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Prendergast et al., 2004). In turn, since sialyltion, and hence ganglioside expression
can influence immunogenicity and serum resistance of C. jejuni (Guerry et al., 2000)
and invasiveness (Guerry et al., 2002; Kanipes et al., 2004; Habib et al., 2009), phase
variation has important implications for bacterial pathogenesis and post-infection
sequelae (Moran, 2009).

10.5.2 Pathogenic Anti-Ganglioside Antibodies and C. jejuni
Ganglioside Mimicry

10.5.2.1 Pathogenic Anti-Ganglioside Antibodies in GBS

Previous to the observation of ganglioside mimcry in C. jejuni LOS, infection with
this bacterium had been associated with the development of the neurological dis-
order of the peripheral nervous system, GBS (see Prendergast and Moran, 2000;
Yuki, 2007). This was noteworthy since gangliosides are a family of NeuSAc-
containing glycosphingolipids present in the outer leaflet of the plasma membrane
and are the major surface molecules in both the peripheral and central nervous
systems. Furthermore, reviewing reports over many decades it is apparent that anti-
ganglioside antibodies with a variety of specificities occur in GBS patients and
these are considered to play a central role in the pathogenesis of this syndrome
(Prendergast and Moran, 2000; Moran and Prendergast, 2001; Yuki, 2007; Kaida
et al., 2009). This view is supported by the observation that plasma exchange
facilitates the rate of recovery from GBS (Guillain-Barré syndrome Study Group,
1985).

Clinically, GBS is considered an acute, progressive and symmetrical motor weak-
ness of the extremities with loss of tendon reflexes, which has replaced polio
as the commonest cause of neuromuscular paralysis in most developed countries.
Although at least four distinct subtypes of the disorder are recognized (Hughes and
Cornblath, 2005), of these, a severe, purely motor form known as acute motor axonal
neuropathy (AMAN) and Miller Fisher syndrome (MFS) manifesting ophthalmp-
plegia, ataxia, and areflexia have received most attention in C. jejuni-associated
disease. In previous literature surveys (Prendergast and Moran, 2000; Moran and
Prendergast, 2001; Moran et al., 2002b; Yuki, 2007), reports have included multiple
findings of anti-ganglioside antibodies to GM{, GM1p, GQ1p, LM, GalNAc-GD1,,
and less frequent finding of antibodies to GM,, GDj,, GDjy,, GTp and asialo-
GM;. This wide range of anti-ganglioside antibody specificities reported in GBS
contrasts with their limited range in chronic neuropathies, e.g. anti-GM; antibod-
ies in multifocal motor neuropathy and a neurophathy induced by parenteral GM;
therapy (Moran et al., 2002b). Nevertheless, a correlation between antecedent infec-
tion with C. jejuni and the presence of anti-GM; antibodies has been demonstrated
[see Moran and Prendergast (2001) and Yuki (2007) and references therein]; gen-
erally, half of GBS patients who are sero-positive for C. jejuni also have anti-GM;
antibodies. Also, AMAN is more strongly associated with C. jejuni infection than
with other forms of GBS, and has been correlated with anti-GM;, anti-GD;, and
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anti-GalNAc-GDy, antibodies (Prendergast and Moran, 2000; Yuki, 2007). Anti-
GQp antibodies are found in a high proportion of MFS patients, in up to 100%
of cases (Willison and O’Hanlon, 2000), and importantly for pathogensis, GQ1p, is
enriched in the cranial nerves that innervate the extraocular muscles (Yuki, 2001).

Anti-ganglioside antibodies are often present in disease-free individuals (Latov,
1990), but are not considered to be autopathogenic, since they differ from those
found in GBS patients in their immunoglobulin (Ig) G subtype, and they are not
derived from antigen-driven mechanisms (Paterson et al., 1995). Moreover, in con-
trast to the immunoglobulin IgM isotype of anti-GM; antibodies found in chronic
neuropathies, GBS sera contain IgG or less commonly IgA isotypes (Moran and
Prendergast, 2001). The IgG subclasses are restricted to IgG1 and IgG3, subclasses
which had been taken to be indicative of T-cell-dependent reponses to proteins
(Willison and Veitch, 1994) but which, nonetheless can be induced by immunized
C. jejuni LOSs (Moran et al., 2001).

10.5.2.2 T-Cells in GBS Development

The long-lasting titres of IgG and IgA antibodies present in GBS (Moran and
Prendergast, 2001) suggests that T-cell-dependent mechanisms are involved, and
that the mechanisms of glycolipid recognition in GBS do not follow the normal rules
of T-independent carbohydrate antigen recognition. Populations of T-cells bearing
af receptors are found in GBS, but lymphocytes associated with recognition of
glycolipid targets, y8 T-cells, are also found (Khalili-Shirazi et al., 1999). Since
CD1 molecules are present on endoneurial macrophages and are upregulated in
GBS, presentation of ganglioside-related molecules to T-cells could occur in associ-
ation with CD1 molecules, as has been demonstrated for lipoglycans (Sieling et al.,
1995; Moran and Prendergast, 1998). Thus, y3 T-cells and CD1 molecules could
play a role in the prominent anti-glycolipid antibody response in GBS patients.
Interestingly, C. jejuni LOSs have been shown to increase endogenous glycosph-
ingolipid synthesis and stimulate autoreactive, ganglioside-specific T-cells in a
CD1-dependent manner (De Libero et al., 2005). Despite these observations, the
extent to which T-cells contribute to the pathophysiology of GBS and the mech-
anism by which they do so is unexplained. They could be involved in helping
B-cells to secrete autoantibodies, but generation of anti-ganglioside antibodies has
been reported to be CD1-independent in mice (Matsumoto et al., 2008), although it
remains possible that T-cell-derived, cytokine-dependent pathways for B-cell acti-
vation and differentiation, rather than cognate B-cell-T-cell interactions, may play
a substantial role in the production of anti-ganglioside antibodies.

10.5.2.3 C. jejuni Ganglioside Mimicry and Anti-Ganglioside Antibodies

The observation that GBS-associated C. jejuni isolates exhibit ganglioside mimicry
prompted a number of studies that showed the reactivity of serum antibodies in GBS
patients, against not only C. jejuni LOS (Yuki et al., 1993; Schwerer et al., 1995;
Neisser et al., 1997, 2000), but particularly against the core OS mimicking ganglio-
sides (Prendergast et al., 1999). Cross-reactive anti-GM and -GD1, antibodies were
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observed and the sialosyl-D-galactose (Gal) structure a-NeuSAc-(2— 3)-p-Gal-(1—
proposed as the minimal motif associated with GBS development (Moran et al.,
2002b). On the other hand, MFS is of great interest because of its specific correlation
with anti-GQ1} antibodies, although to date none of the chemically analysed LOSs
from neuropathy-associated strains exhibit a complete GQj;, ganglioside mimic.
Strains that have been isolated from MFS patients exhibit a GD>/GD3 mimic or
GT1, and GDj(-like mimicry (Moran et al., 2000; Prendergast and Moran, 2000;
Yuki, 2005) and, whose LOSs show cross-reaction with MFS sera. Since none
of the structurally analysed LOSs from neuropathy-associated strains have been
reported to exhibit a complete GQq, ganglioside mimic, it has been suggested
that the minimal required motif for MFS development is a disialosyl-Gal struc-
ture, a-NeuSAc-(2— 8)-a-NeuSAc-(2— 3)-p-Gal-(1— (Moran et al., 2002b; Yuki,
2005).

Collectively, analyses of C. jejuni LPSs with anti-ganglioside antibodies has
verified the presence of ganglioside-related epitopes in C. jejuni LPS (Schwerer
et al., 1995; Neisser et al., 1997, 2000), and thus, it has been inferred that infection
with ganglioside-bearing C. jejuni strains may elicit high titres of anti-ganglioside
autoantibodies in GBS patients. Although it is possible that anti-ganglioside anti-
bodies may be formed secondarily by auto-immunization against gangliosides
released from previously damaged nerves, such a process for the generation of
anti-ganglioside antibodies is unlikely in GBS, since the antibodies are present on
the first day of neurological symptoms and high titres of theses antibodies are not
found in patients with peripheral nerve damage due to diseases other than GBS
(Prendergast and Moran, 2000). Hence, the molecular mimicry of gangliosides by
C. jejuni LOSs has been proposed as a pathogenic mechanism in GBS whereby the
immune-mediated response, particularly the humoral reponse, elicits the produc-
tion of cross-reactive anti-ganglioside antibodies that target and damage the neural
gangliosides.

10.5.3 Relevance of Molecular Mimicry in the Pathogenesis
of GBS

10.5.3.1 Galway Postulates

Despite numerous studies describing an association of molecular mimicry by a
range of viral, parasitic and bacterial pathogens with the development of a vari-
ety of autoimmune diseases (Moran, 2009), Marrack et al. (2001) concluded that in
many studies, although consistent with the molecular mimicry hypothesis in autoim-
mune disease development, none have convincingly demonstrated that mimicry is
an important mechanism in disease in humans. However, others have contended that
evidence concerning C. jejuni ganglioside mimicry fulfils such requirements (Ang
et al., 2004; Yuki, 2005). Nevertheless, in the case of infection-induced automim-
munity the precepts that would need to be fulfilled include not only those of Koch’s
postulates for infectious disease but also those of Witebsky for autoimmunity, and
thus, a combination of these has been proposed in the so-called Galway postulates
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(Moran et al., 2002b). Therefore, criteria for determination of the role of molecular
mimicry in infection-induced autoimmune disease are: (i) evidence for antecedent
infection in the host is to be established; (ii) cross-recativity of the pathogen with
a host target molecule has to be demonstrated; (iii) experimental disease reproduc-
tion in an animal by administration of the tissue target agent, a molecular mimic, or
anti-target antibodies is required; and (iv) disease reproduction in an experimental
host by the pathogen must be demonstrated. Despite the first three precepts having
been fulfilled, the last has proven more problematic for C. jejuni-related GBS. This
is because an animal model allowing colonization by the infectious agent and addi-
tionally the generation of a humoral response like that seen in humans with GBS,
and hence inducing a relevant pathology in animals, is required.

10.5.3.2 Experimental Models

Experimental inoculation of humans with C. jejuni in a vaccine trial has been shown
to induce anti-ganglioside antibodies, but no neuropathy was observed to develop,
potentially due to the absence of a persistent anti-ganglioside antibody response,
thereby reflecting the role of host factors in GBS development (Prendergast et al.,
2004). This represents an important aspect that requires attention during choice of
an appropraiate animal model. Experimental ataxic neuropathy (EAN) is considered
the animal model for GBS because it shares a striking similarity to the classical
form of GBS, acute inflammatory demyelinating polyradiculoneuropathy, in clini-
cal symptoms and pathological findings (Notterpek and Tolwani, 1999). However,
EAN does not model the AMAN form of disease with which C. jejuni infection
is particularly associated, nor is this T-cell-mediated model an animal model for
Campylobacter-induced GBS.

On the other hand, GD, immunization has produced sensory ataxic neuropathy
in rabbits (Kusunoki et al., 1996), and the passive transfer of anti-GD;p anti-
bodies gives rise to axonal degeneration and macrophage infiltration. Intraneural
injection of GBS serum or Ig into rat sciatic nerves gives variable results, but
in most reports significant conduction block and demyelination at levels higher
than control human serum have been observed. Of note, Illa et al. (1995) demon-
strated that purified anti-GM antibodies from patients who exhibited AMAN after
immunization with a ganglioside preparation, recognized epitopes at the nodes of
Ranvier and at the presynaptic nerve terminals of motor end-plates from human
nerve biopsies. Accumulation of these antibodies at the nodes of Ranvier can
cause disruption of Na* and K* channels and, thus, interfere with nerve conduc-
tion. Concerning MFS-associated anti-GQq}, antisera, there is strong supportive
evidence that these antibodies can mediate pathological changes. In a mouse hemi-
nerve diaphragm model, administration of anti-GQp-positive sera decreased nerve
excitability and neurotransmitter release, and subsequently, induced nerve terminal
paralysis (Willison and O’Hanlon, 2000), but this was not observed with anti- GQjy,
antibody in human limb muscle (Kuwabara et al., 2007).

Active immunization of rabbits with GM; ganglioside-mimicking C. jejuni
LOSs induced the production of high titres of IgG anti-LOS antibodies that were
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cross-reactive with GM ganglioside (Ang et al., 2000). Nevertheless, none of the
animals developed overt signs of muscle weakness, but this may have been due to
the short duration of the experiment. Other groups have induced anti-ganglioside
antibodies with C. jejuni LOSs in animals (Wirguin et al., 1997; Goodyear et al.,
1999). Importantly, rabbit antisera with anti-GM; specificity induced by a C. jejuni
GM; mimic have been shown to bind at the nodes of Ranvier of human sciatic
nerve in vitro (Moran et al., 2005a). This binding pattern was identical to that
seen with anti-GM; sera from a GBS patient. Additionally, immunization of mice
with GT1,-containing LOS can produce a serum with anti-GQ1p antibodies which
bind to ganglioside-rich sites causing release of acetylcholine and complement-
mediated conduction block (Goodyear et al., 1999). The latter is noteworthy since
complement-activating antibodies to ganglioside complexes have high avidity and
pro-inflammatory properties in GBS (Notturno et al., 2009).

An animal model in Japanese white rabbits has been established by sensitization
with a bovine brain ganglioside mixture or isolated GM1, in which rabbits developed
high titre anti-GM; IgG antibodies and flaccid limb weakness (Yuki et al., 2001).
The disease characteristics in this animal model correpond to the pathogical find-
ings for human AMAN (Hughes and Cornblath, 2005). Building upon this model,
a putative AMAN model has been reported after immunization of Japanese white
rabbits with C. jejuni LOS bearing a GM|-like structure (Yuki et al., 2004). After
sensitization with this GM;-like LOS, rabbits developed high titre anti-GM; 1gG
antibodies and subsequent flaccid limb weakness. Moreover, axons of these nerve
fibres showed various degrees of degeneration, but demyelination and remyelination
were rare. The model has been proposed as a replica of C. jeuni LOS-induced GBS,
and even claimed as the first definitive replica of a human autoimmune disease pro-
duced by immunization with an infectious mimic (Yuki, 2005). Nonetheless, since
this model requires multiple immunizations with LOS and haemocyanin as adjuvant
(Yuki et al., 2004), it cannot be excluded that because of the aggressive nature of
haemocyanin, auto-presentation of host gangliosides may occur in this model. Also,
this is not an infective animal model of C. jejuni-induced GBS and thus does not ful-
fil the Galway postulates (Moran et al., 2002b). On the other hand, a chicken model
developed by Li et al. (1996), in which outbred chickens were fed an AMAN-related
C. jejuni isolate that exhibits GM/GD;, mimicry, showed a neuropathy in 30% of
animals and pathology similar to human AMAN. Despite this potential advance, but
disappointingly, extensive experiments by others to reproduce this model have not
proven successful (see Prendergast and Moran, 2000).

10.6 Conclusions and Future Perspective

Although H. pylori induces chronic infection whereas C. jejuni induces an acute
infection (and to which the structural characteristics and biological properties
of endotoxin, particularly their lipid A components contribute), both bacteria
induce pathogenic autoimmune responses in which molecular mimicry in the
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saccharide component of endotoxin putatively plays an important role. Although the
contributory role of ganglioside mimicry in C. jejuni LOS to GBS development is
generally accepted, that of Le antigen mimicry by H. pylori in autoimmune conse-
quences of infection is yet to be unequivocally established. By comparison of both
bacterial infections and their autoimmune consequences, central issues for further
consideration arise, including (i) the development of infection-based animal models
for producing autoimmune sequeale, (ii) the extent and role of T-cell involvement
with B-cells in the autoimmune humoral responses observed, (iii) how tolerance
is broken to carbohydrate-based self-structures borne on endotoxin, and (iv) the
role of other bacterial and host factors contributing with molecular mimicry in the
development of autoimmunity. All represent important aspects of infection-induced
autoimmunity awaiting to be addressed.
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Chapter 11
The Role of Pseudomonas Lipopolysaccharide
in Cystic Fibrosis Airway Infection

Samuel M. Moskowitz and Robert K. Ernst

Abstract Pseudomonas aeruginosa (PA) is a ubiquitous environmental Gram-
negative bacterium found in soil and water. This opportunistic pathogen can cause
infections in individuals with impaired phagocytic function, such as those with
burns, exposure to chemotherapy, or cystic fibrosis (CF). PA infects the lungs of
most individuals with CF, and is associated with severe progressive pulmonary
disease that is the major cause of premature death in this disorder. The specific
adaptations of PA to the CF airway responsible for bacterial persistence and antibi-
otic tolerance are not completely understood but may include increased alginate
production (i.e., mucoid phenotype), biofilm formation, and specific lipid A mod-
ifications. During adaptation to the CF airway, PA synthesizes a variety of lipid A
structures that alter host innate immune responses and promote bacterial persistence
and chronic infection. The synthesis of specific lipid A structures is attributable to
bacterial enzymes that: (1) remove the 30H-C10:0 acyl chain from the 3-position
(PagL); (2) add a C16:0 acyl chain to the 30H-C10:0 chain at the 3’-position (PagP);
(3) add C12:0 and 20H-C12:0 acyl chains to the 30H-C12:0 chains at the 2- and
2’-positions (HtrB and LpxO); and (4) add aminoarabinose to phosphate groups at
the 1- and 4’-positions (PmrH, PmrF, Pmrl, PmrJ, PmrK, and PmrE). These lipid A
modifications represent an essential aspect of PA adaptation to the CF airway.
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11.1 Introduction

In human infection, Pseudomonas aeruginosa (PA) is acquired from environmen-
tal reservoirs, and can cause both acute and chronic infections depending on the
clinical context (Lyczak et al., 2000). In human hosts with damaged epithelial bar-
riers (e.g., burns) or immune system defects (e.g., post-chemotherapy), acute PA
infections of the skin, lungs, urinary tract, or blood can be rapidly fatal. In contrast,
in specific clinical conditions such as cystic fibrosis (CF), diffuse panbronchiolitis,
HIV infection, and idiopathic bronchiectasis, PA can cause chronic airway infec-
tions that persist for months or years. In the setting of long-standing infection, PA
isolates from CF patients are phenotypically similar to isolates from other chronic
lung infections but distinct from acute infection isolates.

One such distinguishing characteristic of CF isolates is the frequent occurrence
of rough or deep rough variants. Such variants represent changes in the structure
of lipopolysaccharide (LPS), the major constituent of the outer leaflet of the Gram-
negative outer membrane. LPS is an important pathogenic factor of Gram-negative
organisms and consists of three distinct regions: O-antigen, core, and lipid A. Both
O-antigen and core consist of polysaccharide chains, whereas lipid A consists of
fatty acid and phosphate moieties bonded to a central glucosamine dimer. Rough
variants reflect loss of O-antigen, whereas deep rough variants reflect loss of core
oligosaccharide. In PA, these changes are associated with a switch from serum resis-
tance to serum sensitivity (Hancock et al., 1983). This switch indicates that the key
structural component of PA LPS in chronic infection is its lipid A moiety, the focus
of this review.

11.2 Cystic Fibrosis is an Important Disease of Children
and Young Adults

CF is most common lethal autosomal recessive disorder of Caucasians, affecting
about 1 in 3,200 persons, and is caused by mutation of the gene encoding the
cystic fibrosis transmembrane conductance regulator (CFTR) (Moskowitz et al.,
2008). The CFTR gene encodes a protein kinase A-activated epithelial cell ion
channel that is selective for chloride and bicarbonate and also regulates sodium
(and potentially other) channels in the plasma membrane. Thus, deficiency of
CFTR results in imbalances in epithelial chloride and bicarbonate, as well as
additional epithelium- and channel-specific electrolyte abnormalities. While CF
affects multiple organ systems, including the gastrointestinal and reproductive
tracts and the sweat glands, morbidity and mortality are primarily related to disease
of the respiratory tract. In the respiratory tract, CFTR deficiency results in lack of
chloride and bicarbonate secretion, and also excessive sodium absorption owing
to hyperactivity of the epithelial sodium channel (ENaC) that CFTR regulates.
Because the respiratory epithelium is quite water permeable, these ion imbalances
result in dehydration (decreased depth) of the airway surface liquid layer that bathes
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cilia responsible for mucus transport across the epithelial surface (Knowles and
Boucher, 2002). These same electrolyte abnormalities also adversely affect mucus
glands within the respiratory tract, leading to secretion of respiratory mucus with
a higher concentration of mucins and thus greater viscosity than normal (Ballard
et al., 1999; Jayaraman et al., 2001). Owing to this combination of thicker airway
secretions and impaired mucociliary transport, mucus plaques tend to adhere to the
surface of the CF airway and become a nidus of infection.

According to the CF Foundation National Patient Registry, the median age of
survival for a person with CF in 2007 was ~37 years (Cystic Fibrosis Foundation
2009). As more advances have been made in the treatment of CF airway disease,
the number of adults with CF has steadily grown. As of 2007, more than 45% of
the CF population in the US was age 18 and older. This increase in median survival
is attributable to advances in nutritional and respiratory management. Nonetheless,
pulmonary disease remains the principal cause of morbidity and mortality. Some
individuals with CF still die from lung disease during their teenage years, and for
those who survive into adulthood, the severity of lung disease and intensity of
daily treatments needed to manage it are major determinants of functional status.
These treatments include a variety of inhaled and oral medications such as hyper-
tonic saline, mucolytics, and antibiotics. Antibiotic resistance of CF pathogens is a
major problem, as is the generally unfavorable pharmacokinetics of most antibiotics
with respect to the airway compartment. Clearly, improved therapies are needed
that specifically target key steps in the development of CF airway infection and
inflammation.

11.2.1 Persistent Inflammation and Chronic Infection
are the Hallmarks of CF Pulmonary Disease

CF lung disease begins in infancy or early childhood, and is characterized by chronic
bacterial infection and severe inflammation that leads to progressive destruction of
the lungs. The airways, rather than the lung parenchyma, are the primary sites of
inflammation and infection (Davis et al., 1996). CF lung disease is characterized
by secretion of copious amounts of thick mucus and migration of a predomi-
nantly neutrophilic infiltrate into the airways. This chronic neutrophilic infiltrate
is accompanied by chronic lymphocytic and mononuclear cell infiltrates within
adjacent submucosal tissues (van Heeckeren et al., 1997). Bronchoalveolar lavage
fluid obtained from teenagers and adults with CF show increased levels of the
pro-inflammatory cytokines TNF-a, IL-1, and IL-8 and decreased levels of the anti-
inflammatory cytokine IL-10 as compared to normal individuals (Bonfield et al.,
1995). Nevertheless, these cytokine and neutrophil responses are largely ineffective
in eliminating the bacterial airway infection. Most distinctive about CF lung disease
is its microbiology. Although Staphylococcus aureus is the most common pathogen
in the first five years of life, the opportunistic pathogen PA is by far the most impor-
tant pathogen in severe progressive CF lung disease, infecting the majority of CF
patients in later years (Rajan and Saiman, 2002).
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11.2.2 P. aeruginosa Is an Important Pathogen in the CF Airway

Epidemiological evidence of the importance of PA in CF lung disease comes from
the National Cystic Fibrosis Patient Registry (Cystic Fibrosis Foundation, 2009).
Analysis of this database revealed that in 2007, PA was cultured from the airways
of about 25% of toddlers and 70-80% of adults with CF. Furthermore, a combined
serologic and microbiologic clinical study suggested that PA infection occurs at
least intermittently in nearly all patients with CF by age 3 years (Burns et al.,
2001). In addition, the bacterial load in PA infection tends to be higher than for
other pathogens, up to 10° cfu/gm of sputum (Tummler et al., 1997). These data
suggest that both in terms of numbers of patients affected and severity of the effect,
control of PA infection should be a major goal of efforts to combat CF lung disease.

11.2.3 Adaptation of P. aeruginosa to the Airway Is Important
Jor CF Lung Disease

Previous clinical studies have shown that following initial infection with environ-
mental isolates, specific bacterial phenotypes are selected within the CF airway
environment. These characteristics are manifested in both children and adults (mean
age >9 years) and include loss of flagellar-dependent motility (Mahenthiralingam
et al., 1994), loss of O-antigen and other LPS changes (Hancock et al., 1983),
increased auxotrophy (Thomas et al., 2000), decreased secretion of virulence fac-
tors (Tummler et al., 1997), inability to produce pyocyanin and phage (Romling
et al., 1994), antibiotic resistance (Burns et al., 1999), mucoidy (Henry et al., 1992;
Boucher et al., 1997), and formation of biofilms (Singh et al., 2000). Infection
with mucoid PA has been associated with worse respiratory prognosis (Li et al.,
2005). Mucoidy is also observed in several other conditions including bronchiecta-
sis (Pujana et al., 1999) and chronic urinary catheterization (Reid et al., 1992; Goto
etal., 1999). Many of these adaptations are observed in PA isolates from the airways
of older patients with CF; in contrast, an early adaptation is the synthesis of specific
structures of lipid A, the bioactive component of LPS (Ernst et al., 1999).

11.2.4 P. aeruginosa Lipid A Structures in CF Clinical Isolates
are Distinct from Those Seen in Acute Clinical Infections
and Isolates from the Environment

The structure of PA lipid A has been elucidated using both mass spectrometry (MS)
and NMR techniques (Goldman et al., 1988; Kulshin et al., 1991; Karunaratne et al.,
1992). As with lipid A of other Gram-negative organisms, PA lipid A consists of a
B-(1°,6)-linked diglucosamine backbone with phosphates at the 1 and 4’ positions,
amide-linked fatty acids at the 2 and 2’ positions, and ester-linked fatty acids at the
3 and 3’ positions (Fig. 11.1). The chain lengths of the fatty acids attached to the PA
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Fig. 11.1 Chemical structure of P. aeruginosa lipid IV 5

lipid A (C12/C10) are generally two carbons shorter than those of S. typhimurium
and E. coli lipid A (C14/C12).

MS analysis of lipid A from laboratory-adapted PA strains grown in rich medium
reveals a dominant ion species (m/z) of mass 1447 (Fig. 11.2a), corresponding to a
penta-acylated molecule. This is the major structural form of lipid A isolated from
laboratory-adapted PA strains (PAO1, PAK, PA14) grown in rich medium (Bhat
et al., 1990; Ernst et al., 1999; Moskowitz et al., 2004). Additional lipid A species
observed by MS are dependent on growth conditions (concentration of magnesium
or iron, low pH, and reduced oxygen levels), and the strain from which the lipid A
was isolated (Goldman et al., 1988). In PA strains, penta-acylated lipid A species
are usually most abundant; however, specific lipid A structures often differ between
CF (m/z 1447, Fig. 11.2a) and non-CF isolates (m/z 1419, Fig. 11.2d).

PA adaptation to CF airways often leads to constitutive expression of lipid A
modifications that are regulated in isolates from acute infection (blood, ear, eye,
and urinary tract) or environmental isolates. Previously, our laboratory has shown
that minimally passaged PA isolated from children with CF as young as 3 month of
age have unique lipid A structures as compared to laboratory-adapted strains, iso-
lates from patients with acute clinical infections (blood, ear, eye, urinary tract), or
bronchiectasis, a chronic non-CF airway infection (Ernst et al., 1999). MS analysis
of lipid A isolated from greater than 110 minimally-passaged clinical PA isolates,
grown under conditions in which laboratory-adapted PA strains do not modify their
lipid A (magnesium replete growth medium — 1 mM), demonstrated the addition
of palmitate (C16:0) (m/z 1685, Fig. 11.2b), resulting in hexa-acylated lipid A.
Interestingly, growth of PA acute infection, bronchiectasis, or laboratory-adapted
isolates in magnesium-limited medium (low magnesium — Fig. 11.2b) resulted
in the synthesis of lipid A species with palmitate, indicating that the enzymatic
pathways necessary for their synthesis are intact and inducible in these non-CF
clinical isolates.
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Fig. 11.2 Chemical structure of PA penta-, hexa, and hepta-acylated lipid A from (a and b) CF
isolates, (c¢) a subset of isolates from patients with severe CF pulmonary disease, and (d) acute
clinical infection or non-CF bronchiectasis isolates

More recent studies have shown that a novel hepta-acylated lipid A (m/z 1855,
Fig. 11.2¢) is present in a subset of clinical isolates from patients with severe CF
pulmonary disease. Formation of hepta-acylated lipid A results from loss of an enzy-
matic activity (PogL) that ordinarily deacylates the 3-position of the diglucosamine
backbone. Retention of this fatty acid at this position is associated with enhanced
resistance to -lactam antibiotics but not to aminoglycosides.
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These results indicated that clinical PA isolates from various infections display
marked heterogeneity with respect to the acylation state of their lipid A, reflecting
differences in selective pressure that these infections impose on PA lipid A synthesis
and structural modifications. Further study of the synthesis and regulation of lipid A
modifications that are associated with CF lung disease is needed to understand their
role in antibiotic resistance and other adaptations that are relevant to this specialized
niche.

