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PRÓLOGO 

Esta tesis tiene como eje central el estudio del papel de los neutrófilos y de la 

respuesta inmune innata en las infecciones causadas por Bruce/la abortus. Todos los 

trabajos ya publicados que aquí se incluyen, füerou editados en revistas internacionales 

indexadas de acceso libre, por lo que pueden consultarse por la Internet sin necesidad de 

ningún pago. En aras de lograr unidad de estilos y de acuerdo con el "estado del arte" de la 

ciencia, todo el contenido de esta tesis es inglés, con la excepción de uno de los resúmenes 

y de este prólogo. 

El documento inicia con un resumen que describe el contenido de las distintas 

publicaciones y manuscritos adjuntos. Seguidamente incluye una revisión detallada sobre el 

papel de los neutrófilos en la brucelosis. Para ello se consultó prácticamente toda la 

literatura relacionada con este tema y se complementó con los trabajos de investigación 

hechos por nosotros que se adjuntan. Esta revisión, que sirve de introducción para la tesis y 

que amarra conceptuahnente la propuesta, será sometida a una revista científica para su 

eventual publicación. Seguidamente, se adjuntan las distintas publicaciones iniciando por 

las que aparezco como primer autor y seguidas por aquellas en las que participo como 

coautor; organizadas de la más reciente a la más antigua. Las hipótesis, los objetivos, la 

metodología, los resultados y las conclusiones obtenidas en esos trabajos, están descritos 

con detalle en cada uno de los artículos adjuntos. Posterior a las publicaciones se incluye un 

manuscrito en el cual se describe cómo las brucelas inducen muerte prematura en los 

neutrófilos. Este trabajo será sometido para publicación próximamente. 

Los trabajos de investigación de esta tesis füeron posibles gracias a distintas 

füentes de financiamientos que se detallan a continuación: MICIT/CONICIT (FI-487-09); 

Escuela de Medicina Veterinaria, UNA (2012); Junta de Becas, UNA (2009-2012); FIDA, 

UNA (2006); Vicen-ectoría de Investigación, UCR; FS-CONARE-UNA/UCR/ITCR; 

NeTropica 8-N-2008; Europea.n Conummities (MASTERSWITCH projects); Centre 

National de la Recherche Scientifique and Institut National de la Santé et de la Recherche 

Médicale, France; y asignación UCR/DAAD Catedrático Humboldt 2012 al Dr. Edgardo 

Moreno. 
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RESUMEN 

En esta tesis describimos la interacción entre el patógeno Brucella ab01111s y el sistema inmune 
innato. El primer artículo detalla cómo el sistema de dos componentes BvrR/BvrS de las brucelas 
controla la expresión de las proteínas de membrana externa (OMPs), Omp3a y Omp3b. La mutación 
de bvrS ó bvrR genera cepas avirulentas deficiente en varias OMPs, incluyendo Omp3a y Omp3b, 
por lo que los mutantes BvrR/BvrS son sensibles a los neutrófilos (PMNs). Sin embargo, la sola 
ausencia de Omp3a u Omp3b no induce la atenuación de las bacterias en ratones o en células, 
incluyendo PMNs. Por tanto, además de las OMPs, el BvrR/BvrS influye en otras propiedades de la 
membrana (por ejemplo, LPS) que afectan la virulencia de las brucelas. 

En los siguientes artículos describimos la interacción entre las brucelas con el sistema inmune 
innato al inicio de la infección, incluyendo la participación de los PMNs. Determinamos que las 
brucelas apenas inducen respuestas proinflamatorias, por lo que es probable que estas bacterias 
hayan evolucionado como patógenos furtivos; es decir, poco reconocidas por la inmunidad innata. 
Esto permite a las brucelas alcanzar su nicho de replicación antes que la inmunidad adaptativa se 
estimule. Seguidamente, exploramos la interacción temprana de Ochrobactrum anthropi -un 
patógeno oportunista estrechamente relacionado con Bruce/la- con la inmunidad innata. La 
respuesta proinflamatoria inducida por O anthropi fue inferior a aquella promovida por las 
salmonelas; sin embargo, fue significativamente mayor que la inducida por las brucelas. Estas 
diferencias se relacionaron con variaciones entre el lipopolisacárido (LPS) de Ochrobactrum y el de 
Brucella. Las diferencias entre estas dos bacterias demuestran adaptaciones evolutivas en la 
envoltura de las brucelas, las que favorecen que la bacteria sea poco reconocida por la inmunidad 
innata. Posteriormente, estudiamos varias moléculas de la envoltura celular de las brucelas que en 
otras bacterias funcionan como patrones moleculares asociados a patógenos (P AMP). Demostramos 
que los mutantes de Bruce/la en lípidos de ornitina (OL) seguían siendo virulentos, y a diferencia de 
los OLs de otras bacterias, los de las brucelas no poseían actividad proinflamatoria. Asimismo, el 
LPS de Bruce/la no funcionó como P AMP. Sin embargo, un mutante de Brucel/a en los azúcares 
centrales del LPS, llamado WadC, demostró atenuación debido a que inducía respuestas 
proinflamatorias mayores que las brucelas silvestres. Lo anterior se relacionó con un aumento en la 
unión entre el LPS WadC y el coreceptor TLR4 llan1ado MD-2 . Por tanto, ni los OLs ni el LPS de 
las brucelas funcionan como P AMPs; además la envoltura celular de las brucelas evolucionó como 
un escudo para evitar el reconocimiento de la inmunidad innata. Esta tendencia es coherente con 
otras a-Proteobacterias, las que también han modificado o eliminado componentes celulares 
susceptibles a ser reconocidos por la inmunidad innata y por los PMNs. 

Posteriormente, investigamos la influencia que tienen los PMNs durante la respuesta inmune 
en la brucelosis. Seguimos el curso de la infección por brucelas en ratones depletados dePMN (con 
anticuerpos) y en ratones mutantes neutropénicos llamados Genistas. Demostran1os que las brucelas 
se eliminaban de manera más eficiente en ambos ratones neutropénicos, que en los silvestres. Lo 
anterior demuestra que los PMNs son capaces de atenuar respuesta inmune contra la brucelosis. En 
el último manuscrito describimos cómo las brucelas matan prematuramente a los P.MNs 
independientemente de que ellos se desgranulen o se mueran por necrosis o NETosis. Esta muerte 
de los PMNs se asoció con la liberación intracelular de LPS y la participación del receptor celular 
CD14. La muerte prematura de los PMN concuerda con el uso de los macrófagos y las células 
dendríticas como "caballo de Troya"; es decir, como vehículos para esparcirse y replicarse en el 
hospedero. Finalmente, esta tesis incluye una revisión que incluye todos estos resultados y propone 
un modelo general sobre la función de los PMNs durante la brucelosis. 
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ABSTRACT 

This thesis describes the interaction between the intracellular pathogen Bmcella abortus and 
the innate immune system. The first published paper describes how Brucella two-component 
regulatory system BvrR/BvrS controls the expression of outer membrane proteins (Omps), Omp3a 
and Omp3b. The disruption of bvrS or bvrR generates avirulent strains deficient in severa! Omps, 
mainly Omp3a and Omp3b. These BvrR/BvrS mutants are highly sensitive to neutrophils (PMNs); 
however, the absence of Omp3a or Omp3b alone <loes not result in Bmcella attenuation in mice or 
cells, including PMNs. It was concluded that BvrR/BvrS influences additional Brucella outer 
membrane properties ( e.g. LPS), besides OMPs, involved in virulence. 

The subsequent paper describes the interaction of Brucella with the innate immune system at 
the onset of infection, including the role of PMNs. It was demonstrated that Bruce/la induced a very 
low proinflammatory response, and proposed that Bruce/la evolved as a stealthy pathogen ensuring 
low stimulatory activity of innate immunity. This property allows the bacterium to reach its 
replication niche before activation of microbicida! mechanisms by adaptive immunity. Following 
this, the early interaction of Ochrobactrum anthropi (an opportunistic pathogen closely related to 
Brucella) with innate immunity was explored. O. anthropi triggered proinflammatory responses 
markedly lower than Salmonella enterica but higher than B. abortus. These differences correlated 
with chemical variations in the cell envelope, particularly wíth the lipopolysaccharide (LPS) 
molecules. The comparison in virulence between Bruce/la and Ochrobactrum indicated 
evolutionary adaptation ofthe former bacterium for avoiding early recognition of innate immunity. 
Then, we studied severa! Brucella cell envelope molecules that in other bacteria serve as pathogen
associated molecular patterns (PAMPs). It was found that Brucella ornithine lipids (OL)-defficient 
mutants were not attenuated in mice and, that in contrast OLs from other bacteria, the isolated 
Bruce/la OLs did not promete proinflammatory responses. Simílarly, Bruce/la LPS did not work as 
PAMP. However, Bruce/la LPS core mutant (wadC) índuced higher proínflarnmatory responses and 
was attenuated. These results were associated to an increased binding of wadC mutant LPS to MD-
2, the TLR4 co-receptor. Thís suggests that in Bruce/la OLs and LPS do not work as P AMPs and 
that the cell envelope of this bacterium evolved as a shield against ínnate ímmunity recognítion. 
This trend is consistent within that of other u-Proteobacteria animal pathogens, which also have 
modified or eliminated cell envelope components susceptible to be recognízed by innate immunity, 
including activation of PMNs. 

Then the influence of PMNs in the immune response duríng Bnicella infectíon was 
investigated. The course of brucellosis in antibody PMN-depleted C57BL/6 mice and in the 
neutropenic mutant Genista mouse model was explored. It was demonstrates that at later times of 
infection Bruce/la is killed more efficiently in the absence of PMNs than in their presence. These 
results revealed that PMNs <lampen the ímmune response against brucellosis. In the last manuscript 
the ability of Bruce/la is to prematurely kili human PMNs independently of degranulation, necrosis 
or NETosis related cell death was investigated. PMN cell death was associated to the intracellular 
release of Bruce/la LPS and the participation of the cell receptor CD 14 lipoprotein. This premature 
cell death of Brucella infected PMNs agrees with the use of macrophages and dendritic cells as 
"Trojan horse" vehicles to replicate and spread in the host. Finally, this thesis includes a review that 
encompasses ali these findings and proposes a general model for the role of PMNs during 
brucellosis. 
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INTRODUCCIÓN 
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Brucella organisms, mainly Brucella melitensis, Brucella suis, Brucella abortus, 

Bruce/la canis, Bntcella ovis and Bntcella ceti, are responsible for a worldwide disease 

known as brucellosis, which affects humans as well as domestic and wild Iife ma1mnals 

(Moreno & Moriyón 2006). Members of this genus, traditionally defined as "facultative 

intracellular parasites' ' , are better described as "facultative extracellular intracellular 

pathogens' ', since their trne replicative niche correspond to the intracellular environment of 

animal cells (Moreno & Moriyón 2002). It is, therefore, not surprising that Brucefla 

species are closely related and share fünctional and strnctural properties with other animal 

intracellular a-Proteobacteria parasites, such Bartonella, Rickettsia, Anaplasma and 

Wolbachia, which also cluster with opportunistic pathogens of the genus Ochrobactrum 

and with plant-associated Sinorhizobium and Agrobacterium, all bacteria with affinity for 

eukaryotic cells (Moreno et al., 1990; Ettema & Andersson 2009). 

Bntcella species are primary pathogens of mammals, designed to invade and 

expand in the reticuloendothelial system ofthe host. In pregnant domestic animals, such as 

bovine, ovine, swine, caprine and canine, the target organs are the placenta and the 

mammary gland, being ab01tion, the most conspicuous symptom of brncellosis. As 

consequence the disease causes losses and it is of economic relevance (Moreno & Moriyón 

2002). Humans acquire the bacterium through contacts with infected animals or by 

ingestion of their products, mainly unpasteurized dairy foodstuffs (Moreno & Moriyón 

2006). Brucellosis in humans is primarily characterized by undulant fever, arthralgia and 

myalgia, and if not treated, the bacterium may invade the heart and the central nervous 

system and cause death (Pedro-Pons & FaITeras, 1944 ). 

The primary host cells in which Bruce/la replicates are monocytes (Mo ), 

macrophages (M0) and dendritic cells (DCs); and in pregnant animals, the placental 

trophoblasts which are the preferred host cells (Moreno & Gorvel 2004). During the course 

of brucellosis these mononuclear phagocytic leuk.ocytes are recrnited at the site of 

infection, and are the main effectors engaged by adaptive immunity (Copin et al., 2012 ; 

Grilló et al. , 2012 ; Campbell et al., 1994). Other cells that actively phagocytize Brucella 

are polymorphonuclear neutrophils (PMNs). These leuk.ocytes are the first cells to 
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encounter and intemalize Bmcella after host invasion (Ackermann et al., 1988; Braude 

1951). However, in contrast to what has been recorded in other host cells, Bruce/la species 

are not capable to replicate in PMNs, but merely survive. 

Bruce/la infected patients and animals rarely display neutrophilia (A.riza, 1999; 

Prouty, 1934). This phenomenon is in tune with the absence of early proinflammatory 

responses, lack of endotoxic symptoms and the almost total absence of coagulopathies in 

patients and animals infected with pathogenic Brucella (Ariza 1999; Barquero-Calvo et al., 

2007; Megid et al., 2010). Moreover, absolute neutropenia is a common outcome in about 

113 of the patients, mainly during the chronic stages of human brucellosis (Figure lA) 

(Colmenero et al., 1996; Ruíz-Castafieda 1986), a fact that has been linked to the removal 

of Bruce/la infected PMNs by cells of the reticuloendothelial system (Crosby et al., 1984; 

Ruíz-Castañeda 1986). 

In spite of these remarkable clinical features and the significant role of PMNs 

against most bacteria! infections, the function of these leukocytes in brncellosis remained 

unexplored for many years. Here, we have critically revised most ofthe work that has been 

done in PMNs in relation to Brucella and brncellosis, and established a model for the 

function ofthese leukocytes during the course ofthe disease. 
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REVISIÓN 
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Brucellll virulence and pathogenesis 

The overall Bruce/la virnlence is expressed by two different but related properties: 

i) the bacterial ability of controlling intracellular trafficking in order to reach its final 

replicating niche in host cells (Moreno & Gorvel 2004; von Bargen et al. , 2012) and; ii) the 

bacteria} capacity to behave a stealthy pathogen at early stages of infection (Barquero

Calvo et al. , 2007; Mat1irosyan et al., 2011). 

Tlie Brucellll control of i11tmcellulllr trajficki11g in lwst cells. This fírst property 

becomes evident after Brucella invades M0, Mo and DCs; and in pregnant animals, the 

placenta} trophoblasts. Once inside cells the Bntcella containing vacuoles (BCV), interact 

with components of the endocytic and secretory pathways such as early endosomes and 

vacuoles that intersect with the endoplasmic reticulum, site where the bacterium 

extensively replicates (PizatTo-Cerdá et al., 1998; Celli et al., 2003). During this process 

the bacterium avoids fusion with lysosomes and prolongs the life of M0, Mo ai1d DCs; 

(Gross et al. 2000; Galdiero et al. 2000; Moreno & Gorvel 2004). Brucella ends its 

intracellular cycle within vacuoles of the authophagocytic apparatus (Stan- et al., 2012); 

finally, the infected cells release the brncellae and eventually die by a still unknown 

mechanism. Eventually the released bacteria invade other cells, including PMN, and it is 

transported to various organs. 

The bacteria! factors involved in the Bntcella entry in host cells, including PMNs, have not 

been fully elucidated. It is known that Bntcella lacks classical surface virnlence factors 

such as pili, fimbria, capsule, endotoxic moieties, toxins or motile flagella (Moreno & 

Moriyón 2002). A number of mutations in genes coding for different proteins (e.g. BvrS, 

BvrR, Omp25/0mp31 family, Omp2b, CGH, efjJ, ccmC, BmaC) and Br-LPS determinants 

(O chain, core and lipid A) affect the binding and penetration of Brucella to host cells (Cha 

et al., 2012; Hemández-Castro et al., 2008; Iannino et al., 2012; Marchesini et al. , 2011 ; 

Martín-Martín et al., 2008; Posadas et al. , 2012; Sola-Landa et al. , 1998). However, in 

most of these proteins specific binding to a cellular receptor has not been demonstrated. 

Moreover, severa! of these mutations induce pleiotropic defects in the structure of the 
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bmcellae cell envelope, complicating matters even more. Two exceptions of interest are 

the 0-chain of the Br-LPS which has been suggested to bind scavenger lectin-like 

receptors in M0 (Carnpbell et al. , 1994; Posadas et al., 2012; Kim et al. , 2004) and the 

BmaC membrane protein, which is capable to bind fibronectin, and then to the cognate 

receptor in epithelial ce lis. The participation of the Br-LPS and a lectin-like receptor (e. g. 

C-type lectins) on the surface of M<!> and DCs does not come to a strrprise, due to the 

mannose residues in the core oligosaccharide and the mam1ose configuration of the 

perosamine sugars of the Br-LPS (Figure 2).The BmaC is predicted to be a type I 

monomeric autotransporter located at one pole of the bacterium surface, probably related 

to the flagellar apparatus (Posadas et al., 2012). Although it is unknown how narve purified 

PMNs internalize Bruce/la, C-type lectin receptors (CLECSF8) and fibrinolectin binding 

receptors have been also described in PMNs (Nair & Zingde 2001 ; Graham et al., 2012). 

Many bacteria! factors related to the ability of Bruce/la organisms to replicate inside host 

cells have been described (von Bargen et al., 2012). However, there are sorne critica! 

Bruce/la components that have been unambiguously identified as significant systems 

required for intracellular trafficking and replication. One of the first factors discovered to 

modulate the Bruce/la parasitism was the Br-LPS. Up to now, all the Br-LPS bacteria! 

mutants are attenuated and have disruptive intracellular trafficking, lacking the ability to 

avoid the fusion of BCV with lysosomes (Porte et al., 2003). In spite of this, the 

mechanism behind this defect remains unknown. Other significant Bruce/la system 

involved in virulence corresponds to the two-component regulatory system BvrR/BvrS. 

This system seems to function as a master regulator for other systems. The coordinated 

fünction of the BvrR and BvrS proteins is required to modulate the physiology of Bntcella 

to shift from the extracellular to the intracellular environment, by controlling the 

homeostasis of the cell envelope, including outer membrane (OM) proteins and the Br

LPS, as well as factors of the carbon and nitrogen metabolism (Martínez-Núñez et al., 

2010; Viadas et al., 2010). The Type IV secretion system VirB, common to other 

pathogens such as Legionella (Christie & Vogel, 2000), is required for controlling the 

maturation and biogenesis ofBCV. As consequence of this, Bruce/la VirB mutants are 
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Leukocyte content of milk drawn from Bruce/la abortus infected udders (adapted from (Prouty et 

al. , 1934) with permission). 
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highly attenuated and fail to survive intracellularly, since they are not capable to avoid the 

:fusion of BCV with lysosomes (Celli et al., 2003). The VirB system is :functionally linked 

to BvrS/BvrR and to the VjbR systems (Martínez-Núfiez et al. , 2010). This last protein is a 

quornm sensing regulator also essential for virulence (Delrue et al. , 2005). The flagellum

like apparatus is an essential component for permanence in the host and, therefore 

necessary during the brncellosis chronic stage (Fretin et al. , 2005). Finally the Brucella 

pe1iplasmic cyclic ~-glucans (C~G) are capa.ble of preventing the füsion of the BCV with 

lysosomes by modifying cholesterol-rich lipid ra:fts present on the vacuolar membrane and 

by controlling the maturation ofthe BCVs (Are11ano-Reynoso et al., 2005). 

Bruce/la abortus wadC 

Figure 2. Schematic structure of smooth B. abortus Br-LPS and core mutation. The 0-

polysaccharide is an unbranched linear homopolymer of a-1,2-linked 4,6-dideoxy-4-formamido-D

mannopyranosyl units (N-formylperosamine) with an average chain length of 96 to 100 glycosyl 

subunits (Bundle et al. , 1989). The 0-polysaccharide is linked to acore bifurcating oligosaccharide 

composed of ~GlcN-6-~GlcN-4-~GlcN(-6-~GlcN)-3-a.Man(-6-a.Glc)-5-KDO 1 (-2-KD02)-Lipid A; 

branching from KDOl is a.PerNFo-[-2PerNFo]u-2PerNF-2-a.Man-3-a.Man-3-~QuiNAc-4-~Glc-4-

KD02-4-K.DOl (Kubler-Kielb & Vinogradov, 2013). The KDOI is linked to the lipid A composed 

of a backbone of diaminoglucose (DAG) disaccharide, substituted with phosphates (P) and amide 

and ester-linked long chain saturated (C16:0 to C18:0) and hydroxylated (3-0H-C12:0 to 29-0H-CJo:o) 

fatty acids (Iriarte et al., 2004; Moreno et al., 1990) . Ketodeoxyoctulosonic acid (K.DO), mannose 

(Man), Acetyl-quinovosamine (QuiN), glucose (Glc). Glycosyltransferase core mutation in B. 

abortus wadC strain is indicated within the pink panel. 
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Tlle Brucella stealthy strategy. This second property is directly linked to the 

structure of the Bruce/la cell envelope. The putative pathogen-associated molecular 

pattems (P AMPs) of Bntcella are modified in a way that they are not readily recognized by 

most pattem recognition receptors (PRRs) such as many TLRs and NODs (Conde-Álvarez 

et al., 2012; Oliveira et al., 2012; Palacios-Chaves et al., 2011; Barquero-Calvo et al., 

2007; Martirosyan et al. , 2012). A flagellum-like apparatus, not involved in motility, has 

been occasionally observed in B. melitensis (Fretin et al., 2005). As in other a

Protebacteria, the Bruce/la flagellin is not agonistic for TLR5 (Lapaque et al. , 2006; 

Terwagne et al., 2012). Killed Brucella or OM fragments containing large am0tmts of 

lipoproteins, ornithíne-containing lipids, Br-LPS, and related polysaccharides induce low 

proinflammatoty responses (Barquero-Calvo et al. , 2007). Bruce/la ornithine-containing 

lipids, which are power:ful PAMPs in other bacteria (Okemoto et al. , 2008), do not have 

any detectable e:ffect on innate immunity during brucellosis (Palacios-Chaves et al. , 2011). 

Finally, purified Br-LPS is a very poor agonist of TLR4, only stimulating this receptor at 

very high concentrations (100 to 500 higher amotmts than those required for Ec-LPS) 

(Conde-Álvarez et al., 2012; Barquero-Calvo et al., 2009). All this indicates that most of 

the Brucella surface molecules don't mark as power:ful P AMPs, and therefore are lower 

activators ofthe PRRs. 

The Bruce/la OM also works as a shield that endows the bacterium with resistance 

to microbicida! substances (Freer et al., 1996; Martínez de Tejada et al., 1995) and lúdes 

sorne P AMPs ( e,g. CpG DNA and CPG) for a protracted period of time before their 

premature recognition by interna! PRRs (Copin et al., 2007; Martirosyan et al., 2012; 

Gomes et al., 2013). Indeed the Bruce/la OM is lúghly hydrophobic as a result ofthe very 

long aliphatic hydrocarbon chains (up to 30 C atoms) substituting phospholipids, ornithine 

lipids, lipoproteins and the lipid A moiety of the Br-LPS (Martínez de Tejada & Moriyón 

1993; Cherwonogrodzky et al. , 1990). Sorne ofthese long fatty acids may span de Brucella 

OM, making it highly resistant to disruption (Freer et al., 1996). In addition, the core 

oligosaccharide of the Br-LPS is positively charged and the 0-chain and related 

polysaccharides are built of homopolymers of non-reducing N-fonnyl perosamine sugars 
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(Figure 2) (Bundle et al. , 1989; Kubler-Kielb & Vinogradov, 2013), which explains the 

reduced number of accessible negative charges on the surface of the smooth bacterium 

(Schurig et al. , 1981). Altogether, these properties allow the bacterium to evade early 

recognition ofthe iunate immune system, giviug chance to the bacterium to expand before 

adaptive immunity becomes copiously activated. 

PMNs in bacterial infections 

PMNs are essential components of the innate immune system to control microbial 

iufections and are the first leukocytes to be recrnited at the sites of bacterial iuvasion 

(Kobayashi et al. , 2005). PMNs are also the primary cell effectors during the pro

iuflammatory innate immune response an may play a role in controlling the adaptive 

immunity (Mantovani et al., 2011; Witko-Sarsat et al. , 2000). When an iufectious process 

begins, circulatiug neutrophils become activated and are rapidly recrnited from the blood 

vessels to the site of iufection by host- and pathogen-derived components (Kobayashi et 

al., 2005). Then, the primed leukocytes extend their life span and enhance their 

microbicida! activity by exertiug phagocytosis and fusion of cytoplasmic granules with 

pathogen-containing vacuoles, producing reactive oxygen species (ROS), releasing toxic 

mediators trough degranulation, generating neutrophil extracellular traps (NETs) and 

releasing cytokines and chemokines (Simon 2003; Kobayashi et al., 2005, Brinkmann et 

al. , 2004). After bacteria! invaders are destroyed and inflammation begins to resolve, the 

accumulated PMNs are carefülly eliminated. This process, which avoids firrther hann and 

favors tissue repair, initiates when the remaining PMNs at the site of resolution undergo 

apoptosis. Then, the death PMNs are removed thorough phagocytosis by migrating and 

resident M<j> and DCs (Savill & Fadok 2000). During this process, the phagocytic cells, 

with intemalized apoptotic PMN s, do not beco me fülly activated and the releas e of 

proiuflammatory signals is hampered (Kennedy & DeLeo 2009). 

For their own benefit severa! bacteria have evolved strategies to influence the 

function of PMNs (Anwar & Whyte 2007; DeLeo 2004). For instance, the canine and 
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zoonotic pathogen Anaplasma phagocytophilum, a close phylogenetic relative of Bntcella, 

which also evades the host immune response by furtive strategies (Von Loewenich et al., 

2004; Rikihisa 2010) is able to invade PMNs by usurping the lipid raft domain-containing 

glycosyl phosphatidylinositol (GPI)-anchored protein to induce a series of signaling events 

that result in internalization ofthe bacteria. Once inside PMNs, Anaplasma alters vesicular 

trafficking to create a unique intracellular membrane-bound compartment that allows their 

replication in seclusion from lysosomal destmction (von Loewenich et al. , 2004). In order 

to survive within PMNs, Anaplasma inhibits activation of NADPH oxidase and the 

subsequent degranulation of these cells (von Loewenich et al., 2004). Furthennore, A. 

phagocytophilum lacks genes for the synthesis of LPS, C~G, peptidoglycan, flagella, and 

fimbria. Therefore, it lacks sorne of the most essential P AMPs required to trigger the 

initiate innnune through the action of PRRs (von Loewenich et al., 2004). 

Bartonella henslae, other close relative of Bntcella, inhibits human PMN oxidative 

function and is capable to survive within PMNs (Fumarola et al., 1994). In cats (the 

preferred mammal host) bacteremia courses without neutrophilia or symptoms of 

endotoxicity (Stützer & Hartmann, 2012). Similarly, a significant characteristic of trench 

fever bacteremia caused by Bartonella quintana, is the absence of septic shock symptoms, 

such as disseminated intravascular coagulation, neutrophilia or organ failure (Anderson & 

Neuman 1997), a phenomenon that has been related to the antagonistic effect of its non

endotoxic LPS on TLR4 (Popa et al., 2007). It is noteworthy that the Bartonella LPS 

shares many stmctural features with the Br-LPS (Iriarte et al. , 2004; Zalu-inger et al. , 

2004). 

Other Gram negative bacteria · follow different strategies. For instance Shigella 

flexneri, kills PMNs by necrosis, a process characterized by the release of tissue-injurious 

granular proteins (Fran¡;:ois et al., 2000). This contributes to disruption of the epithelial 

barrier, leading to the dysentery observed in shigellosis and allowing the bacterium to enter 

its colonic host cells (Fran¡;:ois et al., 2000). Similarly, Pseudomonas aentginosa strains are 

lúghly toxic for PMNs causing lysis and oncosis of these leukocytes. The depletion of 

PMNs by P. aentginosa contributes to the pathophysiology of the disease by facilitating 
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bacteria! extracellular replication and persistent infections (Dacheux et al. , 2000; Usher et 

al. , 2002). 

Besides the primary function of PMNs in innate immunity, these cells may be also 

involved in the regulation of adaptive immunity in a broad range of diseases, including 

microbial infections caused by intracellular pathogens (Barquero-Calvo et al. , 2013; 

Mantovani et al. , 2011; Silva 2010; Sporri et al. , 2008; Zhang et al. , 2009). For instance, 

PMNs seem to compete with DCs and M<!>s for the availability of antigen (Yang et al., 

2010) and shed membrane vesicles that inhibit the maturation ofthese last phagocytic cells 

(Eken et al. , 2008). PMNs are also capable to negatively influence the activity of B and 

CD4+ T cells (Yang et al. , 2010) and regulate the function of NK cells (Jaeger et al., 

2012). Experiments in antibody PMN-depleted mice infected with Mycobacterium 

tuberculosis have suggested the participation of PMNs in circuits ofthe adaptive immunity 

against this bacterium. The Mycobacterium loads in PMN depleted mice increase at initial 

stages of infection but decrease at later time points (Zhang et al., 2009). This phenomenon 

was related to the augmented levels ofthe regulatory cytokine IL-10 and the more efficient 

recruitment of Mo and M<!> (Zhang et al. , 2009). Therefore, in addition to their direct 

microbicida! and proinflammatory activities, mature PMNs seem to be endowed with 

unsuspected immunoregulatory functions that appear to be conserved across different 

species (Jaeger et al. , 2012). 

Intracellular life of Brucella witbin PMNs 

Bnicella is quickly phagocytized by na'ive human and bovine purified PMNs, 

indicating that bacteria! surface molecules are readily recognized by these leukocytes 

(Canning et al. , 1985; Riley & Robertson 1984b; Víctor et al., 1952; Young et al., 1985). 

Nevertheless, Bruce/la organisms are capable to resist the microbicida! activity of PMNs 

and reside in large numbers inside vacuoles ofthese leukocytes (Figure 3A-B) (Barquero

Calvo et al. , 2007; Bertram et al. , 1986; Canning et al. , 1985; Gallego et al. , 1989; 

Kreutzer et al. , 1979). In contrast to what has been recorded in Mo, M<!> and DCs, Brucella 
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does not replicate inside PMNs but the bacterium merely survives within these last 

phagocytic cells. Virulent Brncella does not induce the activation of infected naive PMNs 

as revealed by the weak ROS formation, almost absent myeloperoxidase activity (Canning 

et al., 1985; Gallego & Lapeña 1990; Ordufia et al., 1989; 1991), low amounts of cytokine 

production (Barquero-Calvo et al., unpublished results), very low degranulation 

(predominantly primary over secondaty graimles) (Bertram et al. , 1986; Riley & Robe1tson 

1984a) and absence of NETs generation (Barquero-Calvo et al. , unpublished results). The 

absence of degranulation in Brncella infected PMNs is even observed in the presence of 

doxycycline, streptomycin and rifamycin, all antibiotics used in the treatment against 

brucellosis (Ordufia et al. , 1989). 

The Bruce/la resistance to the killing action of PMNs is high but not absolute, and 

it depends upon various factors . For instance, when Bn1cella is incubated with INF-y 

activated PMNs or in vitro with PMN granule extracts supplemented with H202 and halide, 

then, the bacterium becomes slightly less resistant and lower numbers of bacteria are 

obtained in relation to the controls (Canning & Roth 1989; Kreutzer et al., 1979). This 

indicates that 0 2-, the myeloperoxidase-H20 2-halide and other components of the ROS 

system are capable to destroy 

Brncella,taking into account that the bacterium is fully exposed to these substances (Riley 

& Robertson 1984a). Similarly, when antibody opsonized Bruce/la, in the presence or 

absence of complement, is phagocytized by PMNs then these leukocytes become activated 

and generate significant quantity of ROS (Bounous et al., 1992; Gallego et al., 1989; 

Harmon et al., 1988). It seems, therefore, that ifthe proper conditions are given through the 

previous activation by cytokines ( e.g. INF-y) or by triggering cell receptors ( e.g. FcyRII, 

FcyRIIIb and FcaR) then, PMNs are capable to circumvent, at least in part, the :fürtive 

behavior of Bruce/la and kill a larger proportion of the invading pathogens. 

The persistence of Bruce/la within PMNs seems to be related to the overall structure and 

integrity of its cell envelope, rather than to the control of the vacuolar trafficking inside 

these cells. It has been demonstrated that Brncella OM barely binds defensins, bactenecins, 

cathelicidins or any other cationic bactericida! substances such lysozyme, phospholipases 
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Figure 3. Phagocytosis of B. abortus by PMNs. (A) Macrophage (right) and PMN (left) in goat 

mammary duct lumen 39 days after B. abortus infection. Macrophage contains multiple 

phagolysosomes with brucellae (arrows) and large lipid globules (L). Cytoplasm of neutrophil 

contains a large vacuole distended with brucellae. PMN is degenerate (nuclear chromatin is 

condensed, and perinuclear envelope is dilated). Necrotic cellular debris in background. Bar: 2µm 

(adapted from (Meador et al. , 1989) with permíssion). (B) Heparinized blood was incubated with 

B. abortus-GFP for 2 hours (MOI=lü). Blood smears were fixed and mounted with ProLong Gold 

Antifade Reagent with DAPI. 

lactoferrin, all highly active molecules against pathogenic bacteria contained in PMN 

granules (Freer et al., 1996; Manterola et al. , 2007; Martínez de Tejada & Moriyón 1993 ; 

Martínez de Tejada et al., 1995; Páramo et al., 1998;). In addition, the respiratory burst is 

more evident when PMNs are exposed to attenuated Bmcella than when these cells are 

infected with live virulent brncellae (Bertram et aL, 1986; Canning et al., 1985; Conde

Álvarez et al., 2012; Manterola et al., 2007). For instance, the absence of O chain in rough 

Bmcella mutants induces significant OM changes and expose "new" hidden molecular 
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detenninants on the bacteria! surface (Bowden et al., 1995; Chaves-Olarte et al. , 2011; 

Cloeckaert et al. , 1990). As consequence, rough brucellae become attenuated and are more 

susceptible to bactericida! molecules and to the killing action of PMNs than virulent 

smooth organisms (Kreutzer et al., 1979; Riley & Robertson 1984b). A:fter phagocytosis of 

rough Brucella mutants, PMNs degranulate and generate ROS more readily than PMNs 

infected with the smooth virnlent counterparts (Kreutzer et al. , 1979). Similarly, B. abortus 

BvrR and BvrS mutants, although harbar O chain and related polysaccharides on the OM, 

they are highly susceptible to the killing action of cationic bactericida! molecules and to 

PMNs (Figure 4). As expected, the BvrR and BvrS mutants display significant strnctural 

changes in the OM lipid and protein composition (Lamontagne et al., 2009; Mantero la et 

al. , 2007). This makes the BvrS and BvrR mutants 11011-virulent and highly susceptible to 

PMNs (Manterola et al., 2007). On the other hand, Brucella VirB mutants which are 

readily killed by M<j> and DCs (Celli et al., 2003; Salcedo et al., 2008), are resistant to the 

bactericida! action PMNs (Figure 4). This indicates that not all attenuated brncellae are 

equally susceptible, being those mutants that have conspicuous OM defects the most 

susceptible. 

As mentioned before, the modification of surface components and the toughness of 

the cell envelope, preclude the recognition of Bruce/la molecules by PRRs ofvarious cells, 

including PMNs (Barquero-Calvo et al., 2007; Conde-Álvarez et al., 2012; Freer et al. , 

1996; Martínez de Tejada et al. , 1995; Oliveira et al., 2012; Palacios-Chaves et al. , 2011). 

One significant example illustrating this is the pathogenicity ofthe opportmristic bacterium 

Ochrobactrum antrophi, one of the closest Bruce/la relatives. O. antrophi harbors cell 

envelope molecules that display strncttrral similarity to those of Bmcella, including the 

lipid A of the LPS, ornithine containing lipids, flagell:i.n strncture, long chain fatty acids 

substituting lipoproteins, C~G and several virulent systems (Barquero-Calvo et al., 2009; 

Graham et al. , 2006; Lapaque et al., 2006; Moreno et al., 1990). In spite of this, 

Ochrobactrum is significantly more sensitive than Brucella to bactericida! molecules and 

to the killing action of PMNs (Barquero-Calvo et al. , 2009; Velasco et al., 1998). In 

contrast to brncellosis, oclrrobacteriosis in humans commonly course with neutrophilia, 
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with a significant left shift of PMNs (Arara et al. , 2008; Ozdemir et al., 2006; Wheen et al., 

2002). In addition, Ochrobactntm induces mayor levels of cytokines than Bntcella, but 

still less than Salmonella (Barquero-Calvo et al., 2009). These differences may be 

explained in part by the greater molecular diversity of Ochrobactrum in relation to 

Bruce/la (Chain et al. , 2011), and consequently more potential PAfv1Ps (e.g. 

polysaccharide capsule). 
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Figure 4. PMNs bactericidal activity against different B. abortus strains. 106 purified human 

PMNs were mixed with each B. abortus strain (MOI=lO), incubated for one hour and viable CFUs 

determined. Values ofp<0.05 (*) andp<0.01 (**)are indicated. 

However, the main difference seems to rest in the structure of the core oligosaccharide of 

the Ochrobactrum LPS in comparison to the Br-LPS. Indeed, the lesser occurrence of 

positively charged sugars in relation to negative charges in the O. anthropi core 

oligosaccharide makes the OM ofthis bacterium more susceptible to binding and attack of 

cationic microbicidal substances of cells. Moreover, in contrast to the Br-LPS, the lipid A

core complex of O. anthropi LPS binds with higher affinity to the protein MD-2 co

receptor of TLR4, and triggers more efficiently the activation of NF-KB (Barquero-Calvo 

et al., 2009). As a result, the O. antrophi LPS induces higher generation of cytokines and 
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activation ofM~ and PMNs, than the Br-LPS (Barquero-Calvo et al. , 2009; Rasool et al. , 

1992). 

A direct prove on the role that positively charged core of Br-LPS has on Bruce/la 

virnlence was obtained by studding the biological behavior ofthe B. abortus WadC mutant 

(Conde-Álvarez et al., 2012). This attenuated mutant strain displays a disrnpted LPS core, 

lacking the positively charged rich glucosamine oligosaccharide branch linked to the 

second KDO, while keeping the O chain linked to the fírst KDO (Figure 2). As 

consequence, the WadC mutant is more readily attacked by cationic bactericida! molecules 

and killed more efficiently by DCs and PMNs, as compared to the wild type B. abortus 

(Barquero-Calvo et al. , w1published results; Conde-Álvarez et al. 2012). Moreover, the 

WadC mutant induces higher production of proinflammatory cytokines in infected 

phagocytic cells, a phenomenon that is reproduced by its LPS. Indeed, the WadC LPS 

binds with higher affinity to the MD-2 co-receptor of TLR4, triggering significant 

activation of NF-KB and, therefore, paralleling the proinflammatory behavior of O. 

anthropi LPS. Altogether, these results suggest that during evolution the brucellae ancestor 

experienced sorne subtle molecular changes in the structure of surface molecules and 

P AMPs that has led to significant adaptation to circumvent the PMNs killing activity and 

become stealthy pathogen. 

For several years it has been known that intracellular Bntcella prolongs the life and 

inhibits apoptosis of Mo and Mlj> (Galdiero et al. , 2000; Gross et al. , 2000; Eskra & 

Mathison 2003). As stated befare, upon infection, virulent Bn1cella does not induce 

degranulation, ROS formation, necrosis or NETosis in PMNs (Cmming et al. , 1985; 

Orduña et al. , 1991 ; Riley & Robertson 1984b). However, in contrast to what has been 

seen in other host cells Bn1cella . provokes the premature cell death of PMNs in a dose 

dependent manner (Barquero-Calvo et al. , unpublished results). Stiikingly, this event is 

reproduced by the low-endotoxic Br-LPS and its lipid A The premature cell death of 

Bntcella infected PMNs seems to be initiated after the active phagocytosis of the 

bacterium and the subsequent intracellular release of the Br-LPS. Once inside PMNs, the 

Br-LPS may be transported to plasma membrane domains containing CD14 lipoprotein or 
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to intracellular vesicles bound CD14. Then, the non-endotoxic lipid A moiety of Br-LPS 

triggers the premature cell death of PMNs via the CD14, bypassing the interaction with 

TLR4. In course, this event induces the activation of the ext1insic and then intrinsic 

cascade 8 and 9 pathways, causing modification and permeabilization of the cell 

membrane, fragmentation of DNA and consequently the premature cell death of the 

Hrucella infected PMNs. Strikingly, this phenomenon occurs without inducing other 

phenotypic changes that characterize PMN apoptosis, such as rounding of the nucleus, 

chromatin condensation and cell fragmentation. Moreover, Br-LPS does not hamper the 

ability of PMNs to degranulate or to generate myeloperoxidase activity if incubated with 

pyogenic bacterium at the same time (Orduña et al. , 1991). This demonstrates the low 

activity that Br-LPS has in promoting the killing mechanisms of PMNs (Rasool et al. , 

1992). 

Role of PMNs during the course of brucellosis 

As already stated, PMNs are the first cells to encounter Bntcella after infection 

(Ackermann et al. , 1988; Braude 1951). Nevertheless, brucellosis in humans and animals 

rarely courses with acute inflammation, neutrophilia or coagulopathies (Ariza 1999; 

Barquero-Calvo et al. , 2007; Megid et al., 2010), a phenomenon that raises questions 011 

the role of PMNs during brucellosis. Once the bacterium has been installed in the tissues, 

mainly during the acute phase of the disease, PMNs become conspicuous in sorne but not 

all infected tissues. For instance, in contrast to what has been observed in other bacteria! 

induced arthritis (Mathews et al. , 2008), most brucellosis patients demonstrating arthritis 

do no show significant deviation in blood leukocyte profiles, and the synovial liquid is not 

particularly enriched in PMNs (Khateeb et al. , 1990). Similarly, neurobrucellosis in 

humans and animals seldom courses with neutrophilia and the inflammatory exudates in 

the cerebrospinal fluid and in the meninges are constituted, with rare exceptions, of 

mononuclear cells of lymphocytic and macrophagic origin, sorne of them containing 
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Brucella and bacteria! debris, but rarely significant numbers of PMN s (Barrientos et al., 

2010; González- Haji-Abdolbagi et al. , 2008). 

