Lipopolysaccharide as a target for brucellosis vaccine design
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Abstract
The gram‐negative bacteria of the genus Brucella are facultative intracellular parasites that
cause brucellosis, a worldwide‐distributed zoonotic disease that represents a serious
problem for animal and human health. There is no human‐to‐human contagion and, since
there is no human vaccine, animal vaccination is essential to control brucellosis. However,
current vaccines (all developed empirically) do not provide 100% protection and are
infectious in humans. Attempts to generate new vaccines by obtaining mutants lacking the
lipopolysaccharide O‐polysaccharide, in purine metabolism or in Brucella type IV secretion
system have not been successful. Here we propose a new approach to develop brucellosis
vaccines based on the concept that Brucella surface molecules evade efficient detection by
innate immunity, thus delaying protective Th1 responses and opening a time window to
reach sheltered intracellular compartments. We showed recently that a branch of the core
oligosaccharide section of Brucella lipopolysaccharide hampers recognition by TLR4‐MD2.
Mutation of glycosyltransferase WadC, involved in the synthesis of this branch, results in a
lipopolysaccharide that, while keeping the O‐polysaccharide essential for optimal protection,
shows a truncated core, is more efficiently recognized by MD2 and triggers an increased
cytokine response. In keeping with this, the wadC mutant is attenuated in dendritic cells and
mice. In the mouse model of brucellosis vaccines, the B. abortus wadC mutant conferred
protection similar to that provided by S19, the best cattle vaccine available. The properties
of the wadC mutant provide the proof of concept for this new approach and open the way
for more effective brucellosis vaccines.
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Brucellosis: a world wide important zoonosis that requires the use of animal vaccines
Brucellosis is a bacterial zoonosis caused by members of the genus Brucella, a group of
gram‐negative bacteria that behave as facultative intracellular pathogens of mammals.
There are several highly homologous Brucella spp. [1, 2] among which B. abortus
preferentially infects cattle, B. melitensis sheep and goats, and B. suis swine and wildlife.
Brucellosis is a main cause of abortions and infertility in these animals and a grave disease in
humans that requires a long and costly antibiotherapy. The number of domestic animals
susceptible to brucellosis in the world is estimated in 4,000,000,000 and of these less than
20% are in countries free of the disease. In the USA, Australia and most EU countries, bovine
brucellosis has been eradicated after heavy investments and many years of vaccination and
culling. Sheep and goat brucellosis has proved more intractable, largely because of the
difficulties of animal management under the extensive breeding conditions of semiarid
areas. Human brucellosis is always a consequence of the animal disease. Because of the
structural weaknesses, there are no reliable data on the global incidence of the human
disease. Figures vary widely (from <0.01 to >200 per 100,000), reflecting the difficulties in
recognizing a disease that, although grave, has no pathognomonic symptoms and is thus
underreported [3,4]. Because of this, WHO ranks brucellosis among the top seven
“neglected zoonoses”, a group of diseases that are both a threat to human health and a
cause of poverty [5,6].
Vaccination is critical to control and eradicate ruminant brucellosis [7‐9]. Since there is no
safe human vaccine [10], animal vaccination is also the best way to lessen human infections.
Vaccines B. abortus S19 and B. melitensis Rev 1 are effective against B. abortus in cattle and
B. melitensis in goats and sheep [7‐9]. These vaccines were empirically obtained long ago
and they do not provide 100% protection, are virulent for humans and Rev 1 is resistant to
streptomycin (an antibiotic of choice to treat brucellosis [11]). Moreover, both trigger an
antibody response to the O‐polysaccharide (O‐PS)1 of the outer membrane smooth
lipopolysaccharide (S‐LPS; see below) and, because O‐PS carries the diagnostically important
epitopes, this circumstance is a cause of false positive results in serodiagnostic tests and
complicates eradication.
Attempts to overcome the drawbacks of current brucellosis vaccines
Because of the drawbacks of classical vaccines, new ones have been investigated. To solve
the problem of the diagnostic interference, vaccines S19 or Rev1 have been deleted in outer
membrane proteins Omp25 and Omp31 or in the periplasmic protein BP26, and associated
tests detecting antibodies to these proteins in infected animals proposed [12,13]. Among the
many attenuated Brucella mutants described in the literature [10], only a handful has been
actually tested in the natural hosts. These include attenuated mutants in genes related or
potentially related to Brucella intracellular life, such as VirB (a type IV secretion system) [14],
stress proteins HtrA [15] and Asp24 [14] and the periplasmic catalase KatE [16]. Similarly,
PurE (purine synthesis) [17] and cytochrome bd (respiration) [14] metabolic mutants have
been investigated looking for vaccine strains that, while showing a reduced multiplication in
vivo would still stimulate immunity. Nevertheless, none of these vaccine candidates has
proved adequate either because of their high residual virulence, protection lower than that
1