11.2.5 Synthesis of Cystic Fibrosis-Specific Lipid A Modifications
in P. aeruginosa

Based on analyses of lipid A structures synthesized by various PA strains, the fol-
lowing biosynthetic scheme for the generation of CF-associated lipid A molecules
from lipid IV, is proposed (Fig. 11.3) (Ernst et al., 2003). Starting from PA
lipid IV (Fig. 11.3a), a lauryltransferase, HtrB2 catalyzes the acyl-oxy-acyl addi-
tion of a laurate group (C12:0) to the amide-linked 30OH-C12:0 at the 2’-position
(Fig. 11.3b). A second lauryltransferase, HtrB1, combined with the lipid A-specific
hydroxylase, LpxO, catalyzes the addition of a 2-hydroxylaurate group (20H-
C12:0) to the 30H-C12:0 at the 2-position (Fig. 11.3c) to generate the hexa-acylated
lipid A species, m/z 1617 (Fig. 11.3d). Both of these chromosomally-encoded lau-
ryltransferases are required for the synthesis of the hexa-acylated lipid A species
shown in Fig. 11.3d. Hydroxylation of the laurate group (C12:0) that is attached to
the amide-linked 30H-C12:0 at the 2’-position, resulting in lipid A species with two
2-hydroxylaurate groups, may also be observed.

A deacylase, Pagl, the gene for which has recently been identified (Trent et al.,
2001; Geurtsen et al., 2005), catalyzes the removal of 3-hydroxydecanoate (30H-
C10:0) at the 3-position of the hexa-acylated structure to generate the penta-acylated
lipid A species, m/z 1447 (Fig. 11.3e) that is often the predominant lipid A structure
in CF isolates. A palmitoyltransferase, PagP, can modify this penta-acylated species
through the acyl-oxy-acyl addition of palmitate (C16:0) at the 3’ position to generate
a second hexa-acylated species, m/z 1685 (Fig. 11.3f). Finally, a hepta-acylated lipid
A species, m/z 1855 (Fig. 11.3 g) is observed in a subset of PA isolates from patients
with severe CF pulmonary disease, presumably the result of loss of deacylase activ-
ity (PagL) in these isolates. The key steps in the synthesis of CF-specific lipid A
include the addition of 2-hydroxylaurate (20H-C12) and palmitate (C16:0), as well
as deacylation of the 3-position fatty acid, leading to the synthesis of hexa-acylated
lipid A species shown in Fig. 11.3d, f, and the penta-acylated lipid A species shown
in Fig. 11.3e, respectively.

These enzymatic activities include three acyltransferases (HtrB1, HtrB2, PagP)
and a deacylase (Pagl). Depending on the specific PA isolate background, these
activities can be classified as inducible (lipid A structures only observed under
specific growth conditions that induce modification in these isolates), constitu-
tive (lipid A structures always observed under any growth condition in these
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Fig. 11.3 Biosynthesis of P. aeruginosa lipid A in cystic fibrosis patient isolates. For all structures,
the mass/charge ratio of the singly charged lipid A species is indicated

isolates), or deficient (lipid A structures never observed under any growth condi-
tion in these isolates). In CF isolates, lipid A modifications that are constitutively
expressed are typically stable after repeated passage under non-inducing growth
conditions.

11.2.6 P. aeruginosa Lipid A Modifications Promote CAP
Resistance

PA has the genetic capacity to modify the structure of its lipid A as a mecha-
nism for resisting the effects of elements of host innate immunity, such as cationic
antimicrobial peptides (CAPs). PA accomplishes this in part through the addition of
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aminoarabinose to the terminal phosphates of its lipid A (Bhat et al., 1990; Ernst
et al., 1999; Moskowitz et al., 2004). PA possesses the two-component regulatory
system, PhoPQ (sensor-kinase, PhoQ and phosphorylated transcriptional activa-
tor, PhoP). PhoP regulates structural lipid A alterations (addition of palmitate and
aminoarabinose) essential for CAP resistance (Ernst et al., 1999; Macfarlane et al.,
1999; Macfarlane et al., 2000). The addition of aminoarabinose to PA lipid A is also
regulated by a second two-component regulatory system, PmrAB, that contributes
to resistance to polymyxins, a family of acylated cyclic CAMPs (McPhee et al.,
2003; Moskowitz et al., 2004; Pamp et al., 2008).

Both the PhoPQ and PmrAB systems regulate induction of the pmrH operon
(McPhee et al., 2003), which encodes enzymes necessary for the synthesis of
aminoarabinose as well as its transfer to the 1- and 4’-phosphate groups of lipid
A (Fig. 11.4). In PA laboratory-adapted strains, addition of aminoarabinose (Am/z
+131) to the penta- and hexa-acylated species (m/z 1447 or m/z 1685) can be
observed under appropriate inducing conditions, resulting in lipid A species of m/z
1578 or m/z 1816, respectively.

In polymyxin-resistant clinical isolates, in addition to constitutive aminoarabi-
nosylation, loss of the lipid A modifying enzyme LpxO, an oxygenase required
for the synthesis of 2-OH fatty acids (Gibbons et al., 2000) appears to contribute
to CAP resistance, as many such isolates exhibit relative or absolute deficiency
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Fig. 11.4 Biosynthesis of aminoarabinose-modified lipid A in P. aeruginosa
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of 2-hydroxylaurate (Moskowitz et al., 2000). Thus, addition of aminoarabinose
to a hexa-acylated species, m/z 1601, a penta-acylated species, m/z 1431, and
a hexa-acylated species, m/z 1669 (corresponding to loss of a hydroxyl group
from the structures shown in Fig. 11.3d—f, respectively), is commonly seen in
polymyxin-resistant clinical isolates.

Occasional polymyxin-resistant clinical isolates appear to have lost the second
lauryltransferase, HtrB1. Lipid A from these isolates does not contain either of
the corresponding hexa-acylated lipid A species, m/z 1601 or 1617 (Fig. 11.3d),
indicating the presence of only a single laurate (C12:0), presumably in acyl-oxy-
acyl linkage to the 2’-position 30H-C12:0. Rarely, polymyxin-resistant clinical
isolates may lose the deacylase, Pagl.. However, as compared to constitutive
aminoarabinosylation and deficient 2-hydroxylation of laurate, these additional
changes do not seem to be strongly associated with CAP resistance, as they
may also be observed in polymyxin-susceptible CF isolates. Interestingly, in
polymyxin-resistant clinical isolates that have lost HtrB1, deacylation of the penta-
acylated lipid A species shown in Fig. 11.3b (m/z 1419) can still occur, as
well as palmitoylation of both the resulting tetra-acylated species (m/z 1249)
and the preceding penta-acylated species, resulting in MS peaks at m/z 1487
and m/z 1657 respectively. This indicates that the later enzymatic steps in CF-
specific lipid A synthesis (Fig. 11.3) are not strictly dependent on the earlier
steps.

11.2.7 P. aeruginosa Lipid A Modifications Modulate Host
Inflammatory Responses

Persistent lung infections in CF cause the airways to produce a heightened proin-
flammatory response. Over time, this repetitive cycle progressively damages the
lungs. Lipid A is a major stimulator of inflammatory responses through a receptor
complex that includes TLR4, the GPI anchored protein CD14, and the secreted pro-
tein component MD-2 (Palsson-McDermott and O’Neill, 2004; Miller et al., 2005).
PA can synthesize a variety of lipid A structures and these structures have varying
inflammatory stimulatory properties in human and mouse cells through a specific
domain of TLR4 (Hajjar et al., 2002; Ernst et al., 2003). PA synthesizes a more
highly-acylated lipid A structure containing palmitate during adaptation to the cys-
tic fibrosis airway that stimulates increased NF-kB-mediated responses suggesting
that the acylation state may affect LPS-mediated responses (Ernst et al., 1999; Hajjar
et al., 2002; Ernst et al., 2003). The fact that this adaptation significantly increases
the inflammatory properties of the PA lipid A for humans leads to the hypothesis
that an initial lack of recognition of non-palmitoylated lipid A may promote colo-
nization in humans. Therefore, understanding the synthesis of lipid A that occurs
in CF clinical isolates should provide important information about the complex
host-bacterial interactions that take place within the lungs of CF patients infected
with PA.
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11.3 Conclusions

PA isolates from CF patients constitutively synthesize lipid A with diverse structural
modifications. The synthesis of these structures may make a critical contribution to
the pathogenesis of CF lung disease. PA with unique lipid A could contribute to
CF lung disease in two ways: by increasing host inflammatory responses, and by
increasing bacterial resistance to antibiotics or to elements of host innate immunity
such as CAPs. Future investigation of the relevance and regulation of these lipid A
structural modifications to CF pulmonary disease will require the construction and
testing of PA mutant strains unable to synthesize specific lipid A structures. The
components of the bacterial machinery responsible for lipid A structural modifica-
tions represent potential drug targets that may enable the development of specific
therapies to reduce inflammation and render PA more susceptible to host cell
killing.
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Chapter 12
Development of Small-Molecule Endotoxin
Sequestering Agents

Sunil A. David and Diptesh Sil

Abstract Sepsis, otherwise referred to as “blood poisoning” is a serious clinical
problem, the incidence of which continues to rise in the US and worldwide despite
advances in antimicrobial chemotherapy. The primary trigger in Gram-negative sep-
sis is endotoxin, a lipopolysaccharide (LPS) constituent of the outer membrane
of all Gram-negative bacteria. The structurally highly conserved glycolipid called
lipid A is the active moiety of LPS. Lipid A is composed of a hydrophilic, bis-
phosphorylated di-glucosamine backbone, and a hydrophobic polyacyl domain. The
bis-anionic, amphiphilic nature of lipid A enables it to interact with a variety of
cationic hydrophobic ligands, including polymyxin B, a toxic peptide antibiotic
which binds to lipid A and neutralizes endotoxicity. Having determined the struc-
tural basis of the interaction of polymyxin B with lipid A, our long-term goal has
been to rationally design non-peptidic, nontoxic, small-molecule LPS-sequestrants.
Our efforts began with defining the central pharmacophore that determined LPS-
recognition and -neutralization properties in small molecules, which led to the
discovery of a novel lipopolyamine lead, DS-96. DS-96 is an effective LPS-
neutralizer, rivaling polymyxin B in a panel of vitro assays, as well as in protecting
animals against endotoxicosis. Structure-activity relationships in our effort to ratio-
nally design endotoxin sequestering agents, preclinical assessment of hits and leads,
and approaches to overcoming issues with toxicity are described in this chapter.
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Abbreviations

AUC area under curve

hERG human Ether-a-go-go related Gene
IL-1B interleukin-18

IL-6 interleukin-6

LBP LPS-binding acute-phase plasma protein
LPS lipopolysaccharide

Mdé macrophages

NOE nuclear Overhauser effect

NF-«B nuclear factor kB

P38 MAPK mitogen-activated kinase p38

PK/PD pharmacokinetics/pharmacodynamics
PMB polymyxin B

TNF-a tumor necrosis factor o

12.1 Introduction

Sepsis, or “blood poisoning” in lay terminology, is a common and serious clini-
cal problem. While fewer than 100 cases were reported prior to 1920 (Felty and
Keefer, 1924), it is now the thirteenth leading cause of overall mortality (Gelfand
and Shapiro, 1993) and the number one cause of deaths in the intensive care
unit (Gasche et al., 1995) accounting for some 200,000 fatalities in the US annu-
ally (1990). While the incidence continues to rise in the US (Martin et al., 2003)
(Fig. 12.1) and worldwide (Moss and Martin, 2004) due to increased invasive pro-
cedures, immunosuppression and cytotoxic chemotherapy, mortality has essentially
remained unchanged at about 45% (Cross and Opal, 1994) despite tremendous
strides in antimicrobial chemotherapy, due to the lack of specific therapy aimed
at the pathophysiology of sepsis.
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12.2 Endotoxin, the Trigger in Gram-Negative Sepsis

The primary trigger in the Gram-negative septic shock syndrome is endotoxin, a
constituent of the outer membrane of Gram-negative bacteria. Endotoxins consist
of a polysaccharide portion and a lipid called lipid A, and are therefore also called
lipopolysaccharides (LPS) (Fig. 12.2). The polysaccharide portion consists of an
O-antigen-specific polymer of repeating oligosaccharide units, the composition of
which is highly varied among Gram-negative bacteria. A relatively well-conserved
core hetero-oligosaccharide covalently bridges the O-antigen-specific chain with
lipid A (Rietschel et al., 1994). Total synthesis of the structurally highly conserved
lipid A has been shown to be the active moiety of LPS (Rietschel et al., 1987).

12.2.1 Host Responses to Endotoxin

Whereas LPS itself is chemically inert, the presence of LPS in blood (endotox-
emia), often a consequence of antibiotic therapy of preexisting bacterial infections,
sets off a cascade of exaggerated host responses, which, under normal, homeo-
static conditions, serve to orchestrate innate immune defenses. It is the uncontrolled,
overwhelming, and precipitous systemic inflammatory response that ultimately
manifests clinically in the frequently fatal shock syndrome characterized by

Polysaccharide domain
POLYSACCHARIDE disordered in crystal

CORE OLIGO-
SACCHARIDE

LIPID A

Fig. 12.2 Schematic (left), and crystal structure (right) of lipopolysaccharide (LPS). Atoms are
shown colored in standard CPK scheme
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Fig. 12.3 Schematic representation of immune activation by LPS

endothelial damage, coagulopathy, loss of vascular tone, myocardial dysfunction,
tissue hypoperfusion, and multiple-system organ failure (Balk and Bone, 1989;
Bone et al., 1992; Bone, 1993). LPS activates almost every component of the cellu-
lar and humoral (plasma protein) limbs of the immune system (Fig. 12.3), resulting
in the production of a plethora of proinflammatory mediators, important among
which are the cytokines tumor necrosis factor(TNF-a), interleukin 18 (IL-1), and IL-
6, secreted mainly by monocytes and macrophages (M¢) (Dinarello, 1991, 1996).
These cytokines and other mediators act in concert, amplifying the resultant gener-
alized inflammatory processes. Endotoxemia and its sequelae may arise even in the
absence of Gram-negative bacterial infections, conditions such as trauma (Saadia
et al., 1990), burns (Jones II et al., 1991), and splanchnic ischemia during cardiac
surgery (Rocke et al., 1987) increased intestinal permeability, resulting in the spill-
over into the portal circulation of LPS from the colon which is abundantly colonized
by Gram-negative bacteria.

Our understanding of basic mechanisms underlying the cellular response to
LPS has increased vastly in recent years. Important research contributions include
LPS delivery to the cell surface via an LPS-binding acute-phase plasma protein
(LBP) (Betz Corradin et al., 1992; Fenton and Golenbock, 1998; Gallay et al.,
1994; Poltorak et al., 1998; Wahl et al., 1979), subsequent recognition by CD14
(Arditi et al., 1993; Astiz et al., 1996; Wright et al., 1990; Wright, 1995), initia-
tion of signal transduction by toll-like receptor-4, (Baker et al., 1992; Kaisho and
Akira, 2006; Kawai and Akira, 2007; Uematsu and Akira, 2006), and downstream
cellular activation events mediated by mitogen-activated kinase p38 and c-Jun N-
terminal kinase, leading to nuclear translocation of NF-kB (Bohuslav et al., 1998;
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Geppert et al., 1994; Han et al., 1994; Haruhiko et al., 1988; Kawasaki et al., 1994;
Unger et al., 1984), resulting in cytokine mRNA transcription. These advances will
likely offer novel therapeutic possibilities in the future. However, after more than
two decades of intensive effort at evaluating more than 30 investigational com-
pounds, specific therapeutic options for sepsis have remained elusive. In November
2001, the FDA approved drotrecogin alfa (Xigris™, recombinant human activated
protein C), an anticoagulant that ameliorates disseminated intravascular coagula-
tion. In a landmark clinical trial, drotrecogin alfa was found to lower the absolute
mortality rate to 24.7% from 30.8% in the placebo group (Bernard et al., 2001). A
recent, large, multi-center clinical trial concluded that “the absence of a beneficial
treatment effect, coupled with an increased incidence of serious bleeding com-
plications, indicates that drotrecogin alfa-activated should not be used in patients
with severe sepsis...” (Abraham et al., 2005). The economic impact and cost-
effectiveness of Xigris™ is also of concern, with the cost of treating patients
with an APACHE I score of 24 or less (severe sepsis) being $575,054 per life-
year gained (Manns et al., 2002). Clinical trials of recent years aimed at blocking
various proinflammatory mediators including TNF-a, IL-1p, platelet-activating fac-
tor, and prostaglandins produced by the activated cellular components (Fig. 12.2)
have all been disappointing (Zeni et al., 1997) (Fig. 12.4), suggesting that targeting
downstream cellular inflammatory processes once immune activation has already
progressed is unlikely to be of benefit.
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12.2.2 Complexation of LPS by Macromolecules: A Failed
Therapeutic Strategy?

As mentioned earlier, the polysaccharide portion of LPS is highly variable and
serologically distinct for each strain of the same species of Gram-negative organ-
isms. Although anti-O-polysaccharide antibodies afford protection in experimental
models where animals are challenged with homologous bacteria (Kim et al., 1988;
Siegel, 1995), these are not likely to be of significant clinical value since sep-
sis runs an acute course before the pathogen is identified and appropriate specific
immunotherapy is instituted. The biologically active part of LPS, lipid A, as well
as the core oligosaccharide portion are structurally highly conserved across Gram-
negative genera, and thus are attractive targets for sequestration, and elimination of
circulating LPS would, in principle, prevent the activation of inflammatory cascades
(Wortel et al., 1991; Ziegler et al., 1982; Ziegler, 1988; Ziegler and Smith, 1992).
Experimental studies as early as 1968 suggested that antibodies directed toward epi-
topes in the core region of LPS may be broadly cross-protective against a range of
Gram-negative organisms (Chedid et al., 1968). However, neither human (HA-1A)
(Ziegler et al., 1991) nor murine (ES) (Bone et al., 1995) anti-lipid A monoclonal
antibodies afforded significant protection in large, multiple, placebo-controlled clin-
ical trials (Cross and Opal, 1994). In the wake of these failures, the subject of several
editorials, it became apparent that these monoclonal antibodies had been expedited
through clinical trials without rigorous preclinical evaluation. Both HA-1A and ES
exhibited low intrinsic binding affinities to LPS (Warren et al., 1993) (<104M‘1),
neutralized LPS poorly (Baumgartner et al., 1990), bound promiscuously to a wide
range of hydrophobic ligands such as lipoproteins and cardiolipin (Helmerhorst
et al., 1998), as well as to a variety of human B cell and erythrocyte proteins
(Bhart et al., 1993; Helmerhorst et al., 1998), and proved to be toxic in a canine
model of septic shock (Quezado et al., 1993). Although efforts at developing core
region-directed antibodies continued (Di Padova et al., 1993; Le Roy et al., 1999),
disappointing results obtained subsequently could point to intrinsic problems with
lipid antigens: poor immunogenicity, inaccessibility of neutralizing epitopes, the
generation of nonspecific cross-reactive antibodies against irrelevant hydrophobic
epitopes (Vaarala et al., 1988), and potential problems with the antibody molecule
itself: predominant intravascular compartmentalization, and possible tissue damage
induced by activation of complement.

12.2.3 The Paradigm of Non-Immunologic Sequestration of LPS
by Small Molecules: A More Accessible Strategy?

The structurally invariant and biologically active center of LPS, lipid A, is a log-
ical therapeutic target for neutralization. Lipid A is composed of a hydrophilic,
negatively charged bis-phosphorylated di-glucosamine backbone, and a hydropho-
bic domain of 6 (E. coli) or 7 (Salmonella) acyl chains (Galanos and Liideritz,
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Fig. 12.5 Structure of
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1984) (Fig. 12.5). The anionic amphiphilic nature of lipid A enables it to inter-
act with a variety of cationic hydrophobic ligands (Peterson et al., 1985; Rocque
et al., 1988; Vaara and Vaara, 1983). Polymyxin B (PMB), a cationic amphiphilic
cyclic decapeptide antibiotic isolated from Bacillus polymyxa (Storm and Rosenthal,
1977), has long been recognized to bind lipid A (Morrison and Jacobs, 1976),
and neutralize its toxicity in animal models of endotoxemia (Durando et al., 1994;
Stokes et al., 1989; Yao et al., 1995). Although PMB is a commonly-used topical
antibiotic, it is potently nephro- and oto-toxic, which, while precluding its utility as
an LPS-neutralizer in patients with sepsis, has stimulated the search for nontoxic
PMB analogs (Porro et al., 1998; Rustici et al., 1993), PMB derivatives (Vaara,
1983; Viljanen et al., 1991), as well as other structurally diverse cationic amphiphilic
peptides (Iwagaki et al., 2000; Jerala and Porro, 2004; Porro, 1994; Rustici et al.,
1993; Scott et al., 2000) as candidate LPS-binding agents. Notably, a hemoperfusion
cartridge based on polymyxin B covalently immobilized via one of its NH, groups
to a polystyrene based fiber became available in Japan in late 2000 for clinical use
(“Toraymyxin”, Toray Industries Inc., Tokyo) (Nakamura et al., 1999, 2002, 2003).
Whilst the utility of Toraymyxin provides a clinically validated proof-of-principle
for the value of sequestering circulating LPS, opportunities for extracorporeal
hemoperfusion are rare. The typical patient is often profoundly hypotensive with
circulatory failure, refractory even to maximal vasopressor regimens, underlining
the need to develop alternate strategies for LPS sequestration.

Our long-term goal has been to utilize the structural information in the LPS-
PMB complex to rationally design non-peptide, small-molecule LPS-sequestrants.
We have elected to focus on targeting the lipid A moiety of LPS rather than on
downstream inflammatory processes which have all met with failure (Quezado et al.,
1995; Zeni et al., 1997). We first elucidated the solution structure of PMB, both
in its free, aqueous, as well as LPS-bound states (Fig. 12.6) (Bhattacharjya et al.,
1997). We initially evaluated peptides, both naturally occurring (Bhattacharjya et al.,
1997; David et al., 1992, 1993), and de novo synthesized (Bhattacharjya et al.,
1997; David, 2001), testing specific hypotheses pertaining to structural correlates
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Fig. 12.6 A transfer-NOE derived space-fill model of the polymyxin B (PMB) -lipid A complex.
Bidendate ionic H-bonds between pairs of the y-amino groups of Dab residues of PMB and the
phosphates of lipid A, as well as hydrophobic interactions between the methyloctanoate group of
PMB and the polyacyl domain of lipid A stabilize the interactions

of lipid A binding, and later extended those design principles to small molecules
(David et al., 1994, 1995b). This approach firstly led to the definition of a crucial
pharmacophore that determined LPS-recognition and —neutralization properties in
small molecules (David et al., 1994, 1995b), and, subsequently, to the discovery
of a novel lipopolyamine lead which was shown to be an effective LPS-neutralizer
(David et al., 1999).

12.3 Lipopolyamines as Endotoxin Sequestrants

Our desire in evaluating lipopolyamines as potential endotoxin sequestering
molecules was based on two simple heuristics which had been experimentally tested
and validated:

Heuristic 1: An optimal distance of ~14 A is necessary between protonatable
functions in bis-cationic molecules for simultaneous ionic interactions with the gly-
cosidic phosphates on lipid A, it is the bis-cationic scaffold that is the principal
determinant of binding affinity (Fig. 12.7) (David et al., 1994, 1995b).

Heuristic 2: Binding is necessary, but not sufficient for activity, and an additional,
appropriately positioned hydrophobic group is obligatory for the interaction to man-
ifest in neutralization of endotoxicity (Blagbrough et al., 2000; David et al., 2002).

For the sake of brevity, salient aspects of key structure-activity relationships
in one homologous series of twelve mono- and bis-acyl homologated spermine
analogues (Fig. 12.8) will be first discussed (Miller et al., 2005). We addressed
two questions in this study: (i) what is the optimal hydrophobic chain length for
effective anti-endotoxic activity, (ii) are symmetrical bis-acyl spermines more effec-
tive than mono-acyl compounds? We found that a carbon number of 14-16 is
optimal in mono-acyl spermines (Fig. 12.9) which are, in general, as potent as
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Fig. 12.8 Structures of mono- and bis-acyl polyamine analogs

their bis-homologs and, in addition, show less surface activity (lower nonspecific
cytotoxicity) and possess physical properties that are better suited for parenteral
administration. In comparing the NO and TNF-a inhibition profiles with the LPS-
binding affinities for this congeneric series, with the exception of 4a, all of the other
mono-acyl compounds bind LPS with EDs( values between ~1-2 uM, while only
the longer acyl chain compounds (4d—f) are biologically active (Fig. 12.10). This
result emphasizes the necessity of employing a biological primary screen in tandem
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with the displacement assay in order to derive reliable structure-activity relation-
ships in LPS-sequestering compounds. The apparent inverse correlation between
EDsq and neutralization potency for the bis-acyl 8 series was simply a consequence
of the poor solubility of the 8 homologs. Free aqueous concentrations of 8 are
progressively retarded with increasing chain length, diminishing binding and, con-
sequently, neutralization (Fig. 12.10). We characterized the protective effects of 4e
(the most potent compound in the human TNF-a inhibition assay), 8a, (most active
in inhibiting NO release in J774A.1 cells), and 8c, which was of lower potency
than either 4e or 8a in both assays (for comparison). A supralethal dose (twice the
dose causing 100% lethality) of 200 ng/mouse was administered intraperitoneally
(i.p.) and separate i.p. injections of graded doses of compound, and lethality was
observed at 24 h. The highly soluble 4e was dissolved in saline. The poor solubil-
ity of 8a and 8c necessitated the administration in 50% DMSO. As is evident from
Fig. 12.11, a clear dose-response is observed, with 4e affording complete (statisti-
cally significant) protection at the 100 or 200 pLg/mouse dose, and partial protection
at the 50 pg dose. Both the bis-compounds are inferior to 4e, underlining the impor-
tance of favorable physical properties enabling adequate plasma concentrations of
free drug to effectively sequester LPS.
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Compounds such as 4e bind HSA with a Kp (determined by isothermal titration
calorimetry) of 1.98 uM, and a ligand:protein stoichiometry of 5:1 (Fig. 12.12).
The binding sites on HSA were determined to be the multiple fatty acid binding
pockets (Curry et al., 1998) because of specific displacement of dansylsarco-
sine and cis-parinaric acid, but not warfarin by the lipopolyamines (Nguyen
et al., 2008). The consequence of the interaction is a complete abrogation of the
surface-activity (and hemolytic activity) of these cationic amphipathic compounds
(Balakrishna et al., 2006; Miller et al., 2005) (Fig. 12.12). Gratifyingly, the com-
plexation of the lipopolyamines with HSA results in no change in potency in a
variety of in vitro assays (Fig. 12.12) as well as in the murine model of endo-
toxic shock, implying that either the Ko rate of the lipopolyamine:HSA complex
is very rapid, or that compounds such as 4e bind to and sequester LPS as a
ternary complex with albumin, as has been observed in the case of polymyxin B
(David et al., 1995a, David, 1999). These fortuitous observations have led to
a formulation compatible with systemic administration of lipopolyamines. We
now routinely solubilize newer analogs in isotonic saline containing physiologi-
cal concentrations of albumin. Dose-response profiles are identical to that obtained
with DMSO solutions with the advantage that repeated intravenous or intraperi-
toneal injections result in no observable thrombophlebitis or sterile peritonitis in
mice.

In addition, significant intrinsic antibacterial activity against representative
Gram-positive and -negative bacteria (E. coli ATCC 9637 and S. aureus ATCC
13709) were observed for the lipopolyamines (Balakrishna et al., 2006). Particularly
noteworthy was the observation that some of these compounds sensitized Gram-
negative bacteria to otherwise impermeable antimicrobials such as rifampin by
almost 4000-fold, by perturbing the structural integrity of both outer and inner
membranes (Balakrishna et al., 2006). Our primary interest in examining these
compounds lay not so much in evaluating their intrinsic antimicrobial properties,
but rather in understanding the mechanisms and structure-activity relationships
underlying their putative membrane permeabilizing action, and in exploring the
possibility of employing such compounds as adjuncts to conventional antimicrobial
chemotherapy for purposes of sequestering endotoxin released as a consequence
of Gram-negative bacterial lysis. The necessity of having to use potent, rapid-
acting, bactericidal antibiotics in the therapy of serious systemic Gram-negative
infections on the one hand, and the problem of antibiotic-induced endotoxin
release (see Fig. 12.3) being a major contribution to the resultant mortality has
long been recognized as a therapeutic paradox (Bucklin et al., 1994; Crosby
et al., 1994; Hurley, 1992; Hurley, 1995). A compound that synergizes with
conventional antibiotics, and sequesters LPS released into systemic circulation
as a consequence of microbicidal action would therefore be of potential value
(Jackson et al., 1994; Prins et al., 1994, 1995) in the prophylaxis of Gram-negative
sepsis.
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Fig. 12.12 Top: Interaction
of 4e with human serum
albumin as probed by
isothermal titration
calorimetry, a single-site
model yielded a
stoichiometry of 5:1 of

4e:HSA with a kp of ~2 uM.

