. 3.6 Examples of unusual lipid A backbone structures compared to classical ones

grown at the same temperature although different growth temperatures could induce
different structures. This result was confirmed by others and interpreted as a mecha-
nism helping pathogenicity and host colonization as the lipid A structure grown at
37 °C is tetra-acylated and not recognized by the LPS receptor [94].

Helicobacter pylori presents relatively long FA with carbon chains of 18:0 and
16:0 [95, 96]. Some other genera present rather common FA length with one FA
being of a high number of carbons as in Legionella pneumophila [97].

Halomonas pantelleriensis DSM9661T is a Gram-negative haloalkaliphilic
bacterium isolated in the south of Italy from the sand of a volcanic lake. It is able
to grow in harsh conditions in media containing 3—15% (w/v) salt and at pH as
high as 9-10. LPS are thought to contribute to the restrictive membrane per-
meability properties of this bacterium, acting as an efficient barrier regulating the
exchange with the environment ensuring survival in such harsh conditions.
The lipid A structure displays a classical bis-phosphorylated disaccharide, but the
FA are relatively short with four 12:0(3-OH) carrying one 12:0 and one 10:0
FA. Such structure is known for being associated to a low-level of cytokine
induction [98].
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3.7.2  Substitution of the Lipid A Phosphate Groups

The Lipid A phosphate groups can carry diverse substitutuents. ArnT (formerly
PmrK) is a glycosyl transferase that has been shown to modify Salmonella and
Pseudomonas lipids A with aminoarabinose [84, 99] and Francisella lipids A with
GalN [100]. It was recently shown that glucosamine (GlcN) can also be a substitu-
ent on both phosphate groups in Bordetellae lipid A [101, 102].

The recently characterized lipid A of Campylobacter concisus, was shown to
display a pyrophosphate group at C4’ of the GIcN backbone. This trait is different
from the structure described for C. jejuni lipid A. It demonstrates that the degree of
phosphorylation of the lipid A can be correlated to inflammatory potential and abil-
ity to induce immune tolerance [103]. Compared to C. jejuni, these LOS induced
less TNF- a secretion in human monocytes and were less virulent. These character-
istics and biological consequences strongly support the role of the LOS in
pathogenicity.

3.7.3 Unusual Lipid A Backbone Structures

Different examples of the so-called “unusual structures” are presented in Fig. 3.6.

3.7.3.1 Lipid A with a 2,3-diamino-2,3-dideoxy-D-glucose (DAG)
Backbones

The well-known glucosamine disaccharide backbone can be replaced by a diamino-
glucose disaccharide in atypical lipid A structures such as Brucella, Legionella,
Rhizobia and Ochrobactrum [104]. One of the main worldwide zoonosis also caus-
ing brucellosis Brucella abortus has a complex LPS structure [43, 105, 106]. It
displays a DAG disaccharide substituted by 5-6 relatively long FA 16:0(3-OH),
18:0(3-OH), 20:0(3-OH) with PEA on one phosphate group.

Legionella pneumophila also displays the phosphorylated DAG disaccharide, but
the FA, as shown in Fig. 3.5, are long and unusual [29, 97].

Bartonella henselae is a cat flea-borne Gram-negative zoonotic pathogen found
in the feline reservoir host, transmitted to humans by scratch or bite. Its lipid A
structure is made of a phosphorylated DAG disaccharide [107].

3.7.3.2 Lipid A with Mixed DAG and GlcN Backbones

Campylobacter lipid As were described to contain a mixture of three types of disac-
charide backbones: the classical di-GlcN, the di-DAG backbone and a mixture of
GIcN-DAG disaccharide [108].
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To our knowledge, a lipid A structure with the backbone disaccharide containing
GlcpN3N at the reducing and GlcpN at the non-reducing position has not been
described. A lipid A composed of the mixed backbone was also identified in
Acidithiobacillus thiooxidans (previously Thiobacillus thiooxidans) a proteo-
bacterium that oxidises sulfur and produces sulfuric acid, and first isolated from
the soil.

3.7.3.3 Lipid A with GleN or DAG Disaccharide Backbones
Without Phosphate Groups

In some lipid A structures, the glucosamine disaccharide does not carry the canon-
ical phosphate groups, as occurs in Rhodomicrobium vannielii a phototropic bac-
terium [109]. The genus Rhodopseudomonas represents a major group of
phototrophic purple non-sulfur (rod-shaped alpha-proteobacteria) growing in soil
and aquatic environments like wastewater systems or marine costal sediments
[110]. Rhodopseudomons palustris BisA53 lipid A has been recently described
[111]. The DAG disaccharide is substituted by mannose (Man) and galactosamin-
uronic acid (GalNA) derivatives. A very long FA, C26 carries an acetyl group at
C2s.