Abbreviations used: Kdo, 2‐keto, 3‐deoxyoctulosonic acid; LPS, lipopolysaccharide; O‐PS, O‐
polysaccharide, PAMP, pathogen‐associated molecular pattern; S, smooth; VLCFAs, very long chain
fatty acids.
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afforded by S19 or Rev1 or, for the antigen‐deleted vaccines, a diagnostic sensitivity of the
associated test lower than that achieved with the O‐PS tests. Also, mutants devoid of the O‐
PS (i.e. rough mutants) have been extensively investigated [18‐21] (see rough vaccines
below).
Brucella as a silent parasite: a concept useful in the development of new vaccines
Studies carried out with smooth brucellae show that their virulence resides in their ability to
control their intracellular trafficking and adapt to the intracellular niche as well as on the
inability of the innate immune system to effectively recognize the presence of these bacteria
during the first encounter [22]. This failure is caused by the absence of marked pathogen‐
associated molecular patterns (PAMPs) in some outer membrane components [22‐25] of
these three Brucella species. Accordingly, typical antigen‐presenting cells like dendritic cells
and macrophages that carry the TLR receptors for outer membrane PAMPs fail to detect
brucellae before they reach the multiplicative intracellular niche. The consequence is an
exceedingly low initial release of those innate immunity mediators that are crucial for the
timely activation of the Th1 response necessary to control intracellular brucellae. Therefore,
an understanding of the molecular peculiarities of Brucella S‐LPS and the interaction with
innate immunity receptors could be useful for the development of new brucellosis vaccines.
The S‐LPS of gram‐negative bacteria (also known as endotoxin) consists of three sections:
lipid A, core oligosaccharide and O‐PS. The typical lipid A is made of a hexaacylated
glucosamine disaccharide carrying predominantly C12 to C14 acyl chains in ester, amide and
acyl‐oxyacyl bonds (Figure 1). This structure is conserved in many gram‐negative groups and
carries a PAMP readily recognized by the TLR4‐MD2 receptor‐coreceptor complex.
Experiments with Escherichia coli C12‐C14 hexaacylated lipid A show that lipid A interacts
with a large hydrophobic groove in MD2, with five acyl chains deep inside, the remaining
chain in a hydrophobic interaction with TLR4 and the bisphosphorylated glucosamine
disaccharide tilted outwards. In this way, the lipid A phosphate groups contribute to
receptor multimerization by interacting with positively charged residues in TLR4 and MD2
[26]. Subsequent signaling to the nucleus of the host cell triggers potent proinflammatory
responses that, when unchecked, lead to endotoxic shock. Although purified lipid A has a
potent endotoxic activity by itself, the innermost part of the core oligosaccharide is also part
of the LPS PAMP. Molecular modeling and X‐ray diffraction show that it forms a compact
entity with an unusually high partial density [27]. This tight packing and the dense negative
charge created by the 2‐keto, 3‐deoxyoctulosonic residues (Kdo) and phosphates (Figure 1)
make the inner core a unique structure targeted by polycationic bactericidal peptides and
the C1q complement component of innate immunity [24]. Moreover, these features indicate
that the inner core contributes to the interaction with the positively charged amino acid
residues that outside the hydrophobic groove in MD2 take part in LPS recognition [28]. The
O‐PS, on the other hand, is highly variable and, although often essential for the virulence of
gram‐negative pathogens, does not contribute to the LPS PAMP.
In contrast to most LPS, Brucella LPS displays low endotoxicity, is recalcitrant to bactericidal
peptide binding and activates complement poorly [23]. Indeed, all these properties indicate
an altered PAMP that could account at least in part for the stealthy behavior towards innate