Middle: Inhibition of
hemolysis of 4e by HSA.
Bottom: Identical potency of
NO inhibition of 4e
solubilized in DMSO or in
HSA
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12.3.1 Further SAR Lessons Learned En Route to DS-96,
an N-Alkylhomospermine Lipopolyamine

Having determined that a non-symmetric, mono-substituted analogue with a
hydrophobic appendage of carbon length 16 (4e) was optimal, we evaluated ana-
logues of 4e with the Cj¢ moiety linked to the homospermine backbone via ureido
and carbamate functionalities, hypothesizing that these compounds would provide
for a more favorable pharmacodynamic profile on account of the attenuated labil-
ity of these linkages to hydrolytic cleavage in vivo. This proved not to be fruitful
for two reasons: (i) these compounds exhibited lower solubility, and significantly
higher in vitro cytotoxic index as assessed by the XTT assay, (ii) furthermore, an
improved t1/2 seemed superfluous since time-course experiments in mice suggested

an excellent pharmacodynamic profile for 4e, with significant protection occurring
even when the compound was administered up to 6 h prior to lethal LPS challenge
(Miller et al., 2005).

We next tested the role of the H-bond donor atoms (-NH-) on the polyamine
scaffold. Analogues with polypropylene glycol-type scaffolds [NH;-(CH»)3-
0-(CH3)3-0-(CH»)3-O-(CH;)3-NH-Alkyl group] were evaluated. These were
amongst the worst compounds we have ever encountered, being scarcely soluble,
and exhibiting low binding affinities and negligible LPS-neutralizing properties
(unpublished data). Although initially disappointing, these results unambigu-
ously pointed to the importance of preserving H-bond donor groups on the
scaffold, a heuristic that was reinforced when we evaluated DS-96 (discussed
below).

Several iterative design-and-test cycles of SAR studies ultimately helped con-
verge and focus our efforts on evaluating compounds with Cg-N-alkyl polyamine
motifs. In our initial studies, in a two-step conventional reductive amination
sequence, the amine 1 was condensed with hexadecanal (1.1 eq.), followed by sub-
sequent treatment of the intermediate imine with sodium borohydride. Surprisingly,
the major product isolated from the above reaction was found to be the N-alkenyl
substituted amine 2 (Fig. 12.13), the formation of which probably involves isomer-
ization of the initially formed imine to the corresponding enamine, followed by
condensation of the enamine with a second molecule of the aldehyde and subsequent
dehydration. This could be prevented by performing the reductive alkylation in the
presence of sodium cyanoborohydride in an acidic medium, leading to the desired
N-alkyl lipopolyamine § in good yield. Preliminary evaluation of AK-1a proved
superior to that of 4e. This led to a detailed exploration of compounds shown in
Fig. 12.14. Dose-response profiles indicated a clear segregation of activity based on
structural class. As expected, the inhibitory potencies of bis-substituted compounds
were worse than mono-substituted analogues. Importantly, this SAR led to the iden-
tification of DS-96 (AK-5a in Fig. 12.14), a C;¢-N-alkyl-homospermine compound
as an exciting lead with an ICsg value of 37 nM, which is indistinguishable from
that of polymyxin B, the “gold standard” for LPS sequestrants, within experimental
error (Fig. 12.14).
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Physical properties such as solubility and bioavailability alone could not ade-
quately explain why mono-alkyl compounds such as DS-96 proved to be vastly bet-
ter than, for instance, AK-6b, for both compounds could be adequately solubilized
as complexes with albumin. In an effort to understand the structural basis for the
observed SAR results, computational modeling and docking studies were under-
taken, using the crystal structure of LPS (Ferguson et al., 1998). These results have
been most instructive in that they not only predict both how a terminal free amine as
well as the -NH- (H-bond donor, but not -acceptor, see SAR discussion) functional-
ities on the scaffold dictate the binding geometry of DS-96 to LPS, but also provide
a rational design strategy for developing second-generation leads. Modeling stud-
ies indicate that the binding enthalpy is driven by strong salt-bridges between the
free terminal primary amine, and additional ionic H-bonds between the intervening
secondary amines and the carboxylates of the 3-deoxy-D-manno-octulosonic acid
(KDO) serve to anchor the linear scaffold in the cleft between the lipid A glycosidic
backbone and the inner core region of LPS (Fig. 12.15).

DS-96 is the most active compound identified by us to date. The compound
behaves in every in vitro and in vivo assay, at least equivalent to, if not better than,
polymyxin B (Sil et al., 2007). Both DS-96 and PMB bind LPS with equal affinity
(Sil et al., 2007), and inhibit LPS-induced NF-«kB transactivation with an ICsq of
~30 nM (Fig. 12.16a). DS-96 was also found to be active against LPS isolated from
a broad range of Gram-negative bacteria (Fig. 12.16¢). That the mechanism of action
of DS-96 is that of a true LPS-sequestrant was confirmed not only by its specificity
toward LPS in that non-LPS stimuli such as TNF-a, PMA and Tlr-2 agonists such

Core Glycolipid
B

Fig. 12.15 Model of the
interaction of DS-96 (in
green) with LPS. Note
bidentate ionic H-bonds
(salt-bridges, interrupted
lines) between the amines and
the phosphate groups on lipid
A (sticks), and additional
salt-bridges between the
internal secondary amines
and the carboxylates of the
KDO residues of LPS
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Fig. 12.16 (a) Inhibition of LPS-induced (but not TNF-a—induced) NF-kB induction by DS-96
and PMB with identical ICsg values of 31 nM, showing specificity for LPS and equipotency with
PMB. (b) Schild-plot analyses showing a linear relationship between ICsy values in the NF-kB
assay and the concentration of LPS used as stimulus (law of mass action effects confirm mechanism
of action of DS-96 as an LPS sequestrant). (¢) DS-96 neutralizes LPS isolated from a broad range
of Gram-negative organisms
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as PAM,CSK4 are unaffected, but also by Schild-plot analyses which show that the
compound conforms to expected law of mass action behavior (Fig. 12.16b).

12.3.2 Activity of DS-96 in Human Blood

It was important to verify that the compound was active in ex vivo models of
innate immune activation and inflammation using whole human blood. The inhibi-
tion of LPS-induced p38 MAPK phosphorylation (Han et al., 1994) in neutrophils,
an early event in cellular signaling initiated upon recognition of LPS by its receptor,
Tlr-4, is clearly evident, the ICsq values for PMB and DS-96 being very similar (~4
nM). The profiles for inhibiting CD11b upregulation in neutrophils are also very
similar. Both compounds inhibit proinflammatory cytokine production in human
blood, with DS-96 being more potent than PMB (Fig. 12.17).

12.3.3 In Vivo Potency, Pharmacodynamics and Pharmacokinetics
of DS-96

In the murine model of septic shock, DS-96 afforded significantly better protec-
tion than PMB at 4 mg/kg (p<0.01, Ch-square test (see manuscript)) (Fig. 12.18a).
We confirmed that the protection afforded by DS-96 was attributable to attenu-
ated LPS-induced cytokine production. DS-96 was without any effect on lethality
induced by 100 ng/animal of recombinant murine TNF-a. Furthermore, an in vivo
Schild-type profile was observed with multiples of LDjog doses of LPS requiring
escalating doses of DS-96 for protection which clearly show the specificity of the
compound as an LPS-sequestrant (Fig. 12.18b). In time-course experiments, DS-
96 was maximally effective when administered concurrent to, or up to 4 h prior
to LPS administration, partial protection persisted even up to 8 h prior to LPS
challenge implying a favorable half-life (Fig. 12.19). This has been confirmed by
pharmacokinetic (PK) experiments (see below).

12.3.4 Toxicity of DS-96

It is to be noted that the pharmacodynamics (PD) data (Fig. 12.19) clearly indi-
cate that if DS-96 is to ever to find utility in the clinic as a LPS-sequestrant, it will
have to be administered prior to the onset of sepsis, as a prophylactic, before the
onslaught of the innate immune response. It is mandatory for a prophylactic regi-
men to have a very wide margin of safety and, consequently, we have paid particular
attention to eliciting any potential toxicity ascribable to DS-96. Daily i.p. adminis-
tration to rats at doses of 0, 5, and 10 mg/kg (free base equivalent) of DS-96 (either
as TFA or HCI salt; the 10 mg/kg free base dose represents 10X 100% protective
dose in mice on a body weight basis) for five days resulted in a dose-dependent
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Fig. 12.17 Inhibition of phosphorylation of p38 MAP kinase in neutrophils (a, flow cytometry)
and cytokine production (c—e, flow-cytometric bead array) in whole human blood stimulated with
100 ng/mL LPS, with either DS-96 or PMB (b) Forward scatter/side scatter profile and the gating
for p38 MAPK-negative and positive gates obtained on unstimulated (negative control) and LPS-
stimulated (positive control) cells, respectively

decrease in hematocrit, RBC counts, hemoglobin content, accompanied by a marked
degree of compensatory reticulocytosis. These changes were especially marked
at 10 mg/kg dose (Fig. 12.20), and are indicative of significant intravascular hemol-
ysis. Although we do not observe measurable hemolysis in human blood ex vivo
at up to 50 uM concentrations of DS-96, we did observe pronounced changes
in erythrocytic morphology with the appearance of crenellations and membrane
blebbing at 10 uM (Fig. 12.21).
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Fig. 12.19 Time-course (pharmacodynamics) of protection conferred by 4 mg/kg of DS-96
administered to cohorts of 5 mice each at various times prior to (12, -8, -4 h), concurrent with
(0 h), and following (+2, +4 h) supralethal (200 ng/mouse; 2 X LD oo dose) LPS challenge!'?

Gratifyingly, no changes in absolute or differential WBC counts or thrombocy-
topenia (indices of myelosupression), alterations in bleeding and clotting times, or
derangements in bilirubin, hepatic transaminases, blood urea nitrogen/creatinine,
or serum electrolytes were noted. Some polyamine derivatives have been shown
to cause derangement of polyamine metabolism as a consequence of polyamine
oxidase inhibition (Wallace and Fraser, 2004), and we were therefore keen to exam-
ine the effects of subacute high-dose treatment with DS-96. No differences in



12 Development of Small-Molecule Endotoxin Sequestering Agents 275

10 - 14 -
50 =
= i € 124
o —_
- ] —_ O 104
el 3 £ &
£ c £404 7 s
3 = = 8 -
§7 g g £
° o 10 1 © P
5, o £ 9 6
g 6- € I y
£ T 2 4]
s ] 30 2
u 5
l 5 c o
4 | —=—Male
—e—Female
T T T T T T T T T 0 T T T
3 3 3 3
(\\\0 Q\\(Q <§;‘Q {\\@ &‘9 q\*g ({60 Q\‘g Q’\\(Q 6\\0 Q’\*Q <§{9
& & & & & & & & & & & &
Q Q Q Q Q Q
L REANY o7 O o7\ EEANY

Fig. 12.20 Consequences of intravascular hemolysis in rats receiving graded doses of DS-96 i.p.
daily for five days

Fig. 12.21 Effect of DS-96-rhodamine conjugate on human erythrocytes at 10 wM: Fluorescence
(left) and phase-contrast (right) micrographs

polyamine levels (putrescine, spermidine, spermine, N!-acetylspermidine, HPLC
detection after derivatization with fluorescamine (Udenfriend et al., 1972) between
control mice and those that received 10 mg/kg per day DS-96 for five days were
noted.

A more detailed pharmacoprofiling of DS-96, which included a CEREP™ pro-
file for off-target receptor binding (radioligand displacement assays), abbreviated
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Ames screen (5, 10, 50, and 100 pM) for mutagenicity, (Maron and Ames, 1983)
and hERG channel inhibition at a single concentration (1 M) for torsadogenic/Q-T
prolongation activity. (Zhou et al., 1998a, b) In summary, the CEREP screen indi-
cated binding to several amine transporters which is not surprising in light of the
polyamine nature of DS-96. The compound was non-mutagenic in His-reverted S.
typhimurium strain T98 with or without S9 rat microsomes. A 24% tail-current
inhibition (classified as low to moderate inhibition) was observed in the hERG
whole cell patch-clamp experiments at 1 M of DS-96, a value that is compara-
ble to that of propranolol and carvedilol (Kawakami et al., 2006), commonly-used
nonselective B-adrenergic blockers. Mention may be made that polyamines, ubiqui-
tous constituents of all mammalian tissues, are well known to modulate the inward
rectifying K* channels (Kurata et al., 2006; Loussouarn et al., 2005; Williams,
1997a, b). It is possible, even likely, therefore, that spermine itself, present in plasma
in millimolar concentrations (Antrup and Seiler, 1980; Seiler and Knodgen, 1978),
may exert effects on the hERG channel. These data collectively indicate that the
toxicity of the cationic, amphipathic DS-96 is primarily due to its surface-active
properties.

12.3.5 Pharmacokinetics of DS-96 and Further Developments

We had sought to address two questions: (a) what is the elimination half-life of
DS-96 in the murine model, and does the t%, correspond to pharmacodynamic data
shown in Fig. 12.19; (b) what is the therapeutic plasma concentration of DS-96 that
corresponds to full protection against endotoxemic challenge in mice. DS-96 at a
dose of 200 pg/mouse (8 mg/kg) was administered to CF1 mice via i.p. and i.v.
routes. Plasma concentrations of DS-96 were determined by LC-MS/MS using a
deuterated DS-96 internal standard (Nguyen et al., 2008; Shrestha et al., 2008).
The elimination tY% in mice is about 400 min (Fig. 12.22), which is consistent
with the observed pharmacodynamic (in vivo efficacy) data shown in Fig. 12.19.
The observed concentration-versus-time profile of DS-96 in the mouse i.p. model
suggests that a plasma concentration of 0.5-1.5 pg/mL corresponds to complete
protection by a dose of 200 ng/animal of LPS in the D-galactosamine-primed model
of endotoxin-induced lethality.

We observed that DS-96 was absorbed unexpectedly rapidly from the
intraperitoneal cavity, giving rise to surprisingly high plasma levels of the
compound. Extrapolation of the expected Cpax values at 10X the therapeutic dose
(i-e., 40 mg/kg) yields a peak plasma concentration of ~10 pg/mL. Surmising that
it was the high peak plasma DS-96 levels that was causing intravascular hemolysis,
and not the cumulative exposure (AUC(.,), we tested this hypothesis by repeated
(every hour, for ten hours) i.p. administration of 4 mg/kg of DS-96, and found no
evidence of toxicity. Next, we administered a pertrifluoroacetamide derivative (pro-
drug) of DS-96 (Fig. 12.23), also at 40 mg/kg, with the rationale being that the
trifluoroacetyl group would be cleaved by plasma amidases gradually, thereby blunt-
ing the Cpax values of DS-96, but leaving the overall exposure to the drug unaltered.
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Fig. 12.22 Plasma concentrations in mice with a single i.v. (left) and i.p. dosing (right) of DS-96
at 4 mg/kg (100% protective dose against lethal endotoxemia). PK parameters are shown tabulated.
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Again, we found no evidence of acute toxicity. These data collectively indicate that
the toxicity of DS-96 is a manifestation of its peak plasma concentrations, and sug-
gest that a suitable prodrug of DS-96 may greatly widen the therapeutic index and
margin of safety.

12.4 Conclusions and Future Prospects

Although sepsis does not have the impact upon the consciousness of the lay pub-
lic that diseases like cancer and AIDS do, it is a very common and serious clinical
problem of global public health importance, as morbidity and mortality statistics
clearly indicate. Unfortunately, the failure of the clinical trials on anti-LPS mono-
clonal antibodies in the early 90’s and its consequences on the morale and initiative
of the then-developing biotechnology industry has done little to sustain and fortify
efforts to seek viable alternatives. As has become evident from very recent meta-
analyses of Xigris, efficacious and affordable anti-sepsis strategies are in dire need.
Over the course of the last several years, we have characterized the structural and
mechanistic basis of the molecular recognition of endotoxin and shown that small-
molecule mimics of polymyxin B may offer a feasible alternative as exemplified by
the activity profile of DS-96. However, toxicity issues remain to be addressed. Our
studies thus far point to peak plasma concentrations as playing a key role in acute
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toxicity observed at multiples of therapeutic doses. This hypothesis is being tested
by controlling the rate of systemic exposure to the lipopolyamine using a prodrug
approach.
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Chapter 13
Development of an Anti-Endotoxin Vaccine
for Sepsis

Alan S. Cross

Abstract Gram-negative bacterial lipopolysaccharide (LPS, endotoxin) is an
important initiator of sepsis, a clinical syndrome that is a leading cause of death
in intensive care units. Vaccines directed against core LPS structures that are widely
conserved among Gram-negative bacteria (GNB) have been developed for the treat-
ment and/or prevention of sepsis. Killed whole bacterial vaccines (E. coli O111:B4,
J5 [Rc chemotype] mutant and S. minnesota, Re chemotype) protected mice against
experimental sepsis. Human J5 immune antisera reduced the mortality from GNB
sepsis in a large controlled clinical trial; however, subsequent clinical studies with
antiendotoxin antibodies did not demonstrate protective efficacy in sepsis. Multiple
clinical studies have since demonstrated a correlation between the level of circulat-
ing antibodies to LPS core and morbidity and mortality in different clinical settings.
We therefore developed a subunit vaccine by combining detoxified J5 LPS (J5
dLPS) with the outer membrane protein (OMP) from group B N. meningitidis. This
vaccine was highly efficacious in experimental models of sepsis and progressed
to phase 1 clinical trial. While well-tolerated, this vaccine induced only 3—4-fold
increases in anti-J5 dLPS antibody. Addition of the TLR9 agonist, oligodeoxynu-
cleotide with a CpG motif, as adjuvant to the vaccine increased antibody levels
in mice and the vaccine/CpG combination will progress to phase 1 human study.
Additional vaccines in which the core glycolipid was either conjugated to carrier
protein or incorporated into liposomes have been developed, but have not pro-
gressed to clinical trial. Should an antiendotoxin vaccine become available, a new
immunization strategy directed towards distinct populations at risk will be required.
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Abbreviations

BPI bactericidal permeability-increasing protein
ENP endotoxin neutralizing protein

FCA Freund’s Complete Adjuvant

GNB gram-negative bacteria

ICU intensive care unit

IVIG immunoglobulin for intravenous use
J5 dLPS detoxified J5 lipopolysaccharide
KDO keto-deoxy octulosonic acid

LPS lipopolysaccharide

MAD monoclonal antibody

OMP outer membrane protein

ODN CPG  synthetic oligodeoxynucleotide with unmethylated CpG motif
oS oligosaccharide

13.1 Introduction

Lipopolysaccharide (LPS, or endotoxin), a constituent of the outer membrane of
Gram-negative bacteria, is a principal initiator of sepsis. Sepsis, a leading cause of
death in non-cardiac intensive care units (ICU), is a clinical syndrome character-
ized by physical findings of systemic inflammation (e.g. fever, hypotension, rapid
heart rate, elevated white blood cell count) associated with a suspected or proven
infection. If untreated, sepsis may progress to shock, multi-organ failure and death.
Since the mortality rate of sepsis has been essentially unchanged for decades despite
progress in supportive care and the development of potent new antimicrobials, there
has been a concerted effort to devise additional measures to supplement the current
standard of care. Generally, these strategies have targeted either the initiator of the
septic response in order to limit immune stimulation, or the host immune response
itself (e.g. anti-cytokines). Historically, since a working knowledge of bacterial
pathogens preceded our understanding of the immune system, early investigators
developed therapeutic approaches that targeted bacteria or their various component
molecules.

13.2 Endotoxin as a Therapeutic Target

Endotoxin was initially described in the 19th century, but became the subject of
intensive investigation since the 1920s. The clinical syndrome of Gram-negative
bacterial sepsis was not described until the early 1950s (Waisbren, 1951). The focus
on endotoxin as a critical initiator of sepsis occurred in large part because of a
serendipitous confluence of events: an attempt to understand the mechanism of
action of endotoxin as a component of Coley’s toxin used to treat cancer and the
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use of typhoid vaccine as fever therapy (Bahador and Cross, 2007); the develop-
ment of a chemical procedure to purify endotoxin (Luderitz et al., 1971); advances
in bacterial genetics that detailed the sequence of enzymatic activities by which LPS
was synthesized (Osborn, 1966; Subbaiah and Stocker, 1964); and the serendipi-
tous observation that a spontaneously occurring mutation of C3H mice resulted in
a lack of responsiveness to LPS fascinated a generation of investigators long before
the basis for this phenotype (i.e. mutation in Toll-like receptor 4) was understood
(Sultzer, 1976).

Before 1960, Gram negative bacteria were an unusual cause of clinical infec-
tions. In this latter regard, there were relatively few antimicrobials available to
treat the increasingly common Gram-negative bacteria, particularly among patients
immunocompromised by either their underlying disease (e.g. renal failure, diabetes)
or therapies (e.g. steroids, chemotherapy). By 1960 a major shift to Gram-negative
bacteria as pathogens causing serious infections, usually in hospitalized patients,
was well-documented (Rogers, 1959; Finland et al., 1959). Thus it is not surprising
that initial attempts to treat sepsis focused on the LPS molecule itself. Indeed, as
the concepts of innate and adaptive immunity developed, LPS was often used as the
prototypic agonist to further study the immune response.

13.3 Endotoxin Structure and Immunity

The structure/function activities of LPS have been well-determined. There are three
major components of the LPS: lipid A, responsible for the biologic activity of endo-
toxin, is the most highly conserved structure among species of Enterobacteriaceae;
a conserved but more variable core region characterized by unusual sugars, heptoses
and keto-deoxy-octulosonic acid (KDO); and a chain of repeating distinct sugar
molecules that are attached to the LPS core. This chain of sugar molecules (the
O antigen) provides bacteria their unique serologic specificity (i.e. it is not widely
shared).

The biosynthetic pathways of lipid A formation have now been described in
detail as well as the structure-function relationships (Raetz, 1984; Takada and
Kotuni, 1992), and biologically active lipid A has been synthesized in vitro.
Extensive work on the different core structures has been published (Table 13.1) (see
Bhattacharjee and Cross, 1999). Early studies with the purified LPS established that
when injected into animals, the immunodominant response was against the O anti-
gen (i.e. it was specific against the serotype of the homologous bacterial strain).
Relatively little antibody was made in response to the lipid A or core when deliv-
ered as part of a complete LPS molecule. Our laboratory confirmed this observation
in patients with naturally-acquired Gram-negative bacteremia (Cross et al., 1989).
In contrast, if one administered an LPS from a strain of bacteria that was deficient in
one of the enzymes used to add either the O sugar repeat units or portions of the core
region (i.e. not shielded by O antigen), then the antibody response would be against
the core regions of the LPS. Chedid et al. observed that immunization with vaccines
in which the core LPS regions were exposed could protect against lethal infection
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with heterologous bacteria (Chedid et al., 1968). Extensive work by Braude and
colleagues with a mutant strain of E. coli O111:B4 and by McCabe and colleagues
with Salmonella minnesota (Re mutant), each of whose core regions were exposed
to the immune system, established the foundation for subsequent clinical studies of
anti-endotoxin antibodies (Braude et al., 1960, 1981; Bruins et al. 1977; Johns et al.,
1983; McCabe, 1972; McCabe et al., 1988). These observations served as the basis
for the development of broadly cross-reactive endotoxin vaccines.

13.4 Initial Studies of Anti-LPS Core Antibodies as Therapy
for Gram-Negative Bacterial Infections

Despite both the directness and simplicity of the hypothesis, namely that antibody
directed toward a common, toxic moiety of endotoxin has therapeutic potential,
the concept of anti-endotoxin antibody has been difficult to prove and mired in
controversy.

In a seminal study, Braude and colleagues observed in rabbits that a localized
infection without bacteremia was accompanied by fever indicative of a systemic
response to the infection. The systemic signs of the localized infection were sim-
ilar to those seen following administration of purified endotoxin (Braude et al.,
1960).The fever abated with the development of a peripheral circulating antibody
response against the LPS of that same infecting (i.e. homologous) strain. Thus,
the component of the infecting bacteria, probably the LPS, entered the circulation,
caused a systemic inflammatory response which receded upon the appearance of
antibodies directed against the LPS of that strain. This was clear evidence that anti-
endotoxin antibodies could ameliorate the systemic response to infection, even in
the absence of bacteria in the blood. Tate et al. (1966) subsequently stimulated such
anti-endotoxin antibodies by immunization with an O-deficient mutant of E. coli
0112 (for review of further preclinical experiments see Cross and Opal, 1994).

The Braude group then obtained a mutant of E. coli O111:B4 that lacked an
enzyme, gal-epimerase, which linked the O side chain to the core region. This
mutant of the Rc chemotype, termed the J5 mutant, lacked the O polysaccharide
thereby exposing the immune system to the LPS core. Immunization with heat-
killed J5 bacteria generated antibodies that recognized the core LPS region of not
only E. coli but to other Gram-negative bacteria (Braude et al., 1981). Active immu-
nization with this heat-killed whole bacterial vaccine induced protection against
lethal experimental sepsis caused by Klebsiella and Pseudomonas, and passive
administration of antisera raised with this vaccine also protected animals against
lethal sepsis caused by heterologous bacteria. Based on these strong preliminary
data, this San Diego research group then conducted a clinical trial to test the effi-
cacy of J5 antisera in reducing mortality in patients with Gram-negative bacterial
sepsis.

Healthy subjects were immunized with the heat-killed J5 vaccine and their
sera harvested. In a multi-center, randomized controlled clinical trial, patients
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with suspected Gram-negative bacterial sepsis were given either pre-immune or
post-immunization sera (Ziegler et al., 1982). All patients received the standard
antimicrobial and supportive care for sepsis. Those patients with Gram-negative
bacterial sepsis who received the post-immunization sera had a significantly lower
mortality rate than those who received pre-immune sera (22% [23/103] vs. 39%
[42/109]. P=0.011). This beneficial effect was observed with progressively more
severe cases of sepsis, such that those patients who required pressor agents who
had the highest mortality (77% [30/39]), had reduced mortality if they received the
immune sera (44%, [18/41], P=0.003).

Although this study demonstrated a convincing clinical effect of the post-
immunization sera, these investigators could not correlate the clinical response with
anti-J5 LPS antibody titer (based on hemagglutinating antibody levels). In addition,
the antigen in the vaccine responsible for inducing the protection was not clearly
identified. Consequently, the protective moiety in the sera as well as the mechanism
of action was, and remains, in doubt. Nevertheless, this study spawned a series of
clinical studies with antisera elicited with the J5 killed bacterial vaccine. In one
study (Baumgartner et al., 1985), patients admitted to an ICU were given multiple
doses of J5 antisera or non-immune sera and followed for development of sepsis.
Further, at the onset of sepsis, patients received another dose of sera. While receipt
of J5 antisera did not prevent the onset of subsequent infection, a beneficial effect of
the J5 antisera was demonstrated in patients who developed sepsis. Subsequent stud-
ies with passive administration of J5 immune sera, however, were not as positive.
A Swiss-Dutch consortium administered the heat-killed vaccine to healthy subjects,
harvested the plasma and prepared an immunoglobulin for intravenous use (IVIG).
Administration of a single infusion of this material to patients with sepsis failed to
show any benefit; however, the post-immune sera that was processed into IVIG had
only a two-fold increase in anti-J5 LPS antibody before fractionation compared to
plasma from non-immunized controls (Calandra et al., 1988). Thus, while antibody
levels were not measured in the patients, it is unlikely that patients received ade-
quate levels of anti-J5 IgG. In another study, investigators in France gave children
hospitalized with purpura fulminans, a condition associated with meningococcal
sepsis, J5 plasma or non-immune plasma at the onset of infection. Here, too, no
benefit was demonstrated; however when measured at 6 hr after infusion, there was
no evidence of any increase in anti-J5 LPS antibody over baseline, perhaps due
to antibody consumption (J5 Study Group, 1991). In another study, blood donors
were screened for high levels of naturally-acquired anti-core LPS (S. minnesota Re
595) antibody. The high-titered material was pooled and made into a hyperimmune
IVIG for use in a clinical trial and compared to standard IVIG. When given prophy-
lactically to patients undergoing surgery, it was unable to prevent infection, sepsis
or death (Cometta et al., 1992). In the absence of documented infection, the lev-
els of anti-core LPS antibody at 2 days was <50% that of levels obtained at 2 hr
post infusion. Thus in all these studies, it was unlikely that adequate levels of anti-
endotoxin antibodies were present (Cross et al., 1999). Consequently, in the absence
of documentation that patients achieved adequate levels of anti-core antibody, it was
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premature to reject the hypothesis that anti-endotoxin antibodies might be effective
adjunctive therapy for sepsis.

13.4.1 Anti-Core LPS Antibody Levels

A number of studies, however, clearly established a relationship between the level
of anti-core LPS antibody at onset of sepsis and outcome (Fomsgaard et al., 1989;
Goldie et al., 1995; Nys et al., 1993), and a decrease in these anti-core LPS anti-
bodies during a septic episode clearly predicted a poor outcome (Pollack et al.,
1983). Two small clinical studies did demonstrate that maintenance of “adequate
levels” of anti-endotoxin antibodies led to a decrease in circulating endotoxin levels
and increased survival. Schedel and colleagues administered a polyclonal, non-
hyperimmune immunoglobulin that contained IgA, IgG and IgM isotypes. The
decrease in septic mortality (1/27 vs. 9/28, p<0.01) was correlated with a decrease
in circulating anti-endotoxin activity (Schedel et al., 1991). A series of studies by
Bennett-Guerrero and colleagues suggested that intraoperative splanchnic ischemia
during surgery, even cardiac surgery not involving the abdomen, leads to high
intraoperative plasma concentration of endotoxin which is associated with post-
operative organ dysfunction, and even multi-organ failure (Bennett-Guerrero et al.,
1997, 2000). Such observations from different centers over extended periods of time
served as an impetus to the continued study of anti-LPS antibodies for their potential
usefulness in the prevention or treatment of sepsis. Unlike the case with inhibitors of
host mediator responses (anti-TNF and anti-IL-1 preparations), anti-endotoxin anti-
body therapy has the theoretic advantage of inhibiting an initiator of sepsis without
compromising host defenses.