The phototropic bacterium Rhodospirillum fulvum, with a classical lipid A di-
GlcN backbone carries an unusual Hep residue at C-4’ and a GalNA residue at C-1
[112]. Rhizobia are Gram-negative soil bacteria capable of establishing a symbiotic
relationship with legumes, the bacteria provide the plant with a source of nitrogen
and is hosted by the plant in nodulas.

Rhizobia lipid A have been described as non-phosphorylated lipid As carrying
long-chain FA and the GIcN 1 residue is replaced by an acylated 2-aminogluconate.
Bradyrhizobium elkanii lipid A structure displays a DAG backbone with no phos-
phate groups, in their place the disaccharide has two mannose residues at C-4’, and
one mannose at C-1 of the reducing DAG [113].

Bdellovibrio bacteriovorus are small, motile Gram-negative bacteria. They pos-
sess a predatory lifestyle and grow in the cytoplasm of other Gram-negative bacte-
ria. They are found in the environment but also in the intestinal track of mammals,
where their existence could involve a reduced count of the pathogenic Gram-
negative bacteria. Their lipid A structure consist of a DAG disaccharide substituted
by two Man residues [114].

Bradyrhizobium japonicum possesses lipid A molecular species with two unusual
hopanoid residues [115].

Agquifex pyrophilus was isolated from hot-marine sediments, they represent a
novel group of marine hyperthermophilic hydrogen-oxidizing bacteria [116]. The
structure of the lipid A of this hyperthermophilic bacterium consists in a DAG
disaccharide with two 16:0(3-OH) and two 14:0(3-OH) at the amide groups. Each
DAG is also substituted with one GalNA [117].
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3.8 Lipid A Recognition Through the TLLR-4 Receptor: How
Structural Modifications Impact Innate Immunity
and Favor Bacterial Virulence and Pathogenicity.
Applications to Human Health

Pathogen-associated molecular pattern molecules (PAMPs) are characteristic mol-
ecules found on microorganisms and recognized by pattern recognition receptor
(PRR), expressed by cells of the innate immune system, as well as by many epithe-
lial cells, including dendritic cells (DC). PRR, including the Toll-like receptors
(TLRs), allow the innate immune system to detect such conserved patterns and to
respond, in the first line of defense, against infection by producing inflammatory
cytokines. Lipid A moieties are the essential structures responsible for the activation
of the TLR-4 pathway. LPS forms a complex with the myeloid differentiation factor
2 (MD-2) and the complex is recognized by the receptor inducing the biosynthesis
of cytokines such as IL-1, IL-6, TNF- a, reactive oxygen species such as NO, O, and
antimicrobial peptides.

If all endotoxins are LPS, all LPS are not toxic although both names are often
used as if they were interchangeable. We will comment on how some lipid A struc-
tures can be non-toxic or non-pyrogenic. The basic lipid A structures are modified
during post-translational steps of LPS. Biosynthesis by the addition of different sub-
stituents on the phosphate groups with free amino compounds like EA, AraN, GalN
or GIcN. Other late-stage modifications can be hydroxylation or removal of fatty
acids and addition of others such as 16:0, originating from the bacterial membrane
phospholipids.

The E. coli hexa-acyl lipid A structure, which is a strong cytokine inducer, can be
taken as a standard. All lipid A structural modifications have a crucial impact on
LPS recognition by the TLR-4/MD2 receptor complex, as illustrated by Park et al.
[118] and therefore on LPS biological activities. The reactivity of the synthetic lipid
IVa was tested on mouse and human TLR-4/MD?2 receptors, for which solved crys-
tal structures are known. The complexes between receptor and lipid A react differ-
ently. Lipid IVa, the synthetic tetra-acyl lipid A, reacts as an antagonist to humans,
but as a weak agonist to mice [119]. When hexa-acyl lipid A and tetra-acyl lipid A
complexes were compared, the tetra-acyl lipid induced a change of the di-GIcN-P
backbone which was shifted upward and rotated compared to the hexa-acyl model.
During this change in the rotation of the backbone the acyl chains were arranged
differently in the human receptor, while it was not in the mouse receptor, which
explains the difference in reactivity and confirms that animal models might not
always be suitable for human medical research.

Structural modifications mostly take place under the control of the two-
component systems controlling the expression of genes in response to external
stimuli. A number of investigations have shown that these structural modifications
contribute to bacterial adaptation and virulence, by increasing the resistance of the
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bacterial membrane against different stresses and antimicrobial substances, as well
as by modulating the host immunity — pathogen interactions. When LPS is present
in low amount during infection, this results in a low degree of inflammation suitable
for activating the host human defense system in recognition of structural traits of the
lipid A moiety found in most of the structures. However, when LPS are liberated in
huge amounts this leads to major disorders due to a massive response and severe
symptoms of sepsis are observed leading to septic shock. Therefore, LPS detection
is a major and vital step when Gram-negative bacteria or LPS contamination are
involved.