immunity [22]. Early attempts to modify this Brucella molecule can be traced to the late 30’s
of the past century [7] but they were focused on the removal of the antigen section causing
diagnostic troubles in vaccinated animals (the O‐PS) (see above). The O‐PS is involved also in
Brucella virulence: it contributes to complement resistance and, more important, critically
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modulates bacterial entry into cells so that its removal causes attenuation. Nevertheless,
vaccines devoid of this LPS section (the so‐called Brucella rough vaccines) do not completely
solve the diagnostic problems and are considerably less protective than S19 or Rev 1 [19,21]
possibly because their severely affected entry into host cells results in over attenuation. On
the other hand, low endotoxicity, reduced bactericidal peptide binding and poor
complement activation speak of peculiarities in the sections that in typical LPS carry the
PAMP triggering TLR4‐MD2 mediated responses. Therefore, it is plausible that an
understanding of the structure and genetics of the core and lipid A should offer possibilities
to uncover the brucellae to innate receptors, thereby promoting protective Th1 responses.
Making Brucella LPS visible to innate immunity
A first objective of this research is lipid A. Brucella lipid A is a diaminoglucose disaccharide
substituted with C16, C18, C28 and other very long acyl chain fatty acids (VLCFA) [29] (Figure
1) and comparative studies with other lipid A molecules have established the connection
between this structure and low endotoxicity and TLR4 recognition [30]. Similar comparative
analyses also show a poor recognition of B. abortus LPS by MD2 (Figure 2A). Based on the
interaction between MD2 and the canonical, C12‐C14 hexaacylated lipid A (see above), it can
be postulated that lipids A with VLCFAs are not accommodated in the MD2 hydrophobic
groove and are thus poor MD2‐TLR4 activators. If this hypothesis were correct, a first
approach to generate new vaccines would be to introduce a canonical PAMP in Brucella lipid
A by blocking the incorporation of VLCFA onto the lipid A diaminoglucose backbone.
Research is in progress in the laboratories of the authors to test this possibility.
A second target in Brucella LPS for the design of new brucellosis vaccines is the core
oligosaccharide. The reduced affinity of bactericidal peptides for Brucella LPS could be
accounted for by the low density of negatively charged groups that is perceived in the
determination of the zeta potential2 of B. abortus LPS aggregates [31], and this same feature
could also contribute to a low affinity for MD2. In keeping with this, qualitative chemical
analyses indicate that this core contains Kdo as the only or major negatively charged sugar
plus glucose and mannose and, noteworthy, glucosamine [29]. Intriguingly, measurement of
the zeta potential in the presence of polymyxin B reveals that the negatively charged groups
in Brucella core‐lipid A sections are not accessible to this potent polycationic lipopeptide.
This is in contrast with the results obtained with the LPS of Ochrobactrum sp. LPS (Figure
2B), a Brucella phylogenetic relative that has a similar lipid A. Taken together, these
biophysical and chemical analyses suggest that the negative charge in Brucella core and lipid
A associated with Kdo and lipid A phosphates is largely counterpoised by core amino sugars
and, moreover, that the structure is such that sterically hinders access to Kdo and lipid A.
For a better understanding of these phenomena, we are carrying out an exhaustive search
for LPS core genes. A method extensively used in this kind of research is random
mutagenesis and crystal violet screening for rough Brucella mutants (for a review see [20]).
This strategy, however, has only identified some metabolic genes providing core precursors
(manAcore, manBcore and pgm) plus one glycosyltransferase gene (wadA) and, moreover, the
2