13.4.2 Anti-Lipid A Antibodies

Given the lack of efficacy in these followup studies of J5 immunization, other strate-
gies were sought. With the development of monoclonal antibody (MAb) technology,
investigators at both Xoma and Centocor made antibodies against lipid A, the most
highly conserved region of LPS molecule and the portion responsible for its biologic
activity, including the induction of inflammatory mediators associated with sepsis.
Clinical trials in septic patients were conducted with each MAb. In neither trial was
there a significant improvement in survival (Ziegler et al., 1991; Greenman et al.,
1991). In retrospect, this finding should not have been surprising since multiple pre-
clinical studies with polyclonal anti-lipid A antibodies were unable to document
protection against sepsis (Cross and Opal, 1994). This may be attributed to the fact
that lipid A portion of LPS is buried within the outer membrane of Gram-negative
bacteria, and therefore not accessible to the antibodies. There was an anecdotal
report that the anti-lipid A MAb may have been effective in a case of endotoxemia
in a human subject.
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13.5 Anti Core Monoclonal Antibodies

In addition to monoclonal antibodies directed towards the lipid A portion of LPS
(e.g. HA-1A and E5), MAbs have been developed against core regions of Gram neg-
ative bacterial LPS. Nnalue et al. described a broadly reactive MAb directed against
the inner core heptose disaccharide of Salmonella LPS which bound to 123 of 126
clinical isolates of Salmonella and 11 of 73 E. coli strains (Nnaule et al., 1992). The
most extensively studied of these MAbs, WN1 222-5, bound to all clinical isolates
of E. coli tested, to some Citrobacter, Enterobacter and Klebsiella isolates, but not
to P. aeruginosa (DiPadova et al., 1993). This MAb was generated by immunization
with a mixture of LPS preparations (R1-4, Ra and a rough strain of E. coli O18).
This MAb bound to E. coli J5 but not to lipid A and was protective in murine sepsis
models when challenge was administered intravenously, but not intraperitoneally.
Since this antibody bound the LPS core but not lipid A, yet neutralized the biologic
activity of LPS, the investigators speculated that the binding of the MAD to the core
induced conformational changes in LPS structure such that access of immune cells
to the lipid A was blocked. This antibody has not entered clinical development.
More recently the minimal structure of the epitope to which the MAb WN1 222-
5 bound was identified. This information may provide the structural basis for the
rational development of a potential vaccine against E. coli LPS (Muller-Loennies
et al., 2003; Muller-Loennies et al., 2007).

Non-vaccine generated anti-endotoxin reagents that bind and/or neutralize LPS,
such as bactericidal permeability increasing protein (BPI), endotoxin neutralizing
protein (ENP), and cationic peptide 18 conjugated to immunoglobulin G (CAP18-
IgG) have been developed for the adjunctive therapy of sepsis, but only BPI has
progressed to clinical trials (Levin et al., 2000).

13.6 Development of J5 Subunit Vaccine

Following the series of studies with the J5 whole bacterial vaccine, most of which
failed to observe the protective effect observed in the Ziegler study, as well as the
failure of the anti-lipid A MAbs, investigators and biotech companies largely aban-
doned the development of anti-endotoxin strategies. Some suggested that this area
of investigation was the “Bermuda triangle” of biotechnology. Given the notion
that sepsis represents a dysregulated innate immune system, it is not surprising that
many of the adjunctive therapies proposed and/or tested have targeted various com-
ponents of the immune system. Efforts largely turned to modulating the activity
of cytokines and other inflammatory mediators that were becoming recognized as
associated with sepsis. Reagents were developed against tumor necrosis factor-o
and the IL-1 receptor and tested as therapy for sepsis. In addition, inhibitors of
other mediators such as platelet activating factor, bradykinin, nitric oxide and many
others underwent clinical trials (see Opal and Cross, 1999). None of these trials
demonstrated a significant improvement from septic mortality for any of these ther-
apies, with the lone exception of recombinant activated protein C (dotrecogin alpha)
(Bernard et al., 2001). Indeed, some studies were stopped because of an increase
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in mortality due to fungal or Gram-positive pathogens. Thus, modulation of the
immune response by these therapies may have left the patients susceptible to other
pathogens.

13.6.1 Initial Studies with Unadjuvanted Vaccine

With the disappointing results from these interventions aimed at modifying the host
response, our group at WRAIR decided to re-examine the work of Braude, Ziegler
and colleagues. Review of many studies with the J5 bacterial vaccine suggested
that the inability of J5 bacterial vaccine to protect may have been due to insufficient
levels of antibody achieved and/or the consumption of the antibody during fulminant
sepsis (Cross et al., 1999). Another problem was the lack of a convenient animal
model. Although Braude and colleagues found anti-J5 antibody provided protection
in rabbit models of sepsis, these animals were large, unwieldy and difficult to use in
numbers sufficient for statistical analysis.

We therefore developed a neutropenic rat model of sepsis which reproduced
many of the characteristics of sepsis: untreated, the rats were resistant to lethal
infection when administered Pseudomonas by gavage, and induction of neutrope-
nia alone did not alter the susceptibility to sepsis; however, if rats were pretreated
with antibiotics to overcome the colonization resistance from the normal flora, then
the neutropenic rats developed typhilitis, fever and bacteremia by approximately day
5 after bacterial challenge. Untreated, the animals died; however, administration of
antiserum raised against the whole, killed E. coli J5 mutant bacterium (obtained
from Ziegler et al.) improved the survival in these rats compared to non-immune
serum (Collins et al., 1989). This model differs from many animal models of sepsis
in that rats, unlike mice, develop fever, and therefore can be treated at the onset of
infection. Since the onset of sepsis cannot be determined in murine models of sep-
sis, treatments are often administered as prophylaxis, before bacterial challenge or
inciting event (e.g. cecal ligation/puncture).

To address the issue raised in the original clinical trial, i.e. was the protection due
to antibody, we fractionated the immune sera raised against the heat-killed bacterial
vaccine and found that the IgG and IgM fractions of the immune sera could mediate
the protection. Nine of 16 rats treated with purified IgM and 13/20 rats treated with
IgG fractions survived compared to 0/25 rats treated with pre-immune sera from the
same rabbits (p<0.001). Further, when the IgG fraction was affinity purified over an
agarose column to which J5 LPS was bound, the subsequently eluted anti-J5 LPS
antibody was highly protective in the neutropenic rats (6/8 rats survived). Thus, we
concluded that IgG antibody directed against the LPs of the J5 E. coli was able to
mediate protection. Interestingly, the J5 immune sera did not have increased levels
of antibody against either lipid A or the challenge P. aeruginosa strain. Importantly,
we noted that the protection was related to the amount of antisera administered
(Bhattacharjee et al., 1994).

Given that anti-endotoxin antibodies may provide benefit under various clini-
cal conditions, we prepared a subunit LPS vaccine from the J5 mutant. Previous
experience with whole, killed Gram negative bacterial vaccines (e.g. typhoid,
cholera and Salmonella Re vaccines) demonstrated a high degree of reactogenicity
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when given to human subjects (Schwartzer et al., 1988). We therefore decided
to purify the J5 LPS away from the other components of the bacteria that may
have contributed to the reactogenicity and to detoxify the purified LPS. This de-
O-acylation was achieved by alkaline treatment of the J5 LPS which removed the
ester-linked fatty acids (but leaving the amide-linked fatty acids). By this time the
contribution of phosphate groups and fatty acids to the biologic activity of the lipid
A moiety of LPS was clearly defined. The resulting detoxified LPS (dLPS) was
less pyrogenic in rabbit pyrogenicity tests (Bhattacharjee et al., 1996a). This prepa-
ration was poorly immunogenic in mice, however, with only a 2—4-fold increase
in antibody above baseline (Bhattacharjee et al., 1996b). In an attempt to enhance
the immunogenicity, we conjugated the LPS to diphtheria toxoid. This preparation
increased the response 7-16-fold in the absence of any antibody response to lipid
A. A colleague, Dr. Wendell Zollinger, had pioneered the use of group B meningo-
coccal outer membrane protein (OMP) as a component of bacterial vaccines, and
suggested that we administer the J5 dLPS along with the OMP as a non-covalent
complex. The J5 dLPS moiety complexed with the OMP via a hydrophobic interac-
tion, with the hydrophilic portion of the complex on the outer face which facilitated
its aqueous solubility. Immunization with this formulation elicited a 37-142-fold
increase in antibody titer at 4 weeks after the first dose. (Bhattacharjee et al.,
1996b). We therefore used this formulation for both active and passive studies of
sepsis.

The IgG fraction prepared from J5 dLPS/OMP immunized rabbits protected
against lethal Pseudomonas sepsis in the neutropenic rat model (16/26 survived vs.
0/20 controls, p<0.001). The elicited anti-J5 dLPS IgG bound to several heterolo-
gous clinical isolates of Gram-negative bacteria. Of interest, this vaccine also raised
anti-OMP antibodies that were highly bactericidal against the homologous group B
N. meningitidis strain.

Given the success of passively administered anti-J5 dLPS/OMP sera, we actively
immunized rats before rendering them neutropenic. Following oral challenge with
either Klebsiella or P. aeruginosa, two heterologous strains of Gram negative bac-
teria, we observed 13/28 (48%) survival in immunized rats when challenged with
P. aeruginosa vs. 2/29 (7%) survival in non-immunized controls, and 64% (9/14)
survival in immunized vs. 13% (2/15) in control Klebsiella-infected rats. Immunized
rats had a decreased organ bacterial burden and lower levels of circulating endotoxin
at the onset of fever. (Cross et al., 2001).

Based on these data, we prepared a lot of J5 dLPS/OMP vaccine under cGMP
conditions, repeated the immunogenicity and protection assays, and then progressed
to phase I clinical trials in healthy subjects (Cross et al., 2003). Twenty-four subjects
were given 5, 10 and 25 mcg of J5 dLPS/OMP complex vaccine intramuscularly at
time 0, 28 and 56 days. We did not observe any fever, arthralgias or other systemic
signs following any of the immunizations. Local reactions were those typically seen
following licensed immunizations, such as the influenza vaccine. While the vac-
cine previously induced >20-fold increase in antibody levels over baseline in mice,
rats and rabbits in previous studies, in human subjects we detected only a 3—4-fold
increase in IgG, IgM and IgA antibody levels over baseline. A booster dose of vac-
cine at 12 months to a few of the subjects did not result in any further increase in
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antibody levels. Plasma obtained from high and low responders, however, did lower
the amount of TNF-a elicited in human whole blood in response to LPS (Cross
et al., 2004). Since we previously demonstrated that the protective effect of pas-
sively administered antisera was dose-dependent (Bhattacharjee et al., 1994), we
concluded that a greater antibody response would be required. We therefore initiated
studies of the vaccine in conjunction with vaccine adjuvants.

13.6.2 ]J5 dLPS/OMP Vaccine and Adjuvants

Initial preclinical studies with the J5 dLPS/OMP vaccine revealed that alum, the
saponin-based adjuvant, QS-21, and oil-in-water adjuvant MF-59 were not effective
in increasing the antibody response (Bhattacharjee et al., 1996a). Studies in human
subjects with a hepatitis vaccine, which like our J5 dLPS/OMP vaccine, is given as
a 3 dose regimen, demonstrated that the synthetic oligodeoxynucleotide containing
an unmethylated CpG motif (ODN CPG), a potent TLR9 agonist, both acceler-
ated and enhanced the immune response to the hepatitis B vaccine (Cooper et al.,
2004). Unlike subjects receiving vaccine alone, recipients of the CpG/vaccine com-
bination achieved “protective” levels of anti-hepatitis B antibody after the second
of three scheduled vaccine doses. The vaccine/adjuvant regimen was also well-
tolerated, with no serious adverse events reported and no long-term effects at a
5 year followup. Consequently, we studied the adjuvant effect of CPG with our
vaccine.

Administration of the J5 dLPS/OMP complex vaccine with CPG increased the
antibody response in mice 5-fold more than in mice immunized with vaccine alone
(Opal et al., 2005). Interestingly, unlike the case with the hepatitis vaccine, addition
of alum to the vaccine/CPG combination blocked the increased antibody response.
This suggests that the alum may cover up an important vaccine epitope. Active
immunization of mice with the vaccine and CPG combination led to significantly
improved survival in cecal ligation/puncture models of polymicrobial sepsis in mice.
This was accompanied by a decreased organ bacterial burden as seen earlier. Of
particular interest, there was specific consumption of anti-J5 dLPS antibody during
sepsis, which suggests that there was specific epitope binding and clearance in vivo.
These experimental data support the hypothesis that supplemental administration of
anti-J5 dLPS antibody may improve the likelihood of survival during sepsis, even
after earlier active immunization. Based on these studies, we are planning to perform
a phase 1 study with J5 dLPS/OMP vaccine and CPG ODN.

13.7 Other Anti-Endotoxin Vaccines

Whole cell, killed bacterial vaccines previously given to humans were generally
of limited immunogenicity. While many of the adverse reactions with these
preparations were described as acceptable, the frequency of systemic reactions
(25%) in healthy individuals might give one pause before using them in larger
patient populations. Several studies have administered whole bacterial, killed
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vaccines to human subjects with the purpose of inducing anti-core LPS antibody
(Dale et al., 1992; Calandra et al. 1988; Schwartzer et al., 1988; Baumgartner
et al., 1991), but in only one study was the individual antibody response analyzed
(Schwartzer et al., 1988): a > 4-fold increase in IgG and IgM antibody was observed
in 8/16 and 9/16 vaccinees, respectively, but this response was short-lived and not
increased by revaccination 30 days later. This also was the only study that reported
the individual acceptability of the vaccine: all subjects had transient local reactions
and 7/16 had >1 systemic reaction.

Covalent conjugate vaccines have been prepared with oligosaccharide cores of
E. coli R1, R2, R3 and J5 (Rc) and with Salmonella Ra linked to tetanus toxoid
(Lugowski et al., 1996a, b). Antisera generated with these vaccines with Freund’s
Complete Adjuvant (FCA) showed the antibodies reacted with conserved core
oligosaccharide epitopes of smooth LPS of identical or related core types in ELISA
and immunoblot assays (Lugowski et al., 1996a). Anti-OS R1 antiserum reacted
with a free form of smooth LPS and inhibited the TNF stimulatory activity in vitro
and in vivo. Active immunization protected 4—100% of mice against P. aeruginosa
challenge (Stanislavsky et al., 1997). This Polish group also showed that a covalent
conjugate vaccine of E. coli R4 core OS induced antibody that reacted with LPS
present on live, intact smooth bacteria and mediated the uptake and killing of bacte-
ria by macrophages in vitro (Lugowski et al., 2000). Serologic studies with antisera
raised with these vaccines suggest heterogeneity in the antibody response to the
E. coli core. These vaccines have not advanced to human studies in the published
literature.

In addition to the development of covalent conjugate vaccines with LPS core
structures, multiple Ra core LPS structures have been formulated into multilamellar
liposomal preparations. This vaccine elicited antibodies that recognized heterolo-
gous GNB and protected mice from lethal challenge with E. coli LPS (Erridge
et al., 2002). While these formulations elicited antibody to multiple different core
LPS structures, they have not progressed to clinical development. This formulation
does induce anti-LPS core antibodies in chickens and protects them against lethal
challenge with E. coli (Dissanayake et al., 2009).

It is well-established in experimental Gram negative bacterial sepsis that treat-
ment with type-specific (i.e. homologous) O antibodies is superior to treatment with
antibodies directed against the LPS core (Bailat et al., 1997; McCabe, 1972) Given
the large number of different serotypes among the genera of Gram negative bacteria,
the use of polyclonal O type-specific antibodies has not been considered feasible.
For example, there are >100 serotypes of E. coli alone based on the structure of
O-polysaccharide. However, seroepidemiologic studies of isolates retrieved from
cases of Gram negative bacteremia revealed that only a relatively small number
of serotypes are associated with bacteremia (Donta et al., 1996). These observa-
tions led to the development of polyvalent vaccines against the most prevalent
bacteremic serotypes. A 12-valent E. coli and 8-valent Pseudomonas vaccine have
progressed through phase 1 clinical trials. While a 23-valent Klebsiella capsular
polysaccharide vaccine was similarly developed, subsequent data suggested that
an O-polysaccharide based vaccine could be developed from only 3 Klebsiella O
types (Trautmann et al., 2004). Thus a broadly based type-specific vaccine directed
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against Gram negative bacterial isolates frequently cultured from clinical cases of
bacteremia could be formulated on the basis of complete O-polysaccharide LPS
preparations.

13.8 Immunization Strategies with Anti-Endotoxin Vaccines

While public health vaccines are used in the general population for prevention of
infections in the community, endotoxin vaccines, if successful, would be targeted for
specific populations, such as occupations subjected to a high likelihood of trauma
(e.g. soldiers, firemen, police, fishermen, lumber industry), or perhaps individuals
who will have complicated abdominal or genitourinary tract surgery (Bennett-
Guerrero et al., 1997; Goldie et al., 1995). In an earlier study with experimental
Pseudomonas and Klebsiella vaccines, we found that patients who suffered acute
trauma were as responsive to these vaccines as healthy volunteers (Campbell et al.,
1996). This suggests that acutely injured or burned patients, with their TH2 immune
response bias (e.g. IL-4, IL-10 which are associated with antibody response), may
be another target population. Since sepsis is often a later complication of wounds,
there may be sufficient time to develop a protective antibody response, particularly
if an adjuvant can accelerate that vaccine response. Unlike the case with passive
immunization, increased levels of antiendotoxin antibodies were present after active
immunization for >3 months.

Some patients may present to the hospital with sepsis and not have time to
develop an anti-endotoxin antibody response after immunization. Such patients may
benefit from the passive administration of high-titered antibody to core LPS, as
was the case in the Ziegler study (Ziegler et al., 1982). In addition, as was evi-
dent in earlier studies of sepsis (Opal et al., 2005; J5 study group, 1991; Goldie
et al., 1995; Fomsgaard et al., 1989; Nys et al., 1993; Schedel et al., 1991), and
confirmed experimentally, there may be consumption of antibody during fulminant
sepsis. Thus, an anti-endotoxin vaccine may also be used to prepare antibodies in
healthy subjects for passive administration, either in the absence of previous patient
immunization, or as a supplement at the time of sepsis for individuals previously
immunized. Baumgartner et al. added an additional infusion of anti-J5 serum to sur-
gical patients who developed sepsis despite prophylactic infusions, and reported an
improved survival (Baumgartner et al., 1985).

13.9 Other Potential Applications of Anti-Endotoxin Vaccine

Anti-core LPS vaccines have long been used in the veterinary industry, where
bovine mastitis has had a major impact milk production on dairy farms, and Gram-
negative sepsis among pigs and foals carries a high morbidity and mortality. Several
whole core-LPS vaccines, whole bacterial (both J5 [J-5 bacterin] and Salmonella
Re [IMMVAC]) and detoxified conjugate vaccines have been administered in
multi-dose regimens with adjuvants.
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Decreased levels of anti-endotoxin antibodies have been associated with a dele-
terious outcome in a number of conditions in which sepsis was not present,
such as cardiovascular surgery (Goldie et al., 1995) and allogeneic bone marrow
transplantation (Cohen et al., 1987). Preliminary observations also suggest that
anti-endotoxin antibodies may affect the outcome from experimental heat stroke
(Gathiram et al., 1987), acute radiation injury syndrome (Wells et al., 1990) and even
exercise tolerance in marathon runners and race horses (Brock-Utne et al., 1988;
Bosenberg et al., 1988). The common element may be endotoxemia from a com-
promised, now permeable bowel. For example, with exercise race horses developed
endotoxemia, perhaps on the basis of relative gut ischemia as the blood flow was
directed to the muscles (Baker et al., 1988). Horses that were well-trained had
lower levels of endotoxemia, perhaps indicating that the training may have gen-
erated anti-core endotoxin antibodies via transient episodes (i.e. “immunizations”)
of endotoxemia. This same rationale for attributing a role for endotoxin has been
applied to heat stroke in humans (Gathiram et al., 1987). Heat stroke is an important
problem in military training camps where soldiers may undergo extreme physical
activity during periods of high ambient temperature. Morbidity during this training
could be due to an increase in endotoxemia originating from a leaky gut (Brock-
Utne et al., 1988). Indeed, core body temperatures in excess of 105°F have been
recorded in marathon runners. Of interest, the sensation of “hitting the wall” well
into a race is similar to the symptoms observed during infusion of endotoxin into
human subjects. It is not clear whether the excessive mortality to elderly patients
who suffer heat stroke during a heat wave may be attributed in part to endotox-
emia. Given the impact of radiation on gut integrity, it is not surprising that this is
accompanied by endotoxemia (Wells et al., 1990).

Although the clinical relevance of these observations remains to be better demon-
strated, antiendotoxin strategies could have some additional therapeutic value.
These preliminary observations lend credence to Ivan Bennett’s insightful comment
over 30 years ago that endotoxin may play a larger role in human health and disease.
“It has been said in jest that endotoxins will probably turn out to be the cause of most
human diseases now classified as idiopathic and that they may also be the cause of
human health. . .these possibilities have yet to be excluded” (Bennett, 1964).
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Chapter 14
Synthetic and Natural TLR4 Agonists as Safe
and Effective Vaccine Adjuvants

Christopher B. Fox, Martin Friede, Steven G. Reed, and Gregory C. Ireton

Abstract Natural derivatives and synthetic analogues of lipopolysaccharide are
potent stimulators of the mammalian immune system. Retained adjuvant activity
with reduced toxicity was obtained by the development of monophosphoryl lipid A
(MPL®), which is approved for use in several vaccine products. Ongoing research
and development of synthetic TLR4 agonists may offer increased purity and biolog-
ical activity with reduced cost. Extensive research has elucidated the mechanism of
action of TLR4 agonists and structure-function relationships. Moreover, the for-
mulation of TLR4 agonists has been shown to significantly affect the type and
magnitude of elicited immune response. TLR4 agonists comprise a promising class
of adjuvants for safe and effective vaccines.

Keywords Lipopolysaccharide @~ - TLR4  agonist -  Monophosphoryl
lipid A - Glucopyranosyl lipid adjuvant - adjuvant formulation
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ITC isothermal titration calorimetry

LBP lipopolysaccharide-binding protein

LPS lipopolysaccharide

LRR leucine-rich repeat

Mal MyD88-adapter-like

MAPK mitogen-activated protein kinase

MPL monophosphoryl lipid A

MPL-AF aqueous formulation of monophosphoryl lipid A
MPL-SE stable emulsion containing monophosphoryl lipid A
MyD88 myeloid differentiation primary response gene (88)
NF-kp nuclear factor-kf

PAMP pathogen-associated molecular pattern

PRR pattern-recognition receptor

TLR Toll-like receptor

TNF-a tumor necrosis factor-o

TRIF TIR-domain-containing adapter-inducing interferon-g
TRAM TRIF-related adapter molecule

14.1 Introduction

Several molecules derived from pathogenic and non-pathogenic microbes interact
with receptors on cells of the mammalian immune system. Endotoxin (lipopolysac-
charide, LPS) derived from Gram-negative bacteria was long ago described as
a potent stimulus of antibody responses, and extensive biochemical, biophysical,
and immunological studies were undertaken to define the effects of LPS on the
immune system and to attempt to disassociate, at the molecular level, the toxic
(inflammatory) properties of LPS from its adjuvant effects. Among the early stud-
ies demonstrating that LPS could be a potent adjuvant for protein antigens was a
report in 1956 by Johnson et al. (1956), who also demonstrated that LPS could exert
its biological activity if administered to a different site than the antigen (Johnson,
1964). This observation led to the conclusion that the adjuvant activity of LPS was
systemic, rather than local, unlike aluminium or oil-based adjuvants which only
worked if co-administered with the antigen. LPS, and its active component lipid-A,
were however too toxic to be used as an adjuvant for vaccines, so this early discov-
ery was followed by many years of research to separate the adjuvant activity from
the pyrogenicity and toxicity of the parent LPS compounds.

The first preparation of an LPS derivative which retained immunostimulatory
activity yet had significantly reduced toxicity was made in 1979 by Ribi et al.
(1979) who found that mild acid hydrolysis of LPS reduced the pyrogenicity with-
out affecting tumor inhibition activity. This reduced-toxicity product was shown
to be the 4’-monophosphoryl derivative of lipid-A (MPL®) (Qureshi et al., 1982).
Ribi’s group later demonstrated that further alkaline hydrolysis of MPL resulted
in de-acylation at the 3’ position, producing a molecule with even lower toxicity
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yet retaining full immunstimulatory and adjuvant activity (Myers et al., 1990). This
preparation, referred to as MPL® or 3D-MPL to indicate the absence of the 3’ acyl
chain has been extensively reviewed (Ulrich and Myers, 1995). The early clini-
cal development of MPL® focused to a large extent on its potential use in cancer
therapy: MPL® mixed with the cell wall skeleton (CWS) of Mycobacterium phlei,
formulated in an oil-in-water emulsion was referred to as DETOX™ and was tested
in combination with melanoma cell lysates in several phase II clinical trials for
immunotherapy of melanoma (Elliott et al., 1993; Mitchell et al., 1990). Although
extended survival times were observed, and despite receiving regulatory approval in
Canada, development of this product (Melacine) was not continued.

In contrast, prophylactic vaccines containing MPL® have been developed and
have received regulatory approval, and numerous others are in active development.
The first such product was GlaxoSmithKline’s (GSK) Fendrix®, a hepatitis B vac-
cine, and the second is GSK’s Cervarix® vaccine against human papilloma virus
(HPV). This vaccine, which is approved in many countries including the USA, con-
tains the proprietary adjuvant system AS04 which is a combination of MPL® and
aluminium hydroxide (Garcon, 2005). AS04 is also used in Fendrix®. The man-
ufacturer reports that the addition of MPL® to the vaccine enhances the intensity
and duration of the antibody response, and may also be responsible for the broad
cross-strain protection afforded by this vaccine (Paavonen et al., 2009). GSK has
also included MPL® in combination with other immunostimulants in several other
adjuvant systems which are in late clinical development for various indications:
ASO1, a combination of MPL® with the saponin QS21 in a liposomal formula-
tion is a component of a malaria vaccine currently in phase 3 clinical trials (Lell
et al., 2009) and in AS02, a combination of MPL® with QS21 and an oil-in-water
emulsion is under clinical evaluation for cancer vaccines (Atanackovic et al., 2008).

In addition to its use in the GSK vaccine pipeline, MPL® is also used by Allergy
Therapeutics Ltd. (ATL) in a therapeutic pollen-allergy vaccine, Polinex Quatro®,
which is approved in several European countries (Gawchik and Saccar, 2009). In
this vaccine it is thought that the MPL® | formulated with an alkyl tyrosine co-
adjuvant, assists in driving the immune response towards a Th1 response and away
from the allergy-mediating Th2 response. Although MPL® has achieved significant
success, its use is not without challenges. The material is derived from bacteria and
exhibits heterogeneity in terms of degree of acylation, containing tetra-, penta-, and
hexa-acyl forms of the 3’-de-acalyted MPL®. Although all of these are recognized
by murine cells, the non-hexa forms appear to be less active on human cells. Hence
careful verification of the composition of the MPL® is important, as variation in
content could affect biological activity. The use of a pure synthetic hexa-acyl form
of MPL® could overcome these challenges.

In parallel to the approach of detoxifying LPS through hydrolysis, other groups
attempted to separate the toxicity and adjuvanticity by chemically synthesizing a
range of lipid-A analogues and testing these for immune modulating and inflamma-
tory activities (Johnson, 1994). These studies showed that manipulation of the fatty
acid content and phosphorylation affected both toxicity and adjuvant action and
provided insight into the structure-function relationship between adjuvant activity
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and toxicity. None of these synthetic lipid-A derivatives (referred to variously as
LA-14-PP or compound 406, LA-14-HP or compound 405, LA-14-PH or compound
504, etc) has ever been included in approved vaccines.