It has also been shown using extracted LPS that under-acylated lipid A structures
are poor cytokine inducers. For example in Y. pestis grown at 37 °C this feature
helps the plague agent to develop in humans, while the lipid A is hexa-acylated
when grown at 27 °C in the vector flea [92]. The two Bordetella agents of whooping-
cough, B. pertussis and B. parapertussis are underacylated, but also carry short-
chain fatty acids (10:0(3-OH)). This also leads to poor cytokine inducing capacities
due to poor stimulation of the TLR4/MD-2 complex [120]. A similar role for less-
acylated lipid A structures has been described in other bacterial species, such as
Francisella tularensis, Helicobacter pylori, and Porphyromonas gingivalis, the LPS
of which are known as being poor cytokine inducers.

Another important structural endotoxic characteristic is the presence of the
canonical phosphate groups on the lipid A GIcN disaccharide. The release, under
acid treatment, of one of the phosphate groups was early demonstrated to lead to
non-toxic and non-pyrogenic lipid A structures [120, 121] and also on Salmonella
minnesota leading to the famous monophosphoryl lipid A (MPL) used as an adju-
vant in different current vaccines [122]. In this case, the absence of the acidic group
is crucial for interaction of lipid A with the receptor.

Therefore, all modifications of the canonical lipid A structure leading to hypo-
acylation, addition of FA over the hexa-acyl high inducing structure, long-chain FA
or short-chain ones, as well as changes at the phosphate groups help bacteria to
escape the host-immune system. On the other hand, all the structure-function stud-
ies have led to an enormous amount of information which can be exploited for fight-
ing diseases. This is the case with natural or synthetic vaccine adjuvants designed
from detoxified lipid A structures. Lipid A-derived structures are also used in cancer
therapy [123, 124]. LPS antigenic capacities can also be used in vaccines designed
with use of core and O-chains.

In the past decades a lot of attention has been paid to the intestinal microbiome
and its impact on health [125, 126]. It was shown that an increase in Gram-negative
bacteria occurred in obese patients as well as in rich-diet mouse models. An increase
in low-inflammatory LPS amount in the blood of patients with such metabolic dis-
eases would explain the observed reaction leading to impact the insulin receptor
[127]. We recently published structure-function relationships on Ralstonia lipid As
showing that penta-acylated LPS molecules, thus low-inflammatory ones, could
favor LPS diffusion through the intestinal membrane [128].
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3.9 Brief Description of the LPS Biosynthetic Pathway

The biosynthesis pathway in E. coli and other genera has been well described in the
work of the Raetz C.R.H. group, and is well-known as the “Raetz pathway” [129].
Lipid A biosynthesis is summarized in Fig. 3.7 (see also Chap. 4).

The complete LPS biosynthesis pathway starts with dimerization of GlcN fol-
lowed by acylation of the amide groups, addition of phosphate and Kdo, then the
lipid A-Kdo2 moiety molecule, which is first synthesized at the cytoplasmic surface
of the cytoplasmic membrane. The other core sugars are added to Kdo, into the
inner membrane, before the lipid A-core are flipped into the periplasmic side of
the cytoplasmic membrane thanks to MsbA. The O-antigen is synthesized by cyto-
plasmic membrane-associated enzyme complexes using C55 Undecaprenyl-P as an
acceptor for chain assembly, and is further flipped itself, to the periplasmic face of
the membrane by one of the following three pathways: Wzy dependent, ABC trans-
porter dependent and synthase dependent. When the LPS molecules have been
transported across the periplasm and peptidoglycan, they are embedded into the
outer membrane. The late stages of the biosynthesis, the addition of the so-called
“decoration” (e.g. 16:0) happens by addition of such a residue originating from
other membrane components, such as PPL or lipoproteins.

et
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Fig. 3.7 Brief schematic representation of the E.coli LPS biosynthesis pathway
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3.10 Origin of LPS Heterogeneity

LPS heterogeneity is well-known and some examples are described and illustrated
below with sodium dodecyl sulphate electrophoresis profiles (SDS-PAGE), and
mass spectrometry analysis. Heterogeneity appears at different levels of the LPS
architecture and is mostly due to LPS biosynthesis in connection with culture condi-
tions or niche adaptation.