In pregnant cattle, B. abortus and B. melitensis have a strong tropism for the 

sinuses of the mammary glands and for placenta! trophoblasts (Anderson et al. , 1986; 

Carvalho Neta et al. , 2008; Meador et al., 1989). In spite ofthis, classical signs ofmastitis 

are not revealed and macroscopically the udders do not demonstrate significant 

pathological signs. Although PMNs and other cells residing in the udder quarters of 

Brucella infected animals may harbor large numbers of intracellular bacteria (Carvalho 

Neta et al. , 2008; Meador et al., 1989), the infected quarters do not shed more PMNs than 

normal or non-infected quarters (Figure lB) (Meador et al., 1989). Furthermore, resident 

udder PMNs display significantly lesser bactericidal activity and lower ROS formation 

against Bruce/la that to other pathogens such as Escherichia coli, Salmonella enteric, 

Streptococcus agalactiae, Staphylococcus aureus or Mycobacterium bovis (Silva & Jain 

1988). The placentas of pregnant infected animals are only heavily invaded by brncellae 

a:fter the last trimester of pregnancy, when abortion becomes a common outcome. In these 

animals, abortion results as a consequence of the intense Bruce/la parasitism of 

trophoblasts, followed by necrosis of these cells and vasculitis, with the presence of 

inflammatory infiltrate of lymphocytes, MQ> and PMN s. These last cells are more 

conspicuous at later stages of placenta Bn1cella invasion, when placenta destruction 

becomes evident. Moreover, in clear contrast to other bacterial diseases that also induce 

abortion (Sauerwein et al., 1993 ), the lungs and other tissues of brncellosis aborted fetuses, 

display a predominant inflammatory infiltrate of macrophages and fewer neutrophils 

(Pérez et al., 1998). These last phagocytic cells, in addition to harbor intracellular Brucella 

and bacterial antigens, also contain tissue debris ( Anderson et al. , 1986; Pérez et al., 1998; 

Xavier et al. , 2009). PMNs and MQ> with intracellular bacteria and debris are also present in 

the epididymis and testes of Bn1cella infected males; however, the inflammat01y exudate 

in these organs is seldom purnlent and <loes not show le:ft shi:ft in PMNs (Colmenero et al., 

2007; Megid et al. , 2010). 
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Many of the events observed in human patients or in Bntcella infected domestic 

animals have also been explored in the mouse model (Barquero-Calvo et al. , 2007; 2009; 

2013; Bosseray et al. , 1982; Grilló et al. , 2012; Kim et al., 2005). During the first 48 hours, 

at the onset of Brucella infection PMNs are not recmited at the ínfection síte and the 

numbers of PMNs in blood or in target organs, such as spleen and liver, do not increase 

(Barquero-Calvo et al. , 2007; Copin et al., 2012). Thereafter, at ti.ve days of infection, at 

the beginning ofthe acute phase (Grilló et al., 2012), a moderate increase in the number of 

PMNs is observed in blood and in the target organs (Barquero-Calvo et al., 2013). After 

this transient neutrophilia, the number of blood PMNs decrease to n01mal levels 

(Barquero-Calvo et al. , 2013), while in the spleen there is steadily increase of all 

leukocytes, mainly M<J> and DCs (Emight et al. , 1990). Significantly, the number of PMNs 

in granulo mas remains low and only a negligible number of PMN s contain intracellular 

bacteria. This is clearly in contrast to M<J> and DCs cells which are abundant in these sites 

and are heavily parasitized with Bruce/la (Figure SA) (Copin et al. , 2012). 

As it is the case with domestic pregnant mminants and canines, during gestation, 

Brucella infected mice develop a moderate multifocal necrotic placentitis with trophoblast 

demonstrating intracellular bmcellae (Kim et al., 2005); however, abortion is not a 

common outcome in murine brucellosis, as it is the case in nnninants or canines (Tobias et 

al. , 1993). Generally necrosis oftrophoblasts and high number of extracellular bacteria are 

accompanied by non-purulent inflammatory exudate that includes cellular debris, M<J> and 

PMNs harboring large numbers of intracellular Brucella. In spite ofthis, many pups come 

to terminus and are bom alive (Bosseray 1980; Bosseray et al. , 1982; Tobias et al., 1993), 

in clear contrast to what is observed in Bruce/la infected ungulates and hmnans. 

In general, two common approaches have been used to study the role of PMNs 

during bacterial infections in vivo. The first one corresponds to models in which the 

biological behavior of PMNs is studied in situ by microscopy, following the migration 

pattems and profile during proinflammatory response as well as their activation and 

bactericida! activíty. The second model corresponds to the use of neutropenic mice 
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Figure 5. Phenotypical description of B. melite11sis infected granulomas and infected cells in 

the spleen. Wild-type C57BL/6 mice were injected i.p. with PBS or 108 CFU of mCherry-Br. (A) 

Mice were sacrificed at 120 h p.í. and spleens were collected and examined by 

immunohistofluorescence. Immunofluorescence analysis of Ly-6G, CD90.2, CDllb, CDllc, 

F4/80, and MHC-II expressing cells and mCherry-Br. Images representa single granuloma. Panels 

are color-coded (DAPI: blue, phalloidin: gray, mCherry-Br: white). Scale bar = 50 µm, as 

indicated. (B) Mice were sacrificed at selected times and spleens were collected and examined by 

immunohistofluorescence. Data indicate the percentage of mCherry-Br that colocalizes with 

M0/Mo, DCs, Kupffer-like M0, PMNs (adapted from (Copin et al, 2012) with permission). 
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depleted of PMNs with chemicals, specific autibodies or by using PMN deficieut mutants. 

This last approach is particularly valuable, and the use of neutropenic mice has revealed 

the fundamental role that PMNs have in controlling acute bacterial infections such as those 

produced by Streptococcus pneumoniae, Acinetobacter baumannii, Salmonella enterica, 

Listeria monocytogenes, Yersinia enterocolitica, Staphylococcus aureus and Legionella 

pneumophila (Bao & Cao 2011 ; Barquero-Calvo et al., 2007; Breslow et al. , 2011 ; 

Cheminay et al. , 2004; Conlan 1997; Robertson et al., 2008; Tateda et al., 2001), just to 

mention a few of them. 

The role of PMN s in murine brucellosis has al so been investigated in vivo in 

neutropenic murine models. In contrast to S. enterica or O. anthropi infections, B. abortus 

is not lethal for neutropenic mice and the bacterium does not proliferate more in antibody 

PMNs depleted mice than in the infected controls, (Barquero-Calvo et al., 2007; 2009). 

The fact that O. anthropi, the closest Bntcella relative, kills neutropenic mice, agrees with 

the opp01tunistic nature of the former bacterium. Similarly, the higher cytokine secretion, 

neutrophilia and recruitment of PMNs at the site of infection induced by O. anthropi 

reveals the presence of P AMPs recognized by PRRs, which in the Bn1cella genus are 

hidden, have been eliminated or modified. 

The influence of PMNs in the adaptive immune response during brncellosis was 

also investigated in antibody PMN-depleted mice and in neutropenic mutant Genista 

mouse model (Barquero-Calvo et al. , 2013). Strikingly, the absence of PMNs during the 

course of adaptive immune response during Bn1cella infection is characterized by more 

e:fficient bacteria! removal from target organs. In addition, the infected neutropenic mice 

showed reduced spleen swelling, augmented infiltration, increased recruitment of Mo, M<I> 

and DCs and stronger activation of B and T lymphocytes in blood and in the infected 

organs. These events were also linked to increased levels of INF-y at early times of 

infection. All this indicates a balance towards Thl over Th2 response, explaining in this 

manner the more efficient Bruce/la removal in the neutropenic mice (Barquero-Calvo et 

al. , 2013). Moreover, intradermal injection of crude anti.gens in mice after 21 days of 

Brucella infection, only promotes the migration of Mlf> at the site of inoculation after 24 
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and 48 hours, with no early or late migration of PMNs (Bureau et al. , 1989). A similar 

e:ffect in the inhibition of PMN mobility in the presence of BnLcella antigens has been 

observed in brncellosis human patients (Ocon et al., 1994). It seems, therefore, that in 

addition to its role in innate immunity in acute bacteria! infection, PMNs are capable to 

modulate aud interact with adaptive immunity during chronic bacteria! infections, such as 

in bmcellosis. 
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CONCLUSIONES 
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After invasion, Brucella is phagocytized by tissue resident PMNs. Once inside, the 

bacterium resists their killing action of these cells and, during the process, PMNs do not 

undergo degranulation, barely become activated or release significant amounts of 

cytokines. Therefore, it appears that PMNs do not play a major role in promoting 

proinflammatory signals at the onset of the Bruce/la infection. Nevertheless, infected 

PMNs may serve as "Trojan horse" vehicles for Bruce/la dispersion to different organs of 

the reticuloendothelial system. The premature cell death induced by the intracellular 

released Br-LPS in infected PMNs, may promote the removal ofthese non-activated dying 

cells by M<!> and DCs laying in resident lymph nodes, liver aud spleen, which are the main 

seizing organs. Then, the bacterium may escape into phagocytic vacuoles of M<J> and DCs 

without inducing their activation, a phenomenon that is reminiscent to the physiological 

intemalization of apoptotic PMNs by these cells (Savill et al. , 1989). Following this, the 

intracellular Bntcella may initiate trafficking to the endoplasmic reticulum and prolong life 

of the infected host M<!> and DCs. It is feasible, that through this process, the bacterium 

gains time to achieve replication for a protracted period, before M<!> and DCs become 

activated by the adaptive immune system, which then are capable to combat the invading 

brucellae. At this stage, however, PMNs seem to <lampen the Thl immune response 

against brucellosis, a phenomenon that may favor the colonization of the bacterium in 

different tissues and to the chronicity ofthe disease (Figure 6). 

In addition to the evidence presented, there are other facts that sustain this general 

proposal. First, the primary location in which Bruce/la replicates are the main seizing 

organs. In these tissues, Bruce/la induces granulomas composed mainly of M<P and DCs 

(epitheliod cells), many of them infected, with just few PMNs. St1ikingly, most of the 

PMNs in these granulomas do not harbor bacteria (Figure 5B), suggesting that infected 

PMNs are removed by phagocytic cells of the reticuloendotelial system. Second, it is 

known that non-activated Mtj> and DCs constitute a good substrate for Bntcella replication 

(Billard et al. , 2005; Jiang & Baldwin 1993) and that intemalization of apoptotic PMNs 

hamper the activation of these cells (Fadok et al., 1998; Voll et al., 1997). Moreover, later 

activation (e.g. with Ec-LPS or INF-y) of already infected M<J> or DCs, <loes not favor the 
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elimination ofreplicating brucellae inside these cells (Barquero-Calvo et al., 2007; Jiang & 

Baldwin 1993; Salcedo et al., 2008). This proposal is also compatible with the lack of 

clinical symptoms at the incubation period, which in humans and domestic rnminants may 

last from weeks to months (Georghiou & Young 1991; Megid et al., 2010). The absence of 

neutrophilia during the acute phases and the concomitant neutropenia in about 1/3 in the 

chronic brncellosis cases suggests that Bruce/la infected or Br-LPS "primed" PMNs are 

removed. It is worth noting that Br-LPS molecules circulate in mice without being 

destroyed far several months, and that a large proportion of these molecules are found 

within phagocytic cells (F orestier et al. , 1999). 

The use of neutropenic mouse models has greatly contributed to detennine the role 

of PMNs at onset or during the acute phases of Bruce/la infection. First, it has been shown 

that PMNs are not critícally required for combating Bruce/la, since neutropenic mice do 

not die as consequence ofthe infectíon. Second, it was demonstrated that during the course 

of the disease, PMN s may <lampen the adaptive immune response against brncellosis. 

Indeed, neutropenic mice seem to eliminate the bacterium more readily as a result of 

higher activation of the Thl response; the efficient ümnunity against brucellosis 

(Barquero-Calvo et al. 2013). It is also feasible that the absence of PMNs favors the direct 

phagocytosis of the ínvading bacterium by M<jl and DCs. In course, this may eliminate the 

'Trojan horse" effect and the antinflammatory activity prometed by the dyíng infected 

PMNs, and would favor a more straight forward activation of M<jl and DCs and the 

subsequent presentation of bacteria! antígens. The increased amounts of INF-y and higher 

abundance of activated T and B lymphocytes, as well as Mo and DCs in neutropenic mice 

infected with Brucella, support this proposal. 

This complex scenario is not without precedent. For instance, there are other 

microbial pathogens proposed to employ PMNs as Trojan horse vehicles for dispersion 

(Laskay et al., 2003; Rupp et al., 2009). Sünilarly, the fürtive strategy used by Bruce/la to 

avoid activation of the im1ate immune system is shared with other aiúmal a-protobacterial 

pathogens such as Anaplasma and Bartonella (Anderson & Neuman 1997; Popa et al., 

2007; Rikihisa 2010; von Loewenich et al. , 2004). Although the induction of cell death 
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through CD14 has not been recorded befare in PMNs, it has been documented in DCs 

(Zanoni et al., 2009). Finally, a negative role of PMNs in the control of chronic 

mycobacterial infections has been suggested (Zhang et al. , 2009). 

Brucellosis is a bacterial disease that requires an aggressive antibiotic treatment for 

complete elimination ofthe invading organisms. If not treated, adaptive immunity may still 

control the infection; however, in this case the bacterium may remain in tissues for years 

and cause frequent relapses (Franco et al., 2007). Immunized animals with live attenuated 

Brucella vaccine are capable to mount au efficient adaptive ümnune response against 

brucellosis (Nicoletti & Milward 1983; Schurig et al., 2002) and phagocytic cells activated 

befare the infection are able to eliminate the invading brucellae (Eze et al., 2000; Jiang & 

Baldwin 1993). Within this perspective, the stealthy behavior followed by Bmcella and its 

biological action on PMNs, allows an "immunological gap" for the bacterium to establish 

and "hide" within host tissues; a sine qua non requirement for inducing long lasting 

chronic infections. 
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Figure 6. Role of PMNs during Bruce/la infection. (1) After invasion, Bn1cella is phagocytized 

by tissue resident PMNs. Once inside; the bacterium resists the killing action of PMNs without 

inducing degranulation, activation, or release of significant amounts of cytokines. (2) Bruce/la 

releases Br-LPS in infected PMNs and induces premature cell death in a non-inflammatory 

process. (3) Dying infected PMNs may be removed by M4> and DCs laying in resident lymph 

nodes, liver and spleen. (4) Bnteella inside M4> and DCs may escape into phagocytic vacuoles 

avoiding phago-lysosome fusion without inducing their activation and prolonging their life. (5) 

Following this, intracellular Bruce/la may initiate trafficking to the endoplasmic reticulum to 

replicate in ER associated compartments. (6) Bacteria! replication continuous for a protracted 

period and disperse throughout the organism, in the absence of neutrophilia, PMN recruitment or 

significant proinflammatory response. (7) Eventually, Mcj>, DCs and adaptive Thl immune response 

becomes activated, allowing combating the invading brucellae. (8) At this stage, however, PMNs 

seem to <lampen the Thl immune response against brucellosis, favoring the colonization of the 

bacterium in different tissues and the chronicity of the disease. 
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The Bruce/la abort11s two-component regulatory system BvrR/BvrS controls the expression of outer membrane 
proteins (Omp) Omp3a (0mp25) and Omp3b (Omp22). Disruption of bvrS 01· bvrR generates avirulent mutants 
with altered cell permeability, higher sensitivity to microbicidal peptides, and complement. Consequently, tbe role 
of Omp3a and Omp3b in virulence was examined. Similar to bvrS or bvrR mutants, omp3a and omp3b mutants 
displayed increased attacbment to cells, indicating suñace alterations. However, they showed unaltered permeabil
ity; normal expression of OmplO, Omp16, Omp19, Omp2b, and Ompl; native hapten polysaccharide; and lipo
polysaccbaride and were resistant to complement and polymyxin B at ranges similar to those of tbe wild-type (Wf) 
counterpart. Likewise, omp3a and omp3b mutants were able to replicate in murine macropbages and in HeLa cells, 
were resistant to the killing action of human neutrophils, and persisted in mice, like tbe wr strain. Murine 
macrophages infected with the omp3a mutant generated slightly higher levels of tumor necrosis factor alpha than 
the Wf, whereas tbe bvrS mutant induced lower levels of this cytokine. Since the absence of Omp3a or Omp3b does 
not result in attenuation, it can be concluded that BvrR/BvrS inftuences additional Bruailla properties involved in 
virulence. Our results are discussed in the light of previous works suggesting that disruption of omp3a generates 
attenuated Brocella strains, and we speculate on the role of group 3 Omps. 

Members of the genus Bmcella are intracellular bacteria! 
pathogens of mammals (33). The ability of Bmcella to invade and 
replicate in cells has been linked to its outer membrane (OM) 
properties as well as to structures built within the cell envelope 
(31, 32, 34). Among these, the lipopolysaccharide (LPS), the 
(3-1,2-cyclic glucans, the type IV secretion system VirB, and 
the flagellum-like system are the most studied (2. 6, 17, 27). The 
notion that the B1ucella OM plays a key role in virulence has been 
reínfon.:ed by lb.e idenlifü:alion of lb.e two-component regulalory 
system BvrR/BvrS, which controls the expression of at least two 
OM proteins (Omps), Omp3a and Omp3b, as well as the struc
ture of the LPS (22, 28). Although they do not demonstrate 
obvious growth defects in vitro, the bvrS and bvrR mutants are 
avirulent in mice, displaying reduced invasiveness and replication 
in professional and nonprofessional phagocytes (7, 42). 

Omp3a and Omp3b, also known as Omp25 and Omp22, 
respectively, belong to group 3 of the Brucella Omps (22, 37, 
44, 45), a highly conserved family of up to seven members that 
includes sorne of the most abundant and immunogenic B1ucella 
proteins (10). The function of group 3 Omps is not completely 
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understood. The strong association of sorne of the members 
with LPS suggests that they play an important structural role in 
the OM (19, 37). In Bmcella abortus, the gene encoding 
Omp31A is absent and the gene encoding Omp25b is trun
cated (23, 46), suggesting that neither of these Omps plays a 
significant role in B111cella virulence, although they still may 
participate in host preferences. Omp31A is a hemin-binding 
protein, and its expression is induced by iron limitation (11). 
The virulence of B. melitensis Revl Omp31A mutants, how
ever, does not differ from the parental Revl counterpart (8). 
These apparent inconsistencies may be accounted for in part 
by the redundancy of iron uptake systems in Bmcella (11). 
There are severa! reports indicating that B. abortus Omp3a is 
involved in virulence (14-16) and that it acts as a negative 
regulator of tumor necrosis factor alpha (TNF-a) production 
in human macrophages (24). Since the levels of Omp3a and 
Omp3b expression are severely diminished in B. abo1tus bvrS 
and bvrR mutants and these mutants are avirulent (22, 42), we 
decided to construct omp3a and omp3b knockout strains and to 
explore their biological characteristics. Although omp3a and 
omp3b mutants displayed sorne surface properties that distin
guished them from the parental strain, we found that they did 
not reproduce the defects of the bvrS or bvrR mutants and 
remained virulent in the systems tested. 

MATERIALS AND METHODS 

Bacteria! strains, plasmids, and growlh condilions. The relevant characterfa
tics of the bacteria! strains and p!asmíds used in this study are listed in Table l. 
Escherichia coli and Bmcella strains were grown on tryptic soy broth, tryptíc soy 
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TABLE l. Bacteria] strains and plasmid constructs used in this study 

Strain or plasmid Relevant characteristics 
Reference or 

source 

Strains 
B. abonus 

2308 Nal' 
bvrS mutant strain 2.13 
bvrR mutant strain 65.21 
bvrlr strain 65.21p 
omp3a mutant 2308 
omp3b mutant 2308 

Virulent WT strain, biotype 1, LPS-S, spontaneous Nal' mutant 
2308 Na!' bvrS::Tn5 

39 
42 
42 
42 

E. coli 

2308 Na!' bvrR::Tn5 
65.21 canying plasmid pBBR2.13 
Na!'. omp3a::Km 
Na!'" omp3b::Km 

This work 
This work 

SMlO (A. pir) 
XLl-Blue 

thi-1 thr leu to11A lacY supE recA::RP4-2-Tet::Mu Km'; X pir 40 
38 Tet' supE44 hsdR17 recAl endAl gyrA96 tlti re/Al lac F' ¡pmAB+ k1clq 

/acZMf15 TnlO (Tet')] 
TOP 10 F' F' [laclq TnlO (Tet')] mc1:A !J.(mrr-hsdRMS-mc1BC) ~,80/acZMf15 !J./acX74 

recAl araD139 A.(ara-leu) 7697 galU ga/K rpsL (Str') e1uLAI nupG 
Jnvitrogen 

Plasmids 
pCR2.1 
pUC4K 
pSK-oriT 
pBBRlMCS-4 
pAC2553 
pSK3aKm 
pTA3a 

High-copy-number cloning vector; Amp' Km' 
Plasmid containing kanamycin resistance cassette 
pBluescript II SK(-) oriT RK2 Amp' 
Intermediate-copy-number cloning vector; Amp' 
pUC19 containing !lomp3a::Km 

Invitrogen 
Stratagene 
43 
25 
A Cloeckaert 
This work 
This work 

pSK-oriT containing !J.omp3a::Km (1.8 kb) 
pCR2.1 containing an interna! fragment of B. abonus 2308 omp3a amplificd by 

PCR (0.55 kb) 
pTA3b 
pTA1b
pSK3b-Km 
pBBR3b 

pCR2.1 containing complete B. abonus omp3b gene amplified by PCR (1.1 kb) 
pCR2.l containing deleted omp3b gene (0.6 kb) 

This work 
Tilis work 
Thiswork 
This work 

pSK-oriT containing !J.omp3b::Km (1.9 kb) 
pBBRlMCS-4 containing B. abort11s omp3b gene (1.1 kb) 

agar, or blood agar base (BAB). When needed, nalidixic acid (Na!; 25 fLg/ml), 
kanamycin (Km; 50 µ,g/ml), or ampicillin (Amp; 100 µ,g/ml) was added to the 
cultures. Growth ability was testcd in tryptic soy broth, brain hearl infusion 
broth, and Gcrhardl's modilicd minimal mcdium using an aucomatic microbiol
ogy analyzer (Bioscreen C; Labsystems, Vantaa, Finland). 

DNA and RNA manipulations. Plasmid and chromosomal DNA were ex
tracted with QIAprep spin núniprep (QIAGEN GmbH, Hilden, Germany) and 
Ultraclean microbial DNA isolation (MO BIO Laboratories, Jnc.) kits, respcc
tively. Primers were synthesized by Sigma-Genosys (Haverhill, United King
dom). For RNA manipulation, bacteria! cultures adjusted to 109 CFU/ml wcre 
disrupted with 0.5% Zwittergent 3-16 at 37°C for 1 h. Then, total RNA wa.~ 
exlracted using an RNea.~y minikil (QIAGEN) according to the manufacturer's 
instructions. RNA (0.2 µg) was used as a template for the S)11thesis of cDNA 
with SupcrScript IIl reverse transcriptase (RT) (lnvitrogen) using the random 
hexamers from the same kit. 

Construction and charactcrization of omp.la and omp.lb mutants. The B. 
aborlus 2308 omp3a::Km mutant was constructed by homologous recombination 
between the chromosomal omp3a gene and plasmid pSK3aKm carrying an 
omp3a::Km construct from pAC2553 (Table 1). Tiüs omp3a::Km construct was 
obtained after cleavage of the B. abortus 2308 omp3a gene wilh Styl and lhe insertion 
of a kanamycin resistance cassette. In order to facilitale plasn:úd mobilization by 
conjugation, omp3a::Km wa~ subcloned from pAC2553 into the mobilizable pla'iillid 
pSK-oriT (43) asan Xba1-Sacl 2.l-kb fragment, generating plasmid pSK3aKm. "lb.is 
ncw construct was conlim1cd by PCR with primcrs Omp25Ul (5'-TGCGCTGCT 
GCCGTTCfCTG-3") and Omp25Ll (5"-GGATCCGGCCAGATCATAGTTCIT 
GT-3'), which amplify a specific 547-bp fragment ofthe omp3a gene, and by double 
digestion with EcoRI and HindIII. Plasmid pSK3aKrn was introduced into B. abortus 
2308 by conjugation with E. coli SMlO (>.. pir) (39). The lirst recombination event 
(vector integration in thc BmceUa chromosome) was selecled by Na! and Km resis
tance, and the second recombination evenl ( excision of the mutator plasmid) wa~ 
selected by Amp sensitivíi:y. To confinn thc muration, different colonics were 
screened by PCR with primers Omp25Ul and Omp25Ll. EcoRV-digested genomic 
DNA from selected clones was analyzed by Southem blotting using pSK-oriT, 
pSK3aKm, and pTA3a (Table 1) ª' probes and by RT-PCR ª' prcviously dcscríbed 
(28) wíth primers Omp25Ul and Omp25Ll. Faílure to expre&' Omp3a wa' con-

lirmcd by Western bloiling using OM frab'lllcnts (18) or Sarkosyl-rcsíslanL fractíons 
wíth anti-Omp3a monoclonal antfüodies (.MAbs) A70/06B05/A07 and A76/02Cl2/ 
CU (9, 42). TI1e B. abortus omp3b::Krn nmtant was constructed ª' follows. First, B. 
abo1111s 2308 omp3b was amplilied by PCR with spccific primers BAF-1 (5'-CCCG 
GCTGlTACATATGCl'G-3') and BAF-2 (5'-CGCGCfGATATCGACATGAC-
3') and cloned into vector pCR2.1 (Invítrogen). The resulting pla,mid pTA3b was 
used as a template for inverse PCR mutagenesis to delete omp3b. ·111is plasmid was 
füst denatured with 1 M NaOH and 1 mM EDTA for 15 min at 37"C, neutralized 
with 3 M srnlium acclalc (pIT 4,8), puri!icd wilh cthannl, and finally rc_,uspcndcd in 
water (13). The samplc was then invcrse amplilied with primers IM3B-l (5'-ACG 
CGTCGACGCCGGCCI'GAACTACAA-3') and IM3B-2 (5'-ACGCGTCGACG 
CGGCGACAGGGTCGlTAT-3') carrying a restriction sit:e for Sall (nnderlined in 
thc primer scqucnccs). Aflcr S mín at 95T, amplification was canicd ouc for 3!l 
cyclcs uf l min at 95ºC, 45 s al 63ºC, and 45 s at 68ºC, and a final extension al 68T 
fm W min. Thc 4.S-kh amplilicd fragmcnl wa' putificd, digcstcd with Sall, ancl 
religated to generate plasmid pTA3b-. To facilitate the countersclection of the 
mutan!, a Km resistance cassette from pla~mid pUC4K (Amersham Phannacia 
Biotech, NJ) was cloned in the Sa!I sile. 111e mutated omp3b gene was subcloned 
into pSK-oriT ª' an EcoRI 1.9-kb fragment generating pla,mid pSK3bKm. TI1ís 
coru;truct wa' verilied by PCR wilh primers BAF-1 and BAF-2 and by digestion with 
EcoRI and Sall. Plasmid pSK3bKm wa' introduced inlo B. abortus 2308 by conju
gation withE. coli SMlO (>.. pir) and Na!'" Km' Amp' transconjugants werc selectcd. 
·me resulting colonies were screened by PCR with primen; BAF-1 and BAF-2 ancl 
primen; C3BK-2 (5'-CCGCGCGGACACCAAGCCfA-3') and C3BK-1 (5'-CGG 
CGGCGTGACGGATGAAG-3'), which amplify a 1.9-kb fragment of the omp3b 
gene. Mutation was rontinncd by Southcm blotting using plasmids pSK-ori1~ 
pSK3bKm, and pTA3b as probes and EcoRI-digcsted genomic DNA, as well as by 
RT-PCR with spccilic primcrs 3bZ·l (5'-GCGCGCAGGTIGGTGG1T-3') and 
3bZ-2 (5'-GGATCCGCCGGCCITGATCGAATG-3'), which amplify a speciftc 
473-hp fragment of the omp3b gene. TI1e absence of Omp3b wa' corroborated by 
two-dimensional (20) gel analysis of the OM fragmenl~ of the omp3b mutant and 
the wild-typc (Wf) strain as prcviously descnbed (22). 

To determine lhe stability of the omp3a and omp3b mutants in vitro, bacteria 
were grown on BAB for 24 h and serial dilutions were plated on BAB, BAB-Nal, 
BAB-Krn, and BAB-Amp. In vivo stability was determined in the mouse model. 
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F1G. l. Construction of B. abonus omp3a and omp3b mutants. 
(A) RT-PCR using specific primers for omp3a (top) and omp3b (bottom). 
Total RNA wa~ cxtractcd and rctrntranscrihcd, and cDNA wa~ amplificd 
by PCR wit~ primees Omp25Ul/Omp25Ll and 3bZ-1/3bZ-2. Lanes: M, 
molecular SIZe markers; WT, B. a/JOrtus 2308; omp3a, B. abo1tus omp3a 
mutant; omp3b, B. abortus omp3b mutant; C-, PCR-negative control with 
wat~r; C+, PCR-positive control with Bmcel/a genomic DNA. (B) De
tectic_in of ~mp3a ?Y Western blotting in cell envelope Sarkosyl-resistant 
fractions usmg anti-Omp3a MAbs. Lancs: WT, B. abortus 2308; bvrR, B. 
abortus bvrR':Tn5 mutant; bvrR+, reconstitutedB. abortus bvrR+. omp3a 
B. abortus omp3a deletion mutant; omp3b, B. abortus omp3b 'cteletio~ 
mutan t. 

Groups of five BALB!c mice (see below) were inoculated intraperitooeally with 
0.1 mi of a suspeosioo cootaining 105 CFU of each bacteria! straio, and 2 weeks 
later t~ey werc sacrificed and che spleeos were removed. Each spleeo was ho
mogenized, aod decimal dilutions were plated in triplicate samples on BAB, 
BAB-Nal, BAB-Km, and BAB-Amp. Mutaots were coosidered stable in vivo and 
in vitro when viable counts were the same in ali media. LPS stability ( smooth LPS 
versus rough-type LPS) and the presence of native hapteo (NH) polysaccharide 
was also vcrificd hy crystal violct staining, immunodiffusion, immunoftuorcs
cence, and Western blotting (1, 28). Regular typing aod sensitivity to coloraots 
aod phages were determined a<; described elsewhere (1 ). 

Immunological methods. Cell envelope component<; were analyzed and immu
nodecected as descnbed previously (22). Direct, indirect., and douhle immunofluo
rescence assays for the detennination of extracellular and intracellular bacteria were 
perf~rmed as described elsewhere (21, 35). 111e levels of TNF-a in a supernatant 
medtum ?f B. ª.bonus-iafected murine RA W 264.7 macrophages were measured by 
enzyme-linked tmmunosorbent a'iSay (BD Biosciences, San Diego, CA) at dill'erent 
time interval<; according to the manufacturer's instructions. 

Sensit_ivity to P11lymyxin B, antibiolics, and nonimmune serum. Seasitivity to 
polymyxm B was tested as described elsewhere ( 42). The seasitivity to severa! 
hydrophilic and hydrophobic antibiotics was tested as described previously (29). 
Tue sensitivity to the bactericida! action of human and bovine serum was esti
mated by the method described by Skurnik et al. (41). 

Intemalization, survival, and replication assays in cells and mice. Ex vivo 
infection a'iSays were performed with HeLa cells (A1CC CCL-2), murine RAW 
264.7 macrophages (ATCC TIB-71), and human polyn1orphonuclear neutrophils 
(PMN). Cell cultures and gentamicin survival a-;says were performed as described 
previously (6, 7, 21, 35, 47). For double immunofluorescence analysis of Bn1cella-
1nfected HeLa or RA W 264.7 cells, procedures described previously were followed 
( 6, 35). Q)WJts of intraceUular and extracellular bacteria were performed for at Jeast 
50 mfected cells and were e.1'-pressed as the mean and standard deviation of the 
percentage of intracellular bacteria and the number ofbacteria per infected ceU. The 
percentage of cells with associated bacteria (intra- aod extracellular) was expre&Sed 
as the mean and standard deviation oí numbers of cells with bound bacteria in five 
dilfereot X400 magniiication fields. Scntistical analysis was performed using Stu-
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FIG. 2. Sensitivity to polymixin B and human complement. (A) Bac
teria] swvival in the presence of polymyxin B. The graph shows the 
percent survival after 1 h at 37°C with di:lferent peptide concentrations. 
(B) Bacteria! survival after 30- or 90-min incubation with human nonim
mune serum. Datarepresent the means :'::standard deviations of percent
ages of viable bacteria in relation to a bacterial control without polymyxin 
B ora bacteria! control with heat-inactivated human serum. Samples were 
compared using the Mann-Whitney U test. •, P < 0.05; **, P < 0.005; 
***, P < 0.0005 (with respect to the WT strain). 

dent's t Eest. PMN werc purified from delibrinated blood extr.i.cted from human 
dooors with no history of brucellosis. One part of blood diluted with 1 part minimal 
essential medium containing 5% inactivated fetal calf serum, with 2~ mM HEPES 
aod 2 mM glutamioe (Sigma-Aldrich, Co ). Eight milliüters of diluted blood was 
layered on the top of a biphasic gradient of Ficoll-Histopaque (3 mi with a density 
of l.On :!: 0.001 on the top of3 ml with a density of 1.119 :!: 0.001; Sigma) on a conic 
tube and centrifuged at 4ºC for 30 núo at 700 X g. Granulocytes were extracted from 
the interphase between the two Ficoll laye.rs, washed in supplemented medium 
without antibiotics, and couoted. Iuf.ections were performed with 2-ml plastic tubes 
by mixing 5 x 1 ü5 PMN with 5 x 10° Bnice/la c,ells in a total volume of 250 µJ of 
mediucn without aotibiotics. 111e tubes were incubated at 37°C for 1 h with mild 
agitation. Fmally, the mixture was rentrifuged, the supernatants were removed, and 
tite cells were lysed with 100 µJ 0.1% Triton X-100. Dilutions of ceU lysates were 
plated on tryptic soy agar, and tite bacteria! Cf<Us were counte<l after 3 days of 
incubation. The number of internalized Bmcella ce!l<; in the PMN wa<; recorded by 
immunolluorc;;ccncc, a.< dc;;ml>ed pruvio1L<;ly (35). 

Female BALB!c mice were iafected by the intraperitoneal route with 105 CFU 
ofB. abortus omp3a, omp3b, orWT strains as described previously (42). For the 
bvrS or bvrR mutant, doses of 10" CFU were used. For each strain, 30 mice were 
inoculated and the numbers of CFU in spleens were determined at various times 
postinfection. Statistical comparisons were performed by the Fisher's protectcd 
lcast significan( diffcrcnccs cese. 

RESULTS 

B. abortus omp3a and omp3b mutants do not display signif
icant pbenotypic deviations from tbe WT. Independent disrup
tion of omp3a and omp3b in B. abortus by the introduction of a 
kanamycin cassette was corroborated by RT-PCR and Western 
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FIG. 3. Gentamicin survival assay by double immunofluorescence 30 min postinfection in HeLa cells. (A) Proportion of cells witb associated 
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Student t test. *, P < 0.05; **, P < 0.005; ***, P < 0.0005 (with respect to the WT strain). 

hlotting. As expected, no transcription of specific rnRNAs for 
omp3a or omp3b was detected by RT-PCR (Fig. lA), and the 
absence of Omp3a in the omp3a mutant was demonstrated with 
MAbs against Omp3a (Fig. lB). Antibodies against Omp3b are 
not currently available. Howevcr, 2D gel analysis of OM frag
ments of the omp3b mutant, the wr, and the omp3b mutant 
transformed with a plasmid encoding Omp3b demonstrated that 
protein spots similar to those previously shown to correspond to 
Omp3b isoforms (22) were abscnt in the omp3b mutant prepara
tions and present in those of the wr and the omp3b mutant 
reconstituted strain (data not shown). In regular bacteriological 
media, both mutants and the wr showed similar growth patterns. 
These mutations did not affect the conventional phenotypic or 
metabolic properties described for B. aborfllS biotype 1 (1) or the 
abilily of the mutants to grow in complex or defined media. The 
sensitivity to antibiotics such as doxycycline, gentamicin, strepto
mycin, chloramphenicol, penicillin, rifampin, and ciproftoxacin 
was similar to that of the Wf but different from that of the bvrS 
or bl'IR mutants, whicb displayed higher sensitivity (not shown). 
The LPS from the omp3a and omp3b mutants was smooth ac
cording to crystal violet staining, immunoftuorescence, and so
dium dodecyl sulfate-polya\-'l}'lamide gel electrophoresis analysis. 
Antibodies against OmplO, Omp16, Omp19, Omp2b, Ompl, and 
NH polysaccharide revealed quantities of these molecules in the 
omp3a and omp3b mutants similar to those in the WT strain (not 
shown). 

B. abortus omp3a and omp3b mutant resistance to polymixin 
B and complement. The avirulent phenotype of the B. abortus 
bvrS and bv1R mutants correlates with their higher sensitivity to 

bactericida] cationic peptides and complement (28, 42). Although 
these features have been linked to structural alterations of the 
LPS molecule (28), the role of Omp3a and Omp3b, whose tran
scription is regulated by the BvrR/BvrS system, has not been 
explored. At 10 µg/ml of polymyxin B, the omp3a mutant dis
played levels of polymixin B sensitivity between those of the Wf 
and the bvrR mutant, whereas the omp3b mutant was as resistant 
as the Wf (Fig. 2A). At 25 µg/ml of polymyxin B, the percent 
survival for the omp3a mutant was less than 50% and the percent 
survival for the omp3b mutant was similar to that of the Wf. As 
expected, the percent smvival of the bv1R mutant was clase to 
zero. At 50 µg/m~ the omp3a mutant displayed very low levels of 
bacteria! smvival, but the leve! of survival of the omp3b mutant 
was similar to that of the WT strain. At concentrations as lúgh as 
100 µg/ml, both mutants showed practically no survival. Consis
tent with previous reports (28), the bwR mutant was highly sen
sitive to the action of complement in nmmal serum after a 30-min 
incubation; however, both omp mutants were resistant (Fig. 2B). 
The bactericida! effect was more pronounced after 90 min of 
incubation in most of the strains. There were no significant dif
ferences between the omp3b mutant and the wr strain, but in 
contrast, the omp3a mutant displayed higher resistance than the 
wr strain. Similar results were obtained with bovine nonimmune 
serum (data not shown). 

B. abortus omp3a and omp3b mutants invade, survive, and 
replicate witbin profess.ional and nonprofessional phagocytes. 
B. abortus bvrS and bvrR mutants are poor invaders and fail to 
survive and replicare within professional and nonprofessional 
phagocytes (42). To test whether their deficiency in Omp3a 
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and Omp3b proteins could explain this phenotype, both omp 
mutants were evaluated with HeLa cells by using the gentami
cin smvival assay and double immunofiuorescence microscopy 
to distinguish intracellular from extracellular bacteria (Fig. 3). 
Similar to the bvrS mutant, the omp3a and omp3b mutants 
attached to more cells than the WT (Fig. 3A). In contrast to 
the bvrS mutant, however, the percentage of intracellular bac
teria was higher for these mutants than for the WT strain (Fig. 
3B). Moreover, the absolute number of bacteria per cell was 
higher for ali mutants than for the WT. As expected, the 
number of intracellular bacteria per cell was significantly 
higher for the omp3b and omp3a mutants and significantly 
lower for the bvrS mutant than for the WT (Fig. 3C). In order 
to analyze the sensitivity of the omp3a and omp3b mutants to 
the killing action of cells, HeLa cells, PMN, and RAW 264.7 
cells were infected and the replication rates were compared 
with those of the WT strain and the avirulent b\!IR mutant (Fig. 
4 ). As reported previously ( 42), the bv1R mutant failed to 
replicate in nonprofessional phagocytic HeLa cells and mac
rophages (not shown). Although the omp3a mutant consis
tently displayed higher counts at initial times of infection, the 
replication levels of both omp mutants were not considerably 
different from that of the WT strain at later times (Fig. 4). 
Similar results were obtained with nalve bone marrow-derived 
murine macrophages (not shown). As expected, the bVIR mu
tant was readily killed by PMN, while both omp mutants dis
played a resistance slightly higher than that of the WT strain 
(Fig. 4) . 

B. abortus omp3a and omp3b mutants induce higher levels of 
TNF-a in murine macrophages than the bvrS mutaot. It has 
been proposed that Omp3a from B. suis is involved in the 
inhibition of TNF-Cl' production during infection of human 

macrophages (24) but not of murine macrophages (5, 12, 20). 
We measured the production of TNF-a in murine RA W 264.7 
macrophages infected with omp3a or bvrS mutants (Fig. 5). 
Consistent with the rates of replication in macrophages, the 
levels of TNF-a induced by the omp3a mutant were in the 
same range as those of the WT. However, the levels of this 
cytokine induced by the attenuated bvrS mutant were signifi
cantly lower. 

B. abortus omp3a and omp3b mutants replicate in BAl.B/c 
mice. A~ described previously ( 42), the WT strain maintained 
high counts in the spleens of BALB/c mice 24 weeks after 
infection, while bvrS and bvrR mutants were eliminated within 
3 weeks. Similar to the results obtained with cells, the replica
tion of omp3a and omp3b mulanls in mice did nol signilicanlly 
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FIG. 5. Induction of TNF-t~ in murine RAW 264.7 macrophages 
infected with different B. ab01t11s strains. *, P < 0.05 (with respect to 
the WT strain). 
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FIG. 6. Infection of the spleens of BALB/c mice with different B. 
abortus strains. Mice were infected intraperitoneally with lOS CFU/ 
mouse, except for the bvrS mutant, for which the dose was 108 CFU/ 
mouse. Values are means :!: standard deviations (n = 5). TI1e detection 
limit was 0.6 log CFU/spleen (3 to 4 CFU/spleen). 

depart from that of the WT throughout the 24-week period of 
the experiment (Fig. 6). 

DISCUSSION 

We have shown that the absence of either Omp3a or Omp3b 
does not lead to phenotypes resembling bvrS or bvrR mutants 
but rather to phenotypes similar to that of the WT strain. 
Indeed, both omp mutants replicated in macrophages and 
epithelial cells to the same extent as the WT, and more im
portantly, persisted in mice for up to 24 weeks, exhibiting 
profiles similar to those of the WT strain. There were, how
ever, sorne discrete differences between the omp mutants and 
WT Bruce/la. For instance, both omp mutants bound more 
readily to epithelial cells (similar to bvrS and bv1R mutants) 
and were slightly more resistant to the killing action of human 
PMN. The omp3a mutant was more sensitive to polymixin B 
and more resistant to the bactericida! action of complement 
aftcr 90 min than the WT strain and induced slightly larger 
amounts of TNF-a in murine macrophages than the Wf (see 
below). These results and those obtained for the B. abortus 
omp3b mutant in the same set of experiments are slightly 
different from those recently reported for two Bruce/la ovis 
omp3a and omp3b mutants (4). The differences in experimen
tal setups, as well as the fact that B. ovis is a rough bacterium, 
might explain these discrepancies. The reason why the B. abor
tus omp3a mutant is more resistant to the bactericidal action of 
complement than the WT remains elusive. It is not known why 
B. abortus is more resistant to complement than other bacteria. 
Although there is sorne evidence that indicates that this could 
be attributed to its LPS (30), we did not detect any differences 
between the mutants' LPS and the parent strain's LPS with the 
methods used. Nevertheless, the purpose of using these kinds 
of experiments is to revea] OM properties that might be al
tered in the mutants compared to the WT. In this sense, we 
could speculate that the absence of Omp3a but not of Omp3b 
or both in the mutant strains allows the exposure in the OM of 
other molecules that are able to activate complement in higher 
levels than the WT. 

lNFEl.'T. IMMUN. 