Interestingly, several synthetic monosaccharide derivatives (derivatives of lipid
Y, the reducing monosaccharide unit of lipid A from S. minnesota) also displayed
adjuvant activity in rodents, while being essentially devoid of toxicity (Galanos
etal., 1986; Kotani et al., 1986; Kumazawa et al., 1985). These tri- and tetra-acylated
molecules were not developed for clinical application, however the biological activ-
ity of these monosaccharide forms did lead to the development of a new class of
synthetic lipid A analogues referred to as aminoalkyl glusosaminide 4-phosphates
(AGPs). This class of molecules was developed at Ribi Immunochem and Corixa
Corp. (USA) by replacing the reducing sugar in MPL with an aminoalkyl aglycone
unit, thus permitting six fatty acyl chains to be presented on a monosaccharide back-
bone. Numerous analogues with varying acyl chain lengths were made, some being
identified as agonists and others as antagonists of lipid A activity. One of these,
RC-529 (Table 14.1) was shown to have adjuvant activity comparable to MPL®
(Evans et al., 2003) and has been developed as an adjuvant for use in vaccines. This
molecule, in combination with aluminium hydroxide was used as the adjuvant in the
approved recombinant hepatitis B vaccine Supervax ™ produced by Crucell.

Another approach to using lipid A as a safe adjuvant for vaccines was developed
by the group of Carl Alving which observed that when lipid A was formulated in
liposomes, the toxicity was significantly reduced (Alving and Rao, 2008). This for-
mulation was tested successfully in the clinic as an adjuvant for a malaria vaccine
(Fries et al., 1992b), however no further clinical development was undertaken and
the non-toxic derivatives or analogues of lipid-A are now preferred.

Several other non-toxic lipid A analogues have been developed and tested for
adjuvant activity. The Infectious Disease Research Institute and Immune Design
Corp. are developing vaccines containing a synthetic hexa-acylated TLR4 ago-
nist, glucopyranosyl lipid A (GLA) (Anderson et al., 2010; Baldwin et al., 2009a,
b; Bertholet et al., 2009; Reed et al., 2009). The company Biomira (USA) has
developed a range of synthetic MPL derivatives (Jiang et al., 2007) including a
novel tri-lipid acyl group (Jiang et al., 2002). These molecules have been shown
in preclinical studies to have adjuvant activity but have not yet undergone clin-
ical development. OM Pharma in Switzerland developed a tri-acyl derivative of
E. Coli lipid-A (OM-174) (Brandenburg et al., 2000) and also a synthetic form
based on a tri-acylated di-phosphorylated pseudopeptide backbone (OM-294-DP)
(Martin et al., 2006). These molecules have not undergone clinical development.
The Japanese company Fisai has developed a range of lipid-A analogues, of
which the synthetic compound E6020, containing a hexa-acylated acyclic back-
bone (Ishizaka and Hawkins, 2007; Morefield et al., 2007), is being developed as
an adjuvant for use in vaccines. Another Japanese company ONO is developing the
compound referred to as ONO-4007 (2-Deoxy-3-O-(9-phenylnonanoyl)-2-[3(S)-
(9-phenylnonanoyloxy)tetradecanamido]-4-O-sulfo-D-glucopyranose) which is a
tri-acylated acyclic sulphonated backbone. This compound has been used in phase
1 clinical studies for anti-tumor activity. Table 14.1 provides an overview of the
chemical structures, formulation, and development status of several TLR4 agonists.
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Table 14.1 TLR4 agonists currently in approved vaccines or clinic evaluation

Product Development
Molecule Structure Formulation Company Name Indication  Stage
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Note: Table is meant to be representative and not exhaustive.
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14.2 Immune Recognition of Lipopolysaccharide (LPS)
and Related Molecules

Cells of the vertebrate innate immune system are able to rapidly respond to
invading pathogens by recognizing conserved pathogen-associated molecular
patterns (PAMPs) through a complex network of membrane bound and cellular
pattern-recognition receptors (PRRs) (Janeway and Medzhitov, 2002; Kumar,
1991; Medzhitov, 2007). These PAMPs are usually essential components necessary
for the survival of the pathogen. Recognition of PAMPs by PRRs in various
cellular compartments triggers host defense mechanisms including the release of
inflammatory cytokines and type I interferons to limit further infection (Beutler,
2009; Janeway and Medzhitov, 2002). The responses of the innate immune system
are important not only to eliminate pathogens but also to develop pathogen-specific
adaptive immunity, which is mediated by B and T cells (Beutler, 2009; Pasare and
Medzhitov, 2004).

LPS released from the outer membrane of invading Gram-negative bacteria is
recognized by the innate immune system and plays a critical role in triggering
host responses to Gram-negative infections by stimulating the release of pro-
inflammatory cytokines from various target cells. Because of its potent activity,
LPS has been implicated in a variety of diseases such as septic shock (Beutler and
Rietschel, 2003; Cohen and Druilhe, 2002). The pattern-recognition receptor for
LPS belongs to a class of type I trans-membrane glycoproteins known as Toll-like
receptors (TLRs) (Medzhitov et al., 1997; Poltorak et al., 1998). Thus far, 13 mem-
bers of the TLR family have been identified recognizing a wide variety of microbial
products with conserved structural patterns present in bacteria, fungi and viruses
(Matsushima et al., 2007). The extracellular domains of TLRs consist of leucine-
rich repeats (LRRs) with a horseshoe like shape (Choe et al., 2005; Kim et al., 2007;
Park et al., 2009; Zhao et al., 2007). Binding of agonist ligands induces Toll-like
receptor dimerization and is believed to trigger the recruitment of specific adaptor
proteins to the intracellular domains, initiating a signaling cascade (Liu et al., 2008;
Park et al., 2009; Zhao et al., 2007).

The structure of LPS is well defined and consists of lipid A, core oligosaccha-
ride and an O side chain (Raetz and Whitfield, 2002). The lipid A portion of LPS
represents the conserved molecular pattern of LPS and is the main inducer of potent
inflammatory responses and septic shock (Galanos et al., 1986; Tsujimoto et al.,
1989). Lipid A consists of a 8(1-6) linked di-glucosamine that varies among gram
negative bacteria with respect to its number and length of fatty acid side chains,
and in number and secondary modification of terminal phosphates. Immune recog-
nition of lipid A is initiated by extraction of monomers from LPS aggregates by
LPS-binding protein (LBP) in the serum (Miyake, 2006). Monomeric LPS is trans-
ferred from LBP to another accessory protein CD14, which in turn transfers LPS to
MD?2, a secreted glycoprotein that associates with the extracellular domain of Toll-
like receptor 4 (TLR4) to form the heterodimeric receptor that is responsible for
the physiological recognition of LPS (Kobayashi et al., 2006; Miyake, 2006; Nagai
et al., 2002).
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Lipid A bound to the TLR4/MD2 complex activates two distinct intracellular
signaling pathways which have come to be known by the names of the TLR4-
proximal adaptor proteins, MyD88 and TRIF (Akira and Takeda, 2004; Akira et al.,
2006). The MyD88 pathway functions to activate mitogen-activated protein kinase
(MAPK) and nuclear factor-kp (NF-«kPB) dependent pro-inflammatory responses,
while the TRIF pathway activates kinases responsible for type I interferon responses
(Barton and Kagan, 2009). Requirements for these adaptors in TLR4-mediated sig-
naling have been defined primarily in knock-out and induced mutant studies. Of the
TLRs identified to date, only TLR4 has been demonstrated to activate both signaling
pathways, which may account for the potent inflammatory effects of LPS.

14.3 Lipid A Structure and Activity

The TLR4-MD?2 hetero-dimer has complex ligand specificity. It can be activated
by structurally diverse LPS molecules, and minor changes in synthetic derivatives
of LPS can abolish their endotoxic potency (Raetz and Whitfield, 2002; Rietschel
etal., 1994). The diversity in potency of LPS is derived from variance within lipid A,
as observed in both the number and the length of fatty acid side chains and the pres-
ence of terminal phosphate residues with a variety of modifications. Optimal lipid A
potency is achieved with bi-phosphorylated, hexa-acylated, lipid A species (Raetz
and Whitfield, 2002). Lipid A moieties that deviate from this pattern often demon-
strate a significant decrease in endotoxic activity (Alexander and Rietschel, 2001).

Structure function analysis of LPS isolates from different bacterial species and
of synthetic lipid A derivatives indicates that the length and number of acyl chains
are critical for TLR4 activation (Hajjar et al., 2002; Kusumoto et al., 2003). Studies
on the activity of lipid A indicate that hexa-acylated lipid A from Escherichia coli
with side chains maximally stimulates TLR4 and altering the number or length of
the attached fatty acids or altering the charge of lipid A can reduce the magnitude
of activation. Lipid A molecules with five or seven acyl chains are ~100 fold less
active, while lipid A with four acyl chains lacks agonistic activity altogether, and
instead is antagonistic(Hajjar et al., 2002; Kusumoto et al., 2003). Even among
hexa-acylated lipid A molecules, acyl chain length is critical to TLR4 activation.
It has been demonstrated that acyl chains 12—-14 carbons in length have full potency,
with rapid decline in activities with chain lengths less than 10 or greater than 16
(Johnson et al., 1999; Stover et al., 2004).

Two phosphate groups in lipid A also greatly affect the endotoxic activity of
LPS (Rietschel et al., 1994). Deletion of either phosphate reduces endotoxic activity
~100-fold, with the resulting monophosphoryl lipid A (MPL) being a weak activator
of the human innate immune response (Caglar et al., 2009; Tsujimoto et al., 1989). It
appears that the requirement for negative charge is a general requirement as substitu-
tions of the phosphates with other negatively charged groups has only minor effects
(Seydel et al., 2005; Ulmer et al., 1992). MPL has been reported to preferentially
activate the TLR4-TRAM-TRIF-based signaling pathway but not the TLR4-Mal-
MyDS88 pathway (Mata-Haro et al., 2007). This has recently been confirmed with
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a synthetic hexa-acylated E. coli MPL and highly purified diphosphate lipid A to
confirm that removal of a single phosphate was sufficient to shift TLR4 activation
from balanced MyD88 and TRIF contributions, to a biased TRIF pathway.
Examination of recent crystal structures of TLR4/MD2 bound to LPS and the
antagonistic tetra-acylated compound Eritoran shed light on the structural require-
ments of lipid A binding and TLR4 activation (Kim et al., 2007; Ohto et al., 2007,
Park et al., 2009). In the structures containing antagonistic tetra-acylated ligands,
the four lipid chains of Eritoran or lipid I'Va are bound in a hydrophobic pocket on
MD?2 (see Fig. 14.1). MD2 has a B-cup fold structure consisting of two antiparal-
lel B-sheets, which forms the hydrophobic pocket for ligand binding (Kim et al.,
2007; Ohto et al., 2007). In the Eritoran/TLR4/MD2 structure, no direct contacts
are made between the ligand and TLR4, and receptor dimerization is not observed.
In contrast, Park et al. demonstrated that in the absence of ligand TLR4 and MD2

(A)

' R3"” R2'
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— —

— e — — —_—
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Fig. 14.1 (a) The crystal structure of TLR4-MD2 complex binding to LPS reported by Park et al.
LRRCT, C-terminal Leucine rich repeat; LRRNT, N-terminal leucine rich repeat. (b) Five of the
acyl chains of LPS bind to MD2 while the remaining chain (R2) is exposed to the surface and it
binds TLR4. Thel- and 4-phosphates contribute to TLR4 dimer formation through binding interac-
tions with lysines and an arginine residue on both TLR4 and MD2. (¢) When Eritoran is bound to
TLR4-MD2, the MD2 Phe126 loop is exposed to the solvent area. (d) Upon TLR4-MD?2 binding
LPS, Phe126 forms hydrophobic interactions with lipid chains R2 and R3 and with TLR4 resulting
in a structural shift in the Phe126 loop which positions the R2 lipid chain to interact with TLR4
allowing dimerization with TLR4 to occur. Reproduced with permission from S. Carpenter and L.
A.J. O’Neill (2009) Biochem J 422, 1-10
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associate, but dimerization of the TLR4/MD2 complex with another TLR4/MD2
complex only occurs following binding of LPS. The structure shows the lipid A
portion of LPS binding to two copies of TLR4 and MD2 arranged symmetrically.
TLR4 dimerization is facilitated through hydrophilic and hydrophobic interactions
with LPS. Within this structure, five of the lipid chains of LPS are buried within
the hydrophobic pocket of MD2 in a manner similar to Eritoran. The remaining
lipid chain is on the surface of MD2 where it forms a hydrophobic interaction with
phenylalanine residues on TLR4. Binding of LPS causes structural changes within
a loop region on MD2 (Phe126) leading to hydrophilic interactions between TLR4
and MD?2 that further stabilize the complex. The structural change in the Phel26
loop region of MD2 following LPS stimulation is essential for the formation of the
dimers and subsequently the initiation of downstream signaling (Park et al., 2009).
This finding is supported by mutational analysis of Phe126 in MD2 showing that it
prevents dimerization and abolishes downstream signaling (Kobayashi et al., 2006).
The 1- and 4’phosphate groups on the diglucosamine form ionic interactions with
positively charged residues on both TLR4 and MD?2, and the adjacent TLR4 within
the dimer complex (Park et al., 2009). The extra lipid chain inserted into the binding
pocket of MD2 in LPS compared with Eritoran results in a displacement of the phos-
phorylated glucosamines and allows the phosphate groups to associate with TLR4
and MD2.

14.4 Formulation Effects on TLR4 Agonist Activity

The formulation of synthetic and natural TLR4 agonists is a critical parameter in
their adjuvant activity. As discussed above, these molecules stimulate an immune
signaling cascade through binding to the membrane protein TLR4. However, it has
been found that differences in preparation methods and delivery vehicles can have a
profound effect on TLR4 agonist biological activity. For example, a monomeric
TLR4 agonist showed significantly decreased immunostimulating capacity com-
pared to aggregates of the same compound (Mueller et al., 2004). In addition, mixed
preparations of a hexa-acylated lipid A (agonistic) with a tetra-acylated lipid A
(antagonistic) were found to be more effective in stimulating an enhanced immune
response in human mononuclear cells compared to a homogenous preparation of
either lipid A compound alone (Mueller et al., 2004). The tetra-acylated lipid A
could be replaced in the mixture by a phospholipid molecule with similar results.
Moreover, to maintain their biological activity, the two compounds had to be mixed
together in organic phase and then transferred to an aqueous phase, illustrating the
importance of the formulation preparation method. Similarly, it is interesting to note
that bacterial phosphatidylethanolamine is a common contaminant of lipid A deriva-
tions and may therefore influence biological activity (Alving and Rao, 2008). Thus,
interactions between components of lipid A aggregates and preparation methods can
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have important effects on biological activity and should be taken into account when
evaluating TLR4 agonists.

Given the importance of molecular aggregates in TLR4 agonist activity, it is
not surprising that the structural geometry and phase behavior of TLR4 agonists
are also important factors for adjuvanticity (Mueller et al., 2004; Seydel et al.,
2000). Phase structure of lipids such as the TLR4 agonists is strongly influenced
by environmental conditions, such as temperature or the presence of salts. TLR4
agonists with inverted conical or hexagonal structures have been shown to have
increased potency over cylindrical or conical molecules (Seydel et al., 2000). Thus,
the presence of divalent cations in solutions of LPS induce ordered, lamellar struc-
tures instead of inverted hexagonal structures, resulting in less acyl chain mobility
and cytokine response (Garidel et al., 2005). Likewise, binding of hemoglobin to
LPS was found to increase the hydrophobic cross-section of the molecule, causing
a greater inverted conical geometric profile and inducing more TNF-a production
(Jurgens et al., 2001).

Because synthetic and natural TLR4 agonists are generally hydrophobic, it is
difficult to solubilize these molecules in aqueous solution. Therefore, it is common
to formulate the adjuvants as aqueous nanosuspensions of molecular aggregates
or micelles. For instance, an aqueous nanosuspension of MPL® or GLA can be
mixed in organic solvent with a 0.25% molar ratio of phospholipid, such as dipalmi-
toyl phosphatidylcholine (Anderson et al., 2010; Childers et al., 2000; Crane,
2002). After evaporating the solvent, the lipids are hydrated, heated, and soni-
cated or microfluidized to form small particles. A similar method involves hydrating
lyophilized MPL® with an aqueous solution containing triethanolamine, followed
by heating and sonication (Baldridge and Crane, 1999). Aqueous formulations of
TLR4 agonists have demonstrated efficacy as vaccine adjuvants with many differ-
ent antigens and have progressed to clinical trials (Childers et al., 2000; Reed et al.,
2009). Because these aqueous preparations include a minimum of excipients and
are relatively straightforward to prepare, they are a logical first choice for a safe and
effective TLR4 agonist formulation (Baldridge and Crane, 1999).

In addition to aqueous formulations, TLR4 agonists can be adsorbed to alu-
minium hydroxide. TLR4 agonists such as MPL® and GLA tend to bind strongly
to aluminium hydroxide particles, which are micron-sized crystalline aggregates
(Zhu et al., 2009). This is due, at least in part, to electrostatics: the aluminum gel
is positively charged at neutral pH whereas the TLR4 agonist is anionic (Alving
and Matyas, 2005). Other phenomena may also play an important role in the bind-
ing mechanism, such as ligand exchange and hydrophobic interactions (Alving and
Matyas, 2005). AS04, an MPL®-alum adjuvant, has been recently approved by the
FDA for the HPV vaccine Cervarix®, and has been extensively used in Europe for
years.

Liposomal formulations may also be used to deliver TLR4 agonists. Consisting
of spherical vesicles formed by the self-assembly of phospholipid bilayers, lipo-
somes are a versatile, biocompatible vaccine adjuvant formulation. The wide variety
of available phospholipid molecules that are employed to make liposomes may
have significant effects on the structure and biological activity of the adjuvant.
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As an amphiphilic molecule similar to a phospholipid, the TLR4 agonist is pre-
sumably incorporated into the vesicular lipid wall. Interestingly, the presence of
hydrophilic saccharide groups and charge on TLR4 agonists may even improve
liposome stability (Davidsen et al., 2006). Another benefit of liposomal formula-
tion is demonstrated by the finding that endotoxic activity of lipid A was largely
reduced by liposome incorporation while adjuvant activity was maintained (Matyas
et al., 2000). Several studies have utilized liposome-associated TLR4 agonists to
induce higher antibody and CTL immune responses (Fries et al., 1992a; Richards
et al., 1998). As mentioned above, GSK’s ASO1 is a liposomal formulation con-
taining MPL®. The influence of liposome chain saturation, charge, and headgroup
structure on adjuvant structure and localization should be taken into account. For
example, an in vitro cytokine assay employing GLA liposomal formulations com-
posed of various lipids showed that lipid chain length and charge altered the in vitro
immunostimulatory behavior of the TLR4 agonist (Fig. 14.2). Thus, increasing lipid
chain length from 12 carbons (DLPC) to 16 carbons (DPPC) in GLA liposomes cor-
responded with a decreased immunostimulatory cytokine response. Also, an anionic
liposomal formulation (DPPC/DPPG) of GLA induced greater cytokine response
than a cationic liposomal formulation (DPPC/DPTAP) of GLA.

Oil-in-water (o/w) emulsions are a very effective category of formulations for
delivery of TLR4 agonists. O/w emulsions consist of biocompatible oil droplets
emulsified with one or more surfactants in an aqueous solution. Due to their amphi-
pathic structure, it is supposed that TLR4 agonists associate at the interface of the
oil droplets. Indeed, HPLC analysis on aqueous extractions of an emulsion con-
taining a synthetic TLR4 agonist found that the adjuvant was associated with the
oil phase (Fig. 14.3a) (Anderson et al., 2010). This was confirmed by zeta poten-
tial measurements, which indicated the presence of the anionic TLR4 agonist at
the oil/water interface since it caused a more negative particle charge (Fig. 14.3b)
(Anderson et al., 2010). MPL® has been formulated in various oil-in-water emul-
sions, including AS02 and MPL®—SE, which are in clinical trials (Reed et al., 2009).
In our studies using a stable emulsion of GLA (GLA-SE) we have observed a consis-
tent pattern, using antigens from influenza virus, M. tuberculosis, Plasmodium, and
Leishmania of o/w emulsions generating, in mouse and non-human primates, strong
Th2 responses, while the addition of GLA to these emulsions, such as GLA-SE, dra-
matically down regulates Th2 responses, and strongly up-regulates Thl. Another
synthetic TLR4 agonist emulsion in clinical trials is CoVaccineHT™ (Adams,
2008; Bodewes et al., 2009).

Comparing immune responses elicited by different formulations illustrates
important effects. For instance, a preclinical study evaluating liposome, emulsion,
and alum-liposome formulations of MPL® with QS21 (a saponin adjuvant) in
the context of a malaria antigen revealed some interesting results (Pichyangkul
et al., 2004). While all formulations were safe and immunogenic, the liposome
and emulsion formulations elicited the highest amount of malaria antigen-specific
antibody. An adjuvanted malaria vaccine trial in children demonstrated that the
liposomal formulation of MPL® and QS21 was less reactogenic and induced higher
anti-parasite antibodies than the emulsion formulation (Owusu-Agyei et al., 2009).
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Fig. 14.2 Cytokine responses to a human macrophage cell line (MonoMac 6) exposed to lipo-
somal formulations of GLA. Liposomes contained the lipids indicated on the x-axis, cholesterol,
and GLA. Adjuvant concentration was serially diluted by factors of 5 for each group, from left
to right. LPS is the positive control. Variations in adjuvant activity are apparent depending on the
phospholipid composition of the liposomes
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Fig. 14.3 Analytical characterization of an emulsion formulation of GLA (EAS) indicates the
localization of the TLR4 agonist. (a) Aqueous phase extraction followed by HPLC indicates that
GLA is found in the oil phase of the emulsion. (b) A decrease in zeta potential due to incorporation
of GLA in the emulsion indicates that the TLR4 agonist associates with the oil droplet interface.
ES represents the emulsion alone. Reproduced with permission from Anderson et al. (2010) Coll
Surf B 75, 123-132

In another example, MPL®-SE was generally found to elicit higher antibody titers
and cytokine responses than MPL®-AF, and qualitative differences in immune
responses between the two formulations were also apparent (Hui and Hashimoto,
2008).

In vitro comparisons of the adjuvant activity of different formulation platforms is
difficult to interpret. For example, the aqueous GLA suspension is usually the most
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potent formulation in vitro compared to particulate formulations such as emulsions
or liposomes (Anderson et al., 2010). However, in vivo immune response of vaccine
adjuvants is generally more potent with particulate formulations (Reed et al., 2009).
Of course, this is not always the case, and each antigen must be tested to find the
ideal adjuvant formulation. Differences between in vitro and in vivo results are not
surprising given the complex factors involved in the in vivo immune response, which
are impossible to replicate in an in vitro system (Anderson et al., 2010; Simberg
et al., 2004). Nevertheless, in vitro comparison of formulations may provide use-
ful data, especially when comparing formulations with similar overall structure but
minor excipient variations (such as liposomes composed of different lipids, see
Fig. 14.2).

It is important that thorough analytical characterization is performed in order to
rationally design second generation formulations that exploit the most biologically
active form of the adjuvant. Moreover, particulate formulations are often quite het-
erogeneous and should not be assumed to constitute a uniform, idealized structure.
For example, o/w emulsions may contain various structures besides emulsified oil
droplets, such as liposomes, micelles, and monomers (Floyd, 1999; Liu and Liu,
1995; McClements, 2007; McClements and Decker, 2000; Norden et al., 2001).
Thus, the formulated TLR4 agonist could be interacting with multiple types of par-
ticles in a single formulation. Several analytical techniques are useful for TLR4
agonist formulation characterization. Vibrational spectroscopy techniques such as
FTIR and Raman can indicate compound localization, structural conformation, and
phase structure of both TLR4 agonists and formulation excipients. Microcalorimetry
methods such as DSC and ITC are ideal for detecting phase transitions and ligand
binding thermodynamics. These methods can be complemented by highly sensi-
tive fluorescence spectroscopy, although chemical labeling may be necessary in
this case. Dynamic light scattering and HPLC provide essential data regarding
particle size and chemical stability or concentration (see Fig. 14.3a). As men-
tioned above, zeta potential measurements indicate particle charge (see Fig. 14.3b).
Electron microscopy is useful for formulation morphological characterization. It
is best to use a suite of complementary techniques in order to better understand
adjuvant-formulation interactions and structure.

14.5 Conclusion

In summary, there has been significant progress in the elucidation of struc-
ture/function relationships of bacterial endotoxin-derived molecules with regards
to interactions with cells of the mammalian immune system. Breakthrough studies
by Ribi Immunochem, and later GSK, led to the development of the first approved
vaccines to contain TLR agonists (MPL®). The demonstration that MPL® could
be used to make safe and effective adjuvants has led to the development of synthetic
molecules that may offer several advantages over natural products in terms of bio-
logical activity and cost of goods. Regardless of the source or structure of the TLR4
agonist, the ways in which they are formulated dramatically influence biological
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activity. TLR4 agonists, particularly MPL®, represent a safe and effective class of
molecules, clearly demonstrated to have enormous potential as vaccine adjuvants.
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Chapter 15
Targeting Endotoxin in the Treatment of Sepsis

Jean-Sebastien Rachoin, Christa A. Schorr, and R. Phillip Dellinger

Abstract The role of endotoxin in the genesis of sepsis has long been recognized
and multiple treatments aimed at neutralizing it have been studied. Endotoxin can be
bound by antibodies (whose role as a therapeutic agent is unlikely), binding proteins
such as BPI or human lactoferrin (effectiveness debated and promising respectively)
and phospholipid emulsion (which has not improved outcomes in a recent study).
Alternatively, the action of endotoxin could be blocked by lipid A analogs (initial
study showed no overall benefit and another large trial is near completion target-
ing a subpopulation of that study). Finally, endotoxin can be bound by polymyxin
B embedded in hemoperfusion cartridges. The later treatment has been used for
more than a decade in Japan. Since both pre-clinical rationale and studies support
the targeting of endotoxin to ameliorate the pro-inflammatory and pro-coagulation
response of severe sepsis, this therapeutic intervention is being pursued.
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PMX B polymyxin B

HP hemoperfusion
CLP cecal ligation and perforation
MAP mean arterial pressure

15.1 Introduction

Our understanding of the pathophysiology of sepsis has continued to grow over the
years and although mortality in severe sepsis has declined it still remains unaccept-
ably high (Townsend et al., 2008). The pre-eminent role for endotoxin, also called
lipopolysaccharide (LPS), in the genesis of sepsis has long been recognized and con-
tinues to generate interest for targeting neutralization of endotoxin in the treatment
of sepsis (Braude et al., 1963).

In the present manuscript, we will discuss the mechanism by which endotoxin
initiates the sepsis cascade, the rationale for targeting LPS, and the most significant
treatments that have been studied: antibodies, vaccines, binding peptides, lipid A
analog, phospholipids, and polymyixin B hemoperfusion.

15.2 Endotoxin and the Initiation of the Sepsis Cascade

In humans, the innate immunity, that is our ability to generate a non-specific
immune reaction in response to any antigen, starts by the recognition of specific
antigenic structures on microorganisms: pathogen-associated molecular patterns
(PAMPs) by pattern recognition receptors (PRRs). After binding to the PAMPs,
the PRRs trigger a series of intracellular signaling cascades that result in the release
of pro-inflammatory cytokines (such as tumor necrosis factor o, interleukin [IL]-
1, IL-6, IL-8, high-mobility group box protein 1) (Cinel and Dellinger, 2007;
Fukui et al., 2003; Lin and Yeh, 2005; Taveira da Silva et al., 1993), cellular
apoptotic mediators (Fukui et al., 2003; Lin and Yeh, 2005), anti-inflammatory
mediators (IL-10,transforming growth factor B) (Volk et al., 1996), and media-
tors of procoagulation. The systemic repercussions of an imbalance between pro-
inflammatory/pro-coagulant (severe sepsis and septic shock) and anti-inflammatory
(immune suppression) agents can be dire. Recently the ability of infection induced
mediator release in response to trigger apoptosis is also recognized (Cantaluppi
et al., 2008; Fukui et al., 2003; Ito et al., 2009).

Among one of the most potent PAMP’s is endotoxin. Endotoxin is a prominent
anchor on the cell membrane of Gram negative bacteria and is composed of three
regions, lipid A (a significantly variable construct among the different types of Gram
negative bacteria), core oligosaccharides and distal polysaccharides (Raetz et al.,
2007; Raetz and Whitfield, 2002). Endotoxin produces cellular stimulation through
interaction with the toll-like receptor 4 (TLR4) and TLR4’s association with the
CD14 and MD2 receptors, present on macrophages, monocytes and endothelial cells
(Bosshart and Heinzelmann, 2007; Lin and Yeh, 2005).
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15.3 Rationale for Targeting Endotoxin in Sepsis

With one exception sepsis therapy focusing primarily on the pro-inflammatory
mediators has not produced positive results (Zeni et al., 1997). Hence, targeting
the sepsis cascade at earlier steps may yield better outcomes.

Endotoxin is present in both Gram-negative and Gram-positive infections
(Marshall et al., 2004). The presence of endotoxemia in infections other than
Gram negative likely reflects translocation of endotoxin across the gastrointestinal
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TNF-a, IL-1, IL-6, IL-8
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Human Sepsis with Endotoxin?