The more important degree of heterogeneity observed in LPS, as shown by SDS-
PAGE electrophoresis (Fig. 3.8) with the well-known “ladder-like” aspect of the
high molecular weight species, corresponds to different lengths of the O-chain
linked to the core during the biosynthetic addition step of this element. The differ-
ence between two consecutive rungs of the ladder is proportional to the number of
sugars present in the oligosaccharide unit. During their biosynthesis, O-antigens are
formed from polymerized chains of variable lengths added to the core on different
LPS molecules. This results in the highly heterogeneous number and size of LPS
molecules. In some cases, mainly for adaptive reasons related to bacterial virulence,
the number of repeating units to be added to the O-chain is crucial. Examples in
which a methyl group was added, as a step of biosynthesis, to the terminal sugar
were described, in some other cases a different sugar can be added to the O-chain as
a stop-signal [130].

Heterogeneity is well illustrated by the regular graduation of n + x O-chain oli-
gosaccharide units as with Salmonella minnesota (2) and Actinobacillus pleuro-
pneumoniae (3) while with E. coli O111B4 (1) the ladder rungs are missing in the
middle of the profile. Such “selected” length of the O-chain is often related to viru-
lence efficiency. The Bordetella LPS profiles [4-9] will be documented below.
However, it is interesting to note here the peculiarity of B. hinzii and B.trematum
LPS profile with an almost unique signal corresponding to three repeating units in
addition to a linker moiety between core and O-chains for B. hinzii, and to two
repeating units for B. trematum [131]. Some other examples of non ladder-like
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Fig. 3.8 SDS-PAGE of different bacterial LPS, with schematic representation of different lengths
of polysaccharide LPS molecular species



74 M. Caroff and A. Novikov

heterogeneity have been described in Rhizobia [132] and with Caulobacter crescen-
tus while the reason of the well-define size and such unusual homogeneity of the
O-chain is not yet understood.

In the last row (10) the reference Shigella flexneri mutant LPS corresponds to the
shortest structure made of lipid A plus 2 Kdo molecules (see Fig. 3.4).

Other structural locations for LPS substituents, which add to the lipid A structural
heterogeneity, are certainly the so-called “decorations” located on the GlcN phos-
phate groups like AraN and PEA with the Salmonella and other Enterobacteria [84],
or constituents of a different nature, as described below in bordetellae. As these
derivatives are non-stoichiometric substituents of the phosphate groups or other
positions, they are another major cause of LPS heterogeneity.

Lateral gene transfer is also involved in changes in O-antigen structures,
O-antigen conversion and phase variation are also involved. The modifications can
be O-antigen size modification, O-acetylation of repeat-units oligosaccharides, but
examples involving fucosylation or glucosylation are also described [36].

The lipid A moiety of LPS is also known for displaying peculiar molecular het-
erogeneity due to post-translational modifications, with the addition or removal of
fatty acids by specific enzymes in late stage of the LPS biosynthesis with modifica-
tions as illustrated in Fig. 3.7. They are due to ArnT, LpxO, PagL, PagP and EptA
enzymes [84, 133].

This is how the PhoP/PhoQ virulence gene regulates the expression of the lipid
A PagL 3-O-deacylase, as well as the PagP palmitoyl transferase, moving 16:0 fatty
acids from phospholipids, present in the outer membrane, to the lipid A moieties.
The molecules being modified in this way have a decreased capacity to activate the
TLR-4 signaling pathway, helping bacteria to escape the host-defense system [134].
The core structures can be heterogeneous themselves, and especially with the
absence of branched sugars, and the presence or absence of “decorations” like
phosphate groups, phosphoethanolamine, amino acid.

3.10.1 Impact of Biofilm Growth Conditions on LPS
Structures

The impact of growth conditions on LPS structures has been well documented, the
modifications occurring are similar to those observed in planktonic conditions with
additional stress such as temperature, lack of oxygen or high-salt concentration.
Therefore it is not surprising that laboratory bacterial growth conditions, aimed at
favoring bacterial growth with constant addition of nutrients and oxygen, when nec-
essary, can lead to different LPS structural profiles than those obtained for in vivo
growth of pathogens.