Besides the nonsignificant variations with respect to the WT 
at the LPS leve!, the B. abortus Omp mutants did not show 
important variations in the quantities of other cell envelope 
components, such as NH or [3-cyclic glucans, OmplO, Ompl6, 
Omp19, Omp2b, and Ompl, or display major differences in 
OM permeability or growth rates. However, this does not rule 
out the existence of additional changes in other surface mole
cules, given that group 3 Omps are highly abundant and they 
strongly associate with the LPS (19, 22, 36). A search of the B. 
abortus genome reveals more than 25 proteins and lipoproteins 
predicted to be located in the OM, a fact that is sustained by a 
recent proteomic analysis of B. abortus OM fragments (26). 
Therefore, it is possible that sorne of these proteins are also 
affected, as we have seen in 2D gels of OM fragments from 
these mutants (data not shown). 

We observed that RA W 264.7 muríne macrophages infected 
with the B. abortus omp3a mutant generated slightly larger 
amounts of TNF-u than the WT strain. These results are in 
agreement with those previously reported (5, 12, 20), showing 
that the production of TNF-a in murine macrophages is not 
related to Omp3a. However, the bvrS mutant, harboring very 
low quantities of Omp3a, Omp3b, and most likely other mem
brane defects (28), induced small amounts of TNF-o.. This 
effect is probably due to phenotypic changes in the cell enve
lope influencing the biological behavior of the mutant strains. 

Consistent with the Jack of important OM defects, the 
omp3a and omp3b mutants and the WT strain displayed almost 
identical replication ratcs in cells and similar numbers of col
onies in mouse spleens. This is in sharp contrast with the fast 
clearing of the bvrS mutant. The omp3a and omp3b mutants 
bind to more cells and are internalized more by the cell pop
ulation, and in absolute numbers, they show higher counts of 
total and internalized bacteria per cell than the WT strain. 
Therefore, and contrary to what is observed with the bvrS 
mutant, the internalization process in these bacteria is not 
impaired. This observation suggests that the two-component 
system is affecting the internalization process in a way not 
directlyrelated to the presenceof0mp3a or Omp3b. Although 
the omp3a and omp3b mutants are more elficiently internalized 
than the WT, they show replication and survival rates in cells 
and mice similar to those shown by the WT. The reason for this 
remains elusive. One possibility is that, in spite of their higher 
internalization rates, the actual absolute number oí mutant 
bacteria reaching the final niche, i.e., the endoplasm.ic reticu
lum, is the same as the absolute number of WT bacteria. 
Overall, these results indicate that the absence of one of these 
two group 3 Omps does not generate attenuated B. abortus 
phenotypes. In previous reports, it has been described that a B. 
abortus 2308 omp3a deletion mutant opsonized with hyperim
mune murine serum has delayed growth in late gestational 
bovine chorionic trophoblasts and cultured bovine macro
phages. In fact, the percent survival of this mutant does not 
reach the Jevels of the WT after 48 h of infection (14). How
ever, the data were normalized so that 100% survival repre
sented the number of bacteria recovered after a 2-h incubation 
with macrophages. Our data show that both the omp3a and 
omp3b mutants were more efliciently internalized than the 
WT, and therefore their initial CFCJ counts were higher than 
those obtained for the WT. This difference is more obvious for 
HeLa cells than for murine macrophages. Conversely, during 
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thc following hours aftcr infection but bcforc replication oc
curs, the CFU counts dccreased to the WT lcvel. This shows 
that these mutants have an initially higher dcstruction rate 
than the WT strain, as suggested by Edmonds et al. (14). 
However, the CFU counts after 12 h of infection show that 
both mutants reached the same absolute numbers as the WT, 
indicating that the numbers of bacteria that replica te and con
sequently adapt to the intracellular niche are thc same. Indeed, 
if our results are represented in the samc way as they wcre by 
Edmonds et al. (14), the data are the same. Therefore, it is 
dear that íncreased efilciency of internalization compensatcs 
for augmented intracellular destruction. 

Caro-Hernández et al. ( 4) showed that a B. ovis omp3b 
mutant is attenuated in a mouse model compared with the 
parent strain. Howcver, and in contrast to what we obscrved 
with our B. abortus omp3b mutant, thc B. ovis omp3b mutant 
has greater susceptibility to nonimmune serum and has growth 
defects, particularly when reaching the stationary phase. These 
differences might be explained from the OM physiology con
text; because B. ovis is a rough bacterium, it is more likely that 
thc abscncc of Omp3b might rcsult in drastic modifications of 
its biology, On the other hand, and consistent with our results, 
Caro-Hernández et al. also showed that a B. avis omp3a mu
tant is virulent in the same mouse model (4). Conversely, 
Edmonds et al. (14, 15) reported that a B. abortus amp3a 
mutant was attenuatcd in cattle and in mice 18 to 20 wceks 
postinfection. In our mouse experiments, we did not detect 
significant variations in a 24-week follow-up period with 
respect to the WT. At the present time, we do not have an 
explanation for this discrepancy. However, there is more evi
dence consistent with our observations. Neither the kinetics of 
spleen infections nor the residual virulence of B. melitensis 
Revl in mice is modified by deletion of group 3 Omp31 (8). 
Although further research is needed, a hypothesis is that group 
3 Omps are an interdependent and coordinated group of pro
teins that have become redundant to secure the presence of at 
least onc member in the OM and to permit certain cell enve
lope plasticity in order to live in different environments. This 
would account for the role of BvrR/BvrS and for the somewhat 
surprising phenotype of the omp3a and amp3b mutants since, 
according to the hypothesis, the absence of one protein of the 
group will be balanced by one or more of the other members. 
In fact, it has been observed that knocking out omp25c, 
amp25d, or omp3b increases Omp25b production in B. suis, 
and on this basis, a compensatory regulation within group 3 
Omps is suggested (37). Furthermore, a tight balance of the 
group 3 Omps seems to be essential for the integrity of the B. 
avis membrane (4). Virulent WT B. abartus naturally lacks 
functional genes for group 3 Omp31 and Omp25b (23), show
ing that the absence of one or two members of this family is not 
decisive for virulence. All this indirect evidence has to be 
considered with caution because B. melitensis and B. abortus do 
not have the same profile of group 3 Omps and there are 
contradictory reports on the leve! of group 3 Omps in B. suis 
mutants with mutations in bv1R and/or bvrS (3, 37). Neverthe
less, the compensatory hypothesis would explain why muta
tions in a single Omp do not cause marked phenotypic 
changcs, whilc dysfunction in BvrR/BvrS has a profound influ
ence, at least in B. abartus. In this regard, it can also be 
hypothesized that the BvrR/BvrS influence may extend directly 

or índirectly to other group 3 members, to other OM mole
cules, or beyond the OM structure. A proteomic analysis of the 
complete cell envelope of the B. abartus WT and avirulent bvrS 
and bv1R mutants indicates that this might be the case, since 
these mutants have small amounts of different group 3 Omps 
and altered quantities of other Omps and periplasmic compo
nents compared with tbe WT (26). 
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Backgro1md. To unravel the strategy by which Bruce/la abortus establishes chronic infections, we explored its early interaction 

with in na te immunity. Methodologyl Principal Findings . Bruce/la did not induce proinflammatory responses as 

demonstrated by the absence of leukocyte recruitment, humoral or cellula r blood changes in mice. Bruce/la hampere d 

neutrophil (PMN) function and PMN depletion did not influence the course of infection. Bruce/la barely induced 

proinflammatory cytokines and consumed complement, and was strongly resistant to bactericida! peptides, PMN extracts 

and serum. Bruce/la LPS (BrlPS), NH-polysaccharides, cyclic glucans, outer membrane fragments or disrupted bacteria! cells 

d isplayed low biological activity in mice and cells. The lack of proinflammatory responses was not due to conspicuous 

inhibitory mechanisms mediated by the invading Bruce/la or its products. When activated 24 h post-infection macrophages did 

not kill Bruce/la, indicating that the replication niche was not fusiogenic with lysosomes. Bruce/la intracellular replication did 

not interrupt the cell cycle or caused cytotoxicity in WT, TLR4 and TLR2 knockout cells. TNF-a -induction was TLR4- and TLR2-

dependent for live but not for killed B. abortus. However, intracellular replication in TLR4, TLR2 and TLR4/2 knockout cells was 

not altered and the infection course and anti-Bruce/la immunity development upen BtlPS injection was unaffected in TLR4 

mutant mice. Co11clusio11/Sig11ificm1ce. We propose that Bruce/la has developed a stealth strategy through PAMPs reduction, 

modification and hiding, ensuring by this manner low stimulatory activity and toxicity for cells. This strategy allows Bruce/la to 

reach its replication niche before activation of antimicrobial mechanisms by adaptive immunity. This model is consistent with 

clinical profiles observed in humans and natural hosts at the onset of infection and could be valid for those intracellular 

pathogens phylogenetically related to Bruce/la that also cause long lasting infections. 

Citation: Barquero-Calvo E, Chaves-Olarte E, Weiss DS, Guzmán-Verri C, Chacón-Diaz C et al (2007) Bruce/la abortus Uses a Stealthy Strategy to Avoid 
Activation of the lnnate lmmune System during the Onset of lnfection. PLoS ONE 2(7): e631. doi:1 0.1371/journal.pone.0000631 

INTRODUCTION 
Pathogenic bacteria use a variety of virulence factors that endow 
them \vith the ability to overcome the immune system. Adhesins, 
enzymes and toxins acting on host tissues, cclls and free molecules 
enable pathogens to breach host barriers and thwart defenses. In 
most cases, however, the aggression is quickJy sensed by innate 
immune defenses that both act immediately and bolster the 
adaptive immune response. Innate immunity cletects minute 
amounts of components bearing the so-calkd pathogen-associated 
molecular pattems (PAMPs) as well as some products of host 
damage [l). The subsequent proinflammatory responses are 
manifestations of the innate immunity and usual landmarks of 
infection and septic syndromes. However, there is increasing 
eviclence that sorne pathogens display altered PM1Ps in key 
molecules, suggesting that to escape detection by innate immunity 
is a survival strategy. One of the best examples of a structure with 
altered PAMPs is the lipopolysaccharide (LPS) of Bruce/la (BrLPS), 
an intracellular parasite ofworldwide importance [2]. BrLPS bears 
a non-canonical lipid A and, although it signals through toll-like 
receptor (TLR) 4 [3) , it is active only at very high concentrations 
[4,5). Moreover, BrLPS confers a highly resistant phenotype to 

cationic bactericida] peptides and makes Brucella a poor activator 
of the complement system [4,6). Accordingly, we have suggestecl 
that evacling innate imrnunity is decisive for Brucella parasitism 
[5,7). Yet, there are conflicting reports on the role of TLR4 ancl 
TIJ{.2 in the immunity against live Brucella [8- 12]. Although the 
course of C"-Jlerimental brucellosis seems unaltered in TLR2 

::~.: PLoS ONE 1 www.plosone.org 

knockout (KO) mice [8,11,12), tl1e receptor was shown to be 
involved in the detection of heat-killed (HK) Bruce/la abortus [ 13). 
Furthermore, some authors reported that Brucella lipoproteins 
(BLPs) are potent triggers of proinflammatory cytokines through 
TLR2, and proposed that B. abortus stimulates the innate immune 
system and induces cytokine-mediated inflarnmation by tlüs 
mechanism [14). Similarly, other authors have reported that 
Bruce/la replicates to a higher extencl in TLR4 KO mice than in the 
WT [8, 12], while others do not notice significant dilferences of 
Bruce/la replication in these mice [9- 11]. 
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Thcse discrepancies are not trivial. At the onset of the infection, 
brucellosis courses without significant endotoxicity signs or 
significant blood changes [15] , an unusual fact that calls for an 
experimentally supported cxplanation. Moreover, Bruce/la lacks 
classical virulence factors [1 6], although it possesses a type IV 
secretion system VirB and periplasmic cyclic P-1,2-glucans that 
enable the pathogen to reach its final replicating niche in the 
endoplasmic reticulum [17,18]. In adclition, BvrR/BvrS, a two 
component sensory and regulatory system essential for Brucella 
virulence, controls the outer membrane (OM) composition and 
possibly aspects of the pathogen rnetabolism (19,20]. Since 
activated macrophages successfully deal with intracellular Bruce/la 
[21 ,22] it may be that prevention of early host cell activation is 
a prerequisite for P-glucans, VirB and other factors to become 
effective. To test this hypothesis, we have investigated the 
proinflammatory responses induced by B. abortus in thc murine 
model in comparison with Salmonella (YjJhimurium. W e show here 
that B. abortus bchaves in fact as a furtive pathogen that 
circumvents proinflammatory responses and propose that this 
strategy <loes not rely on inhibitory mechanisms but rather on the 
negligible activity ofthose molecules that bear marked PAMPs in 
oth er bacteria. The data presented are consistent with clinical 
profiles at the onset of brucellosis and argue that this model could 
be valid for those intracellular pathogens phylogenetically related 
to Bmcella that also cause long lasting infections. 

RESULTS 
B. abortus infected mice do not show symptoms of 
sepsis 
As reported befare [23,24], S. /y/Jhimuriwn induced symptoms of 
septic shock in mi ce that started 2 h after intraperitoneal injection of 
105 CFU and were initially characterized by p iloerection, decrease 
in feeding and water conswnption and general malaise. At later 
times, signs progressed to severe wasting and cachectia, with death 
befare 5 days. Pathological and histopathological examination of 
the lungs demonstrated alveolar edema, hemorrhage, extensive air 
space damage and PMN infiltration (not shown). None of these 
symptoms were observed in mice injected intraperitoneally with 
live- or HK-B. abortus in doses ranging from 10+ to 10; CFU doses. 
However, bacteria were isolated from blood as early as 1 h of 
infection and bacteremia persisted for at least 48 h. Spleen cellular 
profiles and weights betwcen B. aborlus-infected with 105 to 107 

colony fom1ing units (CFU) and PBS-injected mice did not cliffer 
significantly in the first 48 h post-inoculation. Peritoneum and 
spleen of B. abortus infec ted mi ce ( 104-105 CFU) had el ose to one log 
increase lll CFU at 24h ofinfection. Infection doses of 5 X l 09 to 101º 
CFU of B. abortus did not induce the classical endotoxic shock profile 
observed with Salmonella, although these bacteria] quantities were 
lethal for 50-60% of the mice after 48 h . 

B. abortus infected mice do not demonstrate acute 
coagulopathy disorders 
Two critica! events during strong proinflammatory responses are 
platelet aggn:gation and synthesis of acute response proteins such as 
fibrinogen [25] . Plasmin generation and the subsequent degradation 
of fibrin are also linked to proinflammatory responses and PMN 
activation (26] . Whereas S. typhimurium induced statistically signifi
cant thrombocytopenia already 2 4 h of infection, for B. aborlus this 
was observed ortly after 48 h and at a less markedly level (Figure 1 
A). Likewise, S. f:yjJhimurium - but not B. abortus-infected mice showed 
increased fibrinogen synthesis (Figure 1 B) and generation of high 
levels of plasmin activity (Figure l C). 
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Figure 1. 8. abortus does not Induce augmented levels of flbrlnogen, 
flbrln-breakdown products or important platelet aggregation. Balb/c 
mice (6 mice per group) were intraperitoneally injected with 106 CFU of 
B. abortus 2308, 105 CFU S. typhimurium (6 mice per group) or 0.1 mi of 
PBS (10 mice per group) and blood was collected from the retro-orbita l 
sinus and the blood from the various individuals subjected to analysis. 
(A) The number of platelets was determined by flow cytometry. {B) The 
levels of fibrinogen were determined in plasma. (C) The levels of fibrin 
D-dimers in the plasma from infected and PBS injected control mice 
were determined by agglutination of sensitized beads, after 48 h pos
infection. Minimum positive cut-off (0.5 µg/ml) is represented with 
a dashed line. Values of p< 0.05 (*), p< 0.005 (-) and p<0.0005 (***) are 
indicated. 
doi:10.1371/journal.pone.0000631 .g001 

B. abortus infection does not induce leukocytosis or 

recruitment of PMN 
Gram negative bacterial infections commonly generate leukocy
tosis and PMN recruitment at early times. Thus, we explored the 
leukocyte blood changes ancl PMN recruitment in mice infected 
with B. abortus or S. fyplzimuriwn. As expected, the latter bacteria 
induced noticeable blood neutrophilia (Figure 2 A) anda signifi
cant recruitment of PMN and monocytes in the peritoneum 
(Figure 2 B and C) and in thc air pouch model in mice (Figure 2 
D). In sorne cases, S. f:)j!himurium also caused neutrophilia at early 
stages followed by severe blood leucopenia starting at 1 O h post
inoculation (not shown). B. abortus clid not induce significant 
leukocyte blood changes or recruitment of PMN, monocytes or 
lymphocytes in the peritoneum of mice, and only a mild 
recruit:ment of PMN was observed in air pouches. 

PMN do not play a significant role in the clearance 

of B. abortus in vivo 
The role of PMN during Bruce/la infections has not been critically 
examined. We stuclied this aspect of innate immunity using mice 
chronically depleted of PMN by treatment with monoclonal 
antibody Ril6. Bacteria] counts were carried out 3 clays of 
infection for S. (yjJ/zimuriwn and 7 and 14 days for B. abor/IL>, times 
at which these bacteria attain significant numbers in the spleen 
[11]. Consistent with previous reports, S. f>tJhimurium replicated to 
a Jarger extent in Pl'v1N depleted than in control mice [27] . In 
contrast, B. abortus spleen CFU were similar in both groups afrer 7 
or 14 days of infection (Figure 3 A). SiJice Brucella colonization of 
spleen and other organs takes place during the first hours [28,29] 
and the phagocytosis of PMN starts imrnediately after bacteria! 
invasion [30], these results show that the role of PMN in the 
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Figure 2. B. abortus does not induce leukocytosls or slgnificant recruitment of PMN. Leukocyte counts were determined in the peritoneal fluids, 
heparinized blood or in the air pouch of Balb/c mice intraperitoneally injected with 106 CFU B. abortus 2308, 105 CFU S. typhimurium or O. 1 mi PBS. (A) 
Blood PMN were counted in 8 mice/group, during different periods. (B) Leukocyte values in the peritoneum were determined from fluids of 5 mice/ 
group, in time. The inserted graph indicares the values of peritoneal lymphocytes and monocytes at 24 h. (C) The peritoneal PMN recruited were 
determined as in "(B)". (D) PMN in air pouches were determined from the fluids of 5 mice/group, during 4 periods. PMN average numbers of PBS 
injected mice in each period (blue-dashed line) and the ranges of normal maximum upper and lower limits are depicted in each graphic (gray bar). 
doi:l 0.1 371 /journal.pone.0000631.g002 

control of B. abortus is not signilicant, even once adaptive immunity 
has developed. 

PMN are not significantly active against B. abortus 
ex vivo 
It has been shown that virulent smooth brucellae hamper PMN 
dei,'Tanulation and are more resistant than LPS defective strains to 
the killing action of PMN [31 ] . These properties, however, have 
not been weighed against those of other facultative intracellular 
gram ncgative bacteria. As eiqJected [32), S. typhimwium stimulated 
the respiratory burst (Figure 3 B), did not prevent PMN 
degranulation (Figure 3 C) and was readily killed by these rat 
cells (Figure 3 D). Uncler the same conditions, B. abortus induced 
only a mild respiratory burst and a modest PMN degranulation 
(Figure 3 B and C), two facts more evident at rates of infcction of 
8-1 O B. abortus per PMN than at lower rates. The inhibitory effect 
on degranulation ]asted for up to 6 h post inoculation, a time when 
all control and S. (yphimwium infected rat PMN were degranulated. 
Consistent with these observations, B. abortus was resistant to thc 
killing action of human and rat PMN (Figure 3 D). 

B. abortus barely consumes complement and is 
resistant to bactericida! molecules 
Since complement activation and intracdlular killing by micro
bicida] molecules are events linked to proinflammatory mechanisms, 
we compared the ability of B. abort1~f and S. tyj1himuriwn to consume 
complement and their resistance to cationic peptidcs, PMN extracts 
and normal serum. In contrast to S. typhimurium, B. aborlus barely 

~~-: PLoS ONE 1 www.plosone.org 3 

displayed anticomplementary acnVlty (Figure 4 A) and it was 
considerable more resistant to the action of bactericida! cationic 
peptide p-EM2, PMN-extracts and normal serum (Figure 4- B). 

B. abortus infection induces minimal levels of 
cytokines 
Although it has been shown that Jive- and killed-Bmcel/a induce 
proinflammatory cytokines [8,ll ,13,21,33,34], the in vivo levels 
and kinetics at early times have not been cont.rasted with those in 
other infections. As expected, S. tyf1himurium induced a fast increase 
in TNF-a, IL-1/J and IL-6 levels that reached their maximum 2, 4 
and JO h post inoculation, respectively, and then decreased rapidly 
(Figure 5 upper panel). Concomitantly, the Jevels of anti
inflammatory IL-1 O increast'.d steadily up to at least 24 h of 
infection. In contrast, the levels of these four cytokines were 
comparatively insignificant afrer infection with B. abortus (Figure 5 
upper panel). This markedly Jower response was not linked to an 
active interference by the live bacteria because inocula of HK-B. 
abortas did not increase tl1e cytokine levcls (Figure 5 upper and 
center panels). lt is impo.rtant to note that, in this aiid subsequent 
experiments, HK-bacteria were not washed after killing beca.use it 
is known that heat disrupts Bnu:ella cell envelopes and exposes 
large ainounts of BrLPS, BLPs, peptidoglycan, DNA and other 
molecules (35) as a rule recognized by innate immunity. Although 
both HK- and live-B. aborl!lf displayed effects much lower and 
widely different from those of S. ryphimurium, they did not induce 
identical activities, as demonstratecl when the scale of the graphs 
are modified to portray more resolutíon (Figure 5 center panel). 
Live-B. abor/us stimulated TNF-ix, IL-1/l and IL-6 biphasíc 
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responses with steady increases after 8 h post inoculation , whereas 
HK-B. abortus induced a response with a different kinetics and 
lower amounts of cytokines after 10 h. Only when mice were 
infected with a very high dose of Bruce/la (5 x l 09 CFU), the levels of 

cytokines approached those induced by Salmonella (Figure 5 lower 
panel). Similarly, 5 x l09 of HK-B. abortus induced a modest 
increase in cytokines (Figure 5 lower panel) and mild signs of 
endotoxemia, but not lethality, probably due to the lower levels of 
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TNF-ct generated. Moreovcr, thc cytokine profiles wcre different 
from rhose induced by live-bacrcria. Since we were able ro 
overcome the low cytokine response by using very largc inocula, 
our results demonstrated that the low levels of proinf1amrnatory 
cytokines induccd by B. aborlrts infection were not connected to 
inhibitory mechanisms exerted by the infecting bacteria. 

B. abortus molecules putatively bearing PAMPs do 
not inhibit cytokine responses and are low 
activators 
To test wherher rhe Bruce/la molecuJes that putatively bear PAMPs 
hampered activation or, on rhe other hand, were just poorly 
detected, we perfarmed two experiments. First, we challenged 
mice and macrophages wirh high concentrarions of a collecrion of 
B. abortus fracrions conraining rhose molecules (Table 1), and 
measured rhe TNF-ix levels (Figure 6). Second, we injected 
Escherichia coli LPS (EcLPS) alone or alter the respective B. aborltts 
fracrions and compared thc TNF-ct levels wirh rhose measured in 
rhe first experiment. All B. aborl1ts fracrions induced very low levels 
of TNF-ix in mice after 2 or 8 hours, even at high concenrrations 
(50 µg/mouse) but none of them inhibited rhe generation of this 
cytokine after activaúon with EcLPS. Similarly, only high concen
trations of the B. abortus preparations (50 µg/ml) generated TNF-
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et in macrophages and no preparation inhibired a subsequent 
activarion by EcLPS. Concentrations lower thar 10 µg/mouse or 
10 µg/well of the B. aborflts fracrions induced very low or 
undetectable levels of cytokines. On rhe contrary, 0.05- .5 µg/well 
of EcLPS induced significant levels of TNF-ix (nor shown). 
Similarly, very low to undetectable levels of rhe inhibitory cytoki11 e 
IL-1 O were observcd in macrophages rreated with the B. abortus 
fractions. This was in contrast to EcLPS, which índuced significant 
amounts of this cytokine after 24 h (not shown). None of rhe 
Brncella fractions was toxic far mice or macrophages. These 
experiments demonstrate that, in addítion of being low activators, 
the Brucella molecuJes that putatively bear PAMPs (Table 1) do nor 
inhibit the generarían of TNF-ct in vivo or in vitro. 

Replicating intracellular B. abortus are protected 
from macrophage activation 
It has been proposed that activated macrophages are the primary 
source far B. aborlll5 elimination in the infected host [29,33). 
However, our in vivo obscrvations suggested that macrophage 
activation couJd be borh delayed with respect to the onset of B. 
abortus infection and insufficicnt to lead to an effective conu·ol of 
the parhogen. To study this hypothesis, we firsr compared the 
brucellacidal activity of non-activared macrophages and macro-
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Table 1. Characteristics of the PAMP-bearing preparations used in this study for stimulating mice and macrophages. 

Preparation Description 

BrLP5 B. abortus LPS possesses an 0-amphypatic chain homopolymer composed of N-formyl·perosamine subunits, a core oligosaccharide devoid of negative 
charges, and a lipld A backbone of two subunits of diaminoglucose substituted wlth long chain (up to 30 C atoms) of hydroxylated and unsaturated 
fatty acids. The preparation contalns 85% LPS, 11% NH, 1.5% protein and 2.5 % of other components. B. abortus LP5 mutants are attenuated. 
(3,4,20,56,79]. 

EcLPS E. cali LPS is a classic endotoxic preparation composed of hydrophylic O chain, highly negative charged core oligosaccharide and a canonical lipid A 

composed of two subunits of glucosamine substituted with short chain (< 16 C atoms) hydroxylated and saturated fatty acids. This preparation 
contains of 87% LPS, 2% protein and 11 % other components [3]. 

Gluc/NH Preparation NH2 composed of 65% of cydlc beta-1,2-glucan substituted wlth anionlc succinyl residues, 30% NH, and 5% of other components. B. 

abortus mutants in cyclic beta-1,2-glucan or devoid of 0 -chaln derived polysaccharides, including NH are attenuated (79]. 

OMF Outer membrane fragments composed of 42% BrLPS, 26% NH, 18% proteins, and 10% phospholipids and ornithine-containing lipids. Proteins include 
60 periplasmic proteins and 25 OM proteins, from which 10 are BLPs, including OmplO, Ompl6 and Omp19. B. abortus mutants in several Omps, and 
BLPs are attenuated [19,35,58]. 

Cyto This preparation is 96% proteln from which 65% are cytoplasmic, 25% periplasmic, 5% membrane associated and 1% membrane. A significant 
proportion of the cytoplasmic and periplasmic protelns are devoted to folding, sorting, degradation and transport functions. BLPs, LPS, NH or beta-1, 2 
cyclic glucans were not detected in this preparation (35,79]. 

H K-8. abortus Heat killed B. abortus was pre pared by boiling B. abortus 2308 in pyrogen-free PBS for 10 minutes without further washing the bacteria! debris. This 
preparation includes exposed peptidoglycan, nucleic acids, and mixtures of membrane components. 

dol:l 0.1371 /journal.pone.0000631 .tOOl 

phages exogenously activated before or during infcction. Macro
phages were treated or not with EcLPS, then inoculated with B. 
abortus and CFU determined 2 h later. The results showed that 
macrophages pretreated with EcLPS were considerably more 
brucellacidal than naive macrophages (Figure 7 A), and that 
treatment did not in crease the proportion of cell death as compare 
to the infocted controls without EcLPS treatment (not shown). 
Thcn, na!ve macrophagcs were infected with B. abortus, incubated 

for 24 h until intracellular replication started. At this time, they 
were treated with EcLPS or left untreated. As shown in Figure 7 B, 
Bmcel/a replication proceeded unaltered in the macrophages 
treated with EcLPS at 24 h of infection. In all these experiments, 
macrophage activation was not endogenously inhibited by the 
intracellular bacteria, as demonstrated by the production of sin1ilar 
TNF-ct levels in infected ancl non-infected macrophages upon 
EcLPS stimulation (Figure 7 C). Altogether, these results 
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Figure 6. B. abortus PAMP-bearing molecules and extracts do not block the generatlon of TNF-a in vivo and in vitro. (AJ Balb/c mice (10 per 
group) were intraperitoneally. injected with SO µg/0.0Sml PBS of each of the different B. abortus preparations described in Table 1, or with O.OS mi 
PBS alone. Then, halve of the mice from each group were intraperitoneally injected with S µg/0.0S mi PBS of EclPS, and the other halve with O.OS PBS 
alone, and TNF-a levels determined in sera at 2 and 8 hours after the last injection. (8) RAW264.7 macrophages were treated with SO µg/well with 
each of the various preparations described in Table 1. After 30 min, halve of the cultures were challenged with 5 µ.g/well of EcLPS and the levels of 
TNF-a determined from culture supernatants at 4 and 24 hours. (C) Omp10, Omp16 and Omp19 lipoproteins in Bruce/la OMF revealed by Western 
blots with the respective monoclonal antibodies. Value of p< O.OS (*) is indicated. 
doi:l 0.1371 /journal.pone.0000631 .g006 
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Figure 7. Macrophages actlvated before infectlon are slgnificantly more brucellacidal than macrophages activated after infection. (A) Nalve or 
activated RAW264.7 macrophages with EcLPS 0.5 µg/well 15 h prior to infection, were infected with B. abortus 2308 at 10±5 bacteria/ce!! and the 
microbicida! function estimated after 2 h post inoculation. Under these conditions no significant cytotoxicity was recorded in these phagocytic cells. 
(B) Na'ive macrophages were infected at rate of 10±5 bacteria/cell and bacteria replication estimated; after 24 h, haif of the infected macrophages 
were activated with 0.5 µg/well EcLPS (black squares) and the rest of the cells treated with PBS (white squares) and bacteria! replication followed until 
48 h post inoculation. lmmunofluorescence of replicating Bruce/la at 24 h of infection (arrows) is shown in the inserted figure. (C) TNF-et measured in 
the supernatants of non-infected EcLPS 0.5 µg/well activated macrophages (black circles), non-activated B. abortus infected cells (white triangies), or 
EcLPS activated cells after 24 h of B. abortus infection (red circies). Value of p< 0.0005 (***) is indicated. 
doi:l 0.1371/journal.pone.0000631.g007 

established that previously acrivatcd macrophages display higher 
bruccllacidal activity than naive ones. l\1foreover, they demonstrate 
that B. ahortus infected macrophages are not refractor¡1 to further 
activation and also that such an acrivarion does not lead to the 
elimination of replicating Bmcella. 

TLRs barely respond to high levels of Bruce/la 

molecules putatively bearing PAMPs and do not 
influence bacteria! replication 
The lack of macrophage activarion induced by Bmcella could be 
explained by an insufficient triggering of PAMP receptors. To test 
this, we measured the production ofTNF-a by bone marrow (BM) 
macrophages of v\IT, TLR4-/- TLR2-/- and T LR4/TLR2-/
mice upon stimularion with bacteria] products, live- and HK- B. 
ahorlus (Figure 8). The levels ofTNF-a induced by the Bruce/la OM 
fragments (OMF) or BrLPS at 50 µg/ml were lower than that 
induced by EcLPS at 0.1 µg/ml (Figure 8 A). In spite of this, the 
recognition of purified BrLPS and OMF depended on TLR 
(Figure 8 A). Recognition of OMF, a material tbat contains high 
quantities of BrLPS and severa! BLPs (Table 1 and Figure 6 C), did 
not depend on TLR2; however, the absence of both, TLR4 and 
TLR2, abolished the response. In a second set of experiments, we 
compared tbe TNF-a induction in macrophages inoculated with 
live- and unwashed HK- B. abortus. TLR KOs but not vVT 
macrophages generated differential and lower levels of TNF
rx when infected than when inoculated with unwashed HK-B. 
abortus (Figure 8 B), demonstrating in vitro dependence on TLR4 
and TLR2 by live- but not by HK-bacteria. As expected, the 
TNF-a levels induced by Bruce/la were at least 3 times lower than 
those generated in WT macrophages stimulated with EcLPS 
(Figure 8 panels A and B). These results prompted us to investigate 
the multiplicarion of Bruce/la in macrophages deficient for these 
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receptors. In agreement with our previous observations of in vivo 
infections in TLR KO mice [11), the replication of B. abortus in 
TLR4-/-, TLR2-/- and TLR4/TLR2-/- rnacrophages did not 
differ from those in WT (Figure 8 C). Therefore, whereas T NF
Ci secretion in cultured macrophages infected with B. abortu.s seems 
to depend somewhat on TLR2 and TLR4, signaling by these 
receptors does not atlect the intracellular replication of this 
pathogen. 

B. abortus intracellular replication has no cytotoxic 

effects 
Salmonella is cytotoxic for BM macrophages in a TLR2 and/ or 
TLR4-independent manner [36) . In contrast, Brucella replicates 
extensively within macrophages and inhibit apoptosis in human 
monocytes [18,37). Therefore, we determined the survivaJ ofWT 
and diflerent TLR KO macrophages infected with B. abortus. The 
viability of uninfected macrophagcs steadily decreased during 
7 days of culture and there were no significant differences in the 
death rate arnong the various types of cells, demonstrating that tbe 
TLR KO macrophages do not have a generalized survival 
deficiency (l'igure 9 A). The viability of TLR.4/TLR2-/
macrophages infected with B, abortru also decreascd, although 
not at the same rateas the uninfr~cted controls (Figure 9 B). On the 
contrary, no decrease in the viability was detected in B. abortus
infected \i\IT, TLR4 -/- and TLR.2 -/- macrophages. Similar 
results were obtained with H K-Brucella, suggesting that steady 
replication within macrophages was not necessary to promete 
survival (Figure 9 C). Sine(~ the IL-1 fJ and IL-18 receptors signa] 
through the MyD88 molecule like TLRs, we tested ifIL-Jfi and 
IL-18 signaling contributed to macrophage survival after B. abortus 
infocrion. As shown in Figure 9 D, the decrease in viability lvas 
also suppressed in Bmcella infected IL-1 fi/IL-18-/ - macrophages. 
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Figure 8. Bruce/la intracellular repllcation is TLR4 and TLR2 independent but TNF-a productlon is TLR4 and TLR2 dependent. (AJ BM 
macrophages from WT, TLR4-/-, TLR2-/- and TLR4/TLR2-/- CS7Bl/6 mice were inoculated with 50 µg/well of B. abortus OMF, SO µg/well of BrLPS or 
0.1 µg/well of EcLPS (AJ and TNF-ct measured after 24 h. (B) BM macrophages from WT, TLR4-/-. TLR2-/- and TLR4/TLR2-/- CS7Bl/6 mice were infected 
with B. abortus 2308 (infection rate of 10:!:S bacteria/cell) or treated with 10 HK-8. abortus!cell and TNF-ct measured after 48 h. (C) BM macrophages 
were infected as in "(B)'' and bacteria! replication determined as the number of CFU during different periods. Vaiues of p< O.OS (*), p<O.OOS ("") and 
p< O.OOOS (***) are indicated. 
doi:10.1371/journal.pone.0000631.gOOS 
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Figure 9. Bruce/la is not cytotoxic for macrophages and HeLa cells. (A) Survival rate of uninfected WT, TLR4·/-, TLR2-/· and TLR4/TLR2-/- BM 
macrophages from C57Bl/6 mice was followed using MTT assay for seven days. (B) Survival of macrophages infected with B. abortus Sl 9 at MOi of SO. 
(C) Survival of macrophages treated with SO µg/ml of HK-8. abortus 519. (D) Survival of WT and IL-1 /1/IL-18-/- macrophages infected with B. abortus 
Sl 9 (MOi SO). (El Untreated {panel 1) and CNF treated (panels 2, 3 and 4) HeLa cells were infected with B. abortus 2308 ata MOi of SOO and incubated 
for 48 h. Untreated cells (panel 1) were incubated with BrdU. All cells were processed for immunofluorescence [39] using anti·BrLPS antibodies (green 
in panel 1 and red in panels 2, 3 and 4) ar antibodies against BrdU epi tope (red in panel 1 ). CNF treatment inhibits the cytokinesis while not affecting 
karyokinesis resulting in the generation heavily infected cells during the mitotic cycle (panel 2, cell in anaphase), binucleated cells (panel 3) or 
multinucleated cells {panel 4). Values of p< 0.005 (**) and p<0.0005 (***) are indicated. 
doi:l 0.1371 /journal.pone.0000631 .g009 
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These results indicate that B. abortus, in addition to its lack of 
toxicity for BM macrophages, this bacterium was able to promote 
the survival of these cells, even in the absence of signaling by 
relevant TLR or cytokíne receptors. 

Epithelial cells are decisive host cells for the establishment of 
brucellosis (38]. In order to determine if extensive replication of 
Brucella induced cell death through toxic effects or apoptosis, we 
infcctcd nai:ve and E. coli cytotoxic necrotizing factor (CNF)
treated (in order to avoid cytokinesis) HeLa cells and monitored 
the cell cycle. As expected [39], extensively infected HeLa cells 
were able to synthesize DNA, condense chromosomes and 
perfonn severa! cycles of nuclear division, demonstrating that 
even large amounts of intracellular Bruce/la not induce toxicity in 
these cells (Figure 9 E). 

B. abortus replication and immunity in vivo are not 
dependent on TLR4 
There are coincident results showing that TLR2 is not required for 
the efficient clearance of either virulent or attenuated B. abort1<> in 
vivo [8, 11). On the other hand, it has been described [8] that 
virulent B. abortus increased up to one login the spleens of TLR4-
deficient C3H/HeJ mice as compared to the WT counterparts. 
However, a hampered response ofC3H/H<:'J mice to B. abortus was 
not noticed in previous works (9,10] or more recently in C57BL/6 
TLR4-/- mice (11]. Since the use of an attenuated Bruce/la strain 
more easily reveals a permissive effect connected with macrophage 
dysfunction (40], we first reexamined the in vivo role of TIR4 
nsing C3H/Haj' mice and the cognate VllT strain infected with 
attenuated B. abortus SI9. We found that B. abortus Sl9 replicated 
and persisted similarly in C3H/HeJ as in WT mice (Figure 10 A). 
Assays performed with virulent B. abortus 2308 also failed to reveal 
diflerences in the course of the infection in these mice (not shown). 
We also ex<unined the role ofTLR4 by immunizing TLR4-/- KO 
and vVT mice with BrLPS and challenging them with B. abortus. 
Consistent with the antibody responses induced by B. abortus LPS 
in TLR4 deficient mice (11], no differences in protection levels 
between TLR4-/- and WT mice were observed (Figure 10 B). 
These results reinforce the propasa! that clearance and de
velopment of efficient immunity to B. abortus is TLR4-independent 
[l 1], despite of the fact that BrLPS is TLR4 dependent in vitro, 
although at much higher concentratíons than other kind of LPSs 
[3]. 
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DISCUSSION 
We have evaluated the degree and profiles of the early 
proinflammatory responses induced by B. abortus mid severa! 
PA\<1P-bearing molecules in comparison with those evoked by the 
intracellular pathogen S. ryjJ/á11wrium. This comparative approach 
allowed us to estimate the leve! at which Brucella is able to activate 
ínnate immunity at the onset of the infection. It is important to 
note that the data obtaíned accurately correlate with the absence 
of endotoxicity signs, the rarity of leucocytosis and neutrophilia 
and the almost total absence of coagulopathies in patients wíth 
brucellosis [15,41). Therefore, our observations are complemen· 
tary to a significan t body of clinical data. The picture that emerges 
from this study is as follows. 

After invading, the brucellae come in contact with humoral 
mecliators and are readily ingested by PMN mid macrophages 
(30,41], and probably by dendritic cells (42). At this stage, Brucdla 
perfom1s severa! tasks to avoid immediate destruction: first, it 
circumvents strong activation of the innate immune system; 
second, the bacterium withstands the direct action of complement 
and other bactericida] substances; third, it resists and evades the 
action ofprofessional phagocytes, such as PMN and macrophages; 
finally, Bracella maintains the J10st cells alive in order to establish 
long lasting infections. 

The first task is accomplished throngh a negligible induction of 
proactive plasma inducers of inflammation, insignificant levels of 
complement fixation and delayed and low levels of cytokines and 
chemokines, as demonstrated here and in other works (3,11,43). 
These effects should be connected to the low recruitment of 
leukocytes at early times and the weak brucellacidal action of 
PMN. Despite these low-activating properties of Brucella, it was 
striking that the course of infoctíon was tmaffected in mice 
depleted of granulocytes because PMN kill these bacteria at 
significant higher rates tha11 macrophages [18,31). The brucella
cidal activity of PMN is promoted by opsonization wíth normal 
sera [44] but it seems tliat the negligible complement bincling 
displayed by B. abortus (Figure + AJ which is related to the poor 
complement bindíng of its LPS [4] would be a limítíng factor. It is 
noteworthy that the lack of role of PMN parallels that of NK cells 
in the sense that they are not crucial for the control of B. aborlus at 
early times of infection [21], at least in tbe murine mocleL A 
possible generaJ consequ<:'nce of these observations is that PMN, 
the foremost cells of immte immunity, may serve as carriers 

BltPS immunized 

\Ni TLR4·1· 

Figure 1 O. B. abortus repllcates in na'ive and Bll.PS vaccinated TLR4 deficient mice (A) TLR4 deficient mutant C3H/HeJ and the wr counterpart 
C3H~HeAu mice were infected with 106 CFU B. abortus 519 and the number of replicating bacteria counted from the spleen at different time periods 
(5 m1ce per group). (B) WT a~d TLR4-/- ~57Blf6 mice were injected with PBS (5 mice per group) or intraperitoneally immunized with BrlPS (5 mice per 
~rou~) and after two weeks mfected w1th 106 CFU B. abortus 519 and the number of replicating bacteria in the spleen of mice counted at 14 days of 
mfect1on. 
doi:10.1371/journal,pone.0000631.g010 
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spreading viable B. abor/us in the body as proposed by Spink more 
than 50 years ago [41] . 

At first glance, these results are in apparent disagreement with 
previous studies that reported PMN infiltration in B. abortus 
ü1fectecl organs [29] and increased ;mcl reduced bacteria] 
replication in mice depleted of TNF-a: or IL-10, respectively 
[45 ,46]. A close examination shows, however, that most of the 
phenomena described in those studies correspond to late times, 
once adaptive immunity has initiated or been established [ 4 7], and 
that the cellular infiltrates in the org;ms are predominately 
mononudear [29]. lt is also signíficant that the ability of 
macrophages to control intracellular B. abortus is affected by IL-
10 only at very hígh concentrntions [45] , and that IL-6 and TNF
a; have no major effect [33] , in contrast to INF-y which is the key 
cytokine in the con trol of brucdlosis [21]. Therefore, our 
observations at the onset of B. abortus infection are not in 
contradiction with those made once the adaptive immunity has 
developed. 