Inflammatory Mediators Anti-inflammatory Mediators
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— _
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Fig. 15.1 Time-line of events in sepsis
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mucosa. In the MEDIC study, endotoxin levels were shown to be associated with
likelihood of Gram negative infection, presence of severe sepsis and risk of mortality
where a cutoff value of 0.4 endotoxin activity assay units or greater was considered
to be an intermediate level and 0.6 a high level (Marshall et al., 2004). Moreover,
presence of circulating endotoxin has been linked with increased severity of ill-
ness and acute respiratory distress syndrome (ARDS) (Hurley, 1995; Parsons et al.,
1989).

The time-line of events in sepsis in both animal models and human sepsis as well
as the window for treatments targeting endotoxin are shown in Fig. 15.1.

Treatments aimed to counteract the action of endotoxin likely remain a viable
investigative pathway.

15.4 Potential for Targeting Endotoxin in Sepsis

After endotoxin attaches to a binding protein (BP) it connects to TLR4 in order
to generate an intracellular immune response. The presence of both a cellular wall
CD14 receptor and a cell wall linked MD2 is necessary for adequate stimulation.
The attenuation of the body’s response to endotoxin has proceeded along multiple
investigative pathways: (1) antibodies/vaccines that will facilitate neutralization of
the endotoxin by antibodies, (2) endotoxin binding peptides (BPI or human lacto-
ferrin), (3) Lipid A analogs which will bind to the TLR 4 and impede its activation,
(4) phospholipid emulsion as an endotoxin scavenger (5) hemoperfusion through a
cartridge containing Polymyxin B (Fig. 15.2).

15.5 Anti-Endotoxin Antibodies

The lipid A component of endotoxin varies between different Gram-negative organ-
isms but the core part is a relatively constant structure (Raetz and Whitfield, 2002).
Studies have demonstrated a correlation between the presence of antibodies against
the core part of the endotoxin and survival in patients with Gram negative sepsis
(Pollack et al., 1983; Zinner and McCabe, 1976). Hence, an antibody that could be
effective against a wide variety of Gram negative organisms would target this core
part of endotoxin.

Several randomized controlled trials performed in patients with Gram negative
sepsis studied the effect of monoclonal antibody against endotoxin with the pre-
sumption that the antibody would target the core portion of endotoxin. The ES
compound is a murine (mouse) monoclonal IgM antibody against the core part
of the endotoxin of the J5 mutant E. Coli. Although developed using this specific
strain, animal studies showed that it was effective against a wider range of gram-
negative microorganisms (Inada et al., 1993; Romulo et al., 1993). Early human
trials supported survival benefit but subsequent larger studies failed to confirm
these results (Angus et al., 2000; Bone et al., 1995; Greenman et al., 1991). HA-
1A, a human IgM monoclonal antibody that binds the lipid A domain, showed
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Fig. 15.2 Levels of targeting endotoxin (BP: binding-protein; BPI: bactericidal/permeability
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some promise but in the final assessment was judged to have no beneficial effect
(The French National Registry of HA-1A in septic shock, 1994; The Intravenous
Immunoglobulin Collaborative Study Group, 1992; McCloskey et al., 1994; Ziegler
etal., 1991; Ziegler et al., 1982).

Human trials in Gram negative septic shock using human IgG against J5
also failed to show any benefit compared to standard IgG preparations (Calandra
et al., 1988). A recurring theme has been demonstrated in other anti-inflammatory
approaches to severe sepsis, i.e. early studies showing some promising results but
failing to confirm in later larger randomized trials. One explanation for this incon-
sistency with endotoxin antibody therapy may be the inability to determine the exact
quantity of antibody necessary for treatment. Despite the failure of monoclonal anti-
body targeting endotoxin epitopes, pooled immunoglobulin therapy (particularly
that which is IgM enriched) continues to offer promise as potentially beneficial
therapy and is in general use in some countries for treatment of severe sepsis
(Baumgartner et al., 1985; Greenman et al., 1991).
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15.6 Vaccines

There has been a renewed interest in the developpement of vaccines for the treatment
of sepsis.

In an animal study, lipopolysaccarides were extracted from detoxified E. coli JS,
combined with outer membrane protein of Neisseria meningitides and injected in
rabbits. The serum of the immune animals protected neutropenic rats infected with
other Gram-negative organisms (Bhattacharjee et al., 1996; Cross et al., 2001).

This vaccine was tested for safety and immunogenicity in 24 human subjects.
The injection elicited local moderate pain with no other notable physiologic abnor-
malities found. The vaccine increased antibody levels up to 12 months after the
initial vaccination. Using functional tests such as activation of white cells ex vivo,
cytokine generation, and bacterial clearance, the authors found a higher capacity for
neutralizing bacteria and activating white cells (Cross et al., 2003).

Future trials will be needed to elucidate the role of this approach.

15.7 Endotoxin-Binding Peptides

Peptides that can bind endotoxins are another attractive strategic target. These
agents must have a high affinity for endotoxin and should not activate the immune
response after the binding occurs. Agents with this capability include bacterici-
dal/permeability increasing protein (BPI) and lactoferrin (Appelmelk et al., 1994;
Calvano et al., 1994; Elsbach and Weiss, 1993; Elsbach et al., 1994).

15.7.1 Bactericidal/Permeability Increasing Protein

Bactericidal/permeability increasing protein (BPI) is a key element of the
azurophilic granules of human granulocytes. This highly cationic protein exerts both
a strong attraction/binding to the negatively charged endotoxin and exhibits a high
bactericidal activity (Calvano et al., 1994; Elsbach and Weiss, 1993; Elsbach et al.,
1994).

In vitro and ex vivo studies of recombinant human variant of the BPI showed
strong neutralizing activity against endotoxin and whole gram-negative bacterias
(Weiss et al., 1992).

Animal studies in rats with Gram-negative sepsis showed that BPI attenuated
organ failure (including renal and cardiovascular systems) and prolonged time to
death, while improving 24 hour survival rate (Jiang et al., 1999a, b).

Interestingly, BPI is absent from the blood of newborns (Levy et al., 1999). BPI
was therefore logical to be studied in a randomized controlled fashion in a pediatric
population with meningococcal sepsis. The results showed a trend towards reducing
mortality and improving general status; however, the event rates in this trial were
too low and the trial was underpowered to detect a mortality difference (the primary
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endpoint of the study) making the results difficult to interpret (Giroir et al., 2001;
Levin et al., 2000).

In a randomized controlled trial of trauma patients with hemorrhage receiving at
least 2 units of blood, the administration of the compound recombinant BPI showed
a favorable trend t in reducing respiratory morbidity endpoints (Demetriades et al.,
1999). Additional studies are needed to elucidate whether there is a role of this
compound in this patient population.

15.7.2 Human Lactoferrin

Human lactoferrin (HL) is a component of innate immunity. Human lactoferrin
is an iron-binding protein found in milk, granulocytes and exocrine secretions.
It is released during inflammation, has bactericidal effects and reduces cytokine
production by binding to the lipid A portion of endotoxin (Appelmelk et al., 1994).

In a rat model of neonatal sepsis, recombinant HL or talactoferrin was shown
to improve survival (Venkatesh et al., 2007). In ex vivo studies, HL increased syn-
ergy of commonly used antibiotics against coagulase-negative staphylococcus and
Candida (Venkatesh and Rong, 2008) and reduced biofilm of infected catheters
(Venkatesh et al., 2009).

A recently completed phase 2 trial of talactoferrin versus placebo in patients with
severe sepsis showed a statistically significant reduction in mortality with talacto-
ferrin given orally every 6 hours for as long as the subject was in the ICU (personal
communication, RPD). This will presumably lead to a phase 3 study.

15.8 Lipid A Analog

Non toxic lipid A analogs were developed from Rhodobacter capsulatus. The first
generation molecule (E5531) and the second generation molecule (E5564, eritoran)
were shown to decrease cytokine production in response to LPS. These drugs antag-
onize the effects of endotoxin on TLR4. The higher potency and longer duration of
action of E5564 make it more suitable for clinical applications. It exerts its action
without need for binding protein (Mullarkey et al., 2003).

In a randomized controlled trial 32 healthy individuals challenged with endo-
toxin were randomized to sequential doses of E5531 vs. placebo. The lipid A analog
decreased signs and symptoms of endotoxin administration, decreased TNF alpha
and IL-6 levels and diminished the cardiovascular hyperdynamic response (Bunnell
et al., 2000). Improvement of cardiac contractility was confirmed in a different study
using E5531 (Kumar et al., 2004). Another study using the same placebo-control
design in healthy human volunteers showed similar findings for E5564, a second
generation compound called eritoran (Lynn et al., 2003).

Three hundred critically-ill septic adults were enrolled in a randomized con-
trolled trial of severe sepsis within 12 hours of diagnosis. Subjects were randomized
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to either placebo or eritoran (low or high dose E5564). Mortality was not reduced by
either dose of the drug. In a pre-specified subgroup analysis, patients with APACHE
Il in the highest quartile had a trend towards lower mortality (33.3 vs. 56.3% — p
= 0.105) (Tidswell et al., 2010). A large randomized trial targeting severe sepsis
patients with higher APACHE II scores is nearing completion.

15.9 Phospholipid Emulsion

High density lipoprotein (HDL) and other lipoprotein can bind endotoxin, thereby
attenuating the immunologic response, a property thought to be related to the phos-
pholipid content (Feingold et al., 1995; Harris et al., 1990; Levine et al., 1993; Wu
et al., 2004).

In animal studies on endotoxin-induced sepsis, raising HDL or administering
human HDL and/or other lipoproteins reduced mortality (Harris et al., 1990; Levine
et al., 1993). Using a hypolipemic animal model an increase in cytokine produc-
tion and mortality with endotoxin challenge has been demonstrated (Feingold et al.,
1995). After lipoprotein administration, the authors showed the mortality return to
the same level as the control group.

Since the beneficial effects of lipoprotein were thought to be related to phospho-
lipid content, a lipid emulsion with 10% phospholipids was developed and tested in
animal as well as human studies (Gordon et al., 2003).

A porcine sepsis model showed promising results, as the drug decreased mortal-
ity, improved cardiovascular function and decreased both endotoxin and TNF levels
(Goldfarb et al., 2003). This led to a phase 2 clinical trial, The Lipid Infusion and
Patients Outcomes in Sepsis (LIPOS) trial.

The LIPOS trial was a randomized controlled study of 1379 patients to assess
the efficacy of a phospholipid emulsion (GR270773) in patients with suspected or
confirmed gram-negative sepsis. The emulsion was infused over a course of 3 days.
Initially the design consisted of three arms, one being a high dose. The high dose
arm was discontinued at interim analysis due to concern for potential toxicity. At the
end of the study, no benefit of the lipid emulsion in decreasing mortality or organ
failure was observed (Dellinger et al., 2009).

15.10 Hemoperfusion Through a Polymixin B Embedded
Cartridge

Polymyxin B (PMXB) has a very strong antimicrobial effect on gram negative bac-
teria, but its intravenous use is limited owing to toxicity profile. PMX B also binds
to endotoxin inactivating it in the process (Morrison and Jacobs, 1976). It has been
used as an embedded filter component of hemoperfusion cartridges for removal of
endotoxin in Japan since 1994.
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15.10.1 Animal Studies

A study using a rat model of sepsis induced by cecal ligation and perforation (CLP)
showed that PMXB hemoperfusion performed 24 hours after the CLP procedure
reduced plasminogen activator inhibitor -1 expression in the lung, and apoptosis in
renal tubular cells (Ito et al., 2009).

The effect of PMX B hemoperfusion on animal survival was examined in a trial
of CLP induced sepsis in 3 day old piglets. Although the treatment was associated

Table 15.1 Summary of studies of PMX B hemoperfusion

Author Setting Finding
Animal studies
Ito et al. (2009) CLP-R JPAI-1 in lung, | Apoptosis renal

Oshima et al. (2008)
Sato et al. (2009)
Sato et al. (2008)
Hussein et al. (2010)

Cohen et al. (1987)

Human studies
Nakamura et al. (2009)

Suyama et al. (2008)
Noma et al. (2007),
Enomoto et al. (2008)
Kushi et al. (2006a)
Kushi et al. (2008)
Kushi et al. (2006Db, ¢)
Kushi et al. (2005)

Kanesaka et al. (2008)
Shimizu et al. (2009)
Nakamura et al. (2008)

Cantaluppi et al. (2008)
Nemoto et al. (2001)

Cruz et al. (2009)

Lung I/R-Dogs
Hepatic I/R-Pigs
Intestinal I/R-Dogs

CLP-P

Sepsis-ARDS

Sepsis ALI/ARDS
ILD

Sepsis
Sepsis
Sepsis
Sepsis

GNR Sepsis
CP sepsis
Sepsis

GNR sepsis
Sepsis

Abdominal Sepsis

tubular cells

1Pa0O2/FiO2 | Lung water, Better lung
tissue preservation

fHepatic circulation, 1Portal
circulation, | AST

1SMA blood flow, 1 Mucosal Blood
flow, 11L-10

1 oxygenation, Better liver function
tests, 1 survival

JMortality

Improved oxygenation, | Endotoxin,
JHMGBI1

Improved oxygenation

Improved oxygenation

Improved tissue oxygenation

Higher gastric pH

JIL8, |NE

JIL-8, |NE, | PAI-1, Improved
oxygenation

JIL-6, | pyruvate, 1 Vascular
resistance, 1 Urine output

JIL-6, |IL-8, | Endotoxin

JBNP, | ANP

Less proapoptotic activity

JMortality in all patients, | Mortality
APACHE <30 no apparent effect
APACHEII>30

TMAP, | vasopressors, | SOFA,
| Mortality

CLP-R CLP induced sepsis-Rats; CLP-P CLP-induced sepsis-Piglets; IVE-R IV Endotoxin-
induced sepsis-Rats; /LD interstitial lung disease; NE neutrophil elastase
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with lower hematocrit values, it improved oxygenation, liver function tests and was
associated with a longer survival time (Hussein et al., 2010).

Other animal studies will not be extensively reviewed in this manuscript but are
cited in Table 15.1.

15.10.2 Human Studies

PMX B improved oxygenation in patients with acute respiratory distress associated
with exacerbation of interstitial lung disease in some but not all patients (Enomoto
et al., 2008; Nakamura et al., 2009; Noma et al., 2007; Suyama et al., 2008).

Using a gastric pH measurement and the difference between the gastric and
arterial PCO, (PCO; gap) as a surrogate of tissue oxygen metabolism a group of
researchers performed PMX HP therapy in 22 septic patients. Their results showed
that the PMX HP therapy performed twice within 24 hours, for a duration of three
hours each significantly decreased the arterial-venous PCO, gap at 48 and 72 hours,
suggesting improved tissue oxygenation (Kushi et al., 2006a). In nearly all of the
reported studies, PMXB therapy was dosed for 2 hour treatments. In a study of 16
patients with septic shock, a more prolonged treatment resulted in lower vasopres-
sors requirement, better oxygenation and lower sequential organ failure assessment
(SOFA) score (Mitaka et al., 2009). Polymyxin B hemoperfusion therapy has also
been shown to decrease the levels of blood endotoxins, as well as those of the proin-
flammatory cytokine HMGB1 (Nakamura et al., 2009). In a study by Kushi et al.,
IL-8 was measured sequentially in 15 septic patients that underwent PMX treat-
ment twice, each for three hours within a 24 hour period. The IL-8 levels were
significantly lower at 48 and 72 hours (Kushi et al., 2006b). A similar pattern was
shown for neutrophil elastase levels by the same group in another study (Kushi
et al., 2006c). Both of these mediators in addition to PAI-1 were lowered by PMX B
treatment in 36 patients at 48 hours, and correlated with improvement in pulmonary
oxygenation which was apparent at 96 hours. In a study of 52 patients with sepsis
secondary to colorectal perforation, IL-1, 6 and 8 and endotoxin levels decreased
with the PMX B hemoperfusion therapy (Shimizu et al., 2009).

In a randomized controlled trial conducted by Nemoto et al, 98 patients were
assigned to either conventional treatment or PMX B (Nemoto et al., 2001). The
overall survival was significantly better in the treated group. When looking at sub-
groups, the authors concluded that this therapeutic approach was more likely to
improve survival when applied earlier in sepsis. One criticism of this conclusion is
that the subgroups contained a low number of patients to make a definitive statement
in this regard.

In a multicenter prospective trial, Cruz et al. randomized 64 patients with abdom-
inal sepsis to either PMX B or conventional therapy (Cruz et al., 2009). The PMX
B hemoperfusion procedure was performed twice. At 72 hours, in the treated group,
the MAP was higher, vasopressors requirement lower, and SOFA score improved.
The 28-day mortality was 32% in the treated group, significantly lower than the
conventional group (53%).
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In summary, both animal and human sepsis studies suggest a positive impact
of PMXB treatment on physiologic parameters and supporting the possibility of
improving clinical outcomes. Large randomized studies need to be performed to
confirm any beneficial effect. A treatment protocol based on identifying patients
with high endotoxin levels (with the goal of removing endotoxin) may offer advan-
tages over previous efforts to neutralize endotoxin based on clinical syndrome
only. This therapy is not approved for use in the United States and a randomized
multicenter trial is being planned.

15.11 Conclusion

Targeting endotoxin for treatment of Gram-negative sepsis presents several theoret-
ical advantages over other tested therapies. Endotoxin triggers the sepsis cascade by
a well characterized mechanism that involves a binding protein, a cell wall receptor
and a toll like receptor. Endotoxemia is present not only in Gram negative sepsis
but in other infections as well. In addition, elevated levels of endotoxin correlate
with higher morbidity and mortality. Finally targeting endotoxin early in the sepsis
clinical presentation could help reverse or limit this disease before “the horse is out
of the barn”.

Conceptually, the action of endotoxin could be blocked at several steps and trials
studying different pathways have been (or are currently being) conducted.

Many animal and preclinical studies have showed benefit of a variety of antien-
dotoxin therapies, but this effect has not been translated into human trials. Since
both pre-clinical rationale and studies support the targeting of endotoxin to amelio-
rate the pro-inflammatory and pro-coagulation response of severe sepsis, we should
continue to pursue therapeutic intervention in this area.
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Chapter 16
Lipopolysaccharides in Rhizobium-Legume
Symbioses
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Abstract The establishment of nitrogen-fixing symbiosis between a legume plant
and its rhizobial symbiont requires that the bacterium adapt to changing conditions
that occur with the host plant that both promotes and allows infection of the host root
nodule cell, regulates and resists the host defense response, permits the exchange of
metabolites, and contributes to the overall health of the host. This adaptive process
involves changes to the bacterial cell surface and, therefore, structural modifications
to the lipopolysaccharide (LPS). In this chapter, we describe the structures of the
LPSs from symbiont members of the Rhizobiales, the genetics and mechanism of
their biosynthesis, the modifications that occur during symbiosis, and their possible
functions.
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16.1 Introduction

Bacterial species belonging to the Rhizobiales are members of the
Alphaproteobacteria, which includes the phytopathogen Agrobacterium, phy-
logenetically related animal pathogens such as the intracellular animal pathogens
Bartonella and Brucella, and plant symbionts Bradyrhizobium, Rhizobium,
Sinorhizobium, Azorhizobium, and Mesorhizobium (collectively called rhizobia).
These plant symbiont species live and dwell as soil bacteria and as nitrogen-fixing
endosymbionts in legume host plants. During symbiosis with legumes, the host
plants form a new organ, the root nodule, and within this root nodule the rhizobia
develop into specialized symbiotic forms, the bacteroids. Bacteroids are normally
found within nodule cells in organelle-like compartments, called symbiosomes.
In this environment they fix molecular nitrogen into ammonia and supply it to
the host plant as a nitrogen source. Successful survival of rhizobia depends,
therefore, on rhizobia being capable of invading and adapting to very different
legume plant as well as soil environments. This remarkable adaptability has been
fascinating scientists for more than a hundred years ever since nitrogen fixation
was discovered by Hellriegel and Wilfarth in 1888 [some recent reviews on various
aspects of Rhizobium biology are: (Brewin, 2004; Denison and Kiers, 2004;
Frugier et al., 2008; Gage, 2004; Gibson et al., 2008; Oldroyd and Downie, 2008;
Sanchez-Contreras et al., 2007; Soto et al., 2009; Stacey et al., 2006)].

Besides its agricultural and environmental importance, Rhizobium-legume sym-
biosis provides a powerful model that can teach us a great deal about the molecular
cross-talk between a prokaryote and its eukaryotic host. A considerable body of
work has established that the culmination of the symbiotic interaction, which is the
metabolic exchange of fixed ammonia and reduced carbon compounds between a
Rhizobium and its host plant, is predicated by a series of complex morphological
plant and bacterial developmental steps that begins with the attachment of rhizobia
to a newly emerging root hair. The root hair deforms and entraps the rhizobia while
the root hair tip growth is redirected placing cell wall material in apposition to the
rhizobial attachment point. In a concerted interaction between the host plant and
the bacterial microcolony a cell wall invagination is initially formed that develops
into an inwardly growing tunnel, the infection thread, filled with a column of rhi-
zobia, and still bordered by a cell wall layer. The growing, eventually branching,
infection thread leads the bacteria to a newly formed meristem; on legumes forming
indeterminate nodule, like pea, clover and alfalfa, it is formed in the more central
parts of the root cortex in layers adjacent to the pericycle; in legumes forming deter-
minate nodules, like those on Lotus, soy and Phaseolus beans, it is formed in the
more outer root cortex layers. Eventually an infection thread makes contact with a
meristematic cell and forms what is called an infection droplet. At this stage, the
apposition of cell wall material is thinned to the point that colonizing rhizobia make
contact with the cytoplasmic membrane of meristematic cells and are endocytosed.
Immature symbiosomes are formed that multiply and develop into their mature
organelle-like forms that are occupied by nitrogen-fixing bacteroids surrounded
by a specialized plant-derived membrane called the peribacteroid membrane. In
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indeterminate nodules, the symbiosomes are occupied by only an individual
bacteroid, while in determinate nodules, symbiosomes are occupied by several
bacteroids [for more details, see e.g. (Gibson et al., 2008; Oldroyd and Downie,
2008)].

Nitrogen fixation requires the expression of the highly oxygen-sensitive nitro-
genase enzyme complex in aerobically-growing rhizobia. A key function of nodule
physiology is to mediate the bacterial metabolic needs for oxygen with the need for
protecting the nitrogenase complex from destruction. This is accomplished through
a microaerobic nodule environment and a controlled oxygen supply that is simul-
tanously conducive to aerobic metabolism and nitrogen fixation. The bacteroids fix
atmospheric nitrogen gas into ammonia, but do not metabolize the fixed ammonium;
rather they release it to the host plant. The host plant maintains this rhizobia “ser-
vice” for weeks, providing necessary nutrients to the rhizobia in form of carboxylic
acids and possibly other metabolites.

Successful host colonization by rhizobia requires both reprogramming of plant
and bacterial cell development while avoiding infection termination through host
defense reactions. The rhizobial cell surface is critical in this process. Initially, fol-
lowing the induction of rhizobial nod genes by the host legume-secreted flavonoid
signal molecules, the bacteria synthesize and release a Nod-factor, a lipochitin
oligosaccharide (LCO), that initiates host cell wall perturbations and causes the
above mentioned root hair deformations. This is followed by the formation of infec-
tion threads. In the lumen of the infection thread, the rhizobia grow and divide
and are morphologically still outside the plant. Modification to the host plant cell
wall and the extracellular matrix occurs and hydroxyproline-rich glycoproteins
(extensins/AGPs) are targeted into the lumen of the infection threads. The structural
peculiarities of these glycoproteins suggest that they could facilitate a fluid-to-solid
transition in the extracellular matrix through peroxide-driven cross-linking of pro-
teins. This, and possibly modifications in the cell wall pectic matrix are apparently
necessary for infection thread extensibility. In the largely unwalled infection droplet,
physical contact of the Rhizobium cell surface with the plant membrane glycocalyx
seems necessary for endocytosis. The endocytosed rhizobia (or bacteroids) remain
within the plant derived membrane (i.e. called the peribacteroid or symbiosome
membrane). This membrane also matures and acquires new functions for metabolite
exchange between the entrapped nitrogen-fixing bacteroids and the plant cytoplasm.
This may also involve actual physical contact between the bacteroid surface and
the symbiosome membrane leading to a nitrogen-fixing symbiosome that is stable
for weeks. Ultimately, this stable interaction breaks down and the symbiosome-
converted lysosomes cause bacteroid senescence. These complex interactions are
governed by a range of diffusible signal molecules, in addition to molecular cues in
the plant cell wall and on the rhizobial cell surface, and by changes in physiological
conditions that occur during symbiosis (Brewin, 2004; Fauvart and Michiels, 2008;
Frugier et al., 2008; Gage, 2004; Gibson et al., 2008; Oldroyd and Downie, 2008;
Sanchez-Contreras et al., 2007).

As described in the preceeding paragraphs, the interaction between a Rhizobium
and its host legume, as with other microbe-host interactions, involves bacterial cell
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surface and, therefore, cell surface polysaccharides. These polysaccharides include
extracellular, capsular, and lipopolysaccharides (EPS, CPS, and LPS), cyclic glu-
cans, and LCOs. A recent review (Gibson et al., 2008) describes the roles of EPS,
CPS, cyclic glucans, LCOs, and some aspects of LPS in Rhizobium-legume sym-
biosis. Another recent article reviews the function of the LCOs and the molecular
basis for the host response to these molecules (Oldroyd and Downie, 2008). The
purpose of this chapter is to describe what is known regarding the structures and
biological functions of rhizobial LPS. This chapter will describe LPS structures and
structural features which are unique to various rhizobial members of the Rhizobiales
and may be required for symbiosis, structural alterations that occur to the LPS
during symbiotic infection, LPS genetics and biosynthesis, and LPS function in
symbiosis.

The LPSs from rhizobial members of the Rhizobiales consist of the same general
structural architecture as LPSs from enteric and animal Gram-negative pathogens.
This architecture consists of three structural regions; an O-chain polysaccharide
(OPS) that is attached to a core oligosaccharide (COS) which is attached to an acy-
lated saccharide known as the lipid A (LA). Early work showed that an intact LPS
is essential for symbiosis in both determinate and indeterminate nodule-forming
legume hosts. Mutants that lacked the OPS were defective in determinate nodule-
forming hosts in that the infection threads were aborted (Noel et al., 1986), and
defective in indeterminate nodule-forming hosts in the endocytotic invasion of the
root nodule cells (Brewin et al., 1993; Perotto et al., 1991, 1994). Subsequent work,
using LPS monoclonal antibodies (mAbs) showed that structural epitope changes
occurred to the OPS region of the LPS during symbiosis (Kannenberg et al., 1994;
Tao et al., 1992), and, in some cases, an alternate OPS was produced when the
Rhizobium was cultured in the presence of nod gene-inducing flavonoids (Reuhs
et al., 2005). It was also shown that the LA was altered in structure during symbio-
sis (D’Haeze et al., 2007; Kannenberg and Carlson, 2001). It is apparent from these
and other studies that OPS is necessary to form a normal nitrogen-fixing symbiosis,
and that structural changes can occur primarily to the OPS and to the LA portion
of the LPS during the transition from a vegetative bacterium to the nitrogen-fixing
bacteroid. The details of these structural alterations, their genetic basis, and function
are discussed in this chapter.

16.2 Rhizobial Lipopolysaccharide Structures

The structures of LPS from rhizobial members of the Rhizobiales have recently
been reviewed by De Castro et al. (2008). There are only a few cases in which
the OPS, COS, and LA structures have all been determined for a single strain
and, thereby, allow one to assemble the entire LPS structure for that strain; e.g.
R. etli CE3, R. leguminosarum biovar viciae 3841, and R. leguminosarum biovar
viciae 128C53. In other cases either the OPS, COS, or LA, but not all three LPS
components, have been structurally determined for a single strain. The LPSs from
rhizobia have, for the most part, been extracted using hot phenol/water (Westphal
and Jann, 1965) and purified by gel-filtration chromatography in the presence of
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deoxycholate (DOC) which allows the separation of LPS which contains the OPS
(called LPS I or “smooth” LPS) from LPS that lacks the OPS (called LPS II or
“rough” LPS) (Carlson et al., 1978). Other protocols include extraction of the cell
pellets with a triethylamine-EDTA solution followed by polymyxin-B-Sepharose
affinity chromatography (Forsberg and Carlson, 1998; Ridley et al., 2000). In this
section, the chemical properties of the LA, COS, and OPS from various Rhizobiales
LPSs are described.

16.2.1 Lipid A (LA) Structures

Rhizobial members of the Rhizobiales have been shown to have various LA struc-
tures that differ in significant ways from those of enteric bacteria as well as
from each other. Structures have been determined for the LA from strains of
R. leguminosarum (Bhat et al., 1994; Kannenberg et al., 1998; Que et al., 2000a, b),
R. etli (Bhat et al., 1994; Kannenberg et al., 1998; Que et al., 2000a, b), R. sp.
Sin-1 (Jeyaretnam et al., 2002), R. galegae (Jeyaretnam University of Georgia PhD
thesis, 1998), Sinorhizobium species (Ferguson et al., 2005, 2006; Gudlavalleti and
Forsberg, 2003), M. huakuii (Choma and Sowinski, 2004), and the phytopathogen
member of the Rhizobiales, A. tumefaciens (Silipo et al., 2004). Other LAs have
been examined by composition and mass spectrometric analysis.