P. aeruginosa is an opportunistic pathogen that causes different chronic infec-
tions due to its biofilm formation. Bacteria are thus protected from antimicrobial
agents. The biofilms are made of a matrix, containing DNA, exopolysaccharides,
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lipids, and proteins. P. aeruginosa LPS structures have been compared in planktonic
and biofilm growth conditions. We showed that when bacteria were grown in bio-
film the isolated LPS induced slightly more inflammatory cytokines than those
extracted from the planktonic counterpart. Differences in the structures were
observed at the level of hydroxylation of the branched 12:0 FA [135]. Moreover,
bacteria can undergo a differential expression of their O-antigens according to
growth conditions or infection stage. Thus, during chronic lung infections, P. aeru-
ginosa changes from a non-mucoid to a mucoid phenotype, that was shown to be
accompanied by loss of B-band O-antigens [136]. Similar effects were observed in
in vitro experiments on biofilm bacterial growth [137]. In addition to lipid A FA
hydroxylation, we observed the complete loss of O-antigens by clinical isolates of
P. aeruginosa grown in biofilms [135, 138]. The observed phenotype change was
shown to be reversible. Once the biofilm bacteria were recultivated under batch
conditions, the initial smooth-type phenotype was restored. The reversible character
of the modifications suggested that the two-component regulatory systems may play
an important role in regulation of O-antigen expression in response to changes of
environmental conditions. It was shown, for example, that the ResCDB Salmonella
regulatory system activated by bacterial envelope stress, and exposure to CAMPs,
plays a role in LPS biosynthesis and modification by regulating O-antigen produc-
tion [139]. It is also known that in the Bordetella genus, O-antigen biosynthesis is
controlled by the Bvg regulatory system [140].

It has been shown recently that the presence of P. aeruginosa in a biofilm
favoured the growth of Fusobacterium nucleatum in the same biofilm [141]. The
presence of P. aeruginosa in the ear fluid medium, reduced the level of dissolved
oxygen to nearly anoxic condition within 4 hour after inoculation.

We also demonstrated that commensal and pathogenic E. coli grown in Biofilm
showed increased palmitoylation in their lipid A, enhancing bacterial in vivo
survival [142].

3.10.2 The Example of the Bordetella Genus LPS: High
Structural Diversity and Heterogeneity

The Bordetella genus belongs to betaproteobacteria. A dozen species have been
described currently in this genus [143, 144]. B. pertussis and B. parapertussis are
the well-known agents of whooping cough [145, 146], a highly contagious disease,
responsible for numerous deaths worldwide, especially in under-developed coun-
tries where vaccination is not available. The World Health Organization (WHO) has
estimated that there were about 16 million cases of whooping cough and that almost
200,000 children died of the disease in 2008 [147].

Although vaccination, starting some decades ago, resulted in a dramatic
decrease in disease incidence in developed countries, recent objection to adjuvants
and vaccines led to new outbreaks. Serious negligence, combined with ill-informed
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suspicion, results in newborn infection by relatives who have not used the available
boosters, and consequently transmit the disease to newborns, too young to be
vaccinated.

The two major human pathogens responsible for whooping-cough evolved sep-
arately from a B. bronchiseptica-like progenitor [145, 146]. B. bronchiseptica
infects many mammalian species, including humans, causing respiratory diseases
[148]. B. avium, is a pathogen for birds [149]. B. hinzii [150], B. trematum B.
holmesii [151], B. petrii [152] and B. ansorpi [153] were more recently described,
some isolated from immunosuppressed patients [154]. An additional group of
Bordetella hinzii-like species, including B. bronchialis, B. flabilis and B. sputigena
[144] recently isolated from human respiratory samples, were proposed for
classification according to various traits. At the same time, three new environ-
mental Bordetella species isolated in Japan from a plaster-wall surface of
1300-year-old mural paintings were described, B. muralis, B. tumulicola, and
B. tumbae [155, 156].

The SDS-PAGE LPS profiles corresponding to some of the major Bordetella
species are presented in Fig. 3.8. Bordetella bronchiseptica LPS (4) is a smooth-
type LPS with relatively short O-chain corresponding to a monosaccharide
repeating unit, giving a smear in a well-define region, at about 6 kDa. B. hinzii
Smooth-type LPSs correspond to a trisaccharide repeating unit and the O-chain
displays three units of this kind. Two other units at plus and minus one repeating
units give a discrete band on either side of the major unit. The reason of the
selection of such a defined size of the O-chain is unknown. B. avium is also a
smooth-type LPS (6) with more diffuse bands spread on a large Gaussian-type
distribution of 5—13 monosaccharide repeating units. B. trematum LPS (7), like
B. hinzii presents a specific O-chain unit limited to a small number of a trisac-
charide repeating unit, two oligosaccharides in this case. This gives again a well-
defined characteristic band with a second lighter band corresponding to lipid A
plus core region in the LPS lower-mass region. B. pertussis 1414 LPS (8) gives a
major band for this LOS corresponding to lipid A plus dodeca-saccharide [8].
B. pertussis A100 LPS (9) corresponding to a nona-saccharide LOS [157]
migrates further in the gel.