Amphipathic lipids or glycolipids like S‐LPS aggregate in aqueous solutions and their charged groups
express at the surface of aggregates an electrical potential extending into the bulk of the solution
that modulates the binding or repulsion of polycationic peptides. This electrical potential can be
measured as the electrophoretically effective potential (zeta potential) (see [31]).
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corresponding mutants not only carry core defects but also lack the O‐PS. These mutants are
not effective vaccines [21] and, since the phenotype caused by the O‐PS loss overshadows
that of the defect in the core, they are not useful for a precise analysis of the role of the
latter. As an alternative approach, we have carried out an exhaustive genomic analysis of
brucellae using as references the LPS genes in other ‐2 Proteobacteria (the phylogenetic
group to which brucellae belong) in search for putative LPS glycosyltransferases. In addition
to the expected waaA (Kdo transferase gene, highly conserved in Proteobacteria) and wadA
(see above) genes, we identified several ORF candidates. Two of these ORFs (ORFs
BAB1_0351 and BAB1_1522) have been analyzed so far by creating the corresponding in
frame deletion mutants in B. abortus, B. melitensis and B. suis. These mutants are
noteworthy because, in any of these three species, they keep the O‐PS despite carrying a
less (ORF BAB1_0351) or more (ORF BAB1_1522) disrupted core structure as revealed by
electrophoretic and Western blot analysis with monoclonal antibodies to the wild‐type core
(Figure 2C). Accordingly, these ORFs have been respectively named wadB and wadC. These
results can only be interpreted to mean that the Brucella LPS core is branched, and that one
of the branches supports the O‐PS and requires the WadA glycosyltransferase while
synthesis of the other branch requires, at least, WadB and WadC. The structural analyses in
progress support this interpretation and place the core glucosamine in the WadB‐WadC‐
dependent branch.
We published recently an analysis of the biological properties of the wadC mutant of B.
abortus (BawadC) [32]. We found that BawadC is unable to multiply in bone marrow
derived dendritic cells. Moreover, infection in these cells triggers a strong IL12 response,
which could result in a protective Th1 response. As expected, the key aspects of this
bacterial phenotype are reproduced by the LPS purified from BawadC which, for example,
triggers higher cytokine levels than the wild‐type LPS in a TLR4‐dependent manner (Figure
2D). Furthermore, in accordance with our hypothesis, the core defect increases the
interaction with MD2 (Figure 2A). Finally, in agreement with the observations in vitro,
BawadC is attenuated in the standard brucellosis BALBc model (not shown).
The characteristic of the mutant prompted us to assess the protection against virulent B.
abortus in the same mouse model. As shown in Table 1, the average protection induced by
BawadC was similar to that obtained with S19, the reference vaccine. As indicated above,
S19 carries mutations in at least twenty‐four genes potentially related with its attenuation,
including defects in outer membrane proteins and erythritol metabolism [33]. Therefore, it is
remarkable that a single mutation only deleting one or a few sugars has the same effect on
immunogenicity that those multiple and not reproducible defects.
Future directions
Although the above results offer the proof of concept for the notion that PAMPs can be
introduced or restored in these intracellular bacteria as the basis for new vaccine design, it is
clear that additional research is necessary in at least two aspects. First, safety in the natural
hosts should be considered. Since ruminants are particularly susceptible to brucellae during
pregnancy, attenuated vaccines should be cleared before sexual maturity is reached.
Therefore, in addition to protection, this aspect must be the subject of careful evaluation.
Indeed, additional mutations in other outer membrane molecules, or in metabolic steps on a
wadC‐disrupted background could be used to obtain a safer vaccine that would still carry the
core disruption as a way to bolster immunity. Alternatively, this mutation could be
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generated in S19 to take advantage of its known safety while bolstering its immunogenic
properties. Preliminary results obtained in mice with wadC‐deleted S19 show that this is
indeed a feasible approach to improve S19. Second, unless 100% protection is achieved
against heavy challenges like those occurring when animals abort, an optimal brucellosis
vaccine should be such that infected and vaccinated animals are readily differentiated. For
this purpose, the removal of the O‐PS (the relevant diagnostic moiety of S‐LPS) has already
been explored and the limitations of this approach shown [19,21]. An alternative is based on
the introduction of antigen tags into the Brucella vaccines, an approach that has been tested
in S19 with promising results [34].
Economical studies demonstrate that, when animal productivity and human health are
considered together, brucellosis control and eradication is one of the most profitable
measures that can be taken to improve the human condition in those areas of the world
where the disease is endemic [35]. Although brucellosis control should be primarily focused
on the species affecting humans, infections in sheep by the non‐zoonotic species B. ovis is
emerging as a problem in those areas where Rev 1 use is discontinued after B. melitensis
eradication. Thus, a specific and safe vaccine against B. ovis is also necessary. This species
naturally lacks the O‐polysaccharide but it conserves the wadC gene and is thus susceptible
to a genetic manipulation in its LPS PAMP. The results summarized here are the proof of
concept for the development of new vaccines based on modification of those Brucella
structures hampering recognition by innate immunity. If this concept is confirmed in the
natural hosts, there will be possibilities for improving the S19 and Rev 1 vaccines or
developing new ones against cattle, sheep and goat brucellosis. Likewise, there will be a
rational approach to develop vaccines for swine, buffaloes, camels, yacks and reindeer, all of
them domestic or semi‐domestic species important for the daily living of a large fraction of
the human population in the world and for which no vaccine is available.
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Table 1. Protection against B. abortus infection in BALB/c by vaccination with BawadC or
B. abortus S19