Structural comparison reveals that the various rhizobial LAs contain both com-
mon and variable structural features. In addition, each LA preparation contains a
mixture of structures varying in the number and length of their fatty acyl compo-
nents as well as in their carbohydrate backbone. A common structural feature in
all LAs is the very long chain fatty acid (VLCFA), 27-hydroxyoctacosanoic acid
(27-OHC28:0), and small amounts of 29-OHC30:0. This was found during the
composition analysis of LPSs from every member of the Rhizobiales examined,
with one exception thus far; the LPS from A. caulinodans, which nodulates the
stems of Sesbania, does not have detectable amounts of VLCFA (Bhat et al., 1991).
LA with VLCFA is also found in a number of pathogens that form chronic intra-
cellular infections. These pathogens include Brucella abortus (Bhat et al., 1991),
Brucella melitensis (Basu et al., 2002), Bartonella hensalae (Bhat et al., 1991), and
Legionella pneumophila (Zahringer et al., 1995).

The rhizobial LA can be grouped into four different structural types (Fig. 16.1).
Sinorhizobium meliloti, S. sp. NGR234, and A. tumefaciens share the same LA struc-
ture, 1, which consists of a bis-phosphorylated glucosamine (GlcN) disaccharide
backbone that is pentaacylated with the VLCFA as the single acyloxyacyl residue.
There is structural variability in that some molecules in an LA preparation may
lack a phosphate group, the f-hydroxybutyryl (3-OHC4:0) moiety, or the fatty acyl
residue attached to position 3 of the proximal GlcN residue. In addition, there is vari-
ation in the chain length of both the ester and amide-linked fatty acyl residues. The
various forms of structure 1 have a molecular weight range from 2010 to 2060. LA
structure 2 is shared among R. leguminosarum biovars viciae, trifolii, and etli, and
R. etli strains. This structure is completely devoid of phosphate and the proximal
residue can consist of 2-aminogluconate (GlcNonate) rather than GlcN while the
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variation in their N-fatty acyl chain lengths as well as each preparation having molecules lacking
a P-hydroxymyristyl residue from the structures shown. Other minor structural variations are as

described in the text
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distal GIcN residue is substituted with a a-D-galacturonosyl (a-D-GalA) residue at
the 4’-position. It is also pentaacylated with the VLCFA as the single acyloxyacyl
residue and its fatty acyl ation varies as described above for structure 1. In addition,
structural variation occurs due to the fact that the proximal glycosyl residue can exist
in several forms; as GlcNonate, 2-aminogluconolactone (GlcNono-lactone), or as
GIcN. The molecular weight range of the various forms of structure 2 is 1970-2030.
The third LA structure, 3, is shared by R. sp. Sin-1 and by R. galegae. This struc-
ture is essentially the same as structure 2 with the exception that it lacks the GalA
substitution of the distal GlcN residue, and the proximal glycosyl residue exists
exclusively as GlcNonate (or its lactone). It also lacks the 3-OHC4:0 moiety esteri-
fied to the VLCFA 27-OH group. The molecular weight range of structure 3 is from
1710 to 1770. Structure 4 was reported for M. huakuii (Choma and Sowinski, 2004).
This structure is different from the other structures in that its glycosyl backbone con-
sists of a 2,3-diaminoglucose (GIcN3N) disaccharide which is phosphorylated at the
4’-position, and contains a a-D-GalA glycosidically linked to the 1-position of the
proximal GIcN3N residue. As with the other LA structures it contains the VLCFA
as an acyloxyacyl residue, but also contains a second acyloxyacyl residue on the
3’-position of the LA backbone, and is, therefore, hexa — rather than pentaacylated.
This second acyloxyacyl residue has an extended carbon chain, C20:0. The amide
fatty acyl residue at the 2- and 2'-positions of the LA backbone also has an extended
carbon chain; it is 3-OHC20:0. In addition, branched 3-OHC13:0 fatty acyl residues
are amide linked at positions 3 and 3’ on the LA backbone. Composition and mass
spectrometry (MS) analysis shows that the LA of M. loti has a very similar fatty acyl
composition and MS profile to those of the M. huakuii LA (Casabuono et al., 2006),
and, therefore, it likely has a vary similar structure. The various forms of structure
4 have a molecular weight range of 2280-2360. While the LA from other members
of the Rhizobiales have not been fully structurally characterized, partial analysis
shows that Bradyrhizobium species also have an LA that contain GIcN3N (i.e. B.
Jjaponicum) or a combination of GIcN3N and GIcN (i.e. B. sp. Lupinus) (Bhat et al.,
1991; Mayer et al., 1989). Recent analysis of the LA from B. japonicum USDA 1110
showed that the LA contains GIcN3N and mannose (Man) (Muszynski and Carlson,
unpublished) likely indicating the presence of an acylated GIcN3N disaccharide that
is mannosylated. Mass spectrometric analysis of this LA indicated structural hetero-
geneity as was observed in other rhizobial LA preparation. The largest molecular
weight forms of B. japonicum LA were between 3070 and 3140 making these the
largest LA molecules observed in any LPS from the Rhizobiales. The larger molec-
ular weight of this LA raises the possibility that it is more extensively acylated than
the LA structures 1-4. Further structural analysis of this LA is in progress.

16.2.2 Core Oligosaccharide (COS) Structures

The compositions, partial structures, and complete structures for a number of
COSs have been determined for the LPSs from members of the Rhizobiales
(R. leguminosarum, R. etli, several Agrobacterium species, Sinorhizobium,
Mesorhizobium, and Bradyrhizobium) (Table 16.1).



R.W. Carlson et al.

346

00°€/0S1/ST°0/00°S/0S°0 = OPM/V[BD/UBIN/I[D/[ED :uopisodwo), PETION
(8661 “1v 12 ‘Synay) “ds wniqoziy.iourg
00"€/0S"T/SL"0/00°S/ST'0 = OP/V[BD/UBIN/O[D/[eD ‘uopisodwo), LSTVASN
(8661 “7p 12 'synay) 0S°T/STT/SL'0/00°S/ST'T = OPM/VIBD/UBIN/IID/IBD ‘uonisoduro), soTvasn
(8661 “71p 72 "synay) npaif wn1qoziy.ourg
(8661 “7p 72 "synay) 00°€/0S°T/ST'0/00°S/0S°0 = OPM/V[ED/UBIN/1D/[ED ‘uonisoduro), 101Uy
iy o<
(9661 “p 12 ‘essmy) | OPI(S¢—1)-01D-A-0-(£4—1)-V[ED-A-0 “0P3-(p¢—)-VIID-A-0 OpY-(p¢—1)-NIID-A-¢ * ¢=7)-eyQ-(p¢— "1onng 1ed, 154201

1oj1oW WNIQOZIY.I0UIS

(800T “7v 12 ‘o[nisren)

(€00T v 12 ‘oreurjojy)

(800T “7v 42 ‘o[nisren)

(9002 v 12 ‘onse) a(1)

(4=27)-0p-(L—1)-V[eD-a-0 r(ce1-omg-1-0
e 1)-01D-a-g-(¢1)-VIeD-a-0-(g7)-eyd-o re<1)-18D-a-g-ov0-t/¢
OP3-($4—1)-9[D-A-0-0VO-€ ~(9¢=1)-1D-A-g-(£4—1)-VI8D-A-0~(p¢=1)-VIID-A-g-(p¢—1)-NO[D-A-0-(¢— )-On-T1-0

r(F0)-op3 (= 1)-91D-a-g-(¢ 1)-NV9ID-a-¢
OP-(S4—1)-[8D-A-0-(9¢— [ )-NV [ED-A-0-(p¢— [ - -T-0-(¢— [ )-[KO¥YNEIMO-a-¢

Hr0)-opYN-(8¢—1D-1eD-a-g (94 1)-UBN-a-0
OPY-(G¢—1)-UBN-A-0-(g¢— [ )-UBIN-A-0-(¢¢— [ )-UBIN-A-0-(T¢— ] )-UBN-A-0

(P 0)-0PI-(8¢—1)-[eD-A-g-(p—1)-[eD-A-g-(76—1)-NOID-a-¢
OP-(§¢—1)-UBN-A-10-( €4 [ )-BUY-T-0-(£4— )~ - T-0-~(T¢— [)-eq-T-0- (¢~ )-e Y- T-0-(Z¢— [ )-BYI-T-0

TLLYNSA ‘y1qn4 Y

AauoowdLiv] 'y

LOTOENSA ‘€AY
1210DqOIPDL Y

YOZOSINSA ‘TTT1LL

r(70)-0p-(8¢1)-[eD-a-¢ 0STOSINSA 1V
(900T v 12 ‘omse) 2(1) OPY-(§¢—)-UBIN-(-0-(9¢— 1 )-UBIN-A-0 suaropfouny
oy
(S 1)-V[eD-a-0 me
(8661 17 r(peD-vien-a-o oy

J2 ‘Broquouuey ‘8661
‘uos[e)) pue $10qs10,])

rre0)-0p [(p—1)-vIeD-a-0
OPY-(S¢—[)-UBIN-A-0~(9¢— [ )-]eD-A-0-(9¢—7)-0p3]

QBIDIA SIBAOIQ
EES%Q:NE:MN\ '

Q0URIAJOY

uonisodwo)) 10 210NN

urens

$2]p1qO211fy] 9} JO SIOqUIAW WO} sopLreydodesAjododi ay) ur punoy soprieyooesoSIo 210D 9T I[qeL,




347

16 Lipopolysaccharides in Rhizobium-Legume Symbioses

(L861 “p 12 ‘yeleresoueand) ‘[e 19 yeleresaueand Aq parodal son[eA WOy UOHORY S[OW PAjR[No[ed

oy st uonIsoduwiod dY 1, “op3 10J AN[EA [EILIOWNU € ‘UONIEL] S[OUW AIE[DI AU} AIE PUE (0661 “7P /2 ‘UOLLIED) [E 19 UOLLIED) Aq UGAIS SAN[LA dY} WIOIJ PAJE[NILd
stuonsodwoo Sy, “SdT SIY 10§ (ZOOT “Bwoy)) pariodar sIeSns 0100 POJENSa [210) dY) JO UOHOEBL] d[OW dANE[OI Ay ST uonIsodwod siy ], Jusuoduiod
PpoynuUAPIUN UE Sk Juosald SI X pue ‘SIEINS JIPIOE JO ONEI AOW SANE[DI PUE SIEINS [ENNSU JO ONES dJ0W dy) sk (50T “7» 12 ‘ouomuy () papodar uonisoduro)
‘uondely dryderdorewonyd §4-1-y ut sjueuodurod [£s0043 1ofewr jo oner sjour se (900 /v /o ‘pussumo ) paprodar uonisoduwio)), ONEr AOW SANE[AI ) St
(600€ “7p 12 “nzomazg-eysI] ) papiodar sem §4-Y JO uoNsodwo) o[ 0) POZI[LULIOU SOEI A[OUI DAIR|DI SE (8661 77 12 ‘Synay]) partodar are suonisoduwio),
*20uanbas (Fu1oNpPaI-UoU) [EUILLIA) B SE PIIUIPI SEM «—7)-0P3-(p4¢—1)-VI[D-a-0 {(proe oLreso|ndoy£xoap) ey(y padul|-f (viv Lopur) POPRIOUL SAIMINNS [EIIE]

(861 (0111 utens o jueinuw
“Iv 12 ‘yeleresoueAnd) +/80°0/9T°0/99°0 = OPI/NOID/FID/UEN uonsodwo)), ySnoxe) ¢ZISH
(0661 v 2 ‘uoLLIE)) +/77"0/9%°0/€1°0 = OP/O1D/UBIA/UBINOINO-F :uonisodwo) €TIVI9
(2661 ‘yereuysLrsy
pue uos[Ie)) Op-($4—1)-91D-A-0-(}¢—1)-UBN-A-0 0pN-(G¢—)-UBNRINOH-A-0 soImoNNg [enIed 210IVI9
wnorodpl
E:.NQQNNv\.\\Q\ﬁkm
(200T “ewroyD)
(S00T | +/€0°0/S0°0/11°0/€0°0/T0°0/€€°0/LT 0/20°0/1°0 = OP/VOID/V[ED/dOH/NIMO/NOID/[BD/FID/UBN/RYY  uonisodwo), LEPTSTOAT
..Nh Jo .OCOSE/\,DV ,::u\n:& 5:.50&:,;;&3\
(900
“[p 12 ‘PUISUMO) 0°1/9°0/T'T = OPSI/X/VIED :SIESNS JIPIOY 16°0/0° [ = [BD/O[D) :SIEFNS [ENNON suonisodwio) 66£0€AIVIN
(600T “1v 12 “nzomozs 00" 1/1€0/2€°0/ST T = op3I/doH/[eD/A1D :uonisodwo) SETTAZN
-eSIN, ‘$00T 0€°1/02#/00°1/01°0/01"1/0S°0/00'% = OP3/doH/NOID/VIeD/[ED/VIIDAID suonisodwo) 1'€1TTdZN
..\Q Jo .O:OB«:/\,QV .:Q\ sm.icw:\\sww\é
QOUAIRJY uonsodwo)) 10 amOnng ureng

(panunuod) 1°91 JqEL,



348 R.W. Carlson et al.

The LPSs from strains of R. leguminosarum biovars viciae, trifolii, and etli, and
for strains of R. etli have the same COS structure. It consists of an octasaccharide
of which four glycosyl residues are GalA. Unlike the core region from numerous
animal pathogens which have a heptosyl (Hep) residue attached to the 3-deoxy-D-
manno-2-octulosonic acid (Kdo) residue that links the COS to the LA, this rhizobial
COS structure is devoid of Hep and has a Man residue attached to this Kdo. Another
unusual feature is that this COS structure has a third external Kdo residue and, as
will be described below, the OPS is attached to this Kdo. The presence of three
Kdo residues together with three GalA residues makes this structure quite acidic.
The genes and the enzymes involved in the synthesis of this structure have all been
identified and are discussed further in the following section of this chapter.

The structures of the COSs have been determined for a number of Agrobacterium
strains. Unlike the COS structure from R. leguminosarum and R. etli, these struc-
tures vary among different Agrobacterium species and strains. However, as with
the R. leguminosarum and R. etli COS structure, the Agrobacterium COS structures
also are devoid of Hep residues. Three Agrobacterium COS structures have the same
Man; Kdo, trisaccharide inner structure as found in the R. leguminosarum and R. etli
COS structure; i.e. Man is attached to the Kdo that links the COS to the LA. In A. lar-
rymoory COS, this Man is replaced by Gal, and while in A. rubi this residue is Glc.
Of these Agrobacterium COS structures only that of A. rubi DSM6772 has acidic
glycosyl residues (other than Kdo); two GlcA and one GalA residues. One COS
structure, from A. larrymoorey, has glycosyluronamide residues. Three structures
from A. tumefaciens and A. radiobacter are enriched in glycosyl residues having a
manno-configuration; i.e. either rhamnose (Rha) or Man.

In the case of Sinorhizobium species, only compositions from several strains and
partial COS structures from one strain, S. meliloti 102F51, have been reported. As
previous mentioned bacterial LPS preparations often consist of two types of LPS
molecules, those with the OPS called LPS I and those without OPS called LPS
II. For many LPSs from Sinorhizobium strains the major form of LPS is LPS II,
composed of COS and LA, which also can be the dominant antigen. All of the
Sinorhizobium LPS 1IlIs contain GalA and Kdo and lack Hep residues. The compo-
sitions of the COS from S. meliloti Rm1021, S. fredii USDA205 and USDA257,
and S. sp. NGR234 are all very similar containing Gal, Glc, Man, GalA, and Kdo.
Even though complete structures from Sinorhizobium COSs have not been deter-
mined, immunochemical studies have shown that there are several structural groups
(Kannenberg et al., 1998; Reuhs et al., 1998). For example, polyclonal antiserum to
S. fredii USDA 205 reacts with the LPS II from S. fredii USDA 191, USDA 205,
USDA 208, and S. sp. NGR 234 but not with the LPS II from 16 other S. meliloti
and S. fredii strains (Reuhs et al., 1998). However polyclonal antiserum to S. meliloti
Rm41 reacts with the LPS II from S. meliloti AK631, Rm1021, NRG133, NRG247,
NRG286, NRG23, NRG53, S. fredii USDA192, USDA196, USDA197, USDA257,
USDAZ201, and HH103 (Reuhs et al., 1998). Thus, as indicated by the composi-
tion analyses shown in Table 16.1, these immunochemical results suggest that the
COSs from Sinorhizobium LPSs contain similar, but not identical structures that
can be grouped into 3 or 4 related structural types (Kannenberg et al., 1998; Reuhs
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et al., 1998). Similar results were obtained using a series of monoclonal antibodies
prepared against various S. meliloti strains (Reuhs et al., 1999). It is also reported
that Sinorhizobium LPSs are sulfated (Cronan and Keating, 2004; Keating, 2007,
Keating et al., 2002; Townsend et al., 2006). Therefore, in addition to the acidic
uronosyl residues in their COSs, the presence of sulfate can also add to the negative
charge of these LPSs.

As with Sinorhizobium, only the compositions of a few COSs of B. japon-
icum LPSs, and partial structures of one COS have been reported (Carlson and
Krishnaiah, 1992; Carrion et al., 1990; Puvanesarajah et al., 1987) and are given in
Table 16.1. During the initial hot phenol/water extraction of various B. japonicum
strains, it was found that the LPSs were largely or exclusively extracted into the phe-
nol phase rather that into the water phase as was the case for most other LPSs from
the Rhizobiales (Carrion et al., 1990). The hydrophobic character of these LPSs
may be due to a possible higher degree of fatty acylation in the LA as described
above, as well as an OPS that contains predominately deoxyhexosyl residues and
appears to be highly O-acetylated (Carrion et al., 1990); the OPSs are discussed
further below. The compositions and partial structures of B. japonicum COSs were
determined from the LPS II of two strains (61A101c and 61A123) which largely, but
not completely, lack the OPS, and from the LPS from one rough mutant of strain B.
Jjaponicum 1110 (HS123), which completely lacks the OPS. All of these COSs con-
tain Man, Glc, and Kdo and the isolated LPS II preparations contain small amounts
of OPS as well as small amounts of 4-OMeMan. However, the LPS from the rough
mutant, HS123, lacks 4-OMeMan. The presence of 4-OMeMan only in structures
which contain OPS indicates that this may be the core residue to which the OPS is
linked, as suggested by Carlson and Krishnaniah (Carlson and Krishnaiah, 1992).
From the partial structures of the COS for strain 61A101c, one can hypothesize that
the COS of B. japonicum LPSs has the structure:

[OPS — ]-a-D-40MeMan-(1—5)-Kdo
oz—D-Man—(1—>4)—oz—D—Glc-(1—>4)-Kd0-(2—>4)J

Further structural work is required to determine if this proposed COS structure is
correct. However, if correct, then these B. japonicum LPSs have a similar Man; Kdo;
inner core structural arrangement as described above for the R. leguminosarum,
R. etli, and several Agrobacterium LPSs.

16.2.3 O-Chain Polysaccharide (OPS) Structures

Early on in the analysis of LPS from members of the Rhizobiales, it was shown
that there was (a) significant variability in the OPS even among strains of the same
species (Carlson, 1984; Carlson et al., 1978), and (b) that major glycosyl residues
commonly found in these OPSs consisted of deoxyhexoses as well as methylated
glycosyl residues (Carlson, 1984; Carlson et al., 1978). It was also shown that
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mutants from numerous members of the Rhizobiales that lacked OPS were defec-
tive in symbiosis (Carlson et al., 1987; de Maagd et al., 1989; Kannenberg et al.,
1992; Lopez-Lara et al., 1995; Noel et al., 1984, 1986; Perotto et al., 1994; Stacey
et al., 1991; Turska-Szewczuk et al., 2009; van de Wiel et al., 1990; VandenBosch
et al., 1985) and, therefore, it became important to investigate the function of
these polysaccharides in symbiosis. Thus, the structures of a number of OPS from
rhizobial LPSs have been reported and are shown in Table 16.2. Details of the
possible functions of OPSs in symbiosis are described in Section 16.5 of this
chapter.

The OPS structures shown in Table 16.2 reveal that the OPSs from Rhizobium,
Mesorhizobium, Sinorhizobium, and Agrobacterium species are enriched in deoxy-
hexoses as well as methylated deoxyhexoses; either Rha, fucose (Fuc), or
6-deoxytalose (6dTal). Glycosyl composition analysis has also shown that this
is the case for Bradyrhizobium species. Bradyrhizobium japonicum 61A123 LPS
has an OPS that contains Fuc, N-acetylfucosamine (FucNAc), and Man as the
major residues with smaller amounts of 4-OMeMan and Glc (Carrion et al., 1990).
Similar components were observed in the LPS of B. japonicum 1110 with the addi-
tional residues of xylose (Xyl) and arabinose (Ara) (Puvanesarajah et al., 1987),
while B. japonicum 61A101c contained 2,3-di-O-MeMan, Man, FucNAc, and
N-acetylquinovosamine (QuiNAc) as the major residues (Stacey et al., 1991). These
Bradyrhizobium OPSs also can be extensively O-acetylated (Carrion et al., 1990).
Very few OPSs contain charged glycosyl residues or substituent groups and, there-
fore, due to the dominance of relatively hydrophobic glycosyl residues the OPSs
confer a relatively hydrophobic character to the cell surface. In a few instances
charged glycosyl residues are present such as 3-deoxy-2-heptulosaric acid (Dha)
in R. leguminosarum bv. trifolii 24 OPS (Russa et al., 1996), GIcA in the case of
R. etli CE3 OPS (Forsberg et al., 2000), and GIc3NAmA in R. leguminosarum bv.
viciae 3841 OPS (Forsberg and Carlson, 2008). However, charged glycosyl residues
often neutralized; e.g. the GIcA is methyl esterified in R. etli CE3 OPS (Forsberg
et al., 2000), and the Glc3NAmA residue exists as a neutral zwitterion in R. legu-
minosarum bv. viciae 3841 OPS (Forsberg and Carlson, 2008). Thus, the anionic
hydrophilic portion of the LPS is located nearest the lipid bilayer surface of the
bacterium due to the Kdo, GalA, and/or GIcA in the core region as well as the
acidic glycosyl residues and/or phosphate groups on the backbone of the LA, and
this hydrophilic area of the LPS is blanketed on either side by the more hydropho-
bic OPS and the fatty acyl residues of the LA; see Fig. 16.2. Exceptions to this
hydrophobic-hydrophilic-hydrophobic arrangement may be the LPS from several
of the Agrobacterium and Bradyrhizobium strains where the COSs do not contain
charged glycosyl residues other than Kdo.

In several instances, it was found that a single strain could produce more than one
OPS structure. This is the case for A. fumefaciens F/1 (De Castro et al., 2004) and
A. radiobacter DSM30147 (De Castro et al., 2004) and also for two Sinorhizobium
strains; S. sp. NGR234 (Reuhs et al., 2005), and S. fredii USDA205 (Reuhs et al.,
1994). Many Sinorhizobium strains produce LPS that is either devoid of OPS, or
produce a low level of OPS-containing LPS. This is true for S. sp. NGR234 when
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Fig. 16.2 A schematic diagram showing the structure of the LPS from R. etli CE3. The various
glycosyl residues are as indicated. Those marked with an * are the acidic glycosyl residues, while
those marked with # are relatively hydrophobic (e.g. 6-dexoxy hexosyl residue). The hydrophobic
and hydrophilic areas of this LPS are indicated

cultured under normal laboratory conditions; however, when the flavone, apigenin,
which induces nod gene expression is added to the culture a LPS containing a rham-
nan OPS (structure is shown in Table 16.2) is produced (Reuhs et al., 2005). In the
case of S. fredii USDA205, the OPS appears to be a glucan under normal laboratory
culture conditions; however, when apigenin or host root exudate is added to the cul-
ture there is a significant increase in LPS that contains an OPS with Glc, Xyl, and
Man (Reuhs et al., 1994). Thus, at least in these two cases, there exists the ability
to produce conditionally-dependent OPS structures. These conditionally-dependent
OPSs and OPS modifications are discussed further below.
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16.3 Rhizobial Lipopolysaccharide Biosynthesis

Phylogenetic analysis of 16S rDNA placed Rhizobium and related bacteria to the
Alphaproteobacteria and into the order Rhizobiales (Sawada et al., 2003; Sprent,
2007). As with other bacteria, the genetic analysis of this group of bacteria has bene-
fited greatly from large scale characterization of numerous genome sequences from
strains of the Alphaproteobacteria. According to the NCBI data base (as of July
2009) 110 Alphaproteobacteria genomes have been sequenced and 54 of those are
from members of the Rhizobiales. An additional 143 Alphaproteobacteria genome
sequencing projects are in progress and include another 54 Rhizobiales genomes.
Of the Rhizobiales genomes, there are currently 18 fully characterized symbiont
and 17 pathogen genomes. This large amount of information enables a great deal
of comparative genomic and functional studies; e.g. transcriptomics, proteomics,
glycomics, etc.; including a comparison of genes required for the synthesis LPS.

16.3.1 LA Biosynthesis

Based on the current state of structure analysis, rhizobial LAs seem to group
into four basic structural types as (described in the previous section, Fig. 16.1).
These structures have unusual features compared to the LA from enteric bac-
teria. A scheme comparing the biosynthesis of several rhizobial LAs is shown
in Fig. 16.3, and the identification of the genes encoding for LA synthesis
enzymes are shown in Table 16.3. The first studies on the synthesis of rhizo-
bial LA were done using R. leguminosarum and R. etli strains since this was
the first rhizobial LA structure (structure 2 in Fig. 16.1) that had been deter-
mined and it was very unusual compared to that of E. coli. Price et al. (Price
et al., 1994) observed that R. leguminosarum extracts contained the same enzyme
activities as those found in E. coli that convert UDP-GIcNAc into the LA
precursor, Kdolipid-IVy; i.e. LpxACDHBK and KdtA as shown in Fig. 16.3.
Using the genome sequences for these strains, the genes encoding these vari-
ous enzymes could also be readily identified in the genome of R. leguminosarum
biovar viciae 3841 and R. etli CFN42 (strain CE3, which we refer to numerous times
in this chapter, is a streptomycin-resistant form of CFN42), and orthologs were
found in all members of the Rhizobiales for which the genome sequences are avail-
able. The only possible exception is I[pxH. Genes with high homology to IpxH are
missing. Instead, genes can be found with low to moderate homology to [pxH from
E. coli; but these genes apparently code for phospholipase C enzyme (Zavaleta-
Pastor et al., 2010) and do not seem to play a role in LA biosynthesis, raising the
question as to what replaces LpxH in rhizobia. Additional phosphoesterases with
low similarity to E. coli IpxH do exist in all rhizobia, but at this point it is not clear
whether one of those functionally replaces [pxH in rhizobia. The acyl transferases,
LpxA and LpxD, in E. coli are quite restricted to the transfer of a C14 chain length
fatty acid, B-hydroxymyristic acid. Structural studies have indicated that these acyl
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transferases can act as a chain length “ruler”, thereby, restricting fatty acids to cer-
tain lengths (Wyckoff et al., 1998). The structures of the rhizobial LAs described
in the previous section indicate that there can be variously sized fatty acyl chains
on the LA backbone indicating that rhizobial LpxA and LpxD may not have the
stringent fatty acyl chain length “ruler” restrictions that are found in these enzymes
from E. coli. In spite of these slight differences from E. coli, genome sequencing
programs in R. leguminosarum and related rhizobia (Galibert et al., 2001; Gonzalez
et al., 2006; Kaneko et al., 2000a, b; Kaneko et al., 2002a, b; Lee et al., 2008;
Schmeisser et al., 2009; Wood et al., 2001; Young et al., 2006) have revealed and
corroborated the widespread conservation of these genes required for the biosynthe-
sis of Kdo»lipid-IVp from UDP-GIcNAc (LpxACDHBK and KdtA) throughout the
Rhizobiales.

In the case of Mesorhizobium loti and Bradyrhizobium, the LAs contain
2, 3-diamino-2,3-dideoxyglucose (GIcN3N) as part or all of the glycosyl backbone
and, therefore, the synthesis of this LA structure requires some unique enzymes that
convert UDP-GIcNAc into UDP-GIcNAc3N. These enzymes are GnnA and GnnB
and the UDP-GIcNACc3N product is then N-acylated by the LpxA orthologs in M.
loti or B. japonicum (Sweet et al., 2004a, b). The occurance of the GnnA/GnnB
enzymes seems to be restricted to Mesorhizobium and Bradyrhizobium (Table 16.3),
an observation that is consistent with the fact that these are the only rhizobia, thus
far, that contain GIcN3N in their LAs.