A good example of LPS heterogeneity in the Bordetella genus is reported in a
recent paper (131) where the complete structures of B. avium, B. hinzii and B. trema-
tum are described in details thanks to new data concerning their free and O-chain-
substituted cores, completing the already described lipid A [158] and O-chain
structures [159-162]. It is thus described that the B. avium native LPS is particularly
heterogeneous with the presence of 12 major lipid A molecular species, at least six
free-core structures and four substituted core structures linked to O-chains of differ-
ent variable lengths, the more diverse ones in the genus, extending from 5 to 13
repetitive units.
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3.10.3 Lipid A

For a long time, based on the Escherichia and other Enterobacterial models, lipid A
was described as the less variable structure in LPS molecules, and was described as
a unique and common structure in a given genus. When the Bordetella LPS struc-
tures were explored and lipid A first characterized, it became obvious that the
Bordetella genus displayed structure differences in almost each LPS species, and
that this could be an exception [163].

Obviously the two human pathogens responsible for whooping cough, B. pertus-
sis and B. parapertussis, had fatty acid patterns different from those found in
B. bronchiseptica and other closely related members of the genus [158, 163-167].

A first trait in Bordetella lipid As is that the structure of the backbone is not sym-
metrical, the FA are differently distributed on the two GlcN residues.

Another trait was a reduced number of fatty acids reinforced by the presence of
a shorter fatty acid carbon chain. The two human pathogens had four to five fatty
acids in the various lipid A studied. In addition, they both displayed the presence of
a short-chain fatty acid, the 3-hydroxydecanoic acid (10:0(3-OH)), although in dif-
ferent locations: on GlcN-I for B. pertussis and on GIcN-II for B. parapertussis
(Fig. 3.9). These two distinctive characteristics were shown to result in a reduced
degree of inflammation [120, 168] leading to the bacteria capacities to escape the
host-immune system [20].
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Fig. 3.9 Schematic representation of the different Bordetella lipid A characterized structures
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In the BP18323 strain, the lipid A structure displays two residues of 10:0(3-OH)
rendering this LPS structure almost unable to induce cytokine production [169, 170]
(Fig. 3.11).

The presence of longer carbon-chain fatty acids, or more FA chains, can also lead
to escape host control. B. bronchiseptica lipid A is palmitoylated [166], an acylation
attributed to a late biosynthetic enzymatic step mediated by PagP. This modification
is required for persistent colonization of the mouse respiratory tract [166] and for
resistance to antibody-mediated complement lysis during B.bronchiseptica respira-
tory infections. A second, more recent example, was found in human and rabbit
isolates with the presence of two 16:0 fatty acid in lipid A structures related to bac-
terial virulence [171]. As already mentioned, the presence of 16:0 is a late biosyn-
thetic step and uses 16:0 FA taken from membrane phospholipids after the LPS
has been biosynthesized in the cytoplasm and transferred to the outer membrane.
B. parapertussis lipid A can also carry two 16:0 FA [165] as shown in Fig. 3.9.

Other genera being studied in parallel by us, like the Yersinia [92, 172], the
Helicobacter [95], and much later the Ralstonia [128], showed that the Bordetella
genus was not an exception regarding the diversity of its lipid A structures.

The observed variations were later explained by lipid A structural modification
in post-translational steps by the action of the lipid A biosynthesis enzymes.

3.10.4 Cores

According to B. pertussis LPS structure, the first of the genus to have been described,
the core is a nonasaccharide as described in BPA100 and BP134 [157]. This core
structure can be substituted by a trisaccharide turning the B-band LPS to the A-band
structure as shown by SDS PAGE analysis, a transition enabled by the wlb locus.
A- and B-bands were first observed and described by Peppler and [173] their size
and structure were then explained and characterized by Caroff et al. [157]

B. parapertussis, the other agent of whooping-cough only displays the nonasac-
charide core structure and not the distal trisaccharide [174]. B. bronchiseptica, the
respiratory tract animal pathogen also found in some human infections displays the
more heterogeneous LPS structure in the genus.

3.10.5 O-chains

The Bordetella O-chains, when present in the different species, have a peculiarity,
they all contain different isomers of 2,3-diacetamido hexuronic acids (Fig. 3.10).
The B. pertussis LPS, which does not produce an O-chain, contains the manno
isomer of the 2,3-diacetamido uronic acid in its distal trisaccharide. We quali-
fied this peculiarity as “Variation on a theme” in the B. avium structural
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Fig. 3.10 Schematic representation of the different Bordetella O-chain characterized structures

characterization [159]. Effectively, LPS O-chains consisting of 1,4-linked 2,3-
diacetamido- 2,3-dideoxy-L-galactopyranosyluronic acid residues were discovered
in B. bronchiseptica and B. parapertussis with some heterogeneity first character-
ized by serology [175], then by structural analysis [176, 177]. The B. hinzii O-chain
was found to be composed of trisaccharide repeating units of the gluco and galacto
analogues of the same hexuronic acid [161, 162]. B. trematum O-chain is limited to
two repetitive units differing in the anomeric bond of the first sugars. The structure
corresponded to: B-ManNAc3NAmA-(1-4)-- ManNAc3NAmA-(1-3)-a-FucNAc-
(1-4)-B-ManNAc3NAmMA-(1-4)-3-ManNAc3NAmA-(1-3)-6-Fuc-NAc-(1-6) [160].