CFU challenge

CFU vaccine

(meanSD log CFU/spleen)

(meanSD log CFU/spleen)

BaΔwadC

1,58  0,04

3,90  0,07

S19

1,30  0,35

4,06  1,11

Control PBS

6,14  0,25

‐‐‐

Vaccine Strain

Three groups of 5 mice were inoculated subcutaneously with 1 x 105 colony forming units (CFU) per mouse, or
sterile saline as a control. Four weeks after vaccination, each group was challenged by intraperitoneal injection
of 5 x 104 colony forming units of virulent B. abortus (nalidixic acid sensitive) per mouse. Two weeks later, the
number of colony forming units of the challenge and vaccine strains in the spleens was determined. The counts
were done on BAB and BAB supplemented with 25 µg/mL of nalidixic acid to differentiate the challenge from
the BaΔwadC vaccine strain, and on BAB and BAB supplemented with 1 mg/mL of erythritol to differentiate the
challenge from the S19 vaccine.
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Figure 1. Lipid A and core oligosaccharides of E. coli, Ochrobactrum intermedium and B.
abortus. The E. coli lipid A is a bisphosphorylated glucosamine disaccharide carrying amide
and ester‐linked acyl or acyloxyacyl groups no longer than 16 carbons, and the core
oligosaccharide (only the inner section is depicted) carries up to five negatively charged
groups. In contrast, the lipid A of O. intermedium and B. abortus is made of a diaminoglucose
disaccharide carrying amide‐linked acyl or acyloxyacyl groups of up to 32 carbons (28 in the
figure). As compared to the E. coli counterpart, the core oligosaccharide of these two
bacteria shows a reduced charge that results both from a reduction in the number of
charged groups (particularly in B. abortus that lacks glucuronic acid) and the presence of
amino sugars. Although the precise structure of B. abortus core is knot known, genetic and
biophysical evidence (see Figure 2) shows that it is a structure with a lateral branch
hampering access to the inner negative groups of Kdo and lipid A.

Figure 2. A branch in the core oligosaccharide of B. abortus LPS hampers recognition by
innate immunity. (A), Disruption of the B. abortus LPS core increases interaction with MD2.
The experiment measures the amount of free MD2 upon incubation with wild type B.
abortus (Ba‐parental LPS), B. abortus wadC mutant (Ba∆wadC LPS) or Salmonella
typhimurium LPS as a control. (B), B. abortus inner core charged groups are not accessible to
polycations. The experiment shows how polymyxin B (a highly charged polycationic
antibiotic) neutralizes the charge (zeta potential) of O. anthropi but not of B. abortus LPS;
(C), The LPS of the B. abortus wadC mutant has an intact O‐polysaccharide and an altered
core; left panel, SDS‐polyacrylamide electrophoresis of the LPS of Ba‐parental and of
Ba∆wadC; right panel, Western blot analysis of the LPS of Ba‐parental, mutant Ba∆wadC and
the complemented control (Ba∆wadC‐comp); (D), Disruption of the B. abortus LPS core
increases IL‐12 release by dendritic cells in a TLR4‐dependent manner (data are from
references [32] and [31]).
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