Activated macrophages control Bmcella efficiently, an effect 
noted even before the term "activated macrophage" was coined 
[22]. Since then, ít has remained an unsolved problem how Bruce//({ 
is able to persist in the infected host despite macrophage activation 
and a patcntly active and long lasting adaptive immunity. 
Furthermore, it has been noted that elimination of NADPH 
oxidase or nitric oxide synthase activity in mice does not affect the 
recovery of B. ffbortus in these animals [ 48], suggesting that these 
and possibly other crucial functions of activated cells are not 
relevant in brucellosis. Therefore, a very significant observation 
was that, once established in na1ve macrophages, subsequent 
activation <lid not lead to Bruce/la clearance. It has bcen also shown 
that virulent B. abortus induces lcss macrophage activation than 
attenuated strains, as estimated by in situ esterase staining of 
mononuclear cells in vivo [22]. 

Live Bmcella does not release cytotoxic substances [16,49] and it 
seems to prolong the survival of macrophages indepcndently of 
TLR4, TLR2, IL-IP or IL-18. These properties enable Brucella to 
replicate without gcnerating obvious cell damage, a characteristic 
that may be essential for establishing long lastü1g chronic 
infections. Some dependence, however, was observed when both 
TLRs were absent, suggesting tlrnt signaling by at least one of 
these receptors is required to prologue survival. Similarly, Bmcella 
infected epithelial cells are able to cycle and consequently remain 
as reservoirs for the bacteria in vivo. Dcndritic cells have bcen 
shovvn to sustain Bruce/la replication [ 42] and thus may participare 
in immunity or serve as reservoirs, a hypothesis that deserves 
experimental testing. Other cells such as lymphocytes, which are 
crucial for mounting an efficient adaptive immunity at later times 
[2 l], may not play a significant role at the onset ofthe infection. It 
seems, therefore, that a crucial step in Brncella pathogenesis is to 
sneak to its replicating niche without cdl activation or cell cycle 
interruption. Once there, macrophages are unable to destroy 
intracellular replicating Brucella, not because they are refractory to 
activation, but rather because their niche becomes unsuitable for 
füsion with lysosomes. Finally, the apoptosis inhibition [3 7] may 
be also linkecl to the absence of caspases mecliating proinflamma
tory activation. 

It is not known whether Brncella containing vacuoles fail to fose 
with lysosomes because they are part of the endoplasmic 
reticulum, because these vacuolcs are modified in such a way 
that they do not have the appropriate docking molecules, or both. 
In this connection, the lack of significant involvement of TLR4 
and TLR2 in the initial steps of B. abortus infection is remarkable. 
It has been demonstrated that, whereas early involvement of 
TLR 4 and TLR2 promotes an inducible mode of phagocytosis 
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charactcrized by a rapid füsion with lysosomes, their ahsencc 
allows constitutive ancl slower maturation of the phagocyted 
particles [50]. Based on the biogeuesis of B. abar tus con taining 
vacuoles in macrophages [18], the slow and low modulation of 
TLRs in B. abortus infected cells [11] and the unalterecl replication 
profiles displayed in TLR4, TLR.2 and TLR4/2 KO phagocytes 
(Figure 8 B), we propose that maturation ofthe Brucella containing 
phagosome initially follows the constitutive pathway which is then 
diverted by the activity of Bmcclla factors. Incleed, the /J-1 ,2-
glucans and VirB system have been demonstrated to harnper 
lysosomal fusion ancl redirect Bmcclla to its replicating niche, once 
the bacterium has invaded and locaJized in early vacuoles [ 17, 18]. 

The absence of a TLR4 effect on Bmcella replication ü1 
macrophages is in agreement with tlle results observed in the 
C3H/Hej mice, here and in other works [9, 10,51], and with our 
previous experiments in TLR4-/- mice [l l] , but in apparent 
contradiction with others [8, 12]. Although we do not know the 
reasons for these cliscrep:mcies, there are severa] considerations 
that c;m be made. First, the Bmcella and mice strains used (e.g. B. 
abortus versus B. melitemís; Bruce/la resístant versus sensitive mice) as 
well as the bacteria] doses ancl e:\.'{JerÍmental settings, differ among 
the various works. Second, the differences in CFU observed at 
early times between TLR4 KO and v\IT mice, a.lthough 
sta.tistically demonstrable display low significa.nce a.nd it is 
manifested at early times hut not at later times [ l 2] , suggesting 
low inlluence of this TLR in the course of Brucella infection. It is 
also significant that TLR4-/-, TLR4/2-/- and C3H/H'<} mice 
infected with Bruce/la or immunized with BrLPS generare strong 
anti-LPS antibody responses [11,52], and that these arltiboclies 
were protective in TLR4-/- mice (Figure 10), suggesting low 
relevance of TLR4 for immunity against Bmcella. These observa
tions point out that TLR4, a conspicuous LPS cell receptor ofthe 
innate immune system, is not important for mounting an efficien t 
and protective inunune response against Brucella as it is the case in 
other gram negative infections [53]. However, Myd88, which is 
the adaptor molecule for severnl TLRs and interleukin receptors, 
is clearly required for the control of Bmcella replication in mice 
[11 ,12], suggesting that some signaling through receptors that use 
Myd88 is required to control brucellosis, mainly once adaptive 
immunity has taken place. 

The ability of Bmce/111 to behave as a stealthy parasite seems to 
be connected to physiological and structural features and not to 
classical virulence factors specifically designed to foil the in1mtme 
system [16]. It is clear that early iuuate inununity detection failed 
mostly because of both the absence or reducecl number of 
molecules with canonical PA1\1Ps and t11e lack of cytotoxic 
substances generatecl by B. abortm. Incleed, Bmcella is clevoid of 
surface structures such as capsules, fimbriae and pili, structures 
that are ali conspicuous in many soil living Bntcel/ff relatives [54]. 
In adclition, BrLPS poorly bincls carionic bactericida] peptides 
[6,55] and, although it induces TLR4-dependent cytokine 
responses, its bioactivity is markedly lower than that of canonical 
LPSs, as demonstrated here ancl in previous works [3-5, 1 1,20]. 
These clifferences are largely accounted for by the relative 
reduction of anionic groups in the core oligosaccharide, diami
noglucose backbone and the presence of long and very long acyl 
chains in amide and acyloxyacyl linkages in the lipid A [56] . These 
features may also hamper its interaction with coupling molecules 
such lipid binding proteins, CD14 and MD-2, as suggestecl 
elsewhere [57]. 

In addition to LPS, there are other PA1\1P bearing molecules in 
the gram-negative OM. Based on the analysis of the activity of B. 
abortus BLPs purified from recombinant E. coli, it has been 
proposed that they are key elements triggering proinllammatory 
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responses [l 4]. In our work, the cytokine levels induced in vitro and 
in vivo by live- and HK-Brucella as well as by OMF are far lower 
than those inducecl by Salmonella. Since OMF contain significant 
quantities of the three major B. abortus BLPs (Figure 6 C), our 
results indicate that they are poor inducers of innate immunity, at 
least in the context ofthe whole bacterium or in OMF. It has been 
noted that triggering of TLR2 by lipopeptides and lipoproteins 
depends dramatically on the type of fatty acids substituting these 
molecules and to less extent on their amino acid composition [58] . 
Thus, one possible explanation for the differences between our 
observations and those with cloned B. abortus BLPs is that the latter 
carry the acylation pattern characteristic of E. coli. The cha.in 
length of the bound fatty acids is larger in Brucella than in 
Enterobacteriaceae [59] and, in an early study on the trypsin fragment 
of a Bruce/la BLP, one of us reported that the fatty acids differed 
considerably from those in the peptidoglycan-linked E. coli 
lipoprotein (60]. Although structural studies are necessary for 
a definite condusion, the equivalent response ofWT and TLR2-/
as well as the lower response ofTLR4-/- BM macrophages treated 
with OMF support the hypothesis that Brucella BLPs display 
a structure with reduced or altered PAMP. An additional factor 
that could account for the differences between B. abortus and 
Salmonella may lay in their BLP content. Proteomic studies have 
identified 15 different BLPs in B. aborkts OMF [61] , a number that 
contrasts 'vith the more than 100 putative BLPs present in 
Salmo11ella genomes [62). Cell envelope ornithine-containing lipids 
from several bacteria have also been shown to be strong inducers 
of cytokines and prostaglandins (63]. However, the structures of 
Bmcella omithine-containing lipids (also present in the OMF) differ 
from those of ilcltromobacte1~ Borde/ella and Flavobacterium in at least 
the type of fatty acicls [59,63]. Concerning flagella, although the 
brucellae are non-motile, this structure can be expressed on the 
surface of these bacteria [64]. However, Bruce/la flagellin, the 
putative cognate PAMP molecule for TLR5, displays an amino 
acid sequen ce not recognized by this receptor [65]. 

The cytokine profiles and TLR dependence observed i11 vivo or 
in cultured cells with live- and killed-bacteria or their isolated 
PAJVIPs display a good correlation in many pathogens, including 
Salmonella [66,67]. This was not the case with B. abortus. In contrast 
to OMF (devoid of DNA and peptidoglycan), unwashed HK-B. 
aborlus induced cytokine profiles that were not dependent on TLR4 
and TLR2. It is likely that TLR9 and NOD-like receptors which 
are the cognate receptors for Brucella DNA (12] and may be for its 
canonical peptidoglycan [60], respectively, are the responsible 
receptors for inducing these TLR4 and TLR2 independent 
responses in vitro. It may be also that TLR9 [12] and eventually 
NOD-like receptors functioning intracellularly, are the relevant 
TLRs for controlling Brucella infection through specialized 
dendritic cells acting in concert with other cells for generating 
IFN-y [J 2]. However, this still does not explain the negligible levels 
ofproinllammatory cytokines in vivo, mainly when PAMPs such as 
DNA and peptidoglycan are readily accessible in HK-Brucella. 
l<Vhy did HK-B. abortus induce a low leve] of cytokines in vivo and 
why did the live bacteria show TLR4 and TLR2 dependence for 
cytokine release in macrophages and no dependence on these 
TLRs during replication in vivo [11] or in vitro (Figure 8 C)? This is 
surprising because a number of B. abortus are killed by 
macrophages during the first hours of infection [18,68] without 
significant activation of the infected cells, as demonstrated here. 
A1l these results indica te that the availability of Brucel/a P AMPs 
within infected cells or elsewhere in the host is not straightfonvard 
and that those interpretations based cm the interaction between 
Brucella molecules putatively bearing PAMPs and cell receptors 
require careful attention. 
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It is tempting to speculate that the stealthy strategy of Bruce/la 
corresponds to an evolutiomuy pat11 that has been followed by 
several pathogenic a-Proteobacteria by taking advantage of a com
mon structural heritage. For instance, Barlonella, another in
tracellular parasitc inducing long lasting infections in mammals, 
shares with Bmcella. the chemical and biological characteristics of 
its lipid A, core oligosaccharidc~ majar fatty acids, low number of 
BLPs, putative enzymes to built omithine-lipids, and flagella not 
recognized by TLR5 [62,65,69,70]. The brucellae, and probably 
other pathogenic a-Proteobactcria havc developed furtive character
istics by eraclicating, modifying or hiding otherwise moderately 
active PAMP-bearing molecules, to the point that practically not 
recognized by the correspondíng receptors. In the case of Bruce/la, 
this is complemented by the maintenance of fi-1,2-glucans, type 
IV sec:retíon apparatus, BrLPS and sensing and regulatory systcms 
that allow to reacb a safe intracellular niche before an effective 
immune response is developed [17-2 1] . 

MATERIALS ANO METHODS 
Bacteria! strains, fractions and biological reagents 
Salmonella enterica sv. Typhimurium strain SLI 344, virulent B. 
abo1tus 2308 and attermated B. abartus Sl9 were grown as described 
[54,71]. Description and characterization of BrLPS, .EcLPS, OMF, 
fi-1,2-glucans, native haptc .. n polysaccharide (NH), cytoplasmic 
fractions and HK-B. aborlus are described in Table l. Thc 
characteristics of bactericida] cationic pepticle p-EM2, PMN
e:\.tracts, CNF and anti-Bmcella and anti-S. f)'fihimuriwn antibodies, 
have been described previously (6,39,55,72). Enzymc linked 
immunosorbent assay (ELISA) kits for cytokinc detennination were 
from BD Biosciences (San Diego, CA). Monodonal anúbody RB6-
8C5 against murine granulocytes was a gift from Barbe! Raupach, 
i\fPIIB, Berlín, Germany. Monoclonal antibodies against OmplO, 
Omp16 and Ompl9 were a gift from Axe] Cloeckaert, Unité 
BioAgresseurs, Santé et Environnement, INRA, France. 

Experimental animals 
The characteristics, source aud maintenance of Balb/c, C3H/ 
Ht;J, C'.~H/HcAu, C57BL/6 and the KO counterparts TLR4-/-, 
TLR2-/-, TLR4/TLR2-/- and IL-lfi/IL-18-/- mice have been 
described prevíous.ly [11,52]. Wisrar rats were maintained in the 
animal facility ofthe Veterinary School ofthe Natíonal University, 
Costa Rica. Ali animals were handled and sacrificed according to 

the guidelines ofthe "Comité Institucional para el Cuido y Uso de 
los Animales ofthe Universidad de Costa Rica", and in agreement 
with the corresponding law "Ley de Bienestar de los anin1als 
N"7451" of Costa Rica. Mice were infected by the intraperitoneal 
route with 0.1 1111 of bacteria in pyrogen-free sterile PBS. 

Generation of neutropenic mice 
Balb/ c mice were intraperitoneally ínjected with 100 µg of RB6-
8C5 antibody, 36 h before infection. Then mice were infected 
with 106 B. ab01tus or 1a5 S. !Jpfzimurium. Controls were injected 
with sterile PBS. Thereafter, mice were injected \VÍth J 00 µg every 
two days (one injection for S. [rphimurium and 3 injections for B. 
abortus) until sacrificed. One single intraperitoneal injection of 
100 µg of RB6 antibody resulted in PMN depletion for at least 
3 days. Under these circumstances the blood ofmice bled from the 
tail, <lid not demonstrate gnuiulocytes during the course of 
experiments, as judged by Giemsa-Wright staining of the smears. 
Neither circulating nor resident populations of macrophages, 
lymphocytes or other resident cells were affected by this treatment. 
On clay 3, mice infected with .S'. tvphimuríwn and the respective 
controls were sacrificed. B. abor/u.s infected mice and the respective 
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controls were sacrificed on days 7 and 14. Bacteria! colonization 
was determined in spleens of mice collected at the indicated times, 
then weighed and homogenized in 1 ml sterile PBS. Serial 
dilutions wcre plated on Luria agar plates for S. typlúmwiurn and 
trypticasc soy agar for B. aborlus and CFU pcr g of spleen 
calculated. 

Macrophage, Hela and PMN cell cultures 
~forine RAW264.7 (ATCC TIB-71), H eLa (ATCC CCL-2) cells 
and BM-clerived macrophages from C57BL/6 and the KO 
counterparts TLR4-/-, TLR2-/-, and TLR4/TLR2-/- mice were 
prepared, cultured and infected following previous protocols 
(11 ,18,39]. Fresh preparations or PMN were obtained from air 
ponches of Wistar rats (150-200 g) as described by Fukura and 
Tsurufuji [73) . Human PMN were purificd from heparinized 
blood as described elsewhere [74]. The human cell preparations 
and rat exudates werc composed from 95-99 % PMN per 
nucleated cells. Erythrocyte contamination was lcss that 5% ofthe 
packed cells. PMN preparations were maintained at 4ºC in PBS, 
and used within the first h alter f'.xtraction. 

Cell infections 
Infections of BM and RAW264.7 macrophagcs and HeLa cells 
wcre carried out as described [11,36,39). Briefly, plates containing 
5 xlO'' RAW264.7 or 2 x l05 .BM macrophages were inoculated at 
the ratio of 200 or 50 B. abortus per cell, respectively. For S. 
typhimuriwn, a rate of infection of 2 bacteria per cell was used. At 
these multiplicities, similar numbers of B. abortus and S. !YPhimurium 
infectcd cultured macrophages as determined by immunoflures
cence. PMN infections were pcrfonned as follows: suspensions of 
106 rat PMN in 0.5 ml of PBS supplemented with 0.2 mM CaC12, 

5 mM MgC12 and 10% of human serum, were infected with B. 
abor/us or S. tyj1hirnuriurn at multiplicity of infection (MOI) ranging 
from 5 to 100 bacteria per cell, and the mixture incubated for 
15 minutes at 37°C under mild rotation. PMN/bacteria mixtures 
were centrifuged at 2000 gro remove non-ingested bacteria. Then, 
infected PMN were suspended in supplemented PBS in the 
presence of 10 µg / ml of gentamicin for 30 minutes at room 
temperature to kili extracellular bacteria. Tubes were centrifuged 
at 2500 g for 5 minutes and cell pellets resuspended in 400 µI of 
supplemented PBS without gentamicine and incubated at 37ºC 
under mild rotation for additional 45 and 90 minutes. The 
proportion ofinfccted cells ancl the number ofbacteria per cell was 
directly detem1ined by direct immunofluorescence using fluores
cein isotiocyanate-lgG anti-Brucella LPS as described elsewhere 
[39]. Uncler these experimental conditions, from 70-85 % of the 
n1acrophages were infected at inicial times, with 1- 3 B. abortus per 
macrophage, while close to 100 % of the PMN were infected with 
1-10 bacteria per cell. For macrophages, plates were washed with 
PBS and cells lysed by aclding 0.1 % Triton X -100 (Sigma) for 
10 minutes. For PMN, samples were centrifuged and the infected 
cells resuspended 50 µl of PBS and then lysed by adding 200 µl of 
0.1% Triton X -100. For determination the number of B. abortus, 
a1iquots were plated in tryptic soy ag-ar; for S. tYJ1!úm11ri11111 CFU 
determination, LB agar plates were used. 

Cell functions and immunofluorescence 
In situ respiratory burst of infected and non-infected rat PMN was 
estimated by the reduction of nitroblue tetrazolium (NBT, from 
Sigma) to dark-blue insoluble formazan granules trapped within 
vacuolcs as described [74). The number ofnon-infected rat PMN 
with positive NBT granules was considered as background and 
subtracted from the total number of infected cells presenting 
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pos1t1ve granules. Degranulation of rat PMN was estimated by 
counting in the number of intact cells remaining in a 40 x field by 
phase contrast microscopy. For this, infected and non-infected 
PMN were incubated at 37°C in supplemented PBS without 
antibiotics or semm, under mild rotation during different time 
periods. Macrophage activation was performed on infected and 
non-infected cells by adding 0.5 µg/ml of EcLPS in the well. 
Mediurn samples frorn infected a11d uninfected cells were taken at 
different times and frozen at - 20ºC until used for TNF
oc detem1ination. Procedures for immunotluorescence microscopy 
have been described elsewhere [39]. For B. abor/us detcctíon, the 
fluorescein isotiocyanate-conjugated anti-Brucella antibody was 
directly used. For S. fyphimwiwn detection, cells were first incubated 
with mouse anti-S. f¡phimuriwn antibody and then with TRITC
conjugated anti-mouse antibody. Counts of cell associated bacteria 
were performed in at least 100 infected cdls. 

Toxicity of replicating Bntcella in cells was estimated in BM 
macrophages and HeLa cells as previously describcd [39,7.5]. 
Briefly, 3-(4,5-dimethylthiazolyl-2)-2, .5-cliphenyltetrazolium bro
mide (MTT, from Sigma Chemical Co., St. Louis, Mo) was added 
to monolayers ofBM macrophages at each time point. Then, cells 
were incubated for 2 h at 37º C, 7% C02, lysed and the rate of 
survival estimated by colonmt release at the optical density of 
570 mu. T wo-fold dilutions of cells were freshly seeded and used 
to make a standard curve. DNA synthesis was estimated by 
immunofluorescence in 48 h B. abor/us infected HeLa cells, using 
JO µg/ml bromodeo:xyuridine (BrdU; Sigma) in combination \'VÍth 
monoclonal anti-BrdU (Clone BU-33; Sigma). Nuclei were 
contrasted with Hoescht stain (Sigma). R eplication of Brucella in 
dividing HeLa cells treated with CNF was recorded by 
immunofluorescence after 48 h. 

Determination of fibrinogen, fibrin dimers, and 

cytokines 
For fibrinogen, fibrin dimers were determined from the plasma of 
infected mice by the dotting method of Clauss [76), and thc semi
quantitative D-Di test® late.x agglutination assay (Diagnostica Stago), 
respectively. Thc levels of IL-10, IL-!p, IL-6 and T NF-« were 
estimated by ELlSA according to the manufacturer's specifications, 
in the culture supernatants of rnacrophages or in the sera of Balb/ e 
mice intraperitoneally infected with S. py¡1/ámurium, B. abortas, or 
intraperitoneally inoculated with fresh killed HK-B. abortus. 

Platelets and leukocyte counts 
Balb/c mice frorn 18 and 20 g were ú1traperitoneally injected with 
105 CFU of B. abortu,~ , S. !J11hú11urium or 0.1 ml pyrogen-frce sterilc 
PBS, and bloocl from tail collected in heparinized glass capillary 
tubes at different time poÚlts. Altematively, 5 ml of ice cold PBS 
were injected in the peritoneal cavity of killed the mice, and the 
fluids collected with a syringe (from 3.8 to 4.5 ml) from CA'POsed 
peritoneal cavity [77). Then fluids were centrifuged and the 
peritom .. a l cells resuspended in 0.2 mi of PBS and counted. Four 
estimating the recruionent of leukocytes sterile in air pouchcs 
Balb/ c 25--30 g mice,, the procedure of García-Ramallo et al. [78) 
was followed. Briefly, anesthetized animals were subcutm1eous 
injected with 2.5 ml of sterile air under the dorsal skin on day O and 
day 3; three days alter, l 06 of B. abortas or 105 S. {yphimurium in 1 m] 
PBS were injected into rhe air pouch cavities. Animals were 
sacrificed at different time points and t1uids from the ponches 
harvested and cells counted. Total leukocytes, PMN, red blood 
cells and platelets were countcd in each sample using an ABX 
Micros 60 analyzer (ABX Hematologie, France) and confirmed in 
blood smears. The number of cells recruited in the peritoneum or 
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in air pouches '"'ªs corrected according to the volume of fluid 
collected in each animal. 

Determination of complement consumption and 
bactericida! action of molecules 
Complement consumption estimatecl as the reduction of the 
hemolytic activity of serum complement incubated with live 
bacteria, was detem1ined as described elsewhere [77] . Bactericida! 
action mediated by PMN-extracts and cationic peptide pEM-2 
was p erformed as previously described [55,72]. Far the estimation 
of complement bactericida! activity the protocol performecl 
previously was followecl [20]. 

Statistics 
Student's t test far was used for determining the statistical 
signíficance in the difierent assays. Far bacterial colonization 
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experiments, the l'viann-\,Vhitney test was perfonned accordi.ngly 
(http:/ /faculty.vassar.edu/lowry/utest.html). 
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Abstract 

Background: During evolution, innate imrnunity has been tuned to recognize pathogen-assocíated molecular patterns. 
However, sorne rx-Proteobacteria are stealthy intracellular pathogens not readily detected by this system. Bruce/la rnembers 
follow this strategy and are highly virulent, but other Brucel/aceae líke Ochrobactrum are rhizosphere inhabitants and only 
opportunistic pathogens. To gain insight into the emergence of the stealthy strategy, we compared these two 
phylogenetically close but biologícally divergent bacteria. 

Methodology/Princípa/ Findlngs: In contrast to Bruce/la abortus, Ochrobactrum anthropi did not replícate within 
professional and non-professional phagocytes and, whereas neutrophils had a lirnited action on B. abortus, they were 
essential to control O. anthropi infections. O. anthropi triggered prointlamrnatory responses rnarkedly lower than Salmonella 
enterica but higher than B. abortus. In macrophages and dendritíc cells, the correspondíng lipopolysaccharides reproduced 
these grades of activation, and binding of O. anthropi lípopolysaccharide to the TLR4 ca-receptor MD-2 and NF-KB induction 
laid between those of B. abortus and enteríc bacteria lípopolysaccharides. These differences correlate with reported 
variations in lipopolysaccharide core sugars, sensitivity to bactericida! peptides and outer rnembrane permeabílíty. 

Conc/usions/Significance: The results suggest that Brucellaceae ancestors carried molecules not readíly recognized by 
innate immunity, so that non-drastic variations led to the emergence of stealthy intracellular parasites. They also suggest 
that sorne critica! envelope properties, like selective permeabilíty, are profoundly altered upon modifícation of pathogen
assocíated molecular patterns, and that this represents a further adaptation to the host. lt is proposed that this adaptive 
trend is relevant in other intracellular a-Proteobacteria like Bartonel/a, Rickettsia, Anaplasma, Ehrlichia and Wolbachia. 
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lntroduction 

The class ct.·Proteobactaia includes microorganisms capable of 
establishing clase associations with eukaryotic cells in a wide range 
of lifestyles. Members of the genus Agrobacterium are pericellular to 
plant cells and induce tumors, whereas Brucella, Bartonella, 
Phyllobaclerium and Siuorhizobium are facultative extracellular· 
intracellular bacteria that behave as pathogens or endosymbionts, 
and Rickettsia, Anaplasma, Ehrlicfzia and Wolbaclzia are oblígate 
intracellular pathogens of mammals and arthropods [1 ,2]. 
Remarkably, animal pathogens of this group have the ability to 

·:~.: PLoS ONE 1 www.plosone.org 

avoid immediate recognition by innate immunity, thus following a 
stealthy strategy ofwhich Brncella can be considered as a model [3]. 
In contrast, some bacteria clase to Brucella are free living 
environmental microorganisms like Ochrobactmm, Daegui.a, Crab
treella and A{ycoj1lana. Although these four genera are included in 
the Brucellaceae (http://w\V\V.bacterio.cict.fr/), only Ochrobactrum 
has been reported to display sorne degree of pathogenicity. 
Ochrobactrum anthropí, primarily a rhizosphere ínhabitant, has been 
isolated from immunocompromised inclividuals or patients 
subjected to dialysis, cathete.rization, surgical interventions or 
transplantation [4,.5,6,7,8,9,10,11] and often shows a broad 
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antibiotic resistance (12,13]. Od1robact1um intermedium is another 
opportunistic member of the genus. Interestingly, Ochrobactrwn is 
the Brucellaceae member closest to Brucella accorc:ling to severa! 
molecular markers and genome comparisons [14]. 

Owing to its close phylogenetic relatedness with the highly 
virulent Brucella [15], Ochrobactrum has received sorne attention. 
Phenotypic anaJysis reveals that O. a11 tl1ropi clisplays envelope 
molecules known to be critica] in Brucella virulence. They include 
phosphatidylcholine and a lipopolysaccharide (LPS) with a lipid A 
carrying very long chain fatty acids (VLCF A). Also, like other 
Brucellaceae, O. anthrojJi free lipids comain acyl chains with a hígher 
number of carbons than those found in typical Gram negative 
bacteria. Along with the VLCFAs of lipid A, these structural 
features are thought to be relevant in the construction of a fim1 
envelope which, in the case of Bmcella, has been proposed to be 
important in pathogenicity [1 6,17]. Despite these similarities, 
there are cWferences in important outer membrane propertíes. 
Most notably, while Bruce/la is highly permeable to hydrophobic 
substances and resistant to bactericida] catíonic peptides, Ochrobac
lrum is impermeable and sensitive, albeit not to the same extent as 
typicaJ Gram negatíve bacteria (18]. Interestíngly, these differ
ences have been correlated with sorne structural variations in the 
LPSs of these bacteria (18]. LPS typically bears a marked 
pathogen-associated molecular pattern (PAMPJ and is thus a key 
target of innate immunity (19]. Indeed, the altered PAMP of 
Bmcella LPS (BaLPS) greatly contributcs to the stealthy strategy 
a11d virulence of this pathogen (3,20]. All this evide11ce leads to the 
hypothcsis that the Brucellaceae ancestors carried such molecules 
that without extensive remodeling resulted in features adequate to 
evade innate immunity [3]. 

To examine this possibility, we compared O. anthrojJi with 
Brucel/a ahorlus. We found that these bacteria display a significant 
dívergence in the interaction with host cells and the innate 
imrnune system, and traced sorne of the dífferences to changes in 
orthologs of key Bmcella virulence deterrninants. The results not 
only help to understand the widely cWferent degrees of 
pathogenicity of these bacteria but also how intracellular 
pathogens following a stealthy strategy rnay have emerged in the 
r::t.-Proteobacteri.a.. 

Results 

O. anthropi does not multiply intracellularly 
We first cornpared the replication of O. an!hro/1i and B. abortus in 

mice after intraperitoneal injectíon, a route commonly used in 
virulence studies (21]. As eJqJected, B. abortus reached high 
numbers one week after infectíon and maintained those numbers 
iliroughout ilie experimem, reflectíng the chronic nature of 
brucellosis (Fig. IA). O. anthrojJ~ on the other hand, was recovered 
in four orders of magnitude and CFU numbers díminished 
throughout the experiment (Fig. JA). However, under the 
conditions used, clearance was not complete, indícatíng sorne 
ability to persist. Although at 109 O. an!hropi bacterial doses not 
deaths were recorded, piloercction and diarrhea were observed at 
48 h aiter infectíon, suggestíng moderate endotoxicity. 

We then studied the ability of O. anthropi to invade and multiply 
in cells. For this, we first infected HeLa cells wiili O. antluopi or B. 
abor/11s and killed extracellular bacteria with gentamicin. Even at 
early times, O. anthropi was recovered in three orders of magnitude 
less tl1an B. aborlus, thus showing its inability to induce 
intemalization (Fig. 1 B). This was confirmed by intracellular
e.xtracellular cWferential fluorescence, which showed that less that 
O. 1 % ofHeLa cells interacted with O. anthropi and iliat rnost of the 
visualized bacteria were located extracellularly. Moreover, where-
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as the CFU numbers of intracellular B. abort11s increased 
throughout the experiment, those of O. antlzropi declined steadily 
(Fig. 1 B). In arder to bypass the intemalization deficiency aud to 
determine if O. (Ulfhropi was able to multiply intracellularly, we used 
the E51:herichia coli Cytotoxic Necrotizing Factor, a toxin rhat 
confers a phagocytíc phenotype to HeLa cells [22]. This treannent 
increased the intracellular O. a11/hroj1i in one order of magnitude 
(Fig. IB) and most visualízed bacteria were intracellular. 
Neverilieless, O. a11/hropi was not able to achieve sustained 
replicatíon, even though some smvivaJ was observed (Fig. lB). 
Then, we repeated the eiq>eriments in Raw 264. 7 murine 
macrophages. Although at. early times ilie intracellular numbers 
of O. a11/hropi paralleled iliose of B. abortus, the replicatíon curves 
coursed with opposite tendencies because, whereas B. abol1us 
replicated, O. aiz!hropi did not (Fig. lC). Noteworthy, tl1e later 
bacteria remained cultivable 48 h after infection (Fig. 1 C). 
Altogether, these results indicate iliat O. a11throj1i possesses a very 
limited abilíty to invade and multíply intracellularly in cells. 

O. anthropi expresses orthologs of Bruce/la virulence 
determinants 

We ha ve shown that the cell envelopes of Brucella play a critical 
role in virulence (23,24] . In part, this is due to sorne unusual 
physicochemícal propertíes linked to peculiar lípids (i .e. phospho
lipids, ornithine lipids, LPS lípid A and lipoproteins) and to the 
properties of the periplasmic cydíc P-glucans. Moreover, the 
overall outer membrane protein profile [25] and sorne lipid5 [26] 
(Conde-Alvarez et al, unpublished) are under the control of the 
BvrR/BvrS system, a critica] Bmcella virulence reguJator. Also, the 
envelope is the place where the type IV secretíon system VírB is 
expressed. To contrast these Bruce/la features wiili those of O. 
anthropi, we first looked for the com~sponding orthologs in genomic 
databases. O. a11throjJi carried orthologs of Bmcella genes known to 
be ínvolved in the synthesis of the periplasmic cyclic glucans, 
omithine lipids, and phosphatidylcholine. Flagellin genes (cocling 
far a PAMP-bearing protein) were present in O. anthrojJi and B. 
ahorlus, even iliough both predicred proteins are modified in tlJe 
consensus sequence recognized by TLR5 (27]. In addítíon, B. 
aborlus lipoprotein genes ompl 9, omf!I 6 a11d ompl O had orthologs in 
O. a11/l11vpi. Other B. aborltLr putative lipoprotein ORFs were aJso 
present in O. a11thropí, although the one encoded by open reading 
frarne (ORF) BAB1_1548 carried a significant deletion encorn
passing 29 amino acids as compared to its ortholog. However .• the 
converse was not true since orthologs of the putatívc lipoproteins 
correspondíng to ORFs Oant_3560, O ant_l 600, and O ant_2497 
were not found in B. abol1us (rabie !), suggesting a more simple 
lipoprotein profile in tl1e cell eJ1velope of the latter bacteria. 
Putative orthologous of genes coding for specialízed acyltrans
ferases and acylcarrier proteins (LpxXL and AcpXL) necessary to 
synthesize and incorporate VLF ACs to lipid A were also present. 

We then examined the presence and expression of the two 
m mponent sensory-regulatory system BvrR/ BvrS in O. anthropi. 
The predicted proteins of d1e consecutíve ORFs Oanc0827 <md 
Oant_0828 show 90.5% and 97.5% identity with BAB1_2092 (B. 
abortus BvrR) and BAB1_2093 (B. abortus BvrS), respectívely. 
Primers designed on these sequences gave positive amplification 
reactions from both O. anthropi genomic DNA and cDNA, thus 
demonstratíng transcription (Fig. ID). In additíon, an antíbody 
agaínst B. aborlus BvrR readily detected a single band in O. anthropi 
lysates with a molecular weight consistent wiili that of the 
predicted protein (Fig. ID). 

Finally, we searclled for orthologs of the type IV secretíon 
system VírB. O. an!hropi genome contains two DNA regions with 
an organization and identity compatible with the presence of a virB 
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Figure 1. O. anthropidoes not repllcate In mica or In cells but expresses Bruce//t.t-assoclated vlrulence factors. {A) Groups of six mice 
were inoculated intraperitoneally with 107 (white circles) or 109 (red circles) of O. anthropi or 106 of B. abortus (black circles) CFU/mouse. At the 
indicated times the CFUs per spleen were calculated. (B) Hela cells treated with CNF far 2 h or non-treated were infected with O. anthropi or B. 
abortus ata MOi of 500. Extracellular bacteria were killed with gentamicin (100 µg/ml). At the indicated times intracellular CFU were determined. (C) 
Raw 264.7 macrophages were infected with the indicated bacteria ata MOi of 500 and processed as in "B". {D) Lysates of O. anthropi {Oa) and B. 
abortus (Ba) were probed with anti-VirB8 and anti-BvrR antibodies. Genomic DNA (1) ar cDNA {2) from O. anthropi was used as template far PCR 
amplifkation of the indicated genes. No amplification from total O. anthropi RNA preparation (minus RD was observed {not shown). Ali values of O. 
anthrophi in A, B and C were significantly different at p<0.001 with respect to B. abortus. 
doi:10.1371/journal.pone.0005893.9001 

operan. The first one contains twelvc consecutive ORFs (from 
Oant_674 to Oant_685) with an organization similar to that ofthe 
virB operan in B. abortus. With the exception of0ant_0679, which 
encades a hypothctical pratein of unknown function, ali other 
ORFs have orthologs in the B. abortus vi1B operan, with percentage 
identities between the homologous predicted proteins I'anging 
from 22.9% to 45.5%. In contrast, the second DNA region 
contains only seven ORFs (Oant_4564 to Oant_4562, Oant_4559 
to Oant_4.557 and Oant_4555) and the predicted prateins show a 
lower identity (from 18.1 % to 35.1 % ) with the corresponding B. 
abortus VirB products. Primers designed on the sequences of thc 
first DNA regían for the virB4 (Oant_0677), virB5 (Oant_0678) and 
virBB (Oant_0682) orthologs gave a positive amplification from O. 
anthropi genomic DNA and cDNA indicating their expression 
(Fig. ID). Moreover, whilc the BvrR orthologous pratein strangly 
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reacted in Western blots, antibodies specific for B. abortus VirB8 
showed only a weak band of thc appropriate molecular weight in 
O. anthroj1i lysates (Fig. 1 D). These resuJts demonstrate the closer 
proximity between the BvrR/BvrS orthologs and indicate that in 
the Brucellaceae there is higher degree of divergence in the type IV 
secretion VirB systems committed to association with eukaryotic 
cells than in the BvrR/BvrS systems devoted to cell envelope 
homeostasis. 

O. anthropi triggers leukocyte recruitment that lay 
between those induced by B. abortus and S. enterica 

The initial phases of B. abortus infection are characterized by a 
negligible activation of proinflammatory mechanisms which 
contrasts with those triggered by most Gram negative pathogens 
[3). We first tested to what extent this property was shared with O. 
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Table 1. Genomic comparison of Bruce/la 2308 and O. anthropi LMG3331 ORFs involved in the synthesis of surface exposed or OM PAMPs. 

Biosynthetlc pathway ORF 

8. aborllJs o. ilflt/iropi 

Ornithine lipids BAB1_0147 Oant_0160 

BAB1_2153 Oant_0759 

Phosphatidylcholine BAB2_0668 Oant_3634 

BAB1_2131 Oant_0788 

Flagellin BAB2_1106 Oant_4201 

LPS core oligosaccharide BAB1_1522 Oant_1661 

BAB1_0351 Oant_0415 

BAB1_0639 Absent 

BAB1_0535 Oant_0698 

BA81_0534 Oant_0697 

LPS lipid A' BAB1_0761 Oant_2558 

BAB2_0131 Absent 

BAB1_0874 Oant_2371 

BAB1_0484 Oant_0572 

BAB1_0870 Oant_2375 

Present 4 Oant_1613 

Lipoproteins 5 BAB1_1930 Oant_0928 

BA81_1707 Oant_1220 

BA82_0076 Oant_4265 

BAB1_1548 Oant_1635 

BAB1_1009 Oant_2075 

BAB1_0858 Oant_2386 

BAB1_0630 Oant_2672 

BAB1_2148 Oant_0764 

BAB1_1041 Oant_2110 

BAB1_0758 Oant_2564 

Absent Oant_3560 

Absent Oant . .1600 

Absent Oant_2497 

BAB1_2147 Oant_0765 

G11ne 

olsB 

olsA 

pes 

pmtA 

fliC 

JpcC 

wa•• 
wbkF 

wbkD 

/pxE-7 

lpxE-2 

acpXL-1 

acpXL-2 

lpxXL 

lpxO 

omp19 

omp16 

omp10 

Protein 

identity-
similarlty% Putativ. prot•in 

89-93 3-hydroxyacyl-AcpP·dependent acyltransferase 

88-91 1-acyl·sn·glycerol-3-phosphate acyltransferase 

82-85 Phosphatidylcholine synthase 

89-94 Phosphatidylethanolamine N-methyltransferase 

55-66 Flagellin 

82-89 Glycosyltransferase (family 4) 

58-71 Glycosyltransferase (family 25) 

Glycosyttransferase (family 25) 

78-87 

87-93 

71-80 

99-100 

100-100 

92-96 

99-100 

89-94 

98-100 

85-92 

67-73 

76-85 

92- 94 

78-86 

82-86 

78-87 

86-95 

72-79 

bactoprenol N·acetylhexosamine-1-phosphate transferase 1 

N-acetylglucosamine 4,6-dehydratase/5-epimerase/3-
epimerase 1 

LipidA· 1-phosphatase (PAP2 family) 

PA-phosphatase related phosphoesterase 

Acyl carrier protein 

Acyl carrier protein 

Bacteria! lipid A biosynthesis acyltransferase 

lipid A-myristate i}hydroxytase 

Omp19 

Omp16 

OmplO 

Lipoprotein 

Rare lipoprotein A 

Lipoprotein 

OM lipoprotein-related protein 

Lipoproteín 

Lipoprotein 

Lipoprotein 

OM lipoprotein 

Lipoprotein 

5'-nucleotidase, lipoprotein E{P4) family 

Lipoprotein 

Comments (r•f•rences) 

Polar lipids with cationic head that may be counterbalandng negatively 
charged groups and thus contribute to OM stability 

Typically eukaryotic phospholipid necessary for ful! Bruce/la virulence [35,80) 

The consensus recognized by TLRS is modified in both proteins. O. anthropi 
expresses flagellin in vitro. Although expression of flagellin in Bruce/la seems 
very limited, it ptays a role in intracellular survival [81). 

LPS is a main virulence factor of Bruce/la. Weakly recognized by innate 
immunity. Although the core, 0-chain and lipid A are involved in virulence [20}, 
only the core oligosaccharide and lipid A are part of the LPS PAMP.2 

This moiety displays low biological activity and endotoxicity [29,77) 

Deletion induces attenuation [82}.Weakly recognized by innate immunity [3} 

Deletion induces attenuation [82].Weakly recognized by innate immunity [3] 

Gap of 29 aminoacíds in central section of BAB1_1548 
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Figure 2. O. anthropi recrults leukocytes in the perltoneum. 
Groups of 6 mice were intraperitoneally inoculated with 106 CFU/ ml of 
O. anthropi. Thereafter, peritoneal exudates were obtained and 
leukocytes counted. (AJ Total number of peritoneum leukocytes (B) 
Relative number of mononuclear (monocytes and lymphocytes) and 
polymorphonuclear neutrophil leukocytes. 
doi:l 0.1371 /journal.pone.0005893.g002 

a11throj1i. As shown in Fig. 2A, O. a11throj1i induced recruinnent of 
leukocytes into the peritoneal cavity of mice, with more than a 
twofold increase in 24 hours. The analysis of thcsc lcukocytes 
indicated a rapid switch, with neutrophils increasing from 3% to 
more than 40% at t\vo hours alter intraperitoneal inoculation 
(Fig. 2B). 

We also monitored the changes m blood after pcritoneal 
inoculation in comparison with B. abortus and S. e11terica. Although 
thcre was a quick inicial decrease in the circulating leukocytcs in 
the three cases, numbers remained low in mice inoculated with S. 
cnterica. In contrast, thcre was a rapíd return to basal levels in B. 
abor/us inoculated mice and an intermediatc phcnotype, slightly 
doser to that of B. ahor/1L1, obtaíned with O. anthroj1i (Fig. 3A). The 
evaluation of the blood leukocyte populations showed a moderare 
change in the proportion of neutrophils in mice inoculated with B. 
aborllls (Fig. 3B) and a rapíd increase of the same cells in mice 
inoculated with S. e11terica (Fig. 3C). Again, O. a11throj1i triggered an 
intermediate response (Fig. 3D). 
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Figure 3. O. anthropi infection induces an intermedlate blood leukocyte response. Groups of 6 mice were inoculated intraperitoneally 
with106 CFU/ml of the indicated bacteria, bleed at different times and leukocytes counted in blood. {A) Total leukocytes number of mice infected 
with the indicated bacteria. (B) Relative blood leukocyte number of mice infected with B. abortus. {C) Relative blood leukocyte number of mice 
infected with S. enterica. (DJ Relative blood leukocyte number of mice infected with O. anthropi. Values of O. anthropi in "A" were significantly 
different at p<0.01 ("') and p<0.001 (**) with respect to B. abortus. In "B, C and D" the standard error was less that 5% at ali points. 
doi:l 0.1371 /journal.pone.0005893.g003 

Neutrophils control O. anthropi but not B. abortus 
infections 

The above results indicated that O. antllropi induces a cellular 
re>ponse compatible with acute bactcrial infections and suggested 
that ncutrophils could play a protective role. In addition, we 
previously observed that neutrophils do not play a significant role in 
B. abar/lis infections in mice [3]. Thus, wc evaluated the relevance of 
these leukocytes in controlling O. antlzrojJi using chronic neutropenic 
mice. Forty-eight hours after infection, all the neutropenic but nene 
of the non-neutropenic mice werc dead (Fig. 4A). The role of 
neutrophils in con trolling O. antllrojJi was confirmed by the results of 
ex-vivo experiments with rat neutrophils (Fig. 4B). 