3.10.6 Bordetella LPS Biological Activities

We demonstrated earlier the significant impact of discrete structural differences on
the B. pertussis lipid A on LPS recognition by TLR-4 receptor and consecutive
inflammatory cytokine induction [168]. The first characterized lipid A structure in
this genus was that of the vaccine strain BP1414 [163], Fig. 3.9. It was later demon-
strated that this strain, in contrast to strain BP18323, has the ability to modify its
lipid A phosphate groups with glucosamine, a very rare substituent in such position
which seems to be a characteristic of the genus found in different other species like
B. bronchiseptica [101], B. avium [158], and B. holmesii [164], This substituent on
both phosphate groups greatly increased the inflammatory cytokines induction.
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Another modification observed in the BP18323 strain, compared to BP338, was the
slight shortening of the fatty acid carbon chain at C-3’, replacing 14:0-(30H) by the
12 or 10 carbons FA equivalents resulting in the corresponding LPS being a TLR-4
antagonist. This strain is a poor inducer in human and murine macrophages and is
greatly impaired in TLR-4-mediated activation of nuclear factor—xB in transfected
HEK-293 cells [169, 170].

Two inflammatory cytokine responses to the different LPS structures character-
ized in this work were compared (Fig. 3.11). IL-6 and TNF-a secretions were tested
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for the three LPS as compared to B. pertussis BP18-323 LOS, well known as a low
inducer, and to Escherichia coli J5 rough-type LPS for a highly potent inducer
reference. The activity of the E. coli J5 LPS was higher, as expected, than that of
B. pertussis low responder LPS, then B. trematum followed by B. hinzii at almost
the same inducing capacities were found at higher levels, and B. avium was the
highest inducer.

LPS structure-activity relationships is a very complex topic. A non-exhaustive
list of important structural parameters includes first of all, the primary lipid A
structure: the number, length and distribution of fatty acids, the number of phos-
phate groups and presence or absence of structural elements substituting the phos-
phate groups (e.g. PPEA, Ara4N or GIcN). The core oligosaccharide is also
important, affecting the lipid A region three-dimensional conformation and the
size of the supra-molecular aggregates. The latter are considered as LPS biologi-
cally active units. Biological activities of a LOS, or of a rough-type LPS, are nor-
mally higher than those of their isolated lipid A regions [168, 178]. It is also widely
accepted that activities of a smooth type LPS are generally higher than those of a
rough-type LPS having the same or a similar lipid A structure. The latter is most
probably due to the higher solubility of smooth-type LPS and to a smaller size of
their aggregates [18]. The respiratory pathogens B. pertussis and B. bronchiseptica
have a particular terminal trisaccharide in their core structures. The latter was
shown to be a crucial factor for bacterial protection against bactericidal functions
of pulmonary collectins [179]. A progressive loss of O-antigens was observed dur-
ing a chronic infection caused by B. bronchiseptica [180]. The same was described
for B. avium [181].

The data on the potencies of different LPS under study to stimulate secretion of
proinflammatory cytokines could be explained by these general trends. The low
inducing potency of the LOS from B. pertussis known to be due to the small num-
ber of fatty acids (from 4 to 5) and to the presence of a short-chain fatty acid
10:0(3-OH). The LPS from E. coli JS is also a Rough-type LPS with a very potent
lipid A structure. This structure contains from 4 to 6 fatty acids mostly of 14 carbon
atoms, a length which is “optimal” for the TLR4 signaling. Although distributed
differently over the di-glucosamine backbone, the fatty acid composition of the
LPS from B. trematum, B. hinzii and B. avium is similar to that of the LPS from
E. coli J5 (from 4 to 6 fatty acids containing mostly 14 carbon atoms). However, all
three Bordetella LPS are of a smooth type. This feature may explain their cytokines
inducing capacities being substantially higher than those of the LPS from E. coli
J5. Finally, the LPS from B. avium is substantially more potent than the B. trema-
tum and B. hinzii LPSs. This is certainly due to the high level of substitution of its
lipid A phosphate groups with glucosamine. As we showed earlier in the B. pertus-
sis model, such a modification of the lipid A structure leads to a drastic increase in
NFkB transcription via TLR4 pathway and in the resulting cytokines secretion of
cytokines [102].
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3.11 Other Examples of Heterogeneity and Diversity

3.11.1 Example: Salmonella minnesota R595 Re LPS
Heterogeneity Shown by Thin Layer Chromatography
(TLC), and Matrix Assisted Laser Desorption (MALDI)
Mass Spectrometry