Once the LA precursor, Kdo,lipid-IVy, is made, E. coli adds two secondary
fatty acids, myristate and laurate, via LpxM and LpxL, respectively. Initial work on
R. leguminosarum and R. etli LA structures discovered that only one secondary fatty
acid was present attached to the LA 2’-hydroxyfatty acyl residue and was unusual in
that it was a very long chain fatty acyl (VLCFA) residue, 27-hydroxyoctacosanoic
acid. Subsequently it was found that this VLCFA is found in all members of the
Rhizobiales examined with the possible exception of the Sesbania stem nodulator,
A. caulinodans. It was subsequently found that a unique acyl carrier protein, AcpXL,
and a unique acyl tranferase, LpxXL, are required for the synthesis and transfer of
the VLCFA (Bhat et al., 1991). The genes which encode these enzymes are part of
a five gene cassette that also includes two genes each of which encodes a fatty acyl
synthase II, and another that encodes a fatty acyl dehydratase. This five gene cas-
sette is found in all members of the Rhizobiales examined (see Table 16.3) as well
as in several intracellular pathogens that can survive within modified phageosomes
and cause chronic infections such as Brucella and Bartonella species, whose LAs
also contain the VLCFA (Vedam et al., 2003). Interestingly, this cassette of genes is
also present in A. caulinodans even though the VLCFA has not been detected in its
LA. However, the LA from A. caulinodans isolated from the plant host, or grown
under in planta-like conditions has not been examined.

Once the secondary fatty acyl residue(s), VLCFA, has been added to the
Kdoslipid-IVa, a number of the core glycosyl residues are added and then, presum-
ably, the resulting COS-LA molecule is flipped to the periplasmic side of the inner
membrane after which the OPS is ligated to the COS-LA which is then translo-
cated to the outer leaflet of the outer membrane. The enzymes which modify the
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LA into the unique rhizobial structures are located on either the periplasmic side
of the inner membrane or on the outer membrane. Rhizobium leguminosarum bio-
var viciae 3841 and R. etli CE3, which produce LA structure 2 (see Fig. 16.1),
are the most thoroughly examined strains with regard to LA modification. For this
LA structure, the modification includes the removal of the 1- and 4’-phosphates,
the oxidation of the proximal GlcN to GlcNonate, and the addition of a-D-GalA to
the 4’-position. The Raetz laboratory has shown that LpxE and LpxF remove the
1- and 4’-phosphates, respectively (Karbarz et al., 2003, 2009; Ma et al., 2008;
Price et al., 1995; Wang et al., 2006, 2007), LpxQ oxidizes the proximal GlcN
to GlcNonate (Que-Gewirth et al., 2003b), and RgtD transfers a a-D-GalA from
dodecaprenyl-P-GalA to the LA 4’-position (Kanjilal-Kolar et al., 2006; Kanjilal-
Kolar and Raetz, 2006). The LpxE and LpxF activities occur on periplasmic side of
the inner membrane and the genes which encode these proteins have been identi-
fied (Karbarz et al., 2003, 2009; Wang et al., 2006, 2007). Mutations in these genes
have been shown to result in the expected LA structures containing either the 1-
or 4'-phosphates, or both phosphates in the case of a double mutant (Ingram et al.,
2010). S. meliloti, which contains a 1,4’-bis-phosphorylated LA, does not contain
either of these activities nor does its genome contain orthologs to the IpxE and IpxF
genes. It would be expected that A. tumefaciens, and S. sp. NGR234 would also
not contain either of these activities since they also produce bis-phosphorylated LA.
However, M. loti, which produces 4’-monophosphorylated LA with a GalA residue
glycosidically linked to the proximal GlcN residue would be expected to have LA
1-phosphatase activity. Interestingly orthologs of LpxE also seem to be present in
some intracellular human pathogens, including Francisella tularensis, B. meliten-
sis, and L. pneumophila. In fact, it was shown that F. tularensis, which has an LA
that lacks the 1- and 4’-phosphates, has a very active 1-phosphatase activity as well
as 4'-phosphatase (Wang et al., 2004, 2006). LpxQ, the proximal GlcN oxidase,
was shown to be present on the outer membrane of R. leguminosarum and R. etli
(Que-Gewirth et al., 2003b). This location is consistent with the observation that LA
preparations from these strains contain LA molecules in which the proximal residue
is present as either GIcN or GlcNonate. LpxQ was shown to be a monooxygenase
and, therefore, would require O, for its activity (Que-Gewirth et al., 2003a, b). As
expected orthologs of LpxQ are only observed in the genomes of R. leguminosarum,
and R. etli strains. However, LpxE, LpxF, and LpxQ would presumably be present
in R. galegae and R. sp. Sin-1 since the LA from these species also lack phosphate
and contain GlcNonate as the proximal LA residue (see Fig. 16.1). Another struc-
tural modification that occurs on rhizobial LA is the removal of a f-hydroxymyristic
acid from 3-position of the LA. This is evidenced by mass spectrometric analysis
of numerous LA preparations which show two clusters of ions in which the smaller
molecular weight cluster differs from the larger by 226 mass units; consistent with
the loss of a B-hydroxymyristryl residue (Bhat et al., 1994; Ferguson et al., 2004,
2005; Gudlavalleti and Forsberg, 2003; Que et al., 2000; Vedam et al., 2003). In the
case of R. leguminosarum, a fatty acylase was discovered which accounts for the
removal of this fatty acid and is located in the outer membrane (Basu et al., 1999).
This activity is also found in various other bacterial species, such as Salmonella



16 Lipopolysaccharides in Rhizobium-Legume Symbioses 359

typhimurium, and is encoded by the gene, pagL (Trent et al., 2001). An ortholog to
S. typhimurium pagL has not yet been found in R. leguminosarum even though this
enzyme activity is clearly present.

The transferase that adds the 4'-GalA residue to the LA from R. leguminosarum
and R. etli has been reported by the Raetz laboratory and is present on the periplas-
mic side of the inner membrane (Kanjilal-Kolar et al., 2006). This enzyme has been
designated RgtD and the gene that encodes this enzyme has not yet been identified;
however, the most likely candidate is RL0684 in R. leguminosarum biovar viciae
3841 (Brown et al., unpublished) and the designated candidates for strains R. etli
CE3 and R. leguminosarum biovar trifoli WSM2304 are given in Table 16.3. An
interesting aspect of this GalA transferase is that it utilizes dodecaprenyl-P-GalA
as the donor and not UDP-GalA (Kanjilal-Kolar and Raetz, 2006). The synthesis
of this donor occurs by the transfer of GalA from UDP-GalA to the dodecaprenyl
carrier, and this transferase is putatively encoded by an open reading frame, orf3,
located next to genes coding for the GalA transferases involved in the LPS COS
synthesis (Kanjilal-Kolar et al., 2006; Kanjilal-Kolar and Raetz, 2006). Orthologs
of rgtD are not found in other rhizobial genomes examined, including that of M.
loti which contains a GalA residue glycosidically linked to the LA proximal GIcN
residue. The lack of an rgzD ortholog in M. loti likely due to the very different
location of the GalA residue, and possibly due to a different GalA donor; e.g. UDP-
GalA, instead of dodecaprenyl-P-GalA since M. loti does not have an ortholog of
orf3. Interestingly orf3 orthologs are observed in S. meliloti Sm1021 and in S. sp.
NGR234 indicating that they also may synthesize a prenylated-GalA donor; how-
ever, this may be a donor for GalA found in another polysaccharide or, perhaps, in
another part of their LPS, such as the COS.

In summary, the biosynthesis of rhizobial LA consists of conserved steps found in
numerous Gram-negative bacteria that involve the synthesis of Kdo,lipid-IVa from
UDP-GIcNAc. This is followed by the addition of a unique VLCFA as a secondary
fatty acyl residue which is found in all members of the Rhizobiales (except for A.
caulinodans) as well as in certain intracellular pathogens that form chronic disease,
some of which are phylogenetically related to rhizobia. After Kdo,lipid-IVa syn-
thesis, there are unique enzymes in different rhizobial species that processes this
precursor into the unique rhizobial LA.

16.3.2 Core Biosynthesis

As with LA synthesis, the most thorough examination of rhizobial COS synthe-
sis was done in the laboratory of Raetz and co-workers on R. leguminosarum
and R. etli and is described in a recent review (Raetz et al., 2007). As shown
in Table 16.1, these species produce identical COS structures. A schematic dia-
gram showing the synthetic steps for the COS portion of these rhizobial LPSs is
shown in Fig. 16.4. The addition of the COS glycosyl residues to the Kdo,LLA of
R. leguminosarum can be divided into the two “stages”. The first stage involves
those glycosyl residues that are added at the cytoplasmic side of the inner membrane



360 R.W. Carlson et al.

3 (>-P-Dod

LA LA
3 P-Dod

RgtA
RgtB
RgtC

Periplasmic side of the inner membrane

ubp
uoP- @ = upp-& %5 upp- -P-Dod
Glc GlcA GalA (" o3 (RL1470)2
Dod-P
GoP- @) Man uop- () Gal omp- () kdo

OO LpcC chA LpcB

GDP
Cytoplasmic side of the i mner membrane

Fig. 16.4 A schematic diagram illustrating the biosynthesis of the COS for R. leguminosarum and
R. etli LPSs

and include, sequentially, Man, Gal, and Kdo (Kadrmas et al., 1998; Raetz et al.,
2007) forming Kdo-Gal-Man-Kdo(Kdo)-LA. These glycosyl residues are added by
the respective transferases, LpcC (RL3423, RHE_CHO02970, Rleg2_2716), LpcA
(RL3440, RHE_CHO02996, Rleg2_2733), and LpcB (RL3439, RHE_CH02995,
Rleg2 2732). An LpcC ortholog is also found in S. meliloti 1021 (SMc01219,
IpsB), A. tumefaciens C58 (Atu2183), S. sp. NGR234 (NGR_c15710, IpsB), and
B. japonicum USDA 110 (BI115930). While complete structures of the COS from
these strains have not been determined, the presence of LpcC orthologs is consistent
with a Man-Kdo structural feature being found in these COSs (e.g. A. tumefaciens
strains as well as B. japonicum) (see Table 16.1). LpcA adds Gal from UDP-Gal
to the COS Man residue and orthologs were found only in R. leguminosarum and
R. etli strains. LpcB adds the external Kdo residue from CMP-Kdo to the Gal of
the R. leguminosarum COS structure. An LpcB ortholog was found on pSymB of
S. meliloti 1021 (SM_b20803). However, it is quite possible that this ortholog could
be involved in the synthesis of the Kdo-containing capsular polysaccharide found in
this strain in other Sinorhizobium strains (Kannenberg et al., 1998). At this point,
the product, Kdo-Gal-Man-Kdo(Kdo)-LA, is thought to be flipped to the periplas-
mic side of the inner membrane by MsbA (Raetz et al., 2007), which is followed
by the addition of three terminal GalA residues to the COS; two GalA are added to
the branching Kdo residue, and one GalA to the Man residue resulting in Kdo-Gal-
Man(GalA)-Kdo(Kdo[Gal;])-LA. The addition of these GalA residues is catalyzed
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by transferases RgtA (RL1469, RHE_CHO01318, Rleg2_2732), RgtB (RL1468,
RHE_CHO1317, Rleg2_0953), and RgtC (RL1471, RHE_CHO01320, Rleg2_0956)
(Kanjilal-Kolar et al., 2006). As with RgtD (described above), the donor for these
transferases is dodecaprenyl-P-GalA (Kanjilal-Kolar and Raetz, 2006). There is an
ortholog of rgtB (SMc02383) in S. meliloti 1021, but none in the other rhizobial
genomes that have been sequenced.

In the case of R. leguminosarum and R. etli, the OPS is attached to the COS
external Kdo residue (described above). Thus, in strains of these species, mutations
that affect the synthesis of the Kdo-Gal-Man- region of these COSs result in “rough”
LPS that lack the OPS; e.g. a R. leguminosarum exoB mutant that lacks Gal lacks
LPS I (Laus et al., 2004). However, mutants that lack the GalA residues can still
ligate OPS to the COS; recent work on an R. leguminosarum mutant of exo5 which
encodes for the synthesis of UDP-Glc dehydrogenase results in LPS that completely
lacks GalA, but still contains the OPS (Laus et al., 2004) (Muszynski and Carlson,
submitted).

While little is known regarding the biosynthesis of other rhizobial COSs, com-
position analysis, shown in Table 16.1, reveals that their structures, as with that
of R. leguminosarum and R. etli, are very different from the typical COS found in
enteric bacteria. The rhizobial COSs, except for those from two M. loti and one
M. huakuii strains lack Hep and many contain acidic glycosyl residues, GalA, GIcA
or both, and a few contain Dha. Of the structures reported, none are reported to con-
tain phosphate-containing groups, and it is possible that the acidic glycosyl residues
in these rhizobial LPSs provide some needed ionic character that phosphate-groups
provide in enteric bacterial species.

16.3.3 O-Chain Polysaccharide Synthesis

As already stated earlier, the presence of the OPS portion of the LPS is essential for
forming an effective nitrogen-fixing symbiosis, and it is known that modifications
to the OPS occur during symbiosis. These modifications are described in the next
section of this chapter. Because of the importance of the OPS for symbiosis with
the host legume, it was important to determine their structures (described above)
and understand their biosynthesis. There are many different OPS structures among
strains of a single rhizobial species. Thus, different strains of R. leguminosarum or
R. etli, which have the same COS-LA structure vary greatly in their OPS structures.
This makes the determination of the OPS biosynthetic pathway a complex process
as these pathways will be strain-dependent. However, as with the LA and COS,
some detailed work on OPS genetics and biosynthesis has been done on R. legumi-
nosarum bv. viciae 3841 and R. etli CE3, and also the inducible rhamnan OPS of
S. sp. NGR234. Therefore, the following discussion is focused on these three strains.

Noel and co-workers first identified a region of the R. et/i CE3 (a streptomycin-
resistant derivative of strain CFN42) genome that encodes enzymes responsible for
the synthesis of its OPS; the Ips region (Cava et al., 1990; Duelli et al., 2001).
It is a 27.8 kb region consisting of 25 genes. The structure of the CE3 OPS, see
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no differences in the spectra were observed (Vedam et al., 2006). Thus, these data
are in conflict with the data showing an increase in 27-OHC28:0, however, the latter
LPSs were isolated using triethylamine/EDTA extraction of the cells rather than hot
phenol/water extraction and, therefore, this apparent discrepancy may be due to the
different extraction protocols. This discrepancy is under further investigation.

Rhizobium etli CE3 bacteroids isolated from bean nodules contained LPS that
was altered in its OPS as described above, and was also altered in its LA. In this case,
the LPS from purified bacteroids contained exclusively tetraacylated LA (D’Haeze
et al., 2007), while the LA preparation from laboratory cultured bacteria contains
a mixture of tetraacylated and pentaacylated LA (D’Haeze et al., 2007; Que et al.,
2000). The tetraacylated LA is due to removal of a 3-OHC14:0 residue. A portion
of this tetraacylated LA is likely due to acid catalyzed p-elimination of this residue
from O3 of the proximal 2-aminogluconolactone moiety during mild acid hydroly-
sis. However, the complete absence of 3-OHC14:0 in R. etli CE3 bacteroid LPS is
likely due to its removal by an acylase that has been reported in R. leguminosarum
(Basu et al., 1999). Our results imply that R. etli CE3 contains a pagL gene, or PagL
protein, that is more active in bacteroids.

16.5 Rhizobial Lipopolysaccharide Function

As soil bacteria and legume symbionts, rhizobia encounter a large number of dif-
ferent physiological conditions. In addition to the changing environment that occurs
during infection of the host legume, rhizobia also encounter varying conditions in
the soil such as moisture content, temperature, etc. The adaptation of rhizobia to
these different conditions most certainly require changes in their cell surface chem-
istry and, therefore, in their LPS. Some of the LPS structural changes that occur
during infection have been described in the previous section. What is less known
and, therefore, more speculative, are the functions of the unique structural features
of rhizobial LPS and also of the modifications to this structure that occur during
symbiosis. These functional aspects can be divided into two general areas. First
are those functions that have a direct role in the symbiotic process; e.g. they are
involved in the endocytotic infection process, and/or in bacteroid formation. Second
are functions that have an indirect role such as protecting the rhizobia from the
host defense mechanism, or regulating this mechanism in some manner that permits
and enhances symbiosis. These “direct” and “indirect” functions are not mutually
exclusive. The effect of various LPS mutants on symbiosis has shed some light on
the possible functions of this molecule.

16.5.1 The Symbiotic Function of the Unique Structural Features
and Modifications of Rhizobial Lipopolysaccharides

As described above, the general structure of LPS from R. leguminosarum and
R. etli strains, show that the OPS is relatively hydrophobic, the COS is anionic
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and hydrophilic, and the LA is hydrophobic (Fig. 16.2). During symbiosis signif-
icant changes in hydrophobicity occur to the entire rhizobial surface as well as to
the LPS and, in the case or R. leguminosarum biovar viciae 3841, this is accompa-
nied by an increase in the amount of LPS 1, i.e. LPS that contains OPS, as well as
by changes in methylation and acetylation of the OPS (Kannenberg and Carlson,
2001). This increase in surface hydrophobicity, which OPS appears to play a role,
may be important for the infection of the nodule cell which occurs via endocyto-
sis as well as for bacteroid formation within the symbiosome since both of these
processes likely involve the interaction of the host cell membrane with the rhizo-
bial cell surface. A role for OPS in this process is supported by the observation that
OPS-defective mutants are defective in nodule cell invasion, and the few bacteria
that do make it into the host nodule cells form very aberrantly shaped bacteroids
with multiple bacteroids within a single symbiosome indicating that there has been
a disruption in the synchronous division process between the rhizobial cell and host
symbiosome membrane (Perotto et al., 1994). That there is a physical interaction
between the bacterial cell surface and host membrane is supported by the find-
ing that a host nodule lectin, PSNLEC-1, as well as host membrane glycolipids
were bound to isolated R. leguminosarum biovar viciae 3841 bacteroids (Bolanos
et al., 2004). In that report it was also observed that mutant cells of strain R. legu-
minosarum B659, derivative of strain 3841, which has an altered COS and lacks
OPS was unable to bind the host components further supporting that OPS may be
involved in the physical interaction between the bacterial cell surface and the host
membrane.

The OPS-defective mutant also induces a host defense reponse (Perotto et al.,
1994) indicating that its presence may play a role in protecting the rhizobial
symbiont from, or inhibiting, the defense response. In the OPS-defective mutant,
exposure of the anionic LPS COS may result in an increased host defense response
as well as a bacterium that is more sensitive to that response; e.g. exposure of the
anionic COS may cause increased sensitivity to host antimicrobial cationic peptides.
In the case of R. leguminosarum biovar viciae 3841, its OPS may also have a direct
role in the resistance to cationic peptides. As described above, it contains a unique
glycosyl residue called rhizoaminuronic in which the carboxyl group and the N-
acetimidoyl group would form a zwitterion at neutral pH (Forsberg and Carlson,
2008). However, at acidic pH within the nodule cell that approaches the pKa of the
carboxyl group this structure would have a net positive charge which would likely
result in increased resistance to the cationic antimicrobial peptides.

In S. sp. NGR234, the rhamnan that is induced during symbiosis is also impor-
tant for symbiosis in some of its host plants, as described above. On the host,
Vigna unguiculata (Broughton et al., 2006; Reuhs et al., 2005) such a mutant is
defective in the release of the bacteria from infection threads (Broughton et al.,
2006). While there were some differences in phenotype depending on the type of
legume host, microscopic examination revealed that on V. unguiculata, only on a
few host nodule cortical cells were infected, and the infected cells lacked the perib-
acteroid membrane, were enlarged and degradation was evident (Broughton et al.,
2006). These effects may indicate induction of a defense response and, therefore,
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imply that the rhamnan may play a role in preventing or regulating the host defense
response and/or protecting the bacterium from that response.

A more subtle effect on OPS during symbiosis was the addition of a single methyl
group to O2 of a Fuc residue in the distal repeat unit. A mutant in the portion of
WreM that encodes the methylation activity but not the glycosyl transferase activity
results in the production of normal amounts of OPS that is devoid of these methyl
groups under all conditions, including those within its legume host (Noel et al.,
2004; Ojeda et al., 2009). Such mutants show a delay in nodulation and less nitro-
genase activity, but still form nitrogen-fixing nodules (Noel et al., 2004). This effect
was more severe if inoculation with the mutant bacteria was done prior to germina-
tion of the seeds (Noel et al., 2004). The function of this fucosyl 2-O-methylation
is not known, however, the fact that fucosyl 2-O-methylation is induced by seed
exudates containing anthocyanin suggest that it could act as type of early signal that
somehow enhances the symbiotic process.

The VLCFA is a LA substituent that, with the possible exception of
A.caulinodans, seems to be universally present on rhizobial LPS. As described
above, the synthesis of the VLCFA requires a unique acyl carrier protein, AcpXL,
and its transfer to the LA requires a unique acyltransferae, LpxXL. Mutation of
acpXL and/or IpsXL in either R. leguminosarum biovar viciae 3841 of S. meliloti
1021 resulted in the production of an LPS that lacked the VLCFA (Sharypova et al.,
2003; Vedam et al., 2003; Ferguson et al., 2005). These mutants were still able
form nitrogen-fixing nodules on their respective host legume; albeit nodulation and
nitrogen-fixation were delayed. This apparent lack of a severe symbiotic phenotype
initially indicated that the VLCFA was not a major factor required for symbiosis.
However, detailed microscopic examination of pea root nodules showed that the
R. leguminosarum biovar viciae 3841 acpXL mutant were dramatically affected in
bacteroid formation; bacteroids were greatly enlarged, had very distorted shapes,
and the synchronous bacterial cell/symbiosome membrane division was disrupted
(Vedam et al., 2004). Further, it was discovered that acpXL mutant bacteroids iso-
lated from the host, pea, root nodules were partially restored in their LA VLCFA
indicating that the loss of acpXL was somehow partially compensated within the
host (Vedam et al., 2006). An interesting observation is that the aberrantly shaped
bacteroids formed and the disruption of the synchronous cell/symbiosome mem-
brane division by the acpXL mutants were similar effects to those observed for the
OPS-mutants (described above). It may be that the VLCFA component of the LA is
also important in the synchronous bacterial cell/host symbiosome membrane divi-
sion process. It is possible that a relatively hydrophobic OPS is required for forming
the contact between these membranes and promoting endocytosis and synchronous
division, while the VLCFA is required to maintain the stability of the bacterial cell
during this process. A decrease in membrane stability of a VLCFA mutant is sup-
ported by the observation that the acpXL, as well as I[pxXL, mutants are increased
in their sensitivity to detergents such as deoxycholate indicating a decrease in the
integrity of their membranes (Ferguson et al., 2005). It would be interesting to
examine the bacteroids of acpXL mutants for the presence of the host membrane
glycolipids and PSNLEC-1. Unlike the OPS-mutants, it might be that the acpXL



16 Lipopolysaccharides in Rhizobium-Legume Symbioses 375

mutant bacteroids, which still contain OPS, would contain these host membrane
components.

Another symbiotic mutant that is affected in its VLCFA LA component is the
bacA mutant (Ferguson et al., 2000, 2004, 2005; Tan et al., 2009). These mutants
are symbiotically defective in that while they form nodules, bacteria are unable to
invade the nodule cells and nitrogen-fixation does not occur. The proportion of LPS
from these mutants that contain VLCFA is reduced by about 50%. These results
indicate that loss of BacA causes a more severe phenotype than the loss of VLCFA
and that expression of BacA may be linked in some manner to the incorporation
of VLCFA into the LA. Recent work reports that BacA may be important for the
uptake of nodule-specific peptides important for maintaining bacteroids within the
pea host (Marlow et al., 2009). Interestingly, bacA mutants of B. abortis, which
forms a chronic infection by surviving within modified phageosomes, are also avir-
ulent and are about 50% reduced in the proportion of LPS molecules that contain
the VLCFA (Ferguson et al., 2004).

In addition to a role in symbiosis, the presence of the VLCFA may also be impor-
tant for the life of the symbiont in the soil. Recently, it was shown that a mutant in
genes encoding for the fatty acyl transferases that are in the five gene VLCFA cas-
sette of R. leguminosarum biovar viciae 3841 also fail to incorporate VLCFA into
their LA and they are also less resistance to desiccation, impaired in biofilm for-
mation, and in motility (Vanderlinde et al., 2009). Thus, in addition to promoting
rhizobial life inside the plant host, the presence of VLCFA in LPS may also be
important for life of the symbiont in the soil.

16.5.2 Rhizobial Lipopolysaccharide, Symbiosis, and the Plant
Defense Response

During the past decade, a number of reviews have been published describing and
comparing the plant and animal innate immune response (Ausubel, 2005; Dow et al.,
2000; Lerouge and Vanderleyden, 2002; Newman et al., 2007; Niirnberger et al.,
2004; Niirnberger and Kemmerling, 2006; Shah, 2005). The response of plant hosts
to LPSs is also the subject of Chapter 18 of this book (by Mari-Anne Newman) and,
therefore, this aspect will not be extensively described here. Rather, here, we briefly
describe the response of plants including legume hosts, to rhizobial LPSs.

Plants, as do animals, have an innate defense response to pathogens in which
pathogen-associated molecular patterns (PAMPs) are recognized by the plant. This
results in a defense response that prevents infection by the pathogen. Thus a suc-
cessful infection requires that a pathogen have resistance mechanisms by which it
can defend itself against the plant defense response and/or modify this response in
some manner to reduce its effect. A rhizobial infection of a legume host is more
complex in that the rhizobial symbiont must be able to successfully infect its host
forming what is, in essence, a chronic infection while at the same time having a
vested interest in promoting the health of its host plant. Thus, it might be expected
that the rhizobial symbiont would be able to regulate and/or resist the plant’s defense
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response at the site of infection while systemically inducing the defense response
(e.g. causing an induced systemic resistance, ISR) in other parts of the plant host
and, thereby, promote resistance to attack by pathogens.

We have already described that a number of rhizobial LPS mutants are sym-
biotically defective because they likely induce an increased defense response by
the host and/or are more sensitive to the host defense response. One structural fea-
ture of rhizobial LPS that appears to be important is the presence of OPS since its
absence appears to result in a more robust plant defense response. We have also sug-
gested (above) that the lack of OPS exposes the anionic COS on the bacterial surface
which may make the rhizobial cell more sensitive to antimicrobial cationic peptides.
Recent work in our laboratory (Brown, unpublished) has shown that a mutation of
R. leguminosarum biovar viciae 3841 which specifically results in the loss of GalA
residues from the core increases resistance to cationic peptides. It has also recently
been shown that R. erli CE3 mutants in [pxE and IpxF, which are unable to remove
the 1 and 4’-phosphates and, therefore have LA with increased anionic character,
show increased sensitivity to cationic peptides (Ingram et al., 2010).

The fatty acylation pattern of rhizobial LA is also likely to be important in
suppressing the host plant’s defense response. Treatment of suspension-cultured
Medicago truncatula cells with S. meliloti LPSs is reported to suppress the produc-
tion or reactive oxygen species (ROS) (Heiko Scheidle et al., 2005; Tellstrom et al.,
2007) and reduce the expression of genes correlated to a plant defense response, e.g.
the gene encoding phenyl alanine ammonia lyase (Tellstrom et al., 2007). While, the
structural basis for such responses to rhizobial LPS is not known, the suppression
of ROS is reported to be due to the LA portion of the LPS (Heiko Scheidle et al.,
2005). It seems likely that structural features such as the fatty acylation pattern may
be important in ROS suppression. In the case of the plant pathogen, Xanothomonas
campestris, it is reported that the innate immune response of Arabidopsis is depen-
dent on the fatty acylation and phosphorylation pattern of the X. campestris LA
(Silipo et al., 2008); a mutant that produces largely penta- rather than hexacylated
LA was unable to induce PR1, a defense-related gene product and also did not
prevent the hypersensitive response. Interestingly, many rhizobial LA preparations
contain a mixture of penta- and tetraacylated molecules (see discussion above). In
fact, as we described above, R. leguminosarum biovar viciae 3841 contains an acy-
lase (Basu et al., 1999) (a PagL. homolog) that removes a B-hydroxymyristyl residue
from its LA, and in R. etli bacteroids, the tetraacylated LA is the major species that
is present (D’Haeze et al., 2007). Thus, the fatty acylation pattern of rhizobial LA
structures and/or its modification during symbiosis may be important for promoting
a localized suppression of the host defense response.

Some early work suggested that symbiotic infection may result in ISR. In that
work, a split root system was used and it was discovered that inoculation on one
side of the root followed by later inoculation on the second side of the roots resulted
in nodules on the first side and inhibition of nodulation of the second side (Kosslak
and Bohlool, 1984; Sargent et al., 1987). It is not known if this effect is a result
of an LPS caused ISR. However, it has been reported that rice plants inoculated
with R. leguminosarum biovar trifolii have an increased production of phenolics
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resulting in ISR in these plants under pathogenic stress (Mishra et al., 2006). In
another study, it is reported that LPSs from R. etli result in an ISR that protects
potato roots against nematode infection. Thus, it is possible that Rhizobium-legume
symbiosis, in addition to providing reduced nitrogen to the host legume, promotes
resistance to infection by other potential pathogens via an ISR.

The response of the plant host to rhizobial LPS is an area that requires more
investigation. The availability of numerous rhizobial symbiont genome sequences,
defined LPS mutants and isolated structures from these mutants, as well as a number
of legume host sequences (i.e. M. truncatula, Glcyine max, and Lotus japonicus)
offer the tools required to define the structure-function aspects that rhizobial LPS
play during symbiosis.
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