O. anthropi activates complement through non-LPS 
determinants 

Both Brucella cells and LPS are very peor complement 
activators (3]. To assess whether O. antlzrojJi shares this property, 
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we incubated rabbit serum with B. abortus and O. anthrojli and then 
measurecl the lytic activity remaining in the supernatants using 
antibocly-sensitized erythrocytes. Whereas B. abortus practically 
did not consume complement, O. anthrojJi completely abrogated 
the lytic activity, demonstrating an effectivc surfacc binding and 
the subsequent activation (Fig. 5A). Next, we tested the 
bactericidal activity of bovine serum against these bacteria. In 
agreement with the high avidity of the complement for the O. 
anthrojJi surface, this bacterium was considerable more susceptible 
to the bactericida] action of serum than B. abortus (Fig. 5B). Since 
LPS is one of the main molecules responsible for complement 
activation by Gram ncgative cell surfaccs, we tested whether the 
O. anthrojJi LPS (OaLPS) consumed complement. Surprisingly, 
OaLPS was less effective than BaLPS in depleting complement 
activity, even both were less effective than the LPS from S. enterica 
(SeLPS) (Fig. 5C). Therefore, other O. antlzropi surface moleculcs, 
such as capsule polysaccharides .• may be responsible far binding 
complement. 
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Figure 4. Neutrophlls are requlred for the control of O. anthropi 
infections. (A} Neutrophils were depleted from twenty mice by 
injection of the anti-neutrophil RB6 antibody and ten additional mice 
were instead injected with PBS alone. One group of ten mice anti
neutrophil treated and the group of ten mice injected with PBS alone 
were then infected intraperitoneally with 109 CFU/mouse of O. 
anthropi. The last group of ten mice treated with antibody anti
neutrophil was inoculated with PBS alone. The lethality of the bacteria 
was recorded at the indicated times. (B} O. anthropi was mixed with 
purified rat neutrophils ata ratio of 5:!:4 bacteria/cell. Control bacteria 
were not incubated with neutrophils. At the indicated times the viable 
CFU were determined and the percentage of bacteria! replication was 
calculated. In "B" Values of p< 0.01 (*} and p< 0.001 ("*} are indicated. 
doi:10.1371/journal.pone.0005893.g004 

O. anthropi and its LPS trigger cytokine responses that 
lay between those of B. abortus and 5. enterica 

Proinflammatory cytokincs, particularly TNF-Cl, increase 
during acute Gram negative infections but not at the onset of 
brucellosis. \Vhen we studied this in comparative terms, we found 
that murine macrophages infected with O. anthroj1i released 
significantly higher amounts of TNF-ct than cells infected with B. 
abortus (Fig. 6A), and this observation held true in vivo since rnice 
displayed higher TNF-Cl blood levels when inoculated with O. 
anthrojii than with B. abortus (Fig. 6B). O. anthropi, however, was not 
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as efficient as S. enterica in the incluction of TNF-ct release in vivo 
(Fig. 6B). 

Since LPS is the foremost PM1P-bearing molecule of Gram 
negative bacteria, we compared the ability of OaLPS, BaLPS, and 
E. coli LPS (EcLPS) to trigger cytokine responses in mice. OaLPS 
consistently inducecl higher blood levels ofTNF-ct, IL-1 ancl IL-1 O 
than BaLPS (Fig. 7 A-C) but Jower than those induced by EcLPS, 
even if the latter was used at ten times less concentration (Fig. 7A
C). Consisten! with these results, OaLPS induccd a higher cytokine 
releasc in cultured macrophages than BaLPS (Fig. 7D insert). The 
induction ofTNF-o: release by OaLPS was TLR4- but not TLR2-
dependent, because only macrophages derived frorn TLR4-
knockout mice failed to relea5e this cytokine (Fig. 7D). This 
pattern was similar to the induction of TNF-Cl by EcLPS, which 
also depended on TLR4 and not on TLR2 (Fig. 7D). Under the 
conditions usecl, the TNF-Cl levels produced by macrophages 
stimulated with BaLPS were sígnificandy lower in both TLR2- and 
TLR4-deficient cells (Fig. 7D). 

OaLPS partially induces dendritic cell maturation 
Denclritic cells are key elements linking innate and adaptive 

immunity. Sine.e the evidence presented above situares the 
induction of innate irnrnunity by O. anthropi between those elicited 
by enteric bacteria and B. abortus, we wanted to know whether this 
was also true in these cells. To this purpose, we rneasured the ability 
of the respective LPSs to trigger the formation of d1e denclritic cell 
aggregosorne-like inducecl strucnires (DALIS) characteristic of the 
maturation ofthese cells. As expected, EcLPS induced more DALIS 
than BaLPS. Moreover, in keeping with ali the above-described 
results.. OaLPS displayed an activity that lay between BaLPS and 
EcLPS (Fig. 8A). To confirm this, we measured d1e expression of 
maturation markers in LPS-treated denclritic cells. As compared to 
BaLPS, OaLPS induced a significantly higher expression of surface 
CD40, CD80, CD86 ancl MHC-II which was, however, Jower than 
that triggerecl by EcLPS (Fig. 8B). 

OaLPS partially activates NF-KB and its affinity for MD-2 
lies between that of BaLPS and 5eLPS 

Most biological effects ofLPS depend on its interaction with the 
TLR4 ca-receptor MD-2, an event that triggers a cascade of 
signals leading to the NF-KB-dependent activation of immune 
response genes. On the basis of the above-describecl results, we 
hypothesized that OaLPS would have a higher binding to MD-2 
than BaLPS but lower than SeLPS, and that this would lead to an 
NF-KB activation bet\veen both types of LPSs. To test this 
possibility, we compared first the ability of OaLPS, BaLPS, and 
SeLPS to displace the hydrophobic probe bis-ANS from the 
bincling site of human MD-2 (hMD2) (28]. We found that SeLPS 
was able to displace approxirnately 30% of bis-ANS from the 
hMD-2-binding site at concenmitions frorn 1.25- 5 µg/ml 
(Fig. 9A). Displacement by BaLPS, on the other hand, remained 
clase to the background values obtained with an equal amount of 
water (Fig. 9A). At d1e highest. concentration tested, OaLPS caused 
a displacement similar to that incluced by SeLPS. However, at 
lower concentrations it approached the negligible values of BaLPS 
(Fig. 9A). The interaction with hMD-2 was also measured as the 
ability of the LPSs to block the recognition of hMD2 by anti
hMD-2 monoclonal antibody (Fig. 9B). ScLPS inhibitecl this 
antibody in a close-depenclent manner, with a 50% reduction in 
the signa! at a concentration of 2 µg/ml BaLPS did not reduce 
significantly the binding of the anti-hMD-2 antibody at any of the 
concentrations tcsted. Again, OaLPS showed an activity that laid 
bet\veen BaLPS and .sl!LPS sine.e it blocked the antibody at 
concentrations higher than those of SeLPS (Fig. 9B). Finally, we 
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pre sensitized erythrocytes was determined. Values of O. anthropi in 
were significant different at p<0.001 ("'') with respect to B. abortus. 
doi:10.1371/journal.pone.0005893.g005 
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Figure 6. O. anthropilnduces TNF-a that lays between B. abortus 
and S. enterica. (A) Murine Raw 264.7 macrophages were infected for 
30 min with O. anthropi or B. abortus at a MOi of 500. Extracellular 
bacteria were killed by addition of gentamicin. At the indicated times 
samples from the culture media were taken and processed for TNF·ix 
quantification. (8) Groups of 6 mice were inoculated intraperitoneally 
with O. anthropi. At the indicated times mice were bled and TNF·ix 
levels were determined. The levels of TNF-ix induction after 3 h of an 
equivalent inoculation of B. abortus or S. enterica. Value of p<0.001 ("") 
is indicated. 
doi:10.1371 /journal.pone.0005893.9006 
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assessed the activation of the terminal end of the signaling pathway 
by measuring thc relative activity of a luciferase reportcr under the 
control oftl1e NF-KB promoter in HEK 293 cells transfected witli 
expression vectors containing hMD-2, human TLR4 (hTLR4) and 
human CD14 (hCDl4). As can be seen in Fig. 9C , 10 to 25 times 
higher conccntrations of Oa.LPS were necessary to generare a 
relative luciferase activity similar to that induced by 1 µg/ml of 
ScLPS. Consistent with other observations, BaLPS induced a 
weaker luciferase activity (Fig. 9C). 

Discussion 

We proposed tliat B. abortus follows a stealthy strategy which 
relies on the absence, modification and inaccessibility of PAMP-

:·~.: PLoS ONE 1 www.plosone.org .. 9 

bcaring molecules behind a firm outer membrane [3] . A related 
hypothesis is that this pathogen has evolved from a free living ct.
Proteobacteria bacterium witli envelope structural features already 
representing a first step towards innate immunity evasion 
[3,18,29]. According to this, the Bmcella ancestor underwent 
further changes in such a structural scaffold upon contact with 
innate immunity effectors ;md, in parallel, reduced its genome, 
removed plasmids and trinnned-down its metabolic altematives 
[30). The results presented here reinforce thcse hypotlieses in 
three ways: i), they show that tlie proinflammatory response to 
Brucella is significantly lower than tliat to tl1e closest knowu 
neighbor bacteria which, significantly, is only an opportunistic 
pathogen; ii) they demonstrate the existence of envelope molecules 
prone to low recognition in Bnu:ellaceae membcrs tliat are primarily 
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fluorescence correspond to four independent experiments. Values of p< O.OS (*) and p< 0.005 {**) with respect to BaLPS are indicated. 
doi:l 0.1371 /journal.pone.0005893.g008 

rnil inhabitants and; iii) they support the notion that relatively few 
and not drastic structural changes in a key PAMP-bearing 
molecule result in very different lifestyles. 

The early clinical evolution of human brucellosis is character
ized by a negligible pro-inflammatory response [31], a phcnom
enon reproduced in experimental models [3]. In contrast, O. 
anthropi infection triggered leukocytosis, neutrophilia, platelet 

::@.: PLoS ONE 1 www.plosone.org 
' . 10 

aggregation and acute fever [32,33), ali indicative of sepsis. The 
relevance of this response in O. anthropi infections is bcst 
exemplified by the prominent role played by neutrophils. These 
cells wcre bactericida! for O. a11throj1i and their absence converted 
an otherwise harmless microbe into a lethal pathogen. This agrces 
with the opportunistic character of O. a11thropi and sets a clear cut 
limit with brucellosis, where neutrophils do not seem to play a 
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signilicant role in controllíng the infection [3]. It ís temptíng to 
speculate that conserved molecules ínvolved ín Bruce/ta virulence 
líke phosphatídylcholine, thc VLCFA in lipoproteins and lipíd A, 
the pcriplasmic cyclic glucans, and thc orthologous BvrR/BvrS 
and VirB systems [34,35,36] participate in this survival. In the 
naturaJ environment of Ochrobaclrum, these structures aJJd systems 
may be related to resistance to antibiotic peptides, osmotíc stress, 
the transferencc of plasmids, survival against protozoan predatíon, 
or othcr modes of ínteraction wíth eukaryotic cclls of the 
rhízosphere [4,37]. 

Sirnílarly to thc proinflanunatory response, lt is striking that the 
adaptive ímrnune response provoked by O. antlzropi also lies 
between that índuced by typícaJ extracellular and intracellular 
pathogens [38]. Indeed, whíle Brncella infection ís characterized by 
a protective Th 1 irnmune response [39], O. anthrojii ínfection 
stimulatcs a mix of Thl and Th2 type response which does not 
protect against Bruce/la [38]. Howcver, when switched to a Thl
biased response by addition of the TLR9 agonist unmethylated 
CpG, O. a11throjJi induces some protection against Bruce/la. Since 
protectíon against Brucella is dependcnt on TLR9 and Myd88 
[40,41] and, sincc unrncthylatcd CpG is not accessiblc unlcss 
envelopes are breached, then the toughness ofthe Brucella envelope 
should play an important role in the stcalthy behavior. The rcsults 
presented here and prcviously [18] cvídences this and dcmon
strates that O. anthrojii cliffers from Biucella in crucial envclope 
propertics. 

lt is feasible to propose that Bmcella ancestors had aJreacly 
envelope molecules dísplaying detem1inants that departure from 
the PAMPs targeted by irmate immunity receptors. Since PAMPs 
are conserved because they are functionally essentíal, one may ask 
why thís deparntre from the canonical structure was possible in the 
Brucellaceae, and what kind of selective forces were behind it. In 
most Pmteobac/eria, ce.11 envelopes are impermeable to a large 
variety of noxious substances through the combíned action of 
outer leaílet characteristícs that do not allow the partition of 
hydtophobic substances, a property linked to the high density of 
negatively charged groups in the outer membrane [42 ,43]. This 
Ieads to the conservation of those groups and, consequently, to 
their ready recognitíon as PAMPs by innate immunity, as 
illustrated by the wide array of bactericídaJ peptídes that exert 
theír actíon upon bíncling to the negatíve charged groups in core 
and Jipíe! A. 

Whereas O. anthrojJi keeps the permeability barrier, Bmcella cloes 
not and is concomitantly less sen si ti ve to bactericidaJ peptides [18]. 
Significantly, this property also lays between the high resístance of 
Brucella envelopes aJJd the sensitivíty of enterobacterial envelopes 
to bactericida! cationic peptides [18]. This shows that Brucella ancl 
O. antlzropi representa lincage endowed with outer membrancs and 
LPSs with sorne degTee of resistance to bactericida! peptides and, 
since the primary habitat of most Brucellaceae is the soíl, it is likely 
that this property resulted from the selective pressure of antíbiotic 
peptides produced by soil microorganisms. However, in Bruce/la 
the permeability barrier to which sensitivity to bactericida] 
peptides is linked, is no longer necessary to confront mucosa! 
surfaces or intracellular environments. Therefore, this property 
could have been relinquished by the Brucella ancestor, keeping and 
íncreasing its resistance to host bactericida] peptides. 

An analysis of the respective LPSs, supports above developed 
hypotheses (Fig. 1 O). The similarity of the biological actívity of the 
BaLPS ami OaLPS makcs unlikely that the respective 0-chains 
play a signilicant role since they are very different structures 
[ 44,45] and, at least for B. abortus there is evidence for horizontal 
acquisition [46]. On the other hand, the VLCFAs ofboth bacteria 
represent a first departure of tl1e canonical lipid A structure 
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(Fig. 10) that seems ancestral in 0'.-2 Proteobacteria [47]. Since 
VLCFAs carry an hydroxyl group at the iso position ami are 
postulated to span the outer membrane [47], thcy could províde a 
firm anchorage tliat contributes to explain the integrity of the 
01lter membranes observed in the polymyxin B bíncling experi
ments [18]. Detail core structures have not been elucidated for any 
Brncella species or O. anlhropi, but the avaílable information on the 
Brucella doser rclatíve O. inlennedium ancl on the sugar miel Jipid 
compositions in B. aborlus ancl O. anlhrofJi also shows a departure 
from enteric bacteria, 'vith a comparatively lower number of 
ne.gatively charged groups (Fig. 10). Moreover, quantítative 
analysis suggests a furrher chm·ge reduction in Brucella LPS core 
that is consistent with the loss of the penneabílity barrier and its 
greater resistance to bactericida] peptides (Fig. 1 O). 

The cleparture from the canonical PAMP in both the VLCFAs 
of lipid A and in the negatívely charged groups of the lipicl A-core 
of Ochrobactrum, enhanced further in B. aborlu_¡, is in agreement 'vith 
the results of the LPS-hMD-2 binding experiments. MD-2 
comprises a hydtophobic pocket and sorne cationic domains that 
correspond to two functional types of LPS recognitíon sites, one 
for the lipid A portion m1d tl1e other for the anionic groups 
[28,48,49]. In the case of the lipid A, Ít would be impossible to 
accommodate ali acyl chains, particularly VLCFA, into the 
hydrophobic pocket of MD-2. A model of TLR4 activation, that 
suggests that the secondary acyl chain of the lipid A protrudes out 
of the MD-2 pocket m1d clirectly inreracts with hydrophobic side 
chains ofTLR4 (F440 and F46'.{), cliving the receptor climerization 
and actívatíon, has been sugge.5tcd [50]. In case of OaLPS we 
propose that the VLCFA interact directly with TLR4, and in this 
case the terminal hydroxyl group increases its propensity to be 
exposed to the solvent. TI1e key requirement for activation of 
TLR4.MD-2 complex is the delivery of monomeric LPS, by LBP 
and CD14, which may also be determined by the LPS core, which 
differs between the Ochrobactmm and Brucella LPSs (Fíg. 10). Since 
thcse LPS structurcs are rooted in the phylogeny of the group, this 
illustrates how relatively few structural changes on an orthologous 
structure may contribute to adaptation to widely different 
lifestyles. 

Not ali properties of O. antltrof>Í were related to LPS. The 
complete bacterium reaclily consumecl complemcnt and was kílled 
by serum, but its LPS clid not trigger the lytíc cascade. 
Consequently, diilerences in other surface structures, such as O. 
anthro/Ji lipoproteins or extracellular polysaccharides [51 J ,. sho1úcl 
be responsible for complement activation and the ensuing 
proinflammatory activitíes. Bacteri<ú caps1úar polysaccharides 
have been shown to consume complement and stimulatc cytokine 
production through TLR activation [52,53,54]. 

Animal pathogenic cr-Proteobacteria have molectúes not readíly 
recognized by innate immunity, and thcse bacteria also tend to 
establish chroníc ínfections [55,56,57,58,59]. For ínstance, Bm1on
ella possesses a low agonist non-canonical lipid A with VLCFA, a 
low number of lipoproteins m1d ílagella not recog:nized by TLR5 
[27 ,59,60]. In Rickcllsia, there ís an absence of flagella a reduced 
number of lipoproteins aJJcl a non-canoninú LPS [61,62]. The 
insect Wolbaclúa parasítes do not posses LPS, ílagellum, fimbria or 
pili, and contain a low number of lipoproteíns and m1 unusual 
pepticloglycan [63]. Intracellular Elirliclzia and A11aplasma ha ve low 
number of lipoproteiiis m1d do not havc LPS, peptidoglycan OT 

flagellin [64,65]. Therefore ít seems plausible that the cr
Proteobacteria intracdlular pathogen m1cestor may have been 
endowed with structures prone to low recognítion. In adclitíon, 
animals could have developed an innate immune repertoire that 
preferably recognizes ~ and y-Profeobacteria rather than cr
Proteobacteria molecular pattems. In the case of Brucella, it is 
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possible that evolutionary prcssures linked to innate immunity 
forced for the selection of organisms displaying low PAMPs 
rccognition [66] . The selective forces working in the second 
scenario could be linked to the early endosymbiotic relationship 
between eukaryotic cells and a.-Proteobacteria ancestors [67] which 
would ha ve lcd to the identification of sorne bacteria! molecules as 
"self' in rclation to those of jj and y-Proleobacterw, which appeared 
later in cvolution [68]. It is worth noting, however, that all these a.
Proteobacteria have orthologous type IV secretion systems, which 
seem to be essential for controlling thc intracellular survival. 

\Ve proposc that, Bruce/la cvolved from an opportw1istic 
pathogen, non markcdly endotoxic ancestor within a mammal 
cnvironmcnt [30,69] by: i).. removing microbial molecular 
dcterminants such as capsules and fimbriae; ii), modifying surface 
molecules such as flagella, lipoproteins and LPS to provide high 
rcsistance to bactericida! cationic substances and complemcnt and, 
concomitantly, avoid recognition by TLRs; iii), keeping structures 
such as pcptidoglycan and unmethylatcd DNA under a tough 
envelope; and iv), maintaining the rcgulatory systems (e.g. BvrR
BvrS) that control the homeostasis of an outer mcmbrane whose 
overall structurc is essential in the interaction with the host. This 
furtive strategy, which also requircd a remodeling of ancestral type 
IV secretion systems to sneak and reproduce in cells, does not 
preclude the development of determinants actively harnpering the 
activation ofimmunity at later stages [70,71 ,72]. 

Finally, the recorded phenotypic, biological and pathogenic 
dilferences between Bruce/la and Oc!1robactrum, strengthens argu· 
ments for maintaining these t:wo bacteria] clusters as separate 
genera in the Brucellaceae and reinforce the concept that non-clrastic 
molecular variations generate marked divergences that result in 
dilferent biological groups. 

Materials and Methods 

Ethics Statement 
All animals were handled and sacrificed according to the 

approval and guidelines established by the "Comité Institucional 
para el Cuido y Uso de los Animales ofthe Universidad de Costa 
Rica", and in ªh>Teement with t:he corresponding law "Ley de 
Bienestar de los A11imales Nº 7451" of Costa Rica (http://wwv.;. 
protccnet. go.cr/salud). The recommcndations statcd in the 
\Veatherall rcport "The use of non-human primates in research" 
(http:I/www.mrc.ac. uk/Utilities/Documentrecord/index.htm?d 
=MRC003440), were followed accorclingly. 

Bacteria! strains, LPSs and biological reagents 
Salmo11clla enterica sv. 1)11/iimuriwn strain SL 1344, virulent B. abortus 

2308, and O. anthroj1i LMG 333 i'1
' have been previously described 

[1,45,73]. BaLPS, OaLPS, SeLPS and EcLPS were purified and 
characterized as previously described [18,24]. S. entl'Tica 
(strainHL83) LPS was provided by K. Brandenburg (Forschungs· 
zentrum Borstel, Germany). E. coli CNF was purified as previously 
dcscribed [22]. BvrR was cloned as glutathione-S-transferase 
(GST) fusion protein in pGEX-2TK vector, expressed in E. coli 
BL2l(DE3), and purified following standard protocols. Rabbit 
anti-BvrR antibodies were produced by four intramuscularly 
applied boosts of GST-BvrR (250 µg) in complete (first boost) or 
incomplete (second to fourth boost) Freund adjuvant (Sigma
Aldrich Co.). Antibodies from 2 mi of scrum werc adsorbed to 
GST-BvrR-Sepharose beads, eluted with 0.2 M glycine, pH 2.5, 
ancl collecred in 1 M Tris, pH 9,0. The anúboclies were 
concentratcd by ultrafiltration and stored at -20ºC in 50% 
glycerol. The anti-Ochrobaclrum antibody was produced in a rabbit 
by 4 boosts of intramuscular injections of formaldehyde fixed 
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bacteria. The specificity of the antibody was continned by 
immunofluorescence against a pm1el of related a.-Proteoba.cteria. 
Enzyme linked immunosorbent assay (ELISA) kits for cytokine 
deten11ination were from BD Biosciences (San Diego, CA.). 
Monoclonal antibody RB6-8C5 against murinc granulocytes was a 
gift from Barbe] Raupach, MPIIB, Berlín, Germany. Allophyco
cyanin conjugated-anti-CD l lc antibody (HL3) and phycoery
thrin-conjugated anti-CD40, -CD80, -CD86, and -MHC class II 
were ali from Pharmingen. Mouse antibody FK2 (Biomol) was 
provided by D. Williams (University of To romo). The properties 
and reactivity of anti-VirB8 antibocly have been described before 
[74]. 

lnfections and bacteria! counts in experimental animals 
The characteristics, source ancl maintenance of Balb/ c, 

C57BL/6 and the KO counte1varts TLR4-/- and TLR2-/ 
- , mice have been described previously [3,72]. Generation of 
neutropenic mice was perfonned as described befare [3]. For 
calculating the bacterial multiplication rates in spleens, groups of 
20 eight-week-old female BALB/c were intraperitoneally inocu
lated with 0.1 mi of a suspensíon of the indicated bacteria species. 
Animals for each group were killed by cervical dislocation at 
appropriate times. Spleens were aseptically removed and individ
ually homogenized in l mi PES. Dilurions from this homogenate 
were seeded on TSA and CFU numbers determined. Alternatively 
mice were inoculated with 0.1 ml (pyrogen·free sterile PBS) ofthe 
indicated LPS prcparation by thc intraperitoneal route. 'vVistar rats 
were maintained in the animal facility ofthe Veterinary School of 
the National Univcrsity, Costa Rica. Cytokine or leukocytc counts 
were performed in the peritoneum and blood of infected or LPS 
inoculated micc as described previously [3]. 

lnfections and bacteria! counts in macrophages and 
epithelial cells 

Human cervi.x carcinoma ceJls (HeLa; American Type Culture 
Collection No. CCL-2) were grown at 37°C under 5% C02 in 
Eagle's mínima! essential medium supplemented with 5% fetal 
bovine serum, 2.5% sodium bicarbonatc ancl 1 % glutamine (all 
from Gibco, lnc.). Murine macrophages (Raw 264.7; American 
Type Culture Collection No. TIB-71) were grown at 37"C under 
5% C02 in Dulbecco's medium supplemented with 10% fetal 
bovine serum, 2.5% sodium bicarbonate and 1 % glutmnine (all 
from Gibco). Penicillin (100 units/ml) and streptomycin (100 µg/ 
ml) routinely addt>.d, were excluded from cell cultures during 
Ochrohactrum and Bmcella infections. Before infection, 24-well-pJates 
monolayers were washed in PBS ancl kept at 4ºC. Infi~ctions were 
carried out using cultures of O. anthro¡ii or B. abortus in logarithmic 
phase diluted in Eagle's mínima] essential medium to reach the 
desired multiplicities ofinfection (MOI). Plates werc centrifuged at 
300 xg at 4-ºC, incubated for 30 minar 37ºC under .5% C02 and 
washed 3 times with PBS. E.xo·acellular bacteria were killed by 
adding Eagle's minimal essential medium supplemented with 
100 µg/rnl gentamicin for 1 h for B. abortus or 4 h for O. anthroj1i. 
Cclls were further incubated for the indicated times in the 
presence of 5 µg/ml gentamicin for B. abortus or 100 µ.g/ml 
gentamicin for O. a11thropi. Plates were then washed with PES. Cells 
were lyzed with 0.1% Triton X-100 for 10 min. Aliquot~ were 
diluted and plated in tryptic soy agar and incubated at 37 ºC for 
determination of CFU. For immunofluorescence C"-"J)eriments 
HeLa cells or Raw 264. 7 macrophages grown on 12 mm glass 
slidcs were inoculatecl vv:ith B. a.bortus or O. anthrojii as clescribed 
above m1d kept in the presence of gentamicin for the indicated 
times. After incubation cells were fixecl with 3.7% paraformalde
hyde-PBS m1d free aldehyde g1'0ups were quenched with 50 mM 

June 2009 1 Volume 4 1 lssue 6 1 e5893 



NH.,Cl-PBS. Aiter permeabilization with 0.5% Triton-PBS, total 
bacteria were labcled with rabbit anti-Ochrobactmm antibodies 
followed by TRITC conjugated anti-rabbit an tibodies. 

Confocal microscopy and flow cytometry of LPS treated 
dendritic cells 

Immunofluorescence confocal microscopy and flow cytometry 
of LPS treated murine bone marrow derived dendritic cells 
(BMDC) were performed as dcscribed befare [72]. Briefly, 
paraformaldchydc fixcd cells processed by immunofluorescencc 
were examined on a Zeiss LSIVI 510 laser scanning confocal 
microscope for irnagc acquisition. Antibody against a conserved 
cytoplasmic epitope found on MHC-II I-Al3 which strongly labels 
BMDC but not macrophages was used throughout thc cxpcri
mcnts. For confirmation of the dendritic cell phenotype, double 
labeling with anti- MHC-II and anti-CD! le antibody was 
performed. Quantification was always done by counting at least 
l 00 cells in 4 independent experiments, for a total of at least 400 
host cells analyzed. DALIS BMDC were collected and stainecl 
immediately befare fixation. Isotype controls were included as well 
as BMDC non-LPS trcatcd as control for auto!1uorcscencc. Cells 
were always gated on CD 11 c for analysis and at least 100000 
events were collected to obtain a mínimum of 10000 CD! le 
positive events for analysis. A FACS calibur cytometer (Becton 
Dickinson) was used and data was analyzed using FlowJo software 
(free Star). 

Electrophoretic and immunochemical analysis 
The different bacterial strains were grown to exponential phase 

in TSB at 37ºC. The bacteria were concentrated by centrifugation 
(10000 xg, 10 min), resuspended in Laemmli sample buffer [7 5] 
and heatecl at 1 OOºC for 20 min. Protein concentration was 
determined by BioRad DC method according to the manufactur
cr's instructions and equal amounts ofprotein (20 µg) were loaded 
onto a 12.5% gel for SDS-PAGE. Separated proteins were 
transferred to PVDF membrane and probed with the indicated 
antibodies. Membranes were further incubated with peroxidase 
conjugated anti-mouse or anti-rabbit antibodies and the detected 
bands were visualized by chemiluminescence reaction exposed to 
X-ray films. 

PCR and RT-PCR 
Genomic DNA was isolated by CT AB method according to 

standard procedures [i6] . Specific amplification from gDNA or 
cDNA was achieved with the following primers designed after 
analysis of O. a11thro¡1i genome: for locus Oant_0677: oantvirB4f 
GGATTACACCGTGACCTCAAC and oantvirB4r GCCTGA
TAACATGCGTCCATAA; for locus Oant_0678: oantvirB5.3 
CGATGCTCTTCATCAGCAGATTGAG, oantvirB5.5 CTTT
GCGACATCCGCCATATC; for locus Oant_0682: oantvirBS.3 
GATCAAGACCGCATGATTCAGG, oantvirB8.5 GTCACG
GCTTCGTCGTAAGTG. For amplification of gDNA or cDNA 
encoding putative bv1R and bvrS, the following primers were used: 
for O ant_08 27 (bvr5): oantbvrS.3 GCATTCTCTACATGAAT
CAGTTCC and oantbvrS.5 GTGATGGCGTCAGGCTTTG. 
And for Oant_0828 (bvrR): oantbvrR. 3 GACGACGACCGCAA
CATCCTG and oantbvrR.5 CGAAGATCGCAAGATTGGGC. 
Positive controls of amplification of genomic DNA or cDNA were 
achieved using a pair of primers oantll2.3 CTGTCGGCACT
GACCGTTCTCG ancl oantll2.5 CGCCACCAGCAGCAG
CAACTG interrogating locus Oant_l 946, encoding the ribosomal 
protein L7 /L12. Cycling conditions were: 94ºC for 4 min, 30 
cycles at 94-ºC for 30 s, 50 or 65 ºC for 1 minute and 68°C for 30 

•;,,:¡,. 
··~,· PLoS ONE 1 www.plosone.org 15 

Bacteria! Stealthy Pathogens 

seconds and continued with a 68ºC incubation for 10 minutes. 
The PCR products were mrnlyzed on agarose gcls nsing standard 
procedures. For RNA extraction bacteria] cultures were adjusted 
to 109 CFU/ml and disrupted with 0.5% Zwittergent 3-16 at 
3TC for l h. Total RNA was extracted using RNeasy Midi Kit 
(Qjagen, Co.) according to the manufacturer's instructions. Eluted 
RNA was treated with Ambion Turbo DNAse following the robust 
protocol. Synthesis of cDNA was carried out using Revert A.id M
MuL V Reverse Transcriptase with random hexamers and 
following mmmfacturers' Instructions. (Fermentas). Thc obtained 
cDNA was used as templare for detection of the genes mentioned 
above by PCR using the smne primers described. Minus RT 
controls were perfonned using RNA samples during PCR. 

Complement depletion and bactericida! action of serum 
Complement consumption was estimated as previously cle

scribed [77, 7 8]. Briefly, rabbit serum was incubated with live 
packed bacteria or LPS for 30 min at 37ºC. Alter incubation, the 
complement activity on the serrnn was detected as the ability to 
lyze sheep crythrocytes pre-sensitized with guinea pig anti-sheep 
antibodies. For the estimation ofcomplement bactericida! activity, 
ei..-ponentially growing bacteria were adjustecl to 10·f CFU/ml in 
saline and dispensed in triplicate in microtiter plates ( 45 µJ per 
well) containing fresh normal bovine serum (90 µl /well). After 
90 min of incubation at 37"C, brain heart infusion broth was 
dispensed (200 µl/well), mixed with the bacteria! suspension and 
100 µl was platee! on TSA. Results were ei..-pressed as the 
percentage of CFU with respect to the inoculrnns in three assays. 

Binding of LPS to hTLR4 ca-receptor hMD-2 protein 
Binding ofLPS to tvID-2 was assayed by two different methods: 

displacement of bis-ANS from hMD-2 by LPS, and binding to 
hMD-2 by competitive enzyme linked-immunosorbent assay 
(ELISA). Recombinant hMD-2 was produced in E. coli and 
isolated as described befare [79]. In both assays, LPS was 
subjected to three cycles of heat:ing at 56ºC followed by cooling to 
4ºC, left over night and sonicated before using. Binding of bis
ANS to hMD-2 was measurcd at 20ºC using excitation at. 385 mu 
and measuring the emission fluorescence spectra between 420 and 
550 nm. Then, from 5 to 80 µI of a LPS stock at 0.125 mg/ ml was 
added (controls wcre prepared w:ith the same volume of water) to 

preincubated bis-ANS/hMD-2 comple.x (50 nM/50 nM). The Fo 
va.lue was the !1uorescence of bis-ANS/hMD-2 complexes a.frer 
5 min of incubation (to reach stable fluorescence).The Fr.rs value 
was the !1uorescence afrer LPS addition to the complex. 
F1uorescence was measurcd on Perkin Elmer fluorimeter LS 55. 
Quartz glass cuvettes (5 x5 and 1 O x5 mm optical path, H ellma 
Suprasil) were used and bis-ANS was obtained from Sigma (St. 
Louis, Missouri, U .S.A.). The ELISA for cletermination of LPS 
binding to hMD-2 was performed in 96-well plates (NUNC 
immunoplate F96 cert. Maxi-sorp, Roskilde, Denmark). Chicken 
polyclonal anti-hMD-2 (GenTcl, Madison, WI, U.S.A) (5 µg/ml) 
in 50 mM Na2CO,¡ (pH 9.6) was used to coat the microtiter plate 
at 4''C overnight. Excess binding sites were blocked with 1 % BSA 
in PBS buffer (pH 7.2) for 1 h at room temperature, and rinsed 
three times with the same buffer. During the blocking step, hMD-2 
(O. 75 µ.M) was preincubatecl w:ith O µg/ml to 20 µg/ml LPS at 
37''C and, as a negative control, LPS was also preincubated in 
absence ofhMD-2. These solutions were added to the piare, which 
was then incubated for l h at 37°C. After rinsing, only hMD-2 
without LPS was detected by incubation with O.l µg/ml ofmouse 
monoclonal anti-h!VID-2 (clone 9B4 e-Bioscience San Diego, CA., 
U.S.A.) in PBS buffer at 37°C for 1 h, followed by incubation with 
0.1 µg/ ml peroxidase-conjugated goat anti-mouse IgG (Santa 
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Cruz, CA., U.S.A.), also in PBS buffer at 37ºC far 1 h. After plate 
washing, ABTS (Sigma) was added, the reaction was stopped with 
1 % SDS after 15 min, and the absorbance at 420 nm measured 
using a Mithras LB940 apparatus. (Berthold Technologies). S. 
c11/erica (strainHL83) LPS, used as a control. 

Stimulation of NF-KB transcription by purified LPS. HEK293 
cells (ATCC CRL-1573) were transiently transfected with 3 ng 
hTLR4, 6 ng hMD-2, 5 ng hCD14 expression vectors, 50 ng of 
NF-KB or IP-1 O promoter dependent Juciferase reporter, and 5 ng 
constitutive Renilla reporter plasmids, using lipofectamine 2000 
(Invitrogen). After 6 h, media were changed to Dulbeccos's 
modified Eagle's medium supplemented with 10% fetal bovine 
scrum and different amounts ofLPS were added to the cells. As a 
ncgative control, we used cells transfectccl with the same plasmids 
but without addition of LPS. After 20 h, cclls were Jyzed and 
analyzed far reporter gene activities using a dual luciferase 
reporter assay system on a Mithras LB940 apparatus (Berthold 
Technologies). The data of luciferase activity were normalized 
using R enilla luciferase readings. 
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Stat istical methods 
Student's t test far was uscd for determining the statistical 

significance in the different assays. Far bacteria] colonization 
experiments, the Mmm-\Vhitney rest was performed accordingly 
(http://faculty.vassar.edu/lowry/urcsr.honl). 
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Abstract 

The brucellae are a-Proteobacteria facultative intracellular parasites that cause an important zoonosis. These bacteria escape 
early detection by innate immunity, an ability associated to the absence of marked pathogen-associated molecular patterns 
in the cell envelope lipopolysaccharide, lipoproteins and flagellin. We show here that, in contrast to the outer membrane 
ornithine lipids (OL) of other Gram negative bacteria, Bruce/la abortus OL lack a marked pathogen-associated molecular 
pattern activity. We identified two OL genes (ofsB and o/sA) and by generating the corresponding mutants found that olsB 
deficient B. abortus did not synthesize OL or their lyso-OL precursors. Liposomes constructed with 8. abortus OL did not 
trigger IL-6 or TNF-a release by macrophages whereas those constructed with Bordetella pertussis OL and the o/sB mutant 
lipids as carriers were highly active. The OL deficiency in the olsB mutant did not promete proinflammatory responses or 
generated attenuation in mice. In addition, OL deficiency did not increase sensitivity to polymyxins, normal serum or 
complement consumption, or alter the permeability to antibiotics and dyes. Taken together, these observations indicate 
that OL have become dispensable in the extant brucellae and are consistent within the trend observed in a-Proteobacteria 
animal pathogens to reduce and eventually elíminate the envelope components susceptible of recognition by innate 
immunity. 
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lntroduction recluced PAMP (1 ,2]. Moreover, smooth (S) brucellae such as B. 
aborlus and B. melitensis have Ol'vls that are unusually resistant to the 
clisrupting action of bactericida! peptides and complement. Thus, 
periplasmic and interna] PAMP-bearing molecules like peptido
glycan or DNA are not readily accessible to pathogen recognition 
receptors (l ,3-8). The Brucella LPS is dearly implicated in these 
properties and there is evidence that other lipid molecules also 
con tribute. Bmcella O~fs contain hu·ge amounts of phosphatidyl
choline (PC) and blockage of the synthesis of PC with the 
subsequent replacement by phosphatidylethanolamine (PE) gen
erares attenuation [9,1 O]. Ornithine lipids (OLs) are present in 
relatively large amounts in Bruce/la (11) and, although they have 
interesting properties in other bacteria, have not been investigated. 

The members of the genus Brucel/a are t1.-2 Proteobacterw that 
cause brucellosis, an important disease affecting livestock and wild 
life as well as human beings. These bacteria trigger only low 
proinflammatory responses in the initial stages of infection ancl, 
accordingly, they follow a steaJthy behavior that allows them to 
reach sheltered intracellular niches befare effective immunity 
activation. T he outer membranes (OM) of brucellae are of critical 
importance in this strategy. Whereas most gram-negative have 
OM molecules bearing the pathogen-associated molecular pat
terns (PAMP) recognized by innate immunity, at least the Bmcel/a 
OM lipopolysaccharicle (LPS), lipoproteins and flagellin display a 
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It has been reported that Pseudomo11as Jluorescens grown under 
conditions that increase OL content becomes more resistant to the 
polycationic lipopeptide polymyxín B indicating a connection 
between these amino lipids and the resistance to bactericida] 
peptides [ l 2, l 3]. Moreovcr, OLs of Bordetella pertussis, F/avobacterium 
me11i11gosej1ticum and 11chromobacter XJ'losoxida11s display antagonistic 
effects on LPS endotoxicity as well as proinflammatory and 
inflammatory activity (14-18]. Such an activity in Bmcella OL 
would be in apparent contradiction with the furtive behavior of 
these bacteria with respect to innate immunity. Therefore, it was 
of interest to know whcthcr Bruce/la OLs play a role in the OM 
stability and resistance to polycations and whether they display a 
biological activity diffcrent from that of other OLs, including the 
cvasion of pathogen recognition receptors. 

Results 

Ols are OM components of 8. abortus 
To determine the cellular localization ofOLs, we first examined 

thc frce-lipids in virulent S B. abor/us 2308 Na!H grown in tryptic 
soy broth to the stationary phase, in thc OM fragments releascd 
spontancously during growth [19] and in non-delipidated B. ahortus 
LPS [20]. Thin-layer chromatography of the corresponding 
chlorofonn:methanol:water extracts (21] confirmed the presence 
of OLs in B. ahortus and showed their enrichment in the OM 
fragments (Figure 1 A), thus demonstrating that they are OM 
components. Although in amounts lower than PE, OLs were also 
detectecl in non-deJipidated B. abortas LPS suggesting an 
association in thc OM (Figure 1 A). The levels of OLs did not 
change when the bacteria were cultured in tryptic soy broth or in 
Bmcella Gerhardt's mínima) mcclíum (Jactate-glutamate-glycerol, 
mineral salts, vitamins) [22] (Figure 1 A). 

B. abortus Ols are synthesized through a two step 
pathway 

We searchecl the B. aborl11.s 2308 genome for orthologs of the 
genes involvecl in OL synthesis in other a-2 Proteohacteria. In 
Sirwrhi.:ohimn meliloti, OlsB acylates the ornithine rx amino group 
with Cl8:0(3-0H) and OlsA generares the acyJoxyacyl group by 
esterification with C 18:0 (Figure 1 B) [23,24-]. In Rlzú:obium trojni:i, 
an adclitional gene (olsC¡ cocles for an oxygenase that generates a 2-
hydroxy substitution on the ester-linked acyl group (25] (Figure 1 
B). We found that ORF BAB1 _014-7 (annotated as encoding a 
hypothetical protein) e.ocles for a protein with 55% identity and 
66% similarity with OlsB.. and that the product of ORF 
BABl_2l.53 (annotatecl as a phospholipid-glycerol acyltransferase) 
has 4-5% identity and 61 % similarity with OlsA. Moreover., we 
located similar ORFs in the genomcs of B. melitensis l 6M and B. 
sms 1330 (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). 
ORF BABJ_014-7 (henceforth BABoMJ) maps asan isolatecl gene. 
BAB1_21.53 (henceforth BABolvJ.) is in a possible operon fonned 
by at least BAB1_2151 (putative glycoprotease), BABl_2152 
(putative acetylt:ransfcrase) ancl probably by BAB 1 _2154- (hypo
thetícal protein; the stop coclon ofBAB1_2152 and the start codon 
ofBAB1_21.53 overlap). Both BABO!sA and BABOJsB contain a 
sequence [H73 (X)4- D78 and H76 (X)4- D81 , respectively] that 
could correspond to the consensus motif [H(X)4D] of glycerolipid 
acyltransferases (26] . Moreover, BABOlsA contains two regions, 
NHTS (amino acids 72-75) and AEGTT (amino acids 14-3- 147), 
closely resembling the NHQS ancl PEGTR motifs highly 
conserved in lysophosphatidic acid acyltransferases [27]. We also 
found a DNA sequence with homology to olsC. However, the 
possible BABolsC carried a frame shift in the same position in all 
acccssible B. abor/11.S, B. melitm.sis and B. suis genomes so that it 
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corresponds to two ORF (annotated as BMEI0464 and 
BMEI0465 in B. meliteusis l 6M). Amino acids 1 to 155 of 
BMEI0464 have a 87% identity (92% homology) with amino acids 
31 to 185 of S. melilotí OlsC, ancl amino acids l to 94 ofBMEI0465 
are 87% identicaJ (91 % homology) to the 187 to 280 stretd1 of 
O!sC [28]. Most of the consensus of the OslC-LpxO family of 
proteins is in BMEI04-64- but at the very end of the protein and 
tmncated in the last four amino acicls, inclucling the last isoleucine 
conserved in all OlsC homologues [29]. Ali these charactcristics 
strongly suggest that the sn·ucmre ofBrucel/a OLs is similar to those 
described previously for Rlwdospseudomonas sphaeroides (Figure 1 C). 

Using the above-dcscribed evidence, we constructed internal in
forme deletion mutants of the vimJent B. abortu.s 2308 NalR strain 
(J1enceforth BAR-parental) devoid of the consensus motifi; following a 
PCR overlap strategy (30] (fable SI). For BABolsB, we removed 
amino acids 4-0 to 229, which resulted in a truncated protein of 107 
amino acids (mut<UJt BABL1olsb,. The deletion in B,JBolsA (mutallt 
BABLlolsA) eliminated amino acid~ 48 to 245 and resulted in a 
truncated protein of69 amino acick Figure 1 A shows that BABLlolf/J. 
lackcd OLs but synthesizecl a new ninhydrin-positive component 
corre>ponding to the lyso-omithine lipid Qyso-OL) precursor (31]. In 
contrast, the only ninhyclrin-positivc lipid gcneratecl by mutant 
BilBAol¡B was PE. Wnen we complemented mutant BilBLlolfB with 
plasmid pLPI-6 (carrying B.rlBolsB; Table SI), OL synthesis was 
restored (Figure 1 A). SimilarJy, BABLfol.rA complemcntecl ,.,,ith 
plasmid pYLI-1 (carrying BABo/.rA) was able to produce OLs (not 
shown). These results are consisteJ1t wüJ1 a two step pathway ÍJJ which 
BABOlsB and BABOlsA act consc'-utively and where clcletion ofthe 
former abrogates OL and lyso-OL synthesis (Figure 1 B). 

Characterization of mutants BABLlolsA ancl BAB11olsB showed 
no change in colonial moiphology, or in catalase, oxidase, and 
urea.se activities. They were S according to lysis by B. aborlllf S
specific phages, agglutination with anti-A and anti-M monospe
cific sera, crystal violet exclusion ancl acriflavine agglutination test. 

Ols are not required for Bruce/la OM resistance to 
bactericida! peptides and complement 

Due to the OL abund.ance in Brncella ancl their zwitterionic 
nature, it has been proposcd that they play a relevaJJt role in the 
stabilization of negative charges of LPS and, therefore, in the 
stability of the OM [32]. To test this, we first examinccl the 
sensitivity to bactericida] peptidcs. We found no sig:nificant 
differences in the minimal inhibitory concentrations of polymyxín 
B ;md colistin on BAB-pm·ental, BABL1olsA and BAB11olsB strains. 
Sine.e bactericida] peptides are also OM permeabilizing agents, we 
probed the mutants with polymyxin B plus lysozyme uncler 
hypotonic conditions in comparison with Esc!wri.diia coli. This 
treatment was effective in killing E. coli but hacl no action on 
mutants BllBLlol>B or BABLlold or on BAR-parental (Figure 2). 
Moreovcr, EDTA alone or combined with polymyxin B el.id not 
promote lysozyme uptake, proving that divalent cations were not 
taking over the hypothetical role of OLs in OM stabilization 
(Figure 2). Finally, sensitivity to a set of m1tibiotics (penicillin, 
doi..-ycycline.. clarithromycin, erythromycin and rifampicin) that 
peneo·ate the OM by hydrophilic or hydrophobic pathways, or of 
dyes like thionine blue, fud1sine ancl safranin remained unchanged 
(not shown). Ali these results indica.te that OLs are neither 
necessary to stabilize the OtvI of B. abortus against bactericidal 
pepticles nor influence its penneability. 

B. abor/11.S mutants altered in PC synthesis, with a truncatecl LPS 
or an upset OM protein profile are sensitive to killing by non
immune serum [33-35]. However, OL deficiency die! not have a 
similar effect beca.use we observecl only a small ancl not significant 
(p>0.05) increase in serum semitivity in mutant BAB11olsB 
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Figure 1. Bruce/la abortus OLs are OM components synthesized in a two step pathway. (A). Thin layer chromatography analysis of total free
lipid extracts of: (1 ), BAB-parental cells grown in tryptic soy broth; (2), OM fragments of BAB-parental; (3), BAB·parental crude LPS; (4) BAB-parental 
grown in mini mal medium; (5), BABLJo/sB cells; (6), BABLJolsA cells; and (7), BABLJo/sB complemented with pLPl6. (B), proposed OL synthesis pathway 
[adapted from [87]] . The identities of Bruce/la OL acyl chains are from reference (88) and the genetic evidence. (C), proposed structures of OL of 
bacteria of various phylogenetic groups. 
doi:10.1371/journal.pone.0016030.g001 

(Figure 3 A). Although small differenccs in antibody-independent 
complement activation were suggested when large amounts of 
bacteria were used (Figure 3 B), che differences were not 

staristically significant (p>0.05). Finally, we aJso tested the surface 
hydrophobicity of the mutimts imd the exposure of major OM 
proteins. The partitíon coeilicient of the wi..ld type BAR-parental 

-O- BAB-parental ..._.. BAB.:JolsB - - BABdOlsA -O- E. coli K12 

Polymixin B + lysozyme Polymixin B + lysozyme + Lysozyme + EDTA 

1,0 1,0 
EDTA 

1,0 

8 
U) 0,5 o 0,5 0,5 

o 

º·º o.o o.o 
o 2 4 6 o 2 o 2 
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Figure 2. B. abortus OL-deficlent mutants are not senslt ive to polymyxln B, lysozyme or EDTA. Late exponential phase bacteria! 
suspensions in HEPES (pH 7.5) were exposed to combinations of polymyxin B (100 units/ml), lysozyme (SO µ.g/ml) and EDTA (5 mM) and bacteria! lysis 
followed turbidimetrically. 
doi:10.1371 /journal.pone.0016030.g002 
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and the BilBAolsB mutant in water:hexadecane was similar and 
widely different from that of an 0-polysaccharide deficient B. 
aborlu.s J1er mutant used as a reference (Figure 3 C). Similarly, 
\'\lestern-blot analysis of extracts of wild type BilB-parental and 
BABAolsB cell envelopes did not show differences in the reactivity 
of Omp 1, Omp2b, Omp31b, Omp25, Omp l 9, Omp16, ¡md 
Omp!O (not shown). 

The absence of Ols does not influence proinflammatory 
responses to B. abortus or the ability to multiply 
intracellularly and generate chronic infect ions 

Since B. abortus induces a negligible proinflammatory response 
in mice at early times of infection [!], we examined whether the 
lack of OLs could alter this property by examining severa] 
markers. Firsr, we tested the generation of fibrin D-dimer that 
would rcsult from the activation of the blood clothing cascade 
caused by endotoxic microorganisms. For this, we infected Swiss 
Webster mice 106 CFU/mouse of BilB-parental or mutant 
BilBAolsB (controls received 0.1 mi of 100 mM phosphate 
butlered satine (pH 7.2) (PBS] ) and examined the serum 24 h 
later. J<'or BilB-parental, the resulrs confirmed previous reports (1] 
on the absence of any increase in fibrin D-dimers above the 
positive threshold (0.5 µg/ml). Similarly, infection with the OL
deficient mutant did not have a significant cffect on fibrin D-dim•~r 

generation. Then, we determined the number of leukocytes in the 
peritoneal Huid and blood of mice injected intraperitoneally with 
1 o<> CFU of BAB-parental or BilBAoliB, 105 CFU of S. f)'f1himurium 
or O. l ml of PES. Whereas the latter inducecl a Jcukocyte 
peritoneal recruitment and a progressivc reduction in blood 
lcukocytc numbers at later times, these linked effects were not 
observed in BAR-parental or BABilolsB mutant infected mice 
(Figure 4). Similarly, lymphocyte, neutrophil and monocyte 
numbers in blood and peritoneal fluid did not revea! significant 
ditlerences in Brucella infected mice (Figure 5). vVe also measured 
TNF-ct, IL-6, IL-10 and IL-12p40 in the blood of the same 
animals, ruid found that the normalized Jevels of these cytokines 
were similar in B.t!B-parental and BABilolsB infections (Figure 6). 
These levels were similar to ancl much lower than those reportee! 
for B. aborlus 2308 and S. ryphimurium, respectively (1]. - B. abortus 2308 C-..::J BABLlolsB 
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To complement the above-describcd studies, we tested the 
ability of the BAB/JolsB OL-cleficient mutant to multiply in cells 
and to generate chronic i.nfections. Erst, we infected bone marrow 
derived macrophages, RA V\1 264-. 7 macrophages ami HeL-i cells 
and monitorcd the intraccllular survival of bacteria [36]. Figure 7 
shows that the BABilolsB mutant retained the ability to multiply 
inrracellularly in ali these cells. Then, we i.noculated BALB/ e mice 
intraperitoneally with 5 x lff~ CFU/mouse of BilBilolsB or of BilB
parcntal. Two, 6, and 12 weeks later, the bacteria in the spleens 
were counted, the ide.ntity of the isolates confirmed by PCR, and 
the spleen weights recorded. The results showed rhat rhe pare1iral 
were practically identical throughout the experiment (average 
log10 CFU ± SD values for BABLJolsB and BilB-parental, 
respectively, wen~: week 2, 6.09±0.24 and 6.20±0.11; wcek 6, 
6.6.5±0.19 and 6.69±0.32; aud week 12: 5.8.5±0.48 aud 
5.80±0.46). Similarly, therc were no splenomeg-aly differences 
(0.3.5±0.05 and 0.40±0.04; 0 . .58±0.06 and 0.5 7±0.12; 
0.46±0.09 and 0.43±0. 12). 

Consistent with the expcriments in vitro, these observations 
suggest rhat rhe absence ofOLs does .not affect the OM stability i11 
vivo and, accordingly, that OLs seem not to hamper the release of 
PAMP-bearing molecules and the establishment of chronic 
infections. Moreover, si.nce BilBilo/sB did not promote a lower 
or higher proinflammatory response thah BAB-parental, the results 
suggesr that these lipids are neither detected by the pathogen 
recognition receptors nor antagonists in the recognition of other 
OM molecules during brucellosis. 

B. abortus OL do not st imulate cytokine secretion in 
murine macrophages 

To test whether Bmcella OL~ carry a PAMP, we usecl the BAB
parental mid BABAolsB lipids, sin ce the presence of PC in Bma lla 
allows obtaining stable liposomes. A~ a positive control, we extracted 
the lipids of B. j1ert11ssi.s ( containing OL but not PC) and generated B. 
per!tlSSis OL-liposomes using the OL-free lipids of BABAol.sB as 
carriers. After verification of the liposome composition (Figure 8 A), 
we stimulated RA W 264. 7 macrophages. While the B. jJerlu.t1is
BABL10/.sB liposomes notably stimulatecl TNF-ct and IL-6 secretion, 
the BAB-parental or BABAoúBiiposomes were inactive (Figure 8 E). 

e 
~ 1,6 

e ro 
.Q "á 
~ "- 1.2 

~"* o 3 e: Q; 0,8 
Ql e 

-C3 ro 
¡¡: ¡¡¡ 0,4 
Q) 'O 

º
o ro 

~ 
.e 

straíns 5 10 

~11 of packed bacteria! cells 

Figure 3. B. abortus OL-deflclent mutants do not show increased sensitivlty to normal serum, complement activation actlvity or 
altered surface hydrophoblclty. (AJ, survival of BAB-parental and BABL1ols8 after 90 min of incubation in non-immune serum (8. abortus per- and 
B. abortus BvrR- are mutants defective in the LPS 0 -polysaccharide or with an altered OM, respectively, that are sensitive to non-immune serum); (B), 
packed bacteria were incubated with normal rabbit serum and the complement remaining measured as the hemolytic activity using an erythrocyte
antibody system; (C), partit ion coefficients of of 8A8-parental, BABL1ols8, B. abortus per- in hexadecane and water. Data are the mean ± standard error 
of triplicate measurements. 
doi:l 0.1371 /journal.pone.0016030.g003 
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Figure 4. 8. abortus OL-deficient mutants do not trlgger increased blood or perltoneal leukocyte responses durlng the early stages 
of infection In mice. Mice were intraperitoneally injected with 106 CFU of BAB-parental or BABdo/sB or with 105 CFU of S. typhimurium, total 
leukocyte numbers determined at the indicated periods and values normalized with respect to the values in mice inoculated with PBS. Asterisks 
indicate significant differences between S. typhimurium and the control (no significant differences were observed for the B. abortus strains). 
doi:10.1371/journal.pone.0016030.9004 

These results clearly show that Biucella OL, in contrast to those of B. 
jJertussis, do not bear a marked P AMP. In addition, they demonstrate 
that Brucella phospholipids do not inhibit PAMP recognition. 

Discussion 

The OM of most gram negative bacteria hinders the 
penetration of harmful molecules, and the LPS plays a key role 
in this important property. The LPS inner sections (core 
oligosaccharide a.nd lipid A) are rich in acidic suga.rs and 

A 

orthophosphate, and these negatively charged groups bind 
divalent cations and polyamines that bridge the LPS molecules 
and hampcr the partition of hydrophobic permeants in to the OM 
[:n,38]. However, th:is supramolecular arrangement makes OM 
sensitive to divalent cation chelators like EDTA and to bactcricidal 
peptides. Moreover.. this set of properties is connected to the 
PAMP of a variety of OM molecules, primarily the LPS. 
Interestingly, Brucella OM is comparatively permeable to hydro
phobic compounds and resistant to those agents. At least in part, 
these properties are accounted for by a low number of negatively 
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Figura 5. The OL-deficiency does alter not alter the proflles of lymphocytes, neutrophils and monocytes during the early stages of 
B. abortuslnfectlon in mice. Lymphocyte, neutrophil and monocyte number is (A) blood and (B) peritoneum of mice intraperitoneally injected with 
106 CFU of BAB·parental or BABdolsB (values normalized with respect to the values in míce inoculated with PBSJ. 
doi:10.1371/journal.pone.0016030.g005 
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Figure 6. The OL-deflciency does not alter cytokine responses to B. abortus during the early stages of infection in mice. IL-6, IL-1 O, IL-
12p40 and TNF-ci levels in the blood of mice intraperitoneally injected with 106 CFU of BAB-parental or BABL1ols8 (values normalized with respect to 
t he values in mice inoculated with PBS}. 
doi:1 0.1371 /journal.pone.0016030.g006 

charged groups which are limited to two 2-keto-3-doxyoctulosonic 
acid residues and the lipid A phosphates [39-43]. Moreover, it was 
proposed that the Bruce/la OLs could shíeld those negatively 
charged groups by vírtue oftheir posítively charged amino groups, 
as postulated for P. jluorescens [ 44]. Indeed, the results of thís and 
previous works in other bacteria [45-47] support that Bmcella OLs 
are in fact N-(acyloxyacyl)- orníthine OM structural elements with 
a free amino group that should be posítively charged at n(~Utral 

and acidic pH. Such an OL role would represent an advantage for 
a pathogen because the hydrophobic anchorage should make OLs 
more resístant than dívalent cations to dísplacement by bacteri
cida! peptides and proteins. However, since OL deficíency did not 
in crease the sensitivíty of Bmcella ce lis to polyrn yxins or the 
permeability to lysozyme (a carionic peptide), this hypothesis was 
disproved. Furthermore, any possible defect not detected by the in 
vilro methods seems not to be relevant in vi¡;o, at least in cells and 
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Figure 7. The OL-deficiency does not alter the ablllty of B. abortusto multiply In mouse cells. (A), bone-marrow derived macrophages; (B), 
RAW 264.7 macrophages; (C}, Hela cells. Values are the mean ± standard error of t riplicate infections, and the results shown are representat ive of 
three independent experiments. 
doi:10.1371/journal.pone.0016030.9007 
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indicated liposomes. 
doi:l 0.1 371/journal.pone.0016030.9008 

mice. One possibility is that OLs are in the inner leaflet ofthe OM 
and, therefore, not in contact with thc polar moiety of the LPS. In 
fact, our results suggest that PE (also with a free amino group) is 
the more important LPS associated-lipid in B. abortus. 

The interactions of OLs with innate immunity have bcen 
analyzed in sorne y and ~ Proteohacleria. The OLs from B. pertussis 
and A .. rylo.roxidans stimulate IL-1, TNF-Cl and prostaglandin E2 
synthesis in macrophages [1 4,48- 50]. Moreover, F. 111e11ingosej1licum 
OLs are mitogenic for B-lymphocytes and exhibir adjuvant activity 
in C3H/HeJ mice, suggesting that receptors other than TLR4 are 
involved in OL recognition (14,51,52]. Consistent with these 
observations, OLs of B. peT!ussis presented in B;iBAolsB liposomes 
triggered cytokine release. Therefore, the fact that this effect was 
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significantly lower when similar liposomes carried B. aborl!tr OLs 
clemonstrates that innate immunity fails to efficiently recognize 
these Bmcella amino lipicls. This is a wdl-known property of Bmce!!a 
LPS and other Bmcdúi putat:ive PAivIP bearing molecules such as 
llagella and lipoproteins and, therefore, our results extend this 
ability to another OM element [1,53]. It is known that the acyl 
groups in LPS, othcr glycolipids and synthetic aminolipids or 
lipopeptides modulate the inflammatory activity [54-56] and, 
incleecl, the acyl chaim of Bmcdla OL differ from those of other 
bacteria in Jengtti allcl, in sorne cases, in the presence of a hydroxyl 
group (Figure 1 C) [57-61]. In some bacteria, OL have ester
linked fatty acyl groups with a bydrmqd group at the 2-position 

and this hydroxyl group may affect the biological activity [62). 
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However., this hydroxylation is a post-synthesi5 modification that 
requires OJsC, which is inactive in Brucella according to our 
genomic analysis. All these data strongly suggest that the reduction 
of Brucella OL PA1\1P is connected to the acyl chains, longer in 
t:t-Proteobacteria than in other phylogenetic groups (Figure 1 C). 
Indeed, these results add more weight to the hypothesis that 
the hydrophobic moieties of Bruce/la OM elements are critica! 
in avoiding recognition of this pathogen by innate immunity 
[l,8,63) . 

Here, we also presented evidence that Brucdla OLs are 
dispensable elements. T aking into account that Bmcclla OLs are 
quantitatively important lipids, it is surprising that they are 
dispensable. However, the t:t-Proteobacteria show a marked tendency 
to live in tight interactions with eukaryotic cells [64) and there is 
evidence that this ability is associatecl to a reduction in enve.lope 
molecule PA1\1Ps. Barto11ella possess a low endotoxic LPS, a 
recluced number of OM lipoproteins and flagellins that are not 
recognized by TLR5 (65-67]. Si.milarly, Rickettsia carry a non 
canonical LPS and a reduced number of lipoproteins (68], and 
1'Volhachia do not posses genes to synthesize LPS, flagella or 
fimbriae, have a low number of lipoproteins and an unusual 
peptidoglycan [69) . FinaJJy, the genomes of Ehrlichia and A11afilasma 
contain a low number of lipoprotein genes and do not have the 
genetic machinery to synthesize LPS, peptidoglycan or flagellin 
[70,71). Accorclingly, we hypothesize that free-living Brucella 
ancestors carriecl OLs that were useful OM structural elements 
in their environment but lost their importance once the major OM 
target ofimmunity (i.e. the LPS) beca.me adapted to the host. This 
adaptation was marked by the modification in LPS P Al\1P 
connected features (i.e., acyl chains and chargecl groups) and had 
as a result that LPS no longer needed stabilizing agents in the OM. 
Within this perspective, the degeneracy of the olsC homologue is in 
keeping with the hypothesis that B. abor/us OL represent 
dispensable ancestral strucnires that could be eventually eliminat
ed cluring the evolutionary proccss. 

Materials and Methods 

Ethics Statement 
All allimals were hancllecl ancl sacrificed according to the 

approval and guiclelines establishecl by the "Comité Institucional 
para el Cuido y Uso de los Animales" ofthe Universidad de Costa 
Rica, and in agreement with the corresponding law "Ley de 
Bienestar de los Animales No 7451 " of Costa Rica (http:/ /www. 
micit.go.cr/inclex.php/ docman/ doc_details/ 1 O l-ley-no-7451-ley
de-bienestar-de-los-animales.html). 

BALB/c mice (Charles River, Elbeuf, France) were accommo
dated in the animal building of the CITA of Aragón (ID 
registration number ES-50297001 2005) in cages with water and 
food ad libitum and under biosafety containment conclitions, for 2 
weeks before the start and ali along thc experiment. The animal 
hanclling and procedures were in accorclance with the current 
European legislation (directive 86/609/EEC) supervised by the 
Animal \\Telfare Committee of the institution (protocol number 
RI02/2007). 

Bacteria! strain and growth conditions 
Bacteria were grown in tryptic soy broth or agar either plain or 

supplementecl with kanamycin (Km) at 50 µg/ml, or/and nalidixic 
(Nal) at 25 µg/ml , or/and gentamicin (Gm) at 20 µg/ml, or/and 
chloramphenicol at 20 µg/ml (ali from Sigma), or/and 5% 
sucrose. Where indicated, the clefined medium of Gerhardt (72) 
was used. Ali strains were stored in sk-im milk at -80ºC. The 
origin of the B. abortus ancl S. l)jJ/iimuriwn strains is described in 
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previous works [1 ,73,74]. B. pe1tussis is a clínica! isolate kindly 
provided by G. Martínez de T ejada. 

Bacteriological procedures, antibiotic sensitivity and cell 
surface characterization 

The mutants were characterize.d accorcling to standard Brucel/a 
typing procedures (75]: colonial moq;hology after 3 days of 
incubation at 37ºC, crystal vi.oler exclusion, catalase, oxidase, 
urease, acriflavine agglutínation, sensitivity to Tb, Wb, Iz and R/ 
C phages, agglutination with anti-A and anti-IVI monospecific sera, 
C02 and serum dependence, and susceptibilíty to thioníne hlue, 
fuchsine, ancl safranin. Moreover, the minimal inhibitory concen
trations of polymyxin B, colistin, penicillin, doxycycline, clarith
romycin, erythromycin and rifampicin were determined in lvfüller
I-linton 1m:dium by star1dard procedures. 

Surface hydrophobicity was analyzed as desc.ribccl by Kupfer 
and Zusman (76) . Bacteria were grown in tryptic soy broth until 
stationary phase, incubated in 0.5 % sodium azicle at 37°C 
ovemight, collected by centrifügation (7000xg, 10 min, 4ºC), 
washed nvice with a solution of K2HP0+.3H20 97mM, KH2PO+ 
53mM, urea 2lmM, MgS04.7H20 0.8mM ancl re.suspended to 
an OD170 = 1.0. A volume of 1.5 rnl of this bacteria! suspension 
was mi.xed with 0.5ml of n-hexadecane and incubatecl during 
10 min at 37ºC. Aftcr shaking for 40 seconds, the tubes were 
settlecl to allow phases separation to occur. The partition was 
calculated as (I -00.rn1 of water phase)/OD~;o of the water 
phase. Western-blot analysis with monoclonal antibodies to the 
major Omps was carried out as clescribed before [77]. 

DNA manipulations, constructíon of mutants and 
complementation 

Plasmid and chromosomal DNA were extractecl with Qíaprep 
~pin Miniprep (Qíagen GmbH, Hilden, Germany), ancl Ultraclean 
Microbial DNA Isolation kit (Mo B.io Laboratories) respectively. 
When needed, DNA was purified frorn agarose gels using Qíack 
Gel extraction kit (Qíagen). DNA sequencing analysis was 
performed by t11e SeJ·vicio de Secucnciación ele DNA cid Centrn 
de Investigación Médica Aplicada (Navarra, Spain). Primers were 
synthesized by Sigrna-Genosys Ltd .. Searches for DNA and 
protein homologies were carried out using the NCBI (National 
Center for Biotechnology Information (http:/ /www.ncbi.nlm.nih. 
gov) and the EMBL-Europeau Bioinformatics Institute server 
(http://www.ebi.ac.UK/ebi_home.html). In addition, sequence 
data were obtained from The Institute for Genomic Research at 
http://www.tigr.org. Genomic sequences of B. melitcnsis 16M, B. 
abortus ru1d B. suis were aualyzecl using the data base of the L'Unité 
de Recherche en Biologie Moléculaire (URBM, Namur, Belgium) 
(http: / /www.serine.urbm.fundp.ac.be/ -seqbruce/GENOMES/ 
Brucdla_melitensis ). 

for constructing the BABtiolsl/ mutallt, oligonudeoticles olsB-FI 
(5' -CITCTGTCATCGTCGCGTAG- 3') ancl o/sB-R2 (5'
GATGCGTCCCAGAATGATG-3 ') were used to amplify a 
270-bp fragrnent including codons 1 to 39 of the olsB ORF, as 
well as 15 3 bp upstream of the olsB first puta ti ve start codon, and 
oligonucleotides olsB-F3 (5'-CATCATTCTGGGACGCATCC
CAAAGGAAGCGATCAACAA-3') and olsB-R4 (5 '- ITAAAA
CCGGAACCGCTCTA- 3') were used to a.mplify a 294-bp 
fragrnent including codons 230 to 297 ofthe olsB ORF and 87-bp 
downstream of the olsB stop codon. Both fragments were ligated by 
overlapping PCR using oligonucleotides olsB-FI and olfB-R4 for 
amplification, ancl the compJementary regions bcnveen olsB-R2 
ancl o/sB-F3 for overlapping. The resulting fragment, containing 
the olsB dcletion allele, was cloned into pCR2. l (Invitrogen), to 
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generate plasmid pIRI-2, sequenced to ensure the maintenance of 
the reacling frame, and subcloned into the BamHI and the XhoI 
sites of the suicide plasmid pJQ200KS. The mutator plasmid 
(pLRI-7) was introduced in BAR-parental by conjugation (78] . 
lntegration of the suicide vector was selected by Na! and Gm 
resistance, and the excision (generating the mutant strain by allelic 
exchange) was selected by Na! and sucrose resistance and Gm 
sensitivity. The resulring colonies were screened by PCR with 
primers o/.:,B-Fl and olsB-R4 which amplify a fragment of 564 bp 
in the mutant and a fragment of 1134 bp in the parental strain. 
The mutarion r csulted in thc loss of the conscnsus amino acids 

responsible for the enzymatíc activity. 
Thc BilBl!..o!s1l mutant was constructed using primers ols11-FI 

(5'- GATTGCGCAGGATACCATCT -3') and olsil-R2 (5' 
AACAATGCGGTGGAAGAAAT-3') to amplify a 498- bp 
fragment including codons 1 to 47 of the o/sil ORF, as well as 
3.57-bp upstream of the o/sil start codon ancl primers olsA-F3 
(5'ATTTCTTCCACCGCATTGTTACGATGGAAAATCGG
GTGAG- 3') and olsil-R4 (5'-CAGCGCGGAATAGAGTTTTT-
3') to ampli(v a 372-bp including codons 246 to 268 of the olst1 
ORF and 303 bp downstrcam of the o/sil stop codon. Both 
fragments were ligated by overlapping PCR using primers olsil-FI 
and olsil-R4 and the fragment obtaincd, containing the deletion 
allelc, was cloned in to pCR2. I to generate p YLI-2, sequenced to 
confirm that the reading frame had been maintained, and 
subcloned in pJQ200KS to produce the mutator plasmid pYLI-
3. This plasmid was introduced in BAB-parental and the deletion 
mutant generated by allelic exchange was selected by Nal and 
sucrose resistance and Gm sensitivity and by PCR using 
o1igonucleotides olS11-FI and olsA-R4 which amplify a fragment 
of 870 bp in the deletion strain anda fragment of 1464 bp in the 
parental strain. The mutation generated results in the Joss of 
73.8% of the o/sil ORF. 

For complementation, plasmids carrying olsB and o/sil were 
constructed using the Gateway cloning Technology (Invitrogen). 
Gene olsB was amplified from BAR-parental using primers olsB
F13 (5' GGGGACAAGTTTGTACAAAAAAGCAGGCTT
QATGACAGCACTGCTTGGAATGG 3') and gene olsB- Rl4 
(.5' GGGGACCACTTTGTACAAGAAAGCTGGGTC CTAG
ACAAAGCGGTTTGCTTC 3'), that contain the attB sequences 
(underlined), and cloned into vector pDONR221 (Invitrogen) to 
gcncrate pLPI-5. The ORF was subsequently cloned in pRHOOI 
(79)., able to multiply in Brucella, to produce thc complemcntation 
plasmid pLPI-6. Since the sequencc of olsA from B. abortus and B. 
melite11si.s is 99% identical, the clone carrying olsA was extracted 
from the B. melitensi.s ORFEOMA [80] and the ORF subcloned 
into plasmid pRI-IOOI [81) to produce plasmid pYLI-1. To 
complement the olsB mutation, plasmid pLPI-6 was introduced 
into the Bi1BLJo/sB mutant by mating with E. coli SI 7 A.pir and the 
conjugants harboring this plasmid (designated as BABLJolsB pLPI-
6) were selectcd by platíng the maring mixture onto tryptic soy 
agar-Nal-Km plates. The olsA mutation was complemented 
following the sarne protocol by introducing plasmid pYLI-1 into 
tl1e B11BLJolS11 mutant. 

Lipid analysis 
Total lipids were extracted as described by Blígh and Dyer [82), 

and analyzed on silica gel 60 high-performance thin !ayer 
chromatography plates (Merck Chemicals), the plates were pre
washed by solvent migrarion with chlorofonu- methanol-water 
(140:60: 10, vol/vol), dried thoroughly. Then samples were applied 
and chromatography perfonned in the same mixture of solvents 
(83]. Piares were developed with 0.2% ninhydrin in acetone and 
heating at 120ºC for .5 min or by charring with 15% suJfuric acid 
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in ethanol at !BOºC. L-13,y-dipahnitoyl-oc cephalin (Sigma-Aldrich) 
was used as a standard. 

Sensitivity to non immune serum and complement 
consumption 

Exponentially growing bacteria werc adjusted to 10+ CFU/ml 
and mixed with fresh sheep nomrnl serum (45 µ! of cells plus 90 µI 
of serwn per well) in microtiter type plates in duplicare. After 
incubarion for 90 min ar 37°C with gentle stirring, brain heart 
infusion broth (200 µJ / wcll) was added, mixcd and 100 µI aliquots 
plated out by triplicate. The results were cxpressed as the % 
surviva.l "~th respect to the CFU in the inocula. Compkment 
consumption was estimated as the reducrion of the hemolytic 
activity of rabbit serum complement incubated with live bacteria, 
and S. typhimuriwn SL1344 was used as a positive control (1). 

lnfections and bacteria! counts in cells 
Bone marrow cells were isolated from femurs of 6-10-week-old 

C57Bl/6 female mice and diilerentiated into macrophages (84]. 
Infections were perfonned at a multiplicity of infection of 50: 1 by 
centrifuging bacteria onto macrophages at 400 g for 1 O min at 4 ºC, 
followed by al.5 min incubation at :37ºC under a 5% C02 

atmosphere. Macrophages wcre extensively washed with DuJbec
cos's modified Eagle's medium to remove extracellular bacteria aud 
incubated for an additional 90 min in medium supplemented with 
50 µg/ml gemamicin to kill extracellular bacteria. Thereaftcr, the 
antibiotic concentration wa~ decreased to 10 µg/ml. At each time 
point, samples were washed three times with 100 mM PBS before 
processing. Alternatively, murine RAW 264. 7 macrophages (Raw 
264.7;American Type Culture Collecrion No. TIB-7l)or H ela cells 
(American Twe Culnire Collection No. CCL-2) were used in a 
similar protocol. To monitor Bmcella intracellular survival, infectL"IÍ 
cells were lysed with 0.1 % (vol/vol) T1iton X-100 in H 20 after PBS 
washing and serial dilutions oflysates were rapidly plated onto TSB 
agar plates to enumerate CFU. The attenuated B. abor/us virB 
mutant (Table Sl) was used as a control. 

OL stimulation of macrophages 
For macrophage stimulation, OL were included in liposomes. 

Total free-lipid extraer.~ of BiJB-parental, BilBLJolsB or a 1:1 
mixture of B. fmlussis and BilBLJolsB free-lipids were evaporated 
under a nitrogen stream, resuspended thoroughly in 250 µl of 
!OmM HEPES to a final concentration of 5 mg/mJ, and the 
composition vcrified by thin-layer chromatography. Phase contrast 
microscopy and fluorescein entrapment controls demonsu·ated 
that Brn.cella total lipids fonned liposomes that were stable for at 
least 24 h without addition of e.xogenous lipids. The murine RA W 
264.7 macrophages used in these experin1ents were grown at '.37°C 
undcr .5% C02 in DuJbecco's medium supplemcnted \vith 10% 
fetal bovine serum, 2 . .5% sodium bicarbonatc, l % glutamine (ali 
from Gibco), penicillin (100 units/ml) and streptomycin (100 µg/ 
m.l). Macrophages (5xl05 cells) were treated with 20 ~Lg/mL or 
100 ~tg/mL of liposomes of .&1B-parental, BAB~olsB or B. 
jJertussi.s-BABl!..olsB in 10% fetal calf serum-Dulbecco's Modified 
Eagle's Medium. After 90 min of incubation, fresh 10% fetal calf 
serum- DuJbeccos's modifie<l Eagle's medíum was added to obtain 
a final concentrarion of 1 O µ.g/mJ and 50 µg/ml of liposomes, aud 
the amount ofTNF-o: and IL-6 in the supernatants was assessed by 
ELISA (eBioscience) after 6 and 24 h. 

Proinflammatory responses in mice 
Swiss CD l mice of 18 to 20 g were used. Fibrin D- dimers were 

detennined from the plasma of mice 24 h alter intraperítoneal 

January 2011 1 Volume 6 1 lssue 1 1 e16030 



infection with 0.1 mJ of bacteria (1x106 UFC/mouse) in pyrogen
free PBS (pH 7.2). Fibrin D-dimers were assessed by the 
semiquantitative D-Di test® latex agglutination assay (Diagnostica 
Stago). The levels of IL-6, IL-10, IL-12p40 and TNF-a. were 
estimated by ELISA (eBioscience) in the sera of mice (n = 5) 
infected intraperitoneally with 1 Oº CFU of BABLlolsB or BAB
parental. For leukocyte counts_, mice were intraperitoneally 
infected with 1 xl06 CFU of B11BtJolsB or BAB-parental or 105 

CFU of S. tyjihimurium SLI 344 in pyrogen-free sterile PBS 
(pH 7 .2), or with pyrogen-free sterile PBS as a control. Blood 
was collected from the retrorbital plexus ;it different time points in 
tubes with 2mg/ml of EDTA. Then, 5 ml of ice cold PBS were 
injected in the peritoneal cavity, and 3.0 to 4.5 mJ of fluids were 
collected with a syringe. Alter centrifügation, the perironeaJ cells 
were resuspended in 0.2 mi of PBS, and total leukocytes, 
neutrophils, monocytes ancl lymphocytes were counted. The 
number of cells recruited in the peritoneum was corrected 
according to the volume of fluid collected from each animal [ 1]. 

Virulence and splenomegaly in mice 
Groups of 30 mice (seven-week-old female BALB/ e mice 

[Charles River, Elbeuf, France]) were inoculated intraperitoneally 
with 5xl01 CFU/mouse of BABtJolsB or BAB-parental in 0.1 mL 
of PBS, and the spleen weights and number of viable bacteria in 
spleens were determined in five mice at 2, 6, and 12 weeks post-

References 

J. Barquero-Calvo E, Chavcs-Olartc E, \Vdss DS, Guzmán-Vcrri C, Charún
Dfaz C, r.t al. (2007) Bmer·lln nhn1t11s use.'> a stcalthy stratcgy to avoid actiwttion of 
thc innatc immunc syst.r.m during thc ofü;ct of infoction. P.LoS ONE 2: cG3 l. 

2. Lapaquc N, Mullcr A, A.lcxopoulou L, Howard JC, Gorvd JP (2009) Bmcelbi 
a/ll}rf11s iuduc~ lrgm3 and Irgafi l'.)..1)fC~sion viil. typl~~I IFN hy a. 1\1yDRíl~ 

dcpcndc:nt pathway, with.out th<: rcquir<:mcnt of TLR2, TLR4, TLR.1 aml 
TLR9. Mirroh Pathog 47: 299-3M. 

3. :t\1odyún 1, Bcnnan DT (1982) Effi~ct<> of nonionic, iouic, .md dipolar ionic 
cktcrgcnl• and EDTA 011 thc Bnictlla cdl cnvclopc. J Bactcriol J.12: ll22- ll2fl. 

·l. Martínc:z de: T<:jada G, Moriyón l ( 1 99:~) Thc: outcr mcmbrancs of Bruce/la spp. 
an~ not. b<1rriers to hydrophohic pcnneants. J Bactcriol 17.1: .?273-.127.i. 

5. Frccr E, r...forcno E, 1'-1oriyón I, Pizai1·oªCcrdá J, \i\'cintraub A, et al (1996) 
Brualla-Salmmzdla lipopolysac<:haridc thim<:ras are lcss pcnncablc to hydrophoª 
bic prohr~-; and more scnsitivc to l~ationic pcptidr~'I aud EDTA than are thcir 
nativc Bruce/la sp. countcrparts. J Bacteriol 178: :i8fi7-.í!l76. 

6. I\fai1incz de T<jada G, Pizano-CerdaJ, J\..ioreno E, Moriyón I {199.i) Thc outcr 
mcmhrancs of Brncella spp. are r<'~<i i st.ant Lo hactcriddal c..ationic pcptide!\. Infcct 
Immun 6:l: 30.54-3061. 

7. VclascoJ, Bcngocd1eaJA, Brandenhurg K, Lindner B, Seydcl U, et al. (2!Kl0) 
Bma l/n abortus ru1d irn doscst phyJogcnNir: rdativc, Oclimb11ctmm spp., diffcr in 
outcr mcrnbranc pcrmcability and cationie pcptidc rcsistancc. Infcct Inunun 6B: 
32J0-321fl. 

B. BarquHt'>-Calvo E, Condc-AJvarcz R, Chacón-Díaz C, Qucsach,ªLobo L, 
rvfartirosyan A, et al. (2009) Thc diffcrcntial interaction of Bruceün ancl 
OdmJIH1c/Jwn , .. .¡th innatc immunity rcvcals trail'> rdat<~d to thc <:volution of 
stc;1lthy path<>gcm. PLoS One 4: e:ifl9~l. 

9. Condc-Alvarcz R, Grilló MJ, Salcedo SP, de Miguel MJ, Fugicr E, et al. (2006) 
Synthcsi" of phosphatidylcholinc, a typir.al c:ukaryotíc phosph.oJipid, i'\ ncr:cs.<iary 
for full virulcucc of tl1c intrac:clluJar bacteria! para.<;ltc BJ7Jtella abnr/1c.r. Ccll 
Microhiol 11: 1322- 133.í. 

10. Comcrcí DJ, Altahc S, de Mcndoza D, Ug-J.!de RA (2!l06) B1ucdk1 alH1r/1« 
hynthcsizcs phosphatidykholinc from d1olinc proviclcd by the: host. J Baftr..riol 
IBB: 1929- 1\l:H. 

11. Thide OW, Schwinn G (1971) The free lipi<1' of Bruce/la melitmsi.r and Bm<letd/a. 
fmtussis. Eur .J Biochern 34: 333-34,;. 

12. Minnikíu DE, Ahdolrahitn7.adch H (19H) The replacemcnt of phosphatidyl
cth .. 1.nolam.inc aud addic phospholípiclc; hy an omithincaami<le lipid ancla minor 
pho:-.vhon1s-frce: Jjpid in P.reudnmmuu j1111m!sco1s NC~IB 129. FEBS U:tt 43: 
2'17-260. 

13. Dom:r E, Tcuhc:r M (1977) lndur:tion ofpolymyxin ,.,._,fatancc in Psc:udomonas 
fluorcsrcus by phosphatc limitatiou. Arrh Mirmhi<>l 11 4: 117-89. 

14. Kato H, Coto N (1997) Adjuvanticity of an orníthinc-eontaining lipid of 
Flaz.ohacfl:riwu mtningostjJticum as a candídatc vacdnc a<ljuvant. !vfic:rohiol 
Immunol 41: 101-106. 

1:1. Kawai Y, Kamoshita K, .t-\kagawa K (199 1) Bªlymphor.ytr. mitogenicity and 
adjuvanticíty of an onúthinc-containíng lipid or a scrínc-containíng lipid. FE~1S 
Microbio] Lctt 67: 127-129. 

··~··. . •' 
·. ·•·· PloS ONE 1 www.plosone.org 10 

Bruce/Ja Ornithine Lipids 

inoculation. Experimental proccdurcs (i.e. preparation and 
administration of inocula, retrospective assessment of the exact 
inoculating doses, and determination of the number of CFU/ 
spleen) were perfom1ed as described previously (85]. The identity 
of the spleen isolates was confirmed by PCR amplification at each 
selected post-inoculation point time. Spleen weights were ex
pressed as the mean and SD (n = 5) of grams/spleen and infoctions 
as mean :±: SD (n = 5) oflogw CFU/splcen at each selected post
inoculation point-time, previous loga.rithmic normalization of 
individual data. Statistical comparisons between means were 
perfonned by ANOVA aod the Fisher's Protected Least 
Significant Differences test [86] . 

Supporting lnformation 

Table Sl Bacteria! strains and plasmids. 
(DOC) 

Author Contributions 
Conce.ived and cbigned the expí:riments: LPC RCA MJG EM JM 1'.fl. 
Pcrfonned the expcriments: LPC RCA YGR EBC CCD ECO VAG AZR 
MJclM. Analyzed the elata: LPC EBC CCD ECO JPG füvf 1'.{IG l\.fl JM. 
Wrote the paper: I!vf EM lv!I. 

16. Kawai Y, Kancda K, rviorisawa Y, Ak.::1g-..i.wa K (199 1) Protc!!:úon ofmkc from 
lctha.l cndotoxcmia by u.<ie of an onllthiuc-couta.ining lipid ora scriucªconta.iuiug 
lípíd. Infcct lmmun 59: 25fü)-25fü}. 

17. Kawai Y, Okawarab Al, Okuyama H, Kura F, Suzuki K (2000) Modulation of 
chcmota .. 'X.i<i, 0 (2)H procluction .and mydopcroxidasc rck_asc: from human 
polymoq)honudcar kukocytcs hy the: onüthint>·cont.aining lipid and thc 
scrincglycinc~coutoliuing lipid of F/11120/mr.taium. FEI\-fS lmmuuol t\1aJ 1\-fkrnhioJ 
2!l: 205-209. 

18. Kawai Y, Ta.k.1su.k..i. N, Inour.: K, Alwg.iwa K, Ni'ihijima J\..f (2000) Ornithínr:
containing lipids stimu]ate. CDJ·1--depc:ndcnt TNF-alph<1 produr.tiou frmn 
murine macrnphagc-likc J7H. l and RA W 264. 7 cclls. FEMS lmmunol Med 
Mír:robiol 2!l: 197- 203. 

19. Gamazo C 1 ~ioríyóu I (1987) Rdcasc of outer mcmbrauc fragmcul'\ hy 
cxponcntíally growing Brucdla mclÍJr.1u'fr <:.dl"i. Infix:t Immun 55: 609-6 Li. 

20. Vcla.seoJ, BengoccheaJA, Brnmlcnburg K, Lindncr B, Seydcl ll, et al. (2000) 
Bmcc/Ja 11hortu.r miel its dos:t~t phylog(~nt~tic rclativc, Od1m/Jactnm1. !>J>p., díffi:.r in 
outcr 1n<:mhranc pcnucability a.nd catíonic pcptidc rcsi1ttancc. Infr:ct [nunun <lB: 
3210- 321fl. 

21. Vclasc:oJ, llcngocchcaJA, Brandcnburg K , Limh1cr B, Seydd U, et al. (2000) 
Bntcella n.bortus and .it<t doscst phyJogc.uetk. rdativr:, Ochmbactmm. spp., diffcr in 
outcr mcmhmuc penru~ability and catio1lic pcptide rcsi<;t.ance. Iiúixt. Inunu1i 68: 
32!0-321B. 

22. Gcrhardt P (19.íll) Thc nutritícm of hru<x:llae. Ba<:tcriol Rcv 22: íll-911. 
2:>. Weissemnaycr B, Gao JL, Lopcz-Lam CM, Gciger O (2002) [dcntification of a 

gene: rc:quircd for thc bíosynthí~Ís of orníthinc-clcrivcd lipíck :Mol :ti..Ifrrobíol 45: 
721 -73'.l . 

24. GaoJL, Woi~'r:nm.aycr B, Taylor AM, Thomas-OatcsJ, Lopcz-Lam Ilvf. c:t al. 
(2004) Idcntification ()fa gene rc:quirr:d for thc fonnation ofJyso-oniithiuc lipid, 
an intcnncdiatc in the hiosynthcsis of onlÍthinr;.c.onta.iuing lipick ~fol ~ficrobiol 
.'\3: 17.'\ 7-1770. 

2.1. Rojas-Jimcncz. K, Sohlcnkamp C, Gcigcr O, :Martincz-Romao E, VVe:rncr D , 
d al. (200.1) A C1JC chloride chmmd homolog and m·1llthincªcontaining 
mcmhra m: lipicl<i of RJzi,.:ohilrm tmj1icí CfA TB99 are ínvolvcd in !-!ymbíotic: 
dlidcnr.:y and acid tolcranc-c.. t..•fol PJant ?\.iicrohr: Internet 18: 11 7.1- 1185. 

2G. Hcath RJ, Rock CO (1998) A conscnrcd hisúdinc fa csscntial for glycc:rollpicl 
acyltrausfcra.se catalysi" J Bactctiol 180: 142:i- 1•130. 

27. Wcst J, Tompkins CK, Bal:mtm: N, Nuddman E, Mc.cngs B, et ;iJ. (1997) 
C loning and c>q>rcssion of two huma n J.ysophosphaúdic acid acyltransfora..<ie: 
cDNA"' that cnh.ancc c:ytokinc-índuc<xl sígnaling responses in c:c:lk DNA CcU 
Biol 16: 691 - 701. 

28. Roja.,.-:Jimencz K, Sohknkamp C, c,~ ig<~r O , ~fartincz~Rorncro E) \\.'<:mc:r D, 
et al. (200.1) A ClC dtloric.k: di;mnd homo.log and onlithine-coutaining 
mcmhranc lipid'l of Rlli;:phimn tm¡Jiti CIA. TH99 are invoivcd in symhiotic 
cffidency nnd acid tolcrnnc~. Mol Plnnt Mic:rohc Intcract 18: 117.1- 1 Jll:i. 

29. Rojas:Jimencz K, Sohlcnkamp C, Gcigcr O, ~fartinc-:z-Romcro E, \.Vcrncr D, 
et al. (200.í) A CJC chloride rhannd homolog and ornithine-<:onr,1ining 

January 2011 1 Volume 6 1 lssue 1 1 e16030 



mcmhr;wc lipich of Rlli;;,nbium Jropiá C.L'\. TB99 a1·t~ iovolved in symbiotic 
dñc: icnc:y aud add tokrancc. Mol Plant ~ficroh<: Iutcrac:t 18: l 175-l l B5. 

~O . Condc-Alvarcz R , Grilló lv(J, Salcedo SP, de J\,figucl 11-ij, Fugier E, et al . (2006) 
Synthcsis of pllosphatidyJchoJinc, a 1)1lkaJ cukaryotic phosphoHpid, fa nc~Cf' .. S.ci:.lry 

for fit.Jl vinilcncc of thc intracdlular bacteria! parasitc Bmcella 11h()rt11s. Ccll 
Mirrohiol ll: I:l22-l.~:l'i. 

~11. GaoJL, \\.T<:i.:¡scnmaycr B, Ta.ylor Atv1, Thomas-OatcsJ, L)1x:z-Lara Hvi, et al. 
(2004·) Idcntification of a gene rcquircd for thc fonuatiou of lyso-onlithinc lipicl, 
an intcnncdiatc in thc hiosynthcsis of on1ithinc-containing lipick ~lol b.·ficrohiol 
'i:l: 1757- 1770. 

32. Frccr E, Moreno E, Moriyóu I, Pizarro-Ccrdá J , Wdnb·auh A, et al. (1996) 
Bmce/ln.-&lmont:lln. Jipopolysaccharidc chim cras are l r~~s pcnncahlc to hydropho
hic probc.-i nnd more scnsitive to cationk pcptide~ and EDTA than are thcir 
nativc: Bnu~/ln. sp. countr:rpart~.J Bactcriol 17B: 5B67-5B76. 

33. Gonz;ilez D, Grilló MJ, de Miguel MJ, Ali T, Arrc-Gorvcl V, et al. (200B) 
Brucdlosis vaccincs: asscssmcut of Bmcel!a mtlitens1:i; lipopolysaccharidc rnugh 
mutant'{ cfofoctivc in corc and 0 -polysaccharick syntlt<"~'li<; and c:.\.l>Ort. PWS 
ONE :t c2760. 

34. Mantcrnla L, Moriyón I, Moreno E, Sola-fonda A, Weiss DS, et al. (2005) Thc 
lipopolysacd1aridc of Bmcellt1 abartm BvrS/BvrR mutants cont..1.im1 Jipid A 
modifications ami has highcr affinity for bac.tcricidal c.ationic. peptidcs.J Bac.tcriol 
IB7: .í631 - :;6:l9. 

35. Conrk-Alvarcz R, Grilló MJ, Salcedo SP, de Miguel MJ, Fugier E, et al. (2006) 
S)'nthc:sis Clf phosphatidykholinc:, a typical ('.ukary·otic: phospholipid, i<¡ ncccssary 
for full virulcucc of thc intrar:ellular bacteria! pm·asitl~ Bmcella a.bortus. Cdl 
Microbiol H: 1 322-I :l:~.í. 

36. Coude-Alvarcz R, Grilló ]1,-lJ, Salcedo SP, d1' ]\,figucl MJ, Fugicr E, et al. (2006) 
Synth1~si-; of pho!l1>hatidykholiur., a. t)'i>iral cukaryotk phospl10Jipid, is m~ccs.,<¡¡uy 
for full víruknc.c of thc intrac:cllular hactaial parasítc Bmcella ahortm. Cc:ll 
Microbio! !l: 1322-1335. 

37. Níkaido H, Vaara M (19ll'i) Molecular basi< of bactcrial outcr mcmhrane 
pcrmcolhility. 1\..firrohiol Rcv 4·~J: 1- '.12 . 

3fl. Roso.nfokl Y, Shai Y (2006) Li¡x>polysacd1aride (Endntoxin)-host ckfcnsc 
antihactC'r.ial pcptidcs intcractiotL'{: role in bac:tcria1 rc.'{istancc and prevc1ltion 
ofscpsl<. Biorhim Bioph}~ Acta ¡ 7:;n: 15I:l-1522. 

39. J\.1oriyóu 1, Ilcrman DT (1902) Effoct<J of nonfouk, ionic, and dipo1ar ionk: 
dct.crgcnts and EDTA ou thc Bnu;d/a c:d] cnvdopc. J Bac.tcriol l .12: 022- 820. 

·f.O. !\·faróncz de T<"jada G, !v!oriyón I (199~i) Thc outcr mcmhrancs of Bmcdlll ~J)p. 
are not barrícrs to hydrophobic pcrmcanLt.l.j Bac.tcríol 17J: .'¡273--.1275. 

·H. Frccr E, Moreno E, Moriyón I, Pizarro-Ccrclá J, Wdt1trauh A, et al. (1996) 
B1uct!l!a-Salnumella lipopol~'!iac:chatidc dümcras arc lcss pcnncablc to hydrnpho
hic prohcs and more scusitivc to r.ationi(': pcptidc:s and EDT A thau are thcir 
nativc Bmccl/a '1'· rounterparts. J Bartcriol 178: Sfl67- .'ifl76. 

42. Martínez de Trjada G, Pizarro-CcrdaJ, Moreno E, Moriyón I (199.1) Tho outer 
mcrnhrancs of Bmcella ~VP· ar<: resistant to bactc.riciclal cationic pcptidcs. Iufcct 
Immun 63: 30'i4-306!. 

43. Itfartc M , Gonzálcz D, Ddruc RM, Monrcal D, Conde R, ot al. (2004) Bmce/b1 
Lipopolysac:charidc: Struc.turc, Biosyuthcsis and Gr.nctics. In: Lópcz-Goi'\Í I , 
Moriyón [, cck Bmcd/a: Molecular ancl Ccllular Biolob'Y· Wymondham, UK: 
Horium Bíoscicncc:. pp 159- 192. 

44. Thidc O\'\', Schwinn G (1973) Thc free lipicl'i of Brncclli1 melitcnsis ancl Bnrrktellt1 
patu.rsir. Eur J Biorhem 34: 333- 3'14. 

45. K.awai Y (19H5) Cha.rac:tcfr~tic: cc:llular fatty ar.id composition andan onlithirw
containing lipid as a ncw typc: of hcmagglutinín in Bordttdla. pertussfr. Dcv Biol 
Stand 6 1: 219-2:i•t. 

-1.fi. Kawai Y, Akagawa K (1989} ~larrophagc: artivation hy an ontithinc-ronta.ining 
lipid or a scrinc-containiug Jipid. Infoct lmmun .í 7: 2086- 2091. 

47. Lopcz-L1ra IM, Sohknkamp C, Gcigcr O (2003) Mcmhranc lipid< in plant
a.;;sodat.cd hactr.rla: thcir hiosyutlicst~s and ¡>0ssihlc functiorL'{. tvfol Plant f\.fic.rolx: 
Intcract 16: .í67-.179 . 

4R. Kawai Y, K.amoshita K , Akagawa K ( l~)~)l ) B-lymphoc.ytc mítogcnkity aucl 
adjuva.nticity of an ornithinc-coutaining lipicl or a sr.rinc-c.ontaining lipid. FEtvfS 
Mic:rohí<>l Lctt 67: 127-129. 

49. Kawai Y, Nakagawa Y, MatuyaITL~ T , Abgawa K, ltagawa K, et al. (1999) A 
typic:al hac:tc:rial omitliinc-c:ontaining lipid Nalpha-(D)-(:l-(hc:xadccanoyloxy)
hcrnck:canoyij-ornith..inc i.., a strong stimulant for m.1crophagcs aml a usr.ful 
adjuvant. FEMS Irnmunol Med Mirrohiol 23: 67-73. 

.íO. Kawai Y, Takasuka N, lnouo K, Akagawa K, Nishijima M (2000) Omithine
COI\taining lipids stimulatc CD l 4·~dcpcndcnt TNF-alpha production from 
rnurine rnacrophage-like J774·. I <111d RA W 264. 7 crJls. FEMS Immunol 11/frd 
Microbio) 2B: 197--20'.l. 

'> l. Kawai Y, K.1mosbita K, Ak.1gawa K (1991) B-lymphorytc mitogcnieity and 
adjuvanticity of an on1ithinc·containing lipid or a scrinc-containing lipid. FEJ\.1S 
Microbio! Lctt 67: 127-129. 

32. Kawai Y, N akagawa Y, J\,fatuyama T, Akagawa K , Itagawa K, et al. (1999) A 
l}J>ieal hactcrial ornithinc-rontaining lipid Nalpha-(D)-['.l-(hcxadccanoyloxy)
hcxadcr.auoy~ -ontithinc fa a strong stimulant for macrophagcs ancl a uscful 
adjuvant. FEMS lmmunol Mc:d Microbio! 23: 67-n. 

53. L1paquc N, Muller A, Alcxopoulou L, Howard JC: , Gorvd JP (2009) Brucelú1 
almt1" indur.<'.< Irgm3 ancl Irga6 c~1>rc,.ion via typc-I IFN by a MyDfifi
depeodcnt pathway, without thc requircmcnt of TLR2, TLR4, TLR.í ancl 
TLR9. ll/firrob Patl10g 47: 299-304. 

·:(®.~ PLoS ONE 1 www.plosone.org 
' . 11 

Bruce/Ja Ornithine Lipids 

54. Buwitt-.Thx:krn~um U, Ht~ifü~ H , \ VicsruuHcr KH,.Jnng G, Dmck R, et al. (200S) 
Lípop<:ptidc structurc dct<:nnincs TLR2 dcpcndcLlt c:ell ac:tivation lcvcL FEBS J 
272: 63.14-j)'S64. 

53. Kong W, Yen JH, Va~winu E., J\dhib:ry S, Toscano MG, et al. (20JO) 
Doe:o,.:¡:aJu~x.;1c .. noic add prc:v~'llt~ dr:ndritic cc.11 maturntion and in vitro ancl in vivo 
cx-prcssion ofthc IL-12 cytokiuc fumily. Llpicl<; Hcalth Di<; 9: 12. 

36. Erridge C, Smnani NJ (2009) S<ltnratcd fatty adds dn nnt dirr:r:tly srimulcltr: ToJl
likc receptor signnling. Artcriosdcr Thromb Va...-;c Biol 29: l ~H4-1 ~H-9. 

;-)7. Thiclc OVV, Sd1winn G (EJ7 :~) Thc free lipicl" of Bmcella meliten,r;i'i aud Bard.<!1dú1 
¡ierllwir. Eur J Biorhcm :l4: ?.:l:l-:lH. 

5H. K:m:ai Y, Akagawa K ( l9B9) t\.fucmphag<: actívation hy an ornithinc-containiug 
Jipicl ora sc:rinc·cont.1ining Jipid. Infi-;(1 Immun .17: 2086-2091. 

59. Kl"i.wa i Y, Suzukí K, Hagí:wara T (1905) Phosph:ttidylsc!rÍnc ancl orrtlthinc
containing lipi<l<; of Brmlctdlt1, hcmagglutinit1<; of lipoamino arid su-uc.tUf(:, and 
thdr conb·ol in biomcmbraocs. EurJ Biorhcm 147: 367-370. 

60. Thídc OW, Schwino G (19nl) T hc free lipids of Bruce/la mditmsis and Bnrdetd/11 
pcrtu.rsis. Eur J Biochcm 34: 3'.S'l-'M4. 

6 1. K.awai Y, Taka.•uka N, Inouc: K, Akagm>a K, Nl<hijima M (2000) Omithinc:
contai.ning lipids stímulatt: CD 14-d <:pc:ndcnt TNF-alpha production fmm 
murine rnam>ph:igc-lik.,J774.J ami R .\W 264.7 rdls. FEll·iS Imrmmol Mr.d 
Micrnhiol 20: 197-203. 

62. G c::igcr O, Gonzak.z.-Silva N, L)pez-Lnra Uvi~ Sohknlrnmp C (2010) Amino 
add-containing Tllf' .. mhr.anc l~>kl~ in hacte1ia. Prog Lipid Rf:S ·19: <Ui-60. 

6:1. J\.ioriyón 1, Ik:rman DT (J9H2) Effoct°' of noniou.ic::, iouk) 1.md dipolar ionic 
detcrgcot' and EDTA 011 thc Brucdla cdl c:nvdopc. J Bactcriol 152: ll22-ll21t 

G4. Moreno E, Stackcbraud t E, º""':l1 M, Woltc:" J , Busc:l1 M, et al. ( 1~)<)0) 
Bmulla abortus lGS rRNA ami lipíd A rcvcal a phylogcnctic rclationsh.íp with 
mcmhcrs of thc alpha-2 suhdivision of thc das.<; Pmtcohacteria. J Bar.tcrio] J í2.; 

3ó69- 3.í 76. 
fió. Babu MM, Priya ML, SrJvan AT, Madera M, GoughJ, et al. (2001i) A databasc 

of hactcrial lípoprotcin' (DOLOP) with functional a~<ignmcnt< to prcclictc:d 
lipoprotc ins. J Bac:tcríol lBB: 2761-2773. 

fiG. Andcrscn-Nisscn E, Smith K.D, Strobc KL, Bat1·ctt SL, Cookson BT, et aL 
(2005) Eva<ion of Toll-líkc r":<:ptor ;, by flagc:llatcd bacteria. Pn:x: NatJ Acad 
Sri USA 102: 9247-92.12. 

67. Zahringc:r U , Lindru:r B, Knin:l YA, van den Akkcr WM, Hicst.and R, et al. 
(2004) Struchtrc ancl hiologi<:al a<:tivíty of thc short-c:hain lipopoly.o.;acc:haridc 
from Bartouclla hcmdac ATCC 49flfl2T. J Biol Chcm 279: 21 M6-2 l05·1. 

68. Blauc G, Ogata. H, Rohc:rt. C, Audic S, Suhrc K , ctaL (2007) Rcductivc gt~nomc 
cvolution from thc: moth:cr of Rkket1s ía. PL:)S Gc:nct :1: e l•t 

69. Wu M, Sun LV, Vamathcvan J , Ricglcr M, Dchoy R, et al. (2004-) 
Phylogcnom.ir.s of thc: rcproductivc: parasítc \'\.Tolhachia pípicatis wtv!cl: a 
strcantlinc<l gcuomc ovcrnm by mohilc gcnctic dcmcnt~. PLoS Biol 2: Efü). 

70. Lín M, Rikihisa Y (2003) Oblig-dtmy íntracdlular parasitl<m hy Ehrlichia 
drnffcen'1is and Anapfasum. phngocytophilum involw~s cavcolae and glycosyJpho .. 
sphaticlylinosiml-anrhored promiLLs. Ccll J\,ficrohiol '>: ll09-1l20. 

71. Rikihisa Y (2006) Ehrlkhia. snh\'crsion of host iunatr. responses. Curr Opin 
Microbio! 9: 'ló-10!. 

72. Gahardt P (19.1H) Thc nutrition ofhnicdlac. Bactrriol Rcv 22: fil-9fl. 
7'.l. Conck-Alvarcz R, Grilló MJ, Sal!Oedo SP, ck Miguel MJ, Fugicr E, e t al. (2(1(Jfi) 

Sy1ttll(~sis of ph.osplrntidykholine, a. t}l>k.a.I cukaryo1ic phospholipid, i'I mxcssary 
t(1r foil vi.rulcnc.c: of thc i11trac:dlular hac:taial parasitc: Bmcella ahortu.r. Ccll 
Miernbiol ll: 1:122-l'l35. 

H, Motm:al D, Grilló l\ij, Gonútle7. O, :'lfarin CM, de Miguel l\.\J, c:t al. (2003j 
Charactc:rizatíon of Bruc1.:lkl l).hfJrtus 0-polysaccharidc: and corc lipopolysacc:ha.
ríclc mutanl"I and clcmon.o:;tration that a coiupletc c.orc ic.; rcquírccl for rough 
vaccinc!i to he. r.fficicnt again~t Bmcdla. ahnrtus and Bntce/la. ovi.r in the mousc 
modd. lnfoct lrrunun 71: '.l26 1- 327 1. 

75. Alton GG, J ones LM, Augus RD, Vergcr JM (HlBR) Tcdmic¡ur,s for tlie 
hruccllosis lahoratory. Paris, Francc: L~'RA. 

76. Kupfcr D, Zusman DR (l!l!H) Chaug:cs in ccll surface hydrnphobídty of 
tvfyxococ:cus xanthus are corrdated with sporulation-rdatccl cvcnt-; in thc 
ckvdop111cntal prngmrrL J Bac:tc: ríol 159: 776-779. 

77. Gonz{1ki D, Grilló ]l,ij, de Miguel i\.U, Ali T, Arce-Gmwl V, et al. (20011) 
Brucc:llosi<; vacc:íncs: ª'-"'Cssmc:nt of Bmcdla. mditcmir lípopolysac:dw.rícl<: rough 
mutant'l. dcfoctivc ín corr.. ancl 0-polys.-'lc:charide syr1thC'~<;i<; ami c.xport. PLoS 
ONE 3: c2760. 

711. Conclc-Alvarcz R, Grilló 11·~] , Salcedo SP, de l\·ligt1d !1·1], Fugicr E, et al. (2006) 
Synthc~is of pht)sphatklykhoJirn~, a t)1)irnJ cukaryotic pho~1>holfpid, is ncccssary 
for full vintlcnc<~ of the iutraccHuhu· bacteria! para'litc Bmal/a 11bm111.~·. Cdl 
Microbio! H: 1322- B :l:\. 

79. Hallcz R, Lctc~">ll JJ, V;uulcnhautc J , de Boclle X (2007) Gat.cway-based 
dcstination vcctors for func:úoual anal'!t1íC.S of bac:tcrial ORFcomcs; Application 
to thc min systcm in Bmce//J.i tllmrttu. AÍ>pl Environ r,.fi<:rohíol 7:~: l '.17.l- 1379. 

HO. Dricot A, RualJF, Lamesch P, Ucrtin N, Dupuy D, et al. (2004) Gcncration of 
thc Bmc1tl!f.l melitcnsis ORFcomc vcrsiou 1. L Gcnomc Res 14: 2201-2206. 

lll. Hallez R, Lc:tcssou JJ, Vandenhautc J, de Bodk X (2007) Gatcway·ba.<ed 
dcstínation vcctors for fuuc:Lioual aualysc~ of hancrial ORFcomC'~'{ : Applica
ticm to tbc min syst('.111 in Bruc.dlt.1 ahmtus. Appl Environ rvfíc:rohíol 73: 
137.í-1379. 

82. Bligh EG, Dycr \\'.) (19.19) A rapid mcthod of total lipid cxtraction ancl 
purification. CanJ Biochem Physiol 37: 911-917. 

January 2011 1 Volume 6 1 lssue 1 1 e16030 



H3. \ ·Vcí.<.;..<;C t11naycr B, Gao JL, Lopcz-la.ra I~I, Gcigc: r O (2002) Idcntificaticm of a 
gcuc rcquircd for thc hiosynth<'~<>is of on1ithim~·dcrivcd lipids. f\tfol f\.!krohiol i! 5: 
72 1-733. 

f\4. De Chawcllicr C, Frchd C, Offredo C, Skamcne E (1993) Implication of 
plrngosomc-Jy.<;0somc fusion in rcstrictinn of 1l{Jr.ob11ch'Ti11m avium growth in hnnc 
lll.'l.n:ow mar:roph.agcs from gcnctir.a lly rcsistant micc. Infcct Immun () 1: 
377'i- 37!H. 

ll'i. Grilló MJ, Mantcrola L, de Miguel MJ, Mufloz PM, B!asco JM, et al. (2006) 
[ncrc:a<;cs of cfficacy a<; vacdnc against Bnu:dla ahortus infoc.tion in micc by 
simultancous inorubtiou with avirulcnt smootl1 h'C!fS!bvrR and rnugh wbk.A 
mutant<;. Vaccinc 24: 2910-2916. 

:·~.: PLoS ONE 1 www.plosone.org 12 

Bruce/la Orníthine Lípids 

86. G1·illc\ MJ, Mantcroht L, ck Migud l'l·U, Muñoz PM, Bla>i<:o .JM, et al . (2006) 
Iuc:rcac.;cs of diicar.y as vacdnc again.c.;t Brucella ahm"fus infoction in micc by 
simultancous inoculati0t1 with <l\:ú:uknt smooth hr1rS/hurR and rough u-b/:..·1 
mutante;. Vac:c:iuc 24: 2910-291(). 

fl7. L-,pcz-Lira IM, Soltlcuknmp C:, Gdger O (2003) Mcmhranc lipids in pfant
ao:;sociatr.cl hactcri..1.: thcir hiosynthc ... ~s and pos!'iiblc functiorn1. rvfol Plant lvficrobc 
Iutcmct 16: 567-579. 

ll!l. Thide OW, Sd1winu G (197'.1) Thc free lipids of Brncc/úz mditell.<Í.< aud Bm,fetdúz 
f11.t1tussir. Eur J Biochcm '.{·!: .:tt1--~~ -'1-1-. 

January 2011 1 Volume 6 1 lssue 1 1 e16030 



OPEN @ACCESS Frt!t!ly avalla bit! onlint! PLüS PATHOGENS 

The Lipopolysaccharide Core of Bruce/Ja abortus Acts as 
a Shield Against lnnate lmmunity Recognition 
Raquel Conde-Álvarez 1•

2
'·", Vilma Arce-Gorve13'~, Maite lriarte 1, Mateja Mancek-Keber4

, Elías Barquero

Calvo5, Leyre Palacios-Chaves1
, Carlos Chacón-Díaz6

, Esteban Chaves-Olarte5·6 , Anna Martirosyan3
, 

Kristine von Bargen3
, María-Jesús Grilló7

, Roman Jerala4
, Klaus Brandenburg8

, Enrique Llobet9
, 

José A. Bengoechea9
, Edgardo Moreno5·10

, Ignacio Moriyón1''.t, Jean-Pierre Gorvel3 ''.t* 

1 lnstitute for Tropical Health and Departamento de Microbiología y Parasitología, Universidad de Navarra, Pamplona, Spain, 2 Focal Area lnfectíon Blology, Biozentrum of 

the University of Basel, Base!, Switzerland, 3 Centre d'lmmunologie de Marseille-Luminy (CIML), Aix-Marseille University UM2 Marseille France, lnstitut National de la Santé 

et de la Recherche Médicale (INSERM) Ul 104 Marseille France, Centre National de la Recherche Scientifique (CNRS) UMR7280 Marseille France, 4 Department of 

Biotechnology, National lnstitute of Chemistry, Hajdrihova, Ljubljana, Slovenia, 5 Programa de Investigación en Enfermedades Tropicales, Escuela de Medicina Veterinaria, 

Universidad Nacional, Heredia, Costa Rica, 6 Centro de Investigación en Enfermedades Tropicales, Universidad de Costa Rica, San José, Costa Rica, 7 Instituto de 

Agrobiotecnología CSIC·UPNA·Gobierno de Navarra, Pamplona, Spain, 8 Forschungzentrum Borstel, Borstel, Germany, 9 Laboratory Microbial Patogénesis, Fundación 

Investigación Sanitaria llles Balears-CSIC, Bunyola, Spain, 1 O Instituto Clodomiro Picado, Universidad de Costa Rica, San José, Costa Rica 

Abstract 

lnnate immunity recognízes bacteria! molecules bearing pathogen-associated molecular patterns to launch inflammatory 
responses leading to the activation of adaptive immunity. However, the lipopolysaccharide (LPS) of the gram-negative 
bacterium Bruce/la lacks a marked pathogen-associated molecular pattern, and it has been postulated that this delays the 
development of immunity, creating a gap that is critica! for the bacterium to reach the intracellular replicative niche. We 
found that a B. abortus mutant in the wadC gene displayed a disrupted LPS core while keeping both the LPS 0-
polysaccharide and lipid A. In mice, the wadC mutant induced proinflammatory responses and was attenuated. In addition, 
lt was sensitive to killing by non-immune serum and bactericida! peptides and did not multiply in dendritic cells being 
targeted to lysosomal compartments. In contrast to wild type B. abortus, the wadC mutant induced dendritic cell maturation 
and secretion of pro-inflammatory cytokines. Ali these properties were reproduced by the wadC mutant purified LPS in a 
TLR4-dependent manner. Moreover, the core-mutated LPS displayed an increased binding to MD-2, the TLR4 co-receptor 
leading to subsequent increase in intracellular signaling. Here we show that Brucel/a escapes recognition in early stages of 
infection by expressing a shield against recognition by innate immunity in its LPS core and identify a novel virulence 
mechanism in intracellular pathogenic gram-negative bacteria. These results also encourage for an improvement in the 
generation of novel bacteria! vaccines. 
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lntroduction 

Innate immunity plays a fundamental role in the defense against 
microorganisms. In addition to the passive action of physical and 
physicochemical barriers, the effectiveness of innate inununity 
relies on pathogen recognition receptors that quickly perceive the 
presence of invaders. Upon binding to microbial molecules 
bearing pathogen-associated molecular patterns (PAMP), patho
gen recognition receptors trigger a cascade of signals that in elude 
thc releasc of proinflammatory mecliators, which in tum may 
actívate adaptive immunity. Cells like macrophages and dendritic 
cells are equipped with a variety of pathogen recognition 
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receptors, which can be activated by bacteria! PAivIP such as 
lipoproteins, glycolipicls, peptidoglycan or DNA. Howevcr, sorne 
bacteria are able to generate chronic infections by residíng and 
multiplying in these host cells. A relevant model of this kind of 
pathogens is represented by the genus Bmcel/a [I] , a group of ct

Proteobacteria that have a great impact on animal and human health 
worldwide, and whose vírulence reJíes in part upon the failure of 
pathogen recognition receptors to sense Brncella during the initial 
stages of infection [2,3]. 

Brucella surface lipoproteins, ornithine lipids, flagellum-like 
structures and the LPS do no t bear a marked PA.MP [2,3,4,5]. 
The most conspicuous P AMP bearíng component of the surface of 
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Author Summary 

Brucellosis is one of the most extended bacteria! zoonosis 
in the world and an important cause of economic losses 
and human suffering. The causative agents belong to the 
genus Bruce/la, a group of highly infectious gram-negative 
bacteria characterized by their ability to escape early 
detection by innate immunity. This stealthy behavior 
effectively delays the development of immunity, creating 
a gap that is used by the bacterium to penetrate into a 
variety of cells and to actívate complementary virulence 
mechanisms such as the type IV secretion system. By this 
manner, the brucellae divert intracellular trafficking to 
reach a safe multiplication niche and establish chronic 
infections. Our results show that an inner section of the 
Bruce/la LPS (a molecule that in most bacteria is detected 
by innate immunity), effectively contributes to block 
recognition by soluble molecules and cellular receptors 
of the host innate immune system. Accordingly, a 
mutation disrupting the inner but no other lipopolysac
charide sections generates attenuation by impairing the 
stealthiness characteristics of this pathogen. This is the first 
Bruce/la mutant in which attenuation is specifically linked 
to the bolstering of immunity against this pathogen. 
Therefore, this new virulence mechanism opens the way 
for the development of improved bacteria! vaccines. 

gram-ncgative bacteria is LPS, also known as endotoxin, a molecule 
made of three sections: lipid A, core oJigosaccharide and 0 -
polysaccharide (0-PS). TypicaJJy, LPS express a lipid A made of a 
glucosamine disaccharide linkcd predominantly to e 12 to e 14 acyl 
chains in ester, amide and acyl-oxyacyl bonds. T his structure carries 
a characteristic PA.J.\.1P that is recognized by the TLR4-MD2 
receptor-coreceptor complex, triggering potent proinflammatory 
responses that may lcad to endotoxic shock. Since Brucella lipid A (a 
diaminoglucose disaccharide substituted with C 16, C l 8, C28 and 
other very long acyl chains [6]) structurally departs from the 
canonical Jipid A recognized by TLR4-l'vID2 [7), it is postulatecl to 
play a key role in the stealthy behavior of this pathogen; indeed 
Bmcella LPS is poorly endotoxic [2,4,8,9] . In acldition, the 0 -PS 
characteristic of smooth brucellae likc B. abortus, B. melitensis or B. suis 
confers serum and complement resistance, a property not uncom
mon in the 0 -PS of gram-negative pathogens, and also modulates 
the entry into cells [1]. I t is not known whether the LPS core sugar 
structure of Bmcella or any other gram-neg-ative intracellular 
pathogen has a direct role in intracellular virulence. Indeed, 
mutants of smooth Bruce/la affected in the LPS core show clifferent 
degrees of attenuation, but these results cannot be unambiguously 
interpreted because ali core mutants dcscribcd so far simultaneously 
lack the 0-chain. (i.e., are rough [R] nm tants) and thus are 
anenuated [! O]. H ere, we report that mutation of a hitherto 
unidentified Brucella LPS core glycosyltransferase gene generares 
anenuation without affecting the assembly and linkage of the 0 -PS 
or the lipid A section. This ancnuation is not caused by a 
physiological defect associated with a damage of thc envdope 
properties but rather by the removal of a core section that hampers 
recognition by complemcnt, bactericidal pepticles and TLR4-MD2, 
thus representing a novel virulence mechanism. 

Results 

The B. abortus wadC glycosyltransferase gene is required 
for the synthesis of a core section of smooth LPS 

Up to now, only one Brucella core glycosyltransferase has been 
identified [20]. Since LPS core structures are often conserved in 
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phylogeneticalJy related organisms, we scanned the genomcs of r:t
Proteobacteria looking for orthologues of glycosyltransfcrases not 
involved in 0-PS synthesis. We identified B. abortus ORF 
BABl _ l522 as encoding an orthologue (78% similarity) of the 
Rhi,:obium leguminosarum core mannosyltransferase LpcC [11] and 
nan1ed it wadC following accepted nomenclature [12]. We then 
constructed a non-polar mutant (Baó wadC; Figure S 1) of virulent B. 
aborlt~r 2308 Na!R (Ba-parental) [9] . This mutant showed the same 
dye ancl phage sensitivity panem as thc parental strain, and its 
growth rate in bacteriological media was similarJy unaffectcd 
(Figure 82). In addition , the mutan t reactecl normally with 
polyclonal antibodies to the O-PS and was smooth by the crystal 
violet-exclusion and acriflavine tests, suggesting the presence of a 
typical smooth LPS (S-LPS). T hus, for a bener analysis of possible 
LPS defects, we extracted the Ba-parental ancl BatlwadC LPSs using 
the phcnol-water protocol [1 3,14]. SDS-PAGE and Western-blots 
with anti-0-PS and anti-core monoclonal antibodies showcd that 
the wild type LPS of the parental Ea-parental strain consistecl of 
both S and R fractions, as expectecl (Figure 1 ). H owever, the 
BatlwadC LPS extracts showed a clifferent migration pattern 
suggesting a core defect. This pcculiarity was confirmed by its lack 
of reactivity of the anti-core monoclonal antibodies A68/24D08/ 
G09 (Figure 1), A68/24G 12/ A08 and A68/3F03/D5 (Figure S3). 
The implication of wadC was confinned by complementation with 
plasmid pwadC (strain BatlwadC-comp) (Figure l ). In addition , the 
lipids A of both Ba-parental and BaLlwadC were dominated by 
molecules carrying the very long chain fatty acids typical of Bruce/la 
LPS, with minar ancl not consistent differences in the intensity of 
somc peaks as detected by mass spectrometry (Figure S4). 

Ba~wadC mutant is attenuated and induces 
proinflammatory responses 

BatlwadC clisplayecl attenuation in mice (Figure 2A, left panel) with 
an estimated spleen clearance time of 27 weeks (66 weeks for Ba
parental). This anenuation, however, was less marked than that of a R 
mutant (BaTn5::per) blocked in the synthesis of the only sug-ar (l\f
fom1ylperosamine) ofthe 0 -PS but wíth a complete core (Figure 2A, 
left pm1el). BatlwadC induced a transient splenomegaly, in contrast to 
the increasing splenomegaJy observed in Ea-parental and the almost 
absence of splenomeg-aly observed in the BaTn5::¡1er inoculatccl mice 
(Figure 2A, right panel). Complementation with plasmid pwadC 
restored thc n.plication, persistence and splenomegaly of BatlwadC 
back to levels observed with the virulent Ea-parental (Figure S5). 

Upon infection, BatlwadC triggerecl a more intense leukocyte 
recruitrnent in the peritoneum and blood than Ea-parental (both 
at 106 CFU/mouse) but less than the highly endotoxic Salmo11ella 
enteriw subspecies enterica serotype Typhimurium (S. Typhimur
ium) (at 105 CFU/ mouse) (Figure 2B). Concurrently, cytokine 
levels (TNFr:t, IL-6, IL-12 p40/p70 and IL-10) mcasured in the 
serum of BatlwadC infected mice were always higher than those 
induced by the Ba-pareJlta] (Figure 2C). 

Ba~wadC mutant activates dendritic cells 
We then investigatecl whether the attcnuation and inflammatory 

responses in mice were reproducecl in target cells ( dcndritic cells 
and macrophag·es). Ba~wadC but not the complemented strain 
BatlwadC-comp was killed in bone marrow-derived clendritic cells 
(BMDC), al though less rapiclly than the virB9 type IV secretion 
mutant used as a reference of attenuation (Figure 3, upper panel). 
Moreover, in contrast to the Ba-parental strain, which segregatecl 
at 24 h post-infection within the calnexin-positive endoplasmic 
reticulum, the BatlwadC mutant-containing vacuoles colocalized 
with the lysosomal IAMP-1 marker, inclicating its failurc to reach 
the encloplasmic reticulum replication niche (Figure 3, lower 
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Smooth 

~ Rough 

Anti -0-chain Anti-core SOS PAGE 

Western blot with Moabs 

Figure 1. BadwadC carries a partially defectiva LPS core ollgosaccharlde. Western blot analyses were performed wíth monoclonal 
antibodies Cby-33H8 (0-polysaccharide C/Y epitope) and A68/24D08/G09 (core oligosaccharide) and SDS-proteinase K LPS extracts of Ba-parental, 
Ba~wadC and Ba~wadC-compl (complemented mutant), and the SDS-PAGE electropherogram of LPS phenol-water extracts was silver stained. 
doi:l 0.1371/journal.ppat.1002675.gOOl 

panel). This attenuation was paralleled by an increased number of 
Dendritic Cells Aggresome-Like Structures (DALIS) in infected 
EMDC (Figure S6) indicating that dendritic cells were pro
grammed to undergo a maturation process. Consequcntly, 
sccrction of IL-12 and TNF-Ol proinflammatory cytokines in 
EaówadC-infected EMDC at 24 h post-infection reached inter
mediatc levels betwecn those of Ea-parental and S. Typhimurium 
(Figure 4A, lcft panel). These observations were fully consistent 
with the results obtained in mice. Interestingly, EaówadC 
multiplied as Ea-parental in bone marrow-derived macrophages 
(BMDM; Figure 3, upper panel), Raw 264. 7 macrophages or 
HeLa cells (not shown) (see above). 

BaAwadC mutant is sensitive to complement and 
bactericida! peptides 

In the absence of antibodies, Smooth B111cella cells are poor 
activators of complement ancl are thus markeclly resistant to the 
bactericida! action of normal serum, a property that has been 
attributed to the 0-chain [15]. EaówadC was more sensitive than 
Ea-parental to the bactericida! action of serum and comparison with 
the 0-PS defective BaTn5::jler mutant suggested that the LPS core 
may be as important as the 0-PS (Figure SA). Erucellae are also 
resistant to bactericida] polycationic peptides [16,17] , a property 
linked to a steric hindrance by the 0-PS (17] as well as to the Jow 
negative charge in the core and lipid A LPS sections, as assessed by 
physicochemical methods [14]. We testecl the sensitívity of 
EaówadC to t\vo potent polycationic lipopepticles, polymyxin E 
and colistin ancl clemonstratecl a greater sensitivity of EaówadC 
(Figure 5E) to these two agents. These results were confirmed using 
synthetic poly-L-lysíne and poly-L-ornithine (not shown). 

Ba~wadC LPS triggers dendritic cell maturation and 
macrophage activation 

\.Ye then carriecl out studies with purifiecl LPSs. In cxperiments 
pcrformed to stimulate EMDC with purificcl LPS, the saturating 
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concentratíon far EaówadC LPS was 10 µg/mL. This is one 
hunclred times more than the corresponcling concentration of E. 
coli LPS, a rcsult that illustrates thc importance of the expression of 
an endotoxic lipid A far efficient cell activation. Howcver, at 
10 µg/mL, EaówadC LPS induced thc secretíon of IL-1 2 and 
TNF-Ol whereas Ea-parental LPS showed very low levels of 
cytokíne secretion (Figure 4A, right: panel) also showing that the 
prcscnce of the core oligosaccharide in adclition to the ei..1Jression 
of a long acyl-chain lipid A prevent Brucella LPS to show a marked 
enclotoxicity. These results closely matchecl those obtainecl in 
infectecl EMDC (Figure 4A, left panel). Cytokine secretion was 
TLR4-clependent since no pro-ínflammatory cytokines were 
cletected in EMDC from TLR4 but not TLR2 (Figure 4B), 
TLR6 (not shown) or TLR9 (Figure 4E) knockout mice stimulated 
with Eaó wadC LPS. Finally, EMDC showecl an intcrmediate 
matured phenotype as judged by the expressíon of CD40 and 
CD86 co-stimulatory molecules ancl surface MHCII (Figure 4C) 
that lecl to efficíent cytokine secretion. Although BaówadC 
multiplied in macrophages (BMDl\1) (Figure 3, upper panel), its 
core-defective purifiecl LPS was capable of triggering a cytokine 
response higher than that of the parental Ea-LPS (Figure S7E). 
These results suggest that sígTialing by the mutated LPS during 
EMDM infection and subsequen t cell activation did not occu.r 
early enough to prevent the mutam from rcaching the replicative 
ni che. 

BaAwadC LPS binds bactericidal peptides and serum 
complement 

Purified S-LPS farms supramolecular aggregates in which the 
lípícl A acyl chains display a characteristic and tempcrature
depenclent fluíclity that increases upan the disturbance of the 
aggregatc causecl by binding of bactericiclaJ peptícles ancl 
complement molecules [18]. Accorclingly, we measured this 
parameter in the absence or the presence of serum or polymyxin 
E. In the absence of any agent, the PHOl transition that marks the 
shift from crystalline to fluid phase took place in the 30 to 40ºC 

May 2012 1 Volume 8 1 lssue 5 1 e1002675 



Bruce/la LPS Shields Against lnnate lmmunity 

A • Ba-parental T BaL1wadC • Ba TnS::per 

8 
e: 
<1> 
Q) 

6 Q_ 

.!!!. 
::::> 4 u.. 
(.) 
O) 2 o 
_¡ 

o 

~~ \ " ~ Y---+" -~---. 
~" # 

' ' i 
o 5 10 15 20 

Weeks after inoculation 

1 
§ º·ª ¡ 
:E: 0,5 1 

.E> 0,4 1 
~ e: 0,3 1 

fil 0,2 i 

!}¡ 0,1 j 
0,0 ...---,-...~----~--.--

º 5 10 15 20 
Weeks after inoculation 

B E 
:;¡ 
(!) 

• Ba-parental T BaLlwaoC • S.Typhimurium 

e 

e 120 

'ª ~ 100 

~ 80 
CD 

~ 60 
X 
(/) 40 
<D l 2~ 
:;¡ 
<D 
-' 

120 

::? 100 

-€ 80 
C> 

s 60 

~ 40 
z 
1- 20 

o 5 10 15 20 
Hours after infection 

• Ba-parental 

# 

.tt+---~----1 
¡t+-- ---. 

o • 
o 5 10 15 20 

Hours after infection 

120 # 

:::J100 t--~ 80 

~ : -LV -~~---l 
2~ ,~/+---=-=----

o 5 10 15 20 

Hours after infection 

100 

80 

o 
o 5 10 15 20 

Hours after infection 

T BaLlwaaC 
l 

120 i # 
::¡' 100 ~ T # E ~ ' 

~ ªº ~ u--+-·- # 
~ :~ 1 ;: ~ . - ----t 
... ~ le~ • 

o 5 10 15 20 

Hours after infection 
3000 # 

)~----- - ..... , 
# --~- --- ~ 
~ ~- 1 

# :f -.., 
~ 1000 .. .L 

:::! / 
50~ ~' • 

- 2500 
-§, 2000 

.E: 1500 

• 
o 5 10 15 20 

Hours after infection 

Figure 2. BaAwadCls attenuated in mice and Induces transltory splenomegaly, local leukocyte recrultment and cytokine secretlon. 
(A), Left panel, infection kinetics in the spleens of mice intraperitoneally inoculated with Sx104 Ba-parental, Ba~wadC or 1 x 106 BaTn5::per; right 
panel~ spleen weights. (8), Leukocyte and PMN levels in the peritoneum (left panel) and blood (right panel) of mice after intraperitoneal infection with 
1 x 1 Oº Ba-parental, Ba~wadC or 1 x 105 S. Typhimurium SL 1344. (C), TNF-ot, IL-6, IL-10 and IL-12 p40/p70 levels in the sera of mice infected with Ba
parental or Ba~wadC. Each point is the mean :t standard deviation (n == 5). Differences between Ba-parental and BaówadC are indicated with symbols 
(*, p< 0.05; #, p< 0.001 ). 
doi:l O. 1371/journal.ppat.1002675.9002 
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Figure 3. Bai\wadCis attenuated in BMDC. Upper panel, intracellular replication of Ba-parental, Bal\.wadC, Bal\.wadC-compl and virB mutant in 
BMDC and BMDM. Each point is the mean ::!:: standard error of an experiment performed in triplicate, and the resu lts representative of three 
independent experiments. Differences between Ba-parental and Bal\.wadC are indicated with symbols (#, p< 0.001). Lower panel, confocal imaging 
of Ba-parental and Bal\.wadC carrying a GFP plasmid at 24 h post-infection (calnexin and LAMP-1 are in red). 
doi:l 0.1371/journal.ppat.1002675.g003 

range for B. abortus wild type LPS, with a transition temperature of 
37°C (Figure 5C). The LPS ofthc BaAwadCmutant showcd a very 
different acyl chain fluidity profile with a transition temperature 
bctween 45 and 55ºC, and with a markeclly more restricted fluidity 
below transition tempcraturc than the wild type LPS. Thcrefore, 
the mutant LPS aggregates were in the crystalline phase at 
physiological tcmperaturcs and, since the acyl-chain composition 
of lipid A was not significantly affccted (Figure S4), we attributed 
this to the disruption induced in thc core structurc by mutation of 
wadC. Despitc this greatcr rigidity, the LPS aggrcgatcs of the 
BaAwadC mutant wcre clcarly affected by normal scrum whereas 
those of Ba-parental LPS were not (Figure 5C). Moreover, whcn 
we measured the effect of polymyxin B on acyl chain fluidity, we 
found a much less marked effect on wild type LPS than on the LPS 
of the BaAwadC mutant (Figure 5B). These results show that the 
core defect is uncovcring thc complcrnent and polycations targets 
(Kdo ancl lipid A phosphate groups) that ex.ist in the innermost 
sections of LPS (19) , and are in agreement with the serum 
complement and bactericida] peptide sensitivity of the mutant. 

·.'~.: PLoS Pathogens f www.p lospathogens.org 5 

The core of B. abortus LPS interacts with MD-2 
Most endotoxic effects of enterobacterial LPS clepend on the 

interaction with the T LR4 ca-receptor MD-2, an event that 
triggers a cascade of signaJs leading to the NF-kB-dependent 
expression of immune response genes and a subsequent proin
flammatory response (7]. Therefore, we explored the in teraction 
of BaAwadC LPS with MD-2 using a competitive ELISA ming an 
antibody that recognizes free- but not LPS-bound human MD-2 
(hl'vID-2) (20). vVhereas Ba-parental LPS did not interact with 
MD-2 in thc range of concentrations tested, BaAwadC LPS was 
capable of binding to MD2, although at concentrations higher 
than the reference endotoxic Salmnnella LPS (Figure 6A) or E. coli 
LPS (not shown). These results werc confirmed by testing the 
clisplacement of bis-ANS from MD-2. V\/hereas Ba-parental LPS 
did not cause displacemem in the range of the concentrations 
tested (1.25--10 µg/mL), BaAwadCdisplaced tl1is probe from MD-
2. Consistent with the. results of the competitivc ELISA, the 
interaction of the mutated LPS with MD-2 observed using this 
protocol did not reach the Salmo11ella LPS levels (Figure 58). 
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Figure 4. BaAwadClnduces a cytokine release that Is reproduced by purlfled LPS in a TLR-4 dependent fashion. (A), IL-12 p40/p70 and 
TNF-il( released by BMDC 24 h after infection (left panel) or stimulation with 10 ~Lg/ml of Ba-parental or BaliwadC LPS, or with 100 ng/ml of E. co/i 
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doi:10.1371/journal.ppat.1002675.9006 

Interestingly, the LPS of Ochrobactrum anthrojii (which carries a 
Brucella-type lipid A but cliffers markedly in the con~ structure 
[8,14)) showed a higher binding to MD2 than either the mutant or 
the wild-type B. abortus LPS (Figure 89). Moreover, the percentage 
of BMDC showing NF-KB translocation to the nucleus (Figure 
S l O) after l h of stimulation with BaL\wadC LPS was clearly above 
that of Ea-parental LPS (Figure 6B). Clearly, both sets of results 
are in agreement with the cytokinc profilcs observed in mice and 
target cells. In adclition, since activation of the mTOR pathway 
has been implicated in dcndritic cell maturation and cytokine 
production, we determined the phosphorylation of 86, one of the 
downstream elements of this pathway [2 1) . When Ba~wadC LPS 
was compared to Ea-parental LPS, the former induced an earlier, 
more intense and more sustained 86 phosphorylation (Figure 6C) 
as detected from 30 min up to 6 h of LPS stimulation. 

Ali this evidence suggests that the core of B. abortus LPS 
negatively modulares recognition by MD-2/TLR4 and the 
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subsequent intracellular signaling leading to pro-inflammatory 
response and dendritic cell maturation. In support of this 
interpretation, the TLR4 dysfunction clid not affect the multipli
cation of the wild type but allowed a better replication of the 
mutant in the spleens of mice (Figure SI 1). The replication of the 
wadC mutant in TLR4-/- did not reach the levels of the wild 
rype, consistent with the existence of additional factors causing 
attenuation such as the complement and polycation sensitivity 
observed in vitro. 

Discussion 

We have identified a B. abortus LPS gene (wadC) whose 
disruption does not result in the loss of the 0-PS but in an altered 
core, which is in contrast to ali Brucel!a LPS genes described 
[10,22,23,24]. This allowed us to discriminate the role ofthe LPS 
core oligosaccharide from that of the 0-polysaccharide in Bruce/la 
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virulence. The wadC LPS core mutant induced a strong proin
flammatory response and was attenuated in mice and in dendritic 
cells. These properties were reproduced by the purified wadCmutant 
LPS but not by the wild type Ba-parental LPS. Activation was 
TLR4-dependent and the core-mutated LPS displayed increased 
bincling ro MD-2, the TLR4 ca-receptor, which paralleled an 
increased intracellular signaling. This is the first description of an 
LPS core hampering complement activation, cationic peptide 
binding and detection by TLR4-MD-2 . Therefore, B. abortus LPS 
core acts as a shidd against innate immunity recognition and 
rc.pre.sents a novel viruleuce-1·datt:d 1nechanis111. Studies in progress 

with the B. melilensis, B. suis and B. ovis mutants in the w11dC 
orthologues confirm that this is a general mechanism of this group of 
bacteria. Indeed, all our results also provide experimental proof that 
the stea.lthy behavior of this pathogen towards innate immunity is 
essential far its virulence, as proposed befare [2,8]. 

Consistent with the key role of dendritic cells in brucellosis 
[25,26,27], the attenuation and proinflammatory responses of the 
wadC mutant in mice were reproduced in BMDC. It is noteworthy 
that the attenuation was not observed in macrophages, and this 
could be attributed to functional differences between these two 
types of cells in the ability to process and present antigens. 
Nevertheless, the results obtained in mice showed that the 
observations made in dendritic cells are more relevan! far the 
course of the infection than those in macrophages i11 vítro. 
Interference with dendritic cell maturation is a strategy that 
prevents the development of e!Iicient immunity and there are 
severa] examples of intracellular pathogens that target dendritic 
cells. 11'.flcohacterium tuberculosú interferes with TLR signaling in 
dendritic cells blocking their maturation and IL-12 generation and 
directing the immunoresponse rowards IL-10 production [28). S. 
Typhimurium, on thc othcr hand, does not block maturation but 
prevents MHC II antigen prcsentation in sorne subtypes of 
dendritic cells [29,30]. Fra11cisclla tularensis, another gram-negative 
pathogen that does not block dendritic cell maturation, seems to 
be capa ble of multiplying in these cells and to inhibir the secretion 
of pro-inflammatory cytokines [31). However, on.ly B. abortus, B. 
melitensis <md B. suis, the three classica.I smooth Brucella spp., have 
been reported to be simultaneously able to multiply in dendritic 
cells and to prevent their maturation, thereby thwarting the 
efficient presentation of proteins in either the MHC I or MHC II 
context [27]. The properties that enable the brucellae to display 
these abilities are beginning to be understood. TLR2 .• TLR4 and 
TLR9 seem to be the most important TLRs in clendritic cells, and 
they recognize lipoproteins, LPS and CpG DNA, respectively. 
Salcedo et al. [27] have recently shown that protein Btpl of B. 
abortus interferes with the TLR2 signaling pathway and down 
modulates clendritic ccll activation. Billard et a.I. [26) faund that 
the response of dcndritic cells derived from peripheral blood 
monocytes to wilcl type B. abor/us LPS was low as compared to that 
obtained with E. coli LPS. Our results extend these observations 
and demonstrate the connection between the LPS core oligosac
charicle and the ability of B. abor/us to thrive in denclritic cells and 
to circumvent their maturation. 

Chemica.1 ana.lyses of the B. abortus LPS core revea.! the presence 
of Kdo, glucosamine, glucose, mannose and quinovosamine [6]. 
Our results suggest that these sugars must be arranged in such a 
way that sorne of them probably play no role in the section linking 
tlle 0-PS, as predicted befare by stuclies with monoclonal 
antibodies [23] and on the inability of polymyxin B to neutralize 
the charge of B. abortus LPS [14]. Moreover, we have identified a 
second glycosyltransferase gene (wadB) that, upan disruption, 
generares an LPS phenotype clase to the one described hcre far 
Ba~wadC. These genetic data indicare that at least two core sugars 
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must be arranged in a structure whose damage does not affect the 
link to the 0-PS. Research in progress shows the existcnce of a 
manuose containing branch in the Brucella LPS core. WadC: is a 
putative mannosyltransferase and ir seems Jikely that it could be 
involved in tlle transfer of a mannose unit to such a branch. It is 
tempting to speculare that such a structure hinders thc access to 
tlle Kdo and lipid A phosphates targeted by bactericida! peptides 
as well as complement C 1 q [19]., and could thus account far the 
results of the transition measurements performed in the presence 
of PMB and serum. \.Ye also propase rhat the fu]] core structw-e is 
one of the factors contributing to a dcfoctive MD-2 recognition, 
the other onc being the peculiar acyl chain composition of Brucella 
lipid A. Two not mutually exdusive hypotheses could account far 
the role of the complete e.ore. Its absence in the mutant could favor 
the dissociation of individual molecules from aggregates and make 
them more readily available for bínding to MD2, and the miioníc 
molecuk~s and Kdo in the inner sections could be more accessible 
far binding to MD2. In additíon, it is known that C:l2-Cl4 
hexaacylated lipids A like that of E. coli interact with a large 
hydrophobic groove in MD-2, with five acyl chains deep inside, 
the remaiuing chain in a hydrophobic interaction with TLR4 and 
the bisphosphorylated glucosamine clisaccharide tilted outwards 
[í]. Therefare, the lipid A phosphate groups contribute to receptor 
multimerization by interacting with positively charged residues in 
TLR4 and MD-2 [7]. Previously, we proposed that the very long 
chain fatty acids in Bnu:dla Jipid A are critical in preventing 
elfoctive recognition by TLR4-MD-2 [32] and here we show that 
the i.nteraction of both the wild type and the Ba~wadC LPS with 
MD-2 is significantly recluced as comparecl to tlmt of Salmo11ella 
LPS. This suggests that the MD-2 hydrophobic pocket does not 
allow far efiicient interaction with the bulky lipid A of Brucella. 
Moreover, removal ofpart ofthe B. abor/us LPS core increascs the 
binding to MD-2 indicating that interaction is hampered by 
virulent B. aborlus intact core. Sincc O. anthrojii and B. aborltts LPS 
havc similar a lipid A but. a markedly different. corc strucrure 
[8,14], the results obtained with the former in the MD2 assay also 
suggest that core structures are irnportant. The work in progress 
on the structure of the B. abortus LPS con: shows that the 0-PS 
stems from a few sugars linked to Kdo I, suggesting Kdo II as the 
section linked to the sugar(s) removed by the wadC mutation. 
Thus, these sugars should be clase to the negatively charged 
groups in the lipid A backbone and Kdo and could hinder cationic 
peptide, C 1 q and MD-2 interactions. This structure may not be 
unique to B. aborllts. In facr, wadC homologues are faund not only 
in the genomes of all Bmcella species but also in Barto11el/11 spp., 
suggesting stmctures acting as shields against innate immunity 
recognition. 

Finally, current classica.I smooth bruccllosis vaccines (B. abor/us 
SJ9 and B. melitensis Rev !) are doubtlessly useful tools in animal 
vaccination and, therefare, in thc eradication of this zoonotic 
disease, but do not afford 100% protection in the natural host. 
Hence, their successful use requires complementary measures 
(tagging and control of animal movement, c!licient veterinary 
serviccs, repeated animal tcsting) tha t make brucellosis eraclication 
a cumbersome and long process [33]. We found that the cytokine 
profi.le, with IL-12 bcing released in large amounts, the transitory 
splenomcgaly and the eventual clearance of Ba~wadC could make 
mutation of wadC a too] to improve existing or future vaccines. 

Materials and Methods 

Ethics 
Animal experimentation was conducted in strict accordance 

with good animal practice as defined by thc French animal wclfare 
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bodies (Law 87- 848 dated 19 October 1987 modified by Decree 
2001-464 and Decree 2001-131 rclative to European Convention, 
EEC Directive 86/609). Ali animal work was approved by the 
Direction Départmentale des Services Vétérinaires des Bouches du 
Rh6ncs (authorization numb(~r 13.118). 

All animals were handled ancl sacrificed according to the 
approval and guidelincs established by the "Comité Institucional 
para el Cuido y Uso de los Animales" ofthe Universidad de Costa 
Rica, and in agreement with the corresponding law "Ley de 
Bienestar de los Animales No 7451 " of Costa Rica (http://wvvw. 
micit.go.cr/index.php/ docrnan/ doc_details/ 1 Ol-ley-no-7451-leyde
bienestar-de-los-animales.htrn!). 

Mi.ce (Charles River .. Elbeut~ France) werc accommodated ii1 
the animal building of the CITA of Aragón (ID registration 
number ES-502970012005) in cages with water and food ad 
libitmn ami under biosafety containment conditions, for 2 weeks 
before the start and ali along the experiment. The animal handling 
and procedurcs were in accordance with the current Enroperu1 
legislation (directive 86/609/EEC) supervised by the Animal 
Welfare Committee of thc ÜJstitution (protocol numberRJ02/ 
2007). 

Bacteria! strains and growth conditions 
The bacterial strains and plasmids nsed are füted in Table SI. 

Moreover, the strain Salmonella en/cric a subespecies e11terica serotype 
!>1Jhimwium (abbreviated as S. Typhimurium) reforence ATCC 
SLI 344, Salmonella aborlus equi straÜJ HL83 and E. coli strain 
MG 1655 were used as controls in some assays. Bacteria were 
routinely grown in standard tryptic soy broth or agar either plain 
or supplemented with kanamycin at 50 µg/mL, or/and nalidixic 
acid at 25 µg/mL, or/and 5% sucrose. All strains were stored in 
skim milk at -80ºC. 

DNA manipulations 
Plasmid and chromosomal DNA were extracted with Qjaprep 

spin Miniprep (Qjagen GmbH, Hildcn, Germany), and U1tradean 
Microbial DNA Isolation kit (Mo Bio Laboratories) respectively. 
\Nhen needed, DNA was purified from agarose gels using Qjack 
Gel extraction kit (Qjagen) and sec¡ucnced by the Servicio de 
Secuenciación de CIMA (Centro de Investigación Médica 
Aplicada, Prunplona, Spain). Primen; were synthesized by 
Sigma-Genosys Ltd. (Haverhill, United Kingdom). Searches for 
DNA and prote.in homologies were carried out using the NCBI 
(National Center for Biotechnology Information; http:/ /www. 
ncbi.nlm.nih.gov) aJJd the EMBL-European Bioinformatics Insti
lute server (http:/ /www.ebi.ac.UK/ebi_home.html). In addition, 
sec¡uence data were obtained from The Institute for Genomic 
Research website at http:/ /www.tigr.org. Genomic sequences of 
B. melitenris, B. ahorlus and B . .mis were analyzed using the database 
of the URBM bioinformatic group (http://urbm-cluster.urbm. 
fundp. ac.be/-apage). 

Construction of the Ba-parental wadC non polar mutant 
(BaLiwadC) 

In-fra.me deletion mutant Bal:iwndC was constructed by PCR 
overlap using genomic DNA of Ea-parental as DNA template 
(Figure SI). Primers were designed based on the available 
sequence of the corrcspondi.ng genes in B. abortus 2308. For tlJe 
construction of the wadC mutam, we first generated two PCR 
fragments: oligonucleotides wadC-FI (5' -CTGGCGTCAG
CAATCAGAG-3 ') and wadC-R2 (5'- GTGCAACGACCT
CAACTTCC-3') were used to anJplified a 476-bp fragment 
induding codons 1 to 16 of the wndC ORF, as well as 424 bp 
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upstream of the wadC start codon, and oligonudeotides wadC-F3 
(5' -GGAAGTTGAGGTCGTTGCACACGCCATC GAACCT
TATCTG-3') and wadC-R4 (5'-CGGCTATCGTGCGATTCT-
3') were used to amplify a 453-bp fragrnent including codons 308 
to 354 of the wadC ORF and 320-bp downstream of the wadC stop 
coclon (see S-1). Both fragments were ligatecl by overlapping PCR 
using oligonucleotides wadC-FI and wadC-R4 for amplitication, 
and the complementary rcgions between wadC-R2 a.nd wadl~F.) 
for overlapping. The resulting fragmcnt, containing the 1.wdC 
deletion allele, was cloned ínto pCR2. l (Invitrogen), to generate 
plasmicl pRCI-23, sequenced to ensure the ma.intenance of thc 
reading frame, and subsequently subcloned into the BamHI and 
the Xbal sites of the suicide plasmid pjQK. The resulting mutator 
plasmid (pRCI-26) was introduced in Ba-parental by conjugation. 
The first recombination (integration of the suicide vector in the 
chromosome) was selected by Nal aJJd Kim resista.nce, and tlJe 
second recombination ( excision of the mutator plasmid lcading to 
construction of the mutam by allelic exchange), was selected by 
Nal and sucrose resistance and Kan sensitivity. The resulting 
colonies were screened by PCR with primers wadC-FI and wadC
R4 which runplif)r a fragment of 929 bp in the mut;u1t aJJd a 
fragment of l 805 bp in the parental strain. The mutation 
generated results in the loss of the 82%1 of the wadC ORF, and 
the mutant strain was called Bal:iwadC. 

Complementation of BaLlwadC 
Taking into account that the ' 'VadC sequences of B. mclite11sis 

and B. abortus are identical , we used the B. me/itensis ORFeome 
constructed with the Gatewq¡• do11i11g Teclmology (Invitrogen) for 
complcmentation (34]. The clone carrying B. melitemis wadC was 
extractecl, and thc DNA containing the corresponcling ORF was 
subdoned in pRHOOl (35] to produce plasmid pwadC. To 
complement the wadC mutation, plasmid pwadC was introduced 
into the BaLlwadC mutant by mating with E. colí Sl7-l and the 
conjugants harboring pwadC (designated as Ba.dwadC-comp) were 
selected by plating the mating mixture onto TSA-Nal-Kan plates 
which were incubated at 37ºC for 3 days. 

Virulence assay in mice 
Seven-week-old female BALB/c: mice (Charles River, Elbeuf, 

France) were kept in cages wíth water ancl food ad libitum and 
accommodated under biosafety containment conditions 2 weeks 
befare the sta.rt of the e.xperimcnts. Inocula were prcparcd in 
sterile JO mM PBS (pH 6.85). For each stra.in, 30 mice were 
inoculated intraperitoncally with 0.1 mL of inoculum containing 
5.8 x l0'~ (Ba-parental) or 4.9xl04 (BaLlwadG) CFU/mouse ru1d 
the number ofCFU in spleens (n= 5) was determined at l , 2, 4, 6, 
8, ami 12 weeks after inoculation. BaTn5::jn'T was used as control 
of representative R mutant with complete LPS-core, at inoculation 
dose of 1 x l 08 CFU intraperitoneally and viable counts in splcens 
at 1, 2, 3, 6 and 9 weeks post-infection. An additional eiq:ieriment 
was perfom1ed under the same conditions but including BaLlwadC
comp imd the number ofCFU in spleens was determined 8 weeks 
afi:er inoculation . The identity of the spleen isolates was continned 
by PCR at each rimc-point dming the inlection process. Ine 
individual data were normalized by logarithmic trausfonnation, 
and thc mean and standard deviation (SD) of log10 CFU/splcen 
were calculated. 

Leukocyte counts 
BALE/ e mice from 20 and 24 g were intraperitoneally injected 

with l 06 CFU of Ba-parental, JO~ of S. Typhimurium or 0.1 mL 
pyrogen-free sterile PBS. Blood was collected from the retro
orbital sinus ru1d subjectcd to analysis. Altcrnatively, 5 mL of ice 
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cold PBS were ínjected in the peritoneal cavity of killed the mice, 
and the fluids collected with a syringe (from 3.8 to 4.5 mL) from 
e:>..'Posed p eritoneal cavity. Then fluids were centrifuged and the 
peritoneal cells resuspended in 0.2 mL of PBS and counted in 
Neubauer chambers. Gíernsa-Wríght staíníng srnears were per
forrned to distinguish bet:ween leukocytes. 

lntracellular multiplication 
Bone rnarrow cells were isolated from fernurs of 7- 8-week-old 

C57Bl/6 female, TLR2-/-, TLR4-/- or TLR9-/- [36,37] 
mice and cliffcrentiatcd into either dendritic cells (BMDCs) or 
macrophages (BMDMs) as described previously [38,39] in 
preserice of decomplemented fetal bovine serum. Infections were 
performed by centrifuging the bacteria onto the differentiated cells 
(400 xg for 1 O min at 4ºC; bacteria: cclls ratio of 20: 1 for BMDCs 
or 50:1 for BMDMs) followed by incubation at 37ºC for either 
15 min (BMDMs) or 30 min (BMDCs) under a 5% C02 

atmosphere. Cclls wcre eithcr extensively washed (BMDMs) or 
gently washed (BMDCs) with medium to remove extracellular 
bacteria and incubated in medium supplernented with 100 µg/mL 
gentarnicin for 1 h to kili extracellular bacteria. Thereafter, the 
antibiotic concentration was decreased to 20 µg/rnL. To monitor 
Bmcella intracellular survival, infected cells were lysed with 0.1 % 
(vol/vol) Triton X-100 in H 20 (BMDCs) or after PBS washing 
(BMDMs) and serial dilutions of lysates were rapidly plated onto 
tryptic soy agar plates to enumeran~ CFU. 

Cytokine measurement 
The levels ofTNJc. (J. , IL-6, IL-10 and IL-1 2 p40/p70 were 

estimated at different time points by enzyrne-linked imrnunosor
bent assays (ELISA) in th(' sera of BALB/ c mice infocted 
intrapcritoneally, and in the supernatants of BMDC or BMDM 
at 24 hours after infection (see above) or after stirnulation with 
10 ~tg/mL ofthe appropriate LPS from different Brucel!a strains or 
100 ng/mL from E. coli ATCC 3.5218 obtained by the phenol
water procedure and purified further by the phenol-water
deoxycholate method [40]. For the latter purpose, a stock of 
l mg/ mL in pyrogen free sterile water was prepared, sonicated 
briefly and sterilized by autoclavillg. Prior to use, the stock was 
heatcd at 56ºC for 15 min and then cooled to room temperature. 

lmmunofluorescence assays 
BMDCs were grown on glass coverslips and inoculated \VÍtl1 

bacteria as clescribed abovc or stimulated with the appropriate 
LPS. At different times after inoculation (see R esults), coverslips 
were fixed with 3% paraformaldehyde pH 7.4 at 37 ºC for 15 nún 
and washed three times with PBS. Coverslips were processed for 
imrnunot1uorescence staining as previously described [39]. Brielly, 
cells were perrneabilized with 0.1 % saponin and incubated with 
primary antibodies. After severa! washes, the primary antibodies 
were revealed with the appropriate secondary antibodies. The 
prirnary antiboc:lies used for immunofluorescence rnicroscopy 
were: cow anti-E. ahortus; rat anti-rnouse IAMPI ID4B (Develop
mental Studies Hybridorna Bank, National Institute of Child 
Health and Human Development, University oflowa); mouse anti 
FK2 (Biomol); Moab anti-calnexin (kindly provided by Dr. D. 
Williams, University of Toronto) and NJC-KB subunit p65/RdA 
(Santa Cruz). In ali experiments, BMDCs were labeled using an 
antibocly against a conservecl cytoplasrnic epitope found on MHC
II I-A 13 subunits or MHC lI [29] which does not produce 
significant labeling with BMDMs. In addition, BMDCs were 
labeled with an anti-CD 1 le antibody (Biolegend) confirming that 
they are dendritic cells [27]. Samples were analyzed under a Leica 
DMRBE epifluorescence microscope for quantitative ana!ysis, or a 
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Zeiss L5M 51 O laser scanning rnnfocal microscope for image 
acquisition. Images were then asse.mbled using Adobe Photoshop 
7.0. Quantifications were done by counting at least 300 cells in 3 
independent e:>..'Perirnents. 

lmmunoblotting 
30 µg of cell lysates were subjected to SDS-PAGE and, after 

transfer to nitrocellulose, the membrane was probed with a 
polyclonal antibody against phospho-S6 (Cell SignaJing Technol
ogy) rhat detects phosphoryJation on Ser235/236 or mHi-acrin 
antibody. Blots were subjected to enhanced chemiluminescence 
detection (ECL, PIERCE). 

Flow cytometry 
BMDCs treated with c:lifferent types ofLPS's were collected and 

stained irnmediatdy befare fixation wi¡h paraformaldehyde. 
Isotype controls were included as well as BMDCs treated with 
the different secondary m1tibodies for control of autofluorescence. 
Cells were always gated on CD 11 c ancl a mínimum of 12,000 
CDI lc-positive events were obta:ined for m1alysis. A FACScaJibur 
cytometer (Beckton Díckinson) was used and data were analysed 
using FlowJo software (free Star). Allophycocyanin (APC) 
conjugatecl-anti-CD l le antibody (HL3) from Pharmigen was used 
in ali experirnents along with either phycoerythrin (PE) conjugated 
anti-CD86, m1ti-IA-IE (MHC dass II) or fluorescein isothiocya
nate (FITC) conjugated anti-CD40, all from BioLegend. 

LPS extraction and characterization 
Extraction ofwholc-cdl LPS by SDS-proteinase K protocol wa~ 

perforrned as described p1·eviously [ 41]. In adc:lition, LPS was 
obtained by methanol precipitation of the phenol phase of a 
phenol-water extract [13]. Thi~ fraction (JO mg/ mL in 175 mM 
NaCI, 0.0.5% NaN3, 0.1 M Tris-HCI [pH 7.0]) was then purified 
by c:ligestion with nucleases (50 µg/mL cach of DNase-II type V, 
aud RNase-A [Sigma, St. Louis, Missouri, U.S.A.] , 30 min at 
'.HºC) and three times with proteinase K (50 µg/mL, 3 hours at 
55ºC), and ultracentrifuged (6 h, 100,000x g). When we applied 
this method to Ba.6.wadC, we found that the supernatallt of the 
ultracentrifugation step contained the majar fraction of the LPS. 
The studies were performed \v-id1 the major LPS fractions of each 
bacteria. Free lipids (onúthine lipids aud phospholipids) were then 
removed by a fourfold extraction with chlorofonn-methanol. (2: 1 
[vol/vol]) [14]. 

LPS were analyzecl in 15 or 18% polyacrylamide gels (:37.5: 1 
acrylamide/methylene-bisacrylamide ratio) in Tris-HCl-glycine 
m1d stained by the periodare-alkaline silver method [42] . For 
v\7estern blors, gels were d ectron·ansferred onto nitrocellulose 
sheets (Schleicher & Schuell GmbH, Dassel, Germany), blocked 
with 3% skirn milk in PBS with 0.05% Tween 20 ovemight, and 
washed with PBS-0.05% Tween 20. Immune sera were diluted in 
this same buffer and, after incubation overnight at room 
temperature , the rnembrm1es were washed again. Bound immu
noglobulins were detected with peroxidase-conjugated goat anti
mouse immunoglobulin (Nordic,Tilburg, Netherlands) and 4-
chloro-1-naphthol- H 20 2• Monoclonal antibodies (Moabs) used in 
this study were Cby-33H8 (Ingenasa, Madrid, Spain), which 
recognizes the C/Y 0-diain epitope, and A68/24D08/G09, 
A68/24Gl2/A08, and A68/'.W0'.3/D5 which recognize core 
epitopes [43]. The inner core LPS marker Kdo was determined 
colorimetrically by the thiobarbituric acid methocl using pure Kdo 
and deoxyríbose a~ the standarcl~, wíth the modifications described 
previously [44]. Kdo contents were l.6 and 2.4% for the wild type 
and the mutated LPS, respectively. 
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Lipid A analysis 
Lipid A fractions were extracted using an ammonium hydrox

ide/isoburyric acid method and subjected to negative ion matrix
assisted laser desorption ionization time-of-flight (MALDI-TOF) 
mass spectrometry analysis [4.5 ,46]. Briefly, lyophilized crude cells 
(20 mg) were resuspended in 400 µL isobutyric acid/ 1 M ammo
nium hydroxide (5:3, v/v) and were incubated in a screw-cap test 
mbe at 1 OO"C for 2 h, with occasional vortexing. Samples were 
cooled in ice water and centrifuged (2,000 xg for 15 min). The 
supernatant was transferred to a new tube, diluted with an equal 
volume of water, and lyophilized. The sample was then washed 
t\vice with 400 µL methanol ancl centrifuged (2,000xg for 
15 min). The insoluble lipíd A was solubilizecl in 100 µL 
chloroform/methanol/water (3: 1..5:0.2.5, v/v/v). Analyses were 
performecl on a Bruker Autoflex II MALDI-TOF mass spectrom
eter (Bruker Daltonics, Incorporated) in negative retlective mode 
with delayecl exrraction. Each spectrum was an average of 300 
shots. The ion-accelerating voltage was set at 20 kV. Dihydrox
ybenzoic acid (Sigma Chemical Co., St.Louis, MO) was used as a 
matrix. A few microliters of Jipid A suspension (1 mg/ mL) was 
desalted with a few grains of ion-exchange resin (Dowex 50W-X8.; 
H+) in an Eppendorf tube. A 1 µ.L aliquot of the suspension (50-
100 µL) was deposited on the target and covered with the same 
amount of the mat:rix suspended at JO mg/ mL in a 0.1 M solution 
of citric acicl. Different ratios between the samples and dihydrox
ybenzoic acid were used when necessary. A peptide calibration 
standard (Bruker Daltonics) was used to calibrare the MALDI
TOF. Further calibration for lipid A analysis was performed 
externaJly using lipid A extracted from E. coli strain MG 16.5.5 
grown in LB at 37 ºC. 

LPS binding to hMD-2 
Binding ofLPS to MD-2 was assayed by two clifferent methods: 

binding to hMD-2 by competitive ELISA ancl clisplacemcnt ofbis
ANS (4,4' -Dianilino-1 ,1 '-binaphthyl-5,5' -disulfonic acid clipotas
sium salt) from MD-2 by LPS. In both assays, LPS was sonicated 
before use and subjected to thrce cydes of heating at 56ºC 
foJ!owed by cooling to 4ºC . 

The ELISA for determination of LPS binding to h.MD-2 was 
performed in 96-well piares (NUNC immunoplate F96 cert. Maxi
sorp, Roskilde, Denmark).Chicken anti-hMD-2 (GenTel, l\fadi
son, WI, U.S.A) (5 ~Lg/rnL) in 50 mM Na2C03 (pH 9.6) was uscd 
to coat the microtiter plate at 4·>c overnight. Excess binding sites 
were blocked with 1 % BSA in PBS buffer (pH 7.2) for 1 h at room 
temperature, and rinsed three times with the same buffer. During 
the blocking step, hMD-2 (O. 7.5 µM) was preincubated with O µM 
to 8 µM LPS at 37ºC and, as a neg-ative control, LPS was also 
preincubated in absence of hMD-2. This preincubated solutions 
were added to the plate, which was then incubated for 1 h at 
37°C. Alter rinsing, hMD-2 not bound to LPS was detected by 
incubation with 0.1 µg/mL of mouse anti h-MD-2 (clone 9B4 e
Bioscience San Diego, CA., U.S.A.) in PBS buffer at 37°C for 1 h, 
followed by incubation with 0.1 µg/mL peroxiclase-conjugated 
goat anti-mouse IgG (Santa Cruz, CA., U.S.A.), also in PBS buffer 
at 37°C for 1 h. After plate washíng, ABTS (Sigma) was added, 
the reaction was stopped with 1 % SDS after 15 mín, and the . 
absorbance at 420 nm measured using a Mithras LB940 apparatus 
(Berthold Technologies). Sa/111011el/a aborlus equi (strainHL83) LPS, 
used as a control, was preparccl by a phenol extra.cti.on proceclure 
and was kindly provided by Dr. Brandenburg (Forschungszentrum 
Borstel, Gennany). 

Since the bincling sitc ofbis-ANS overlaps with the MD-2 bincling 
si te ofLPS we measured the clisplacement of the probe by the LPS 
of Ea-parental and BaL\wadC using Sabno11ella LPS as a control 
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[47].Binding of bis-ANS to hMD-2 was measured at 20"C using 
excitation at 385 nm and measuring the emission fluorescence 
spectra bet\veen 420 and 550 nm. Then, increasing amounts ofLPS 
were added to preincubated bis-ANS/hMD-2 complex (200 nM/ 
200 nM). The F0 value was the fluorescence intensity of bis-ANS/ 
hMD-2 complexes at 490 mu alter 30 min of incubation (to reach 
stable fluorescence).The F LPS value was the fluorescence at 490 nm 
after LPS adclition to the complex. Fluorescence was measured on 
Perkin Elmer fluorimeter LS 55. Quartz glass cuvette (5 x5 mm 
optical path, Hellma Suprasil) was used and bis-ANS W<L~ ohtained 
from Sigma (St. Louis, Missouri, U.S.A.). 

LPS-Complement and -polymyxin B interactions 
determined by acyl-chain fluidity measurements 

The transition of the acyl d1ai.ns of LPS from a well-ordered 
statc (gel phase) to a fluid state (liquid crystalline phase) at a lipid
specific temperature (I'c) was detennined by Fourier tramform 
infrared spectroscopy. A specific vibrational band, the symmetric 
stretching vibration of the methylene groups vs(CH2) around 
2,850 cm-!, was mialyzed since its peak position is a measure of 
the state of order (11uiclity) of the acyl chains. Measurements were 
performed in a Bruker IFS 55 apparatus (Bruker, Karlsruhe, 
Germany) as described previously [48]. To ensure homogeneity, 
LPS suspensions were prepared in 2.5 mM HEPES (pH 7.2) at 
room temperature, incubated at 56''C for 1.5 min, stirred, a.ncl 
cooled to +ºC. This heating/ cooling step was repeated three times, 
ancl the suspensions were stored at 4 ºC for scveral hours before 
analysis. LPS suspensions (water content, 90%) were analyzed in 
CaF2 cuvettes \V:Íth 12 . .5-µm Teflon spacers, and for each 
measurement, 50 interferograms were accumulatecl, Fourier 
tTansformcd, m1d converted to absorbance spectra. Thc measure
ments were obtained in continuous heating scans (2ºC/min) 
between JOºC and 60ºC. To test the effect of complcment, the 
experiments were performecl in the presence of normal human 
serum. The effect of polymyxin B was assessed similarly at 
clil1erent LPS:polymyxín B molar ratios (see Results), and using an 
average MW of 11800 for Ba-2308 LPS (detennined by SDS
PAGE with rminia enteroc:olitica 0:8 LPS as a standard). 

Sensitivity to brucellaphages, dyes, antibiotics and 
polycationic bactericida! peptides 

The minimal inhibitory concentrations (MIC) of polymyxin B, 
poly-L-ornithine, poly-L-lysine, colistin, penicillin, doxycydine, 
darithromycin, erythromycin, rifampicin, basic fuchsin, safr-anine 
and thionin was determine.d in Müllcr-Hinton medium by 
standard procedures. Sensitivity to thc S (Tb., vVb, Iz) and rough 
(R/C) -specific brucellaphages was measured by testing the lysis of 
bacteria exposed to serial IO-fold dilutions made from a routine 
test dilution phage stock [ 49] . 

Sensitivity to the bactericida! action of non-immune 
serum 

Exponentially growing bacteria were adjustccl to JO.¡ CFU/mL 
in saline and dispensed in triplicate in microtiter piares (4.5 µL per 
weJI) containing fresh normal bovine serum (90 µ.L/weJI). Aftcr 
90 min of incubatiou at 37°C, brain heart infusion broth was 
clispensed (200 µL/well), mi.'ted with the bacterial suspension and 
100 µL was plated on TSA. Results were expressed as the 
percentage of the average CFU with respect to the inoculum. 

Statistical analysis 
The Kolmogorov-Smirnov test was applied to assess the normal 

distribution of data obtained in each ei.."jJerirnent. Thcrcafter, 
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means were statistically compared by an unpairecl Student's t test. 
Kruskal-\Vallis and Mann-vVhitney tests were used for eJq)eri
ments with non-normal elata distribution. The StatviewGraphics 
5.0 for Windows (SAS Institute lnc) statistical package was used in 
all cases. 

Supporting lnformation 

Figure SI BAB1_1522 (BaAwadC) and its upstream and 
downstream regions. The DNA sequence is regístered at 
NCBI with acccssion number YP_4-l4888.I (Gene ID: 3788779). 
Start and stop codons are in blue characters; grey characters 
denote intergenic nucleotides; primers used for mutagenesis are in 
bold characters; red and green characters mark amino acids 
deleted and present in Ba~wndC~ respectively. 
(TIF) 

Figure S2 Representative growth curves of Ha-parental 
and BaAwadC in TSB at 37ºC. (each point represents the 
mean of triplicate samples; the experiment was repeated three 
times with similar results). 
(TIFJ 

Figure S3 Ba.JwadC carries a partially defective LPS 
core oligosaccharide. v\lestem blot analyses were performed 
with monoclonal antibodies Cby-33H8 (0-polysacchari.cle C/Y 
epitope) A68/24D08/G09_, A68/24G 12/ A08 ancl A68/3F03/D5 
(core oligosaccharide) anc\ SDS-proteinase K LPS extracts ofBa
parental, Ea~wadC and Ea~wadC-compl (complemented mutant'J. 
(TIF) 

Figure S4 MALDI-TOF analysis of lipid A. The table 
summarizes the results obtai.ned with severa] independent 
preparations, ancl the figures below show representative spectra 
(peak E is an uncharacterized molecular species). 
(TIFJ 

Figure 85 Co01.ple01.entation with pwadC restores the 
ability of BaAwadC to 01.ultiply in mice. Mice were 
inoculated intraperitoneally with 5x104 Ba-parental, Ba~wadC 
and Ba~wndC-compl (complcmented mutant). Number ofCFU in 
spleens was determinecl eight weeks after inoculation. Differences 
between Ba~wndC ancl Ba-parental or BaówadC-compl were 
statistically significant. (#, p<0.001). 
(TIFJ 

Figure S6 BaAwadC induces DALIS in BMDC. (A), 
Percentages ofBMDCs infected with either Ba-parental, BaówndC 
or S. Typhimurium that contain DALIS. (B), representatíve 
confoca] images of BMDCs infected with Ba-parental GFP or 
BaówadC GFP (in green) labeled with Moabs to CD! le (in blue) 
and FK2 (in red) 24 hours after infection. 
(TIF) 
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Figure S7 BaAwadC LPS induces cytokine release in 
BMDM. (AJ, lntracellular replication of Ba-parental, Ba~wadC, 
BaówndC-compl ancl virB mut<mt ín BMDM. (B), TNF-a Qefr 
panel) and IL-12 p40/pí0 (righr p<mel) released by BMDM 24 h 
afi:er incubation with 1 O µg/ mL of Ea-parental or EaówndC LPS, 
or with 100 ng/mL of E. coli LPS as measured by ELISA. 
(TIF) 

Figure 88 LPS binding to MD-2 assessed by displace-
01.ent of bis-ANS. The bis-ANS/hMD2 complex (200 nM/ 
200 nM) was