This LPS from the Re S. minnesotta mutant strain is well-known, and became a
standard for biological tests due to the fact it was supposed to be the “simplest” LPS
structure, only made of lipid A plus two Kdo molecules. However, the heterogeneity
of this deep-rough mutant LPS, due to different decorations is maximal and depend-
ing on batches of commercial providers, even from the same source, there is no
reproducibility of the structure and this non-described heterogeneity is certainly
responsible for non-reproducible activities. We highlighted this problem early when
we set up the first mass spectrometry method for LPS analysis [182—-184], as well as
more recently [185]. Here, we compared the structure of three different batches
from the same provider to the non-decorated Shigella flexneri Re strain, being much
more homogeneous. As seen in Fig. 3.12a the numerous bands observed in the
three S.minnesota Re LPS (A,B,C) illustrates a high degree of heterogeneity com-
pared to the less heterogeneous S. flexneri sample (D).

MALDI mass spectrometry of the different samples presented on Fig. 3.12b also
illustrates the high heterogeneity with information on the masses of the different
molecular species. Mass differences between molecular species were observed and
corresponded to fatty acids or PPEA, as well as Ara4N.

A comparison of the Limulus ameabocyte lysate LPS estimation test (Fig. 3.12c)
is added together with estimation of the LPS amount by dosage of the 14:0(3-OH)
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Fig. 3.12 Comparison of three different batches of R-595 Re Salmonella minnesota LPS from the

same producer with Shigella flexneri Re LPS: (a) TLC profiles, (b) MALDI mass spectra (¢) LAL
response and (d) 14:0-(3-OH) quantification
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content to give an idea of the influence of different “decorations” on LPS detection
by varying tests. Apparently in this peculiar example the decoration on the phos-
phate groups impact the LAL response more than the FA estimation. In other exam-
ples, the LAL could be more accurate [38].

3.11.2 Example: Vibrio cholerae Lipid A Heterogeneity
Shown by MALDI Mass Spectrometry

Vibrio cholera, the causative agent of cholera, has been classified in serogroups on
the basis of its somatic antigens, the O-antigens. At least 206 serogroups are known
[186]. In the early 1990s V. cholera O139 appeared to be the first non-O1 serogroup
associated with the disease, and extensive outbreaks were recorded in Bangladesh
and India. Cases caused by V. cholerae O139 have also been reported in China,
Nepal, Pakistan, Thailand, Afghanistan, Kazakhstan, and Malaysia [187].

The O-antigen structure of the Smooth-type V. cholerea O1 and the Semi-Rough-
type V. cholerae O139 have been described [188—193]. The lipid A structures of
V. cholerae O139 and V. cholerae O1 were described as having an asymmetric dis-
tribution of FA on the bisphosphorylated- di-GlcN backbone. Two 14:0(3-OH) and
two 12:0(3-OH) substitute respectively positions C-2 and C-2°, C-3 and C-3’. 12:0
and 14:0 are present in secondary acylation at C-3” and C-2’. The 12:0 FA can be
replaced by 12:0(3-OH) at C-3’ thanks to LpxN.

V. cholerae El Tor is resistant to the cationic antimicrobial polymyxin peptide
while the classical biotype is sensitive to it. The difference is due to AlmG transfering
Glycine 1 or 2 (Gly) to the hydroxyl group of the 12:0(3-OH) in El Tor responsible
for polymyxin resistance [194—-196].

When we compared lipid A mass spectra from the two different V. cholerae
strains, we observed important heterogeneity and the presence of different molecu-
lar species illustrating the presence of one or two glycine substituents, as well as a
putative phosphoglycerol substituent already described in V. fisherii as a 16:0 carrier
for one or two of the FAs [197]. All these “decorations” added in a non-stoichiometric
way increase LPS heterogeneity (Fig. 3.13).

3.12 Conclusions

LPS diversity and heterogeneity has been demonstrated and illustrated here, with
some specific and previously described examples, as well as new ones. They can be
interpreted in terms of evolutionary pressure and host adaptation. The structural
characterization of native LPS structures is a complex task which has only been
realized in the past decades with increasing efficiency thanks to improvement of
methods and technologies. However, such heterogeneity will always complicate the
task of LPS structural characterization, and render structure-function relationships
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Fig. 3.13 MALDI mass spectra of V. cholerae O1 (a), and V. cholerea O139 (b) lipid As

more complicated as compared to many other molecules. Different methods have
been described and their use is unavoidable for injectable drugs and endotoxin
detection in patients. The use of a single method would be difficult for quantifying
efficiently LPS with such diverse structures, and in such different media as required.
In some peculiar conditions, like in blood, the use of a complementary method
based on other LPS characteristics can be of a great help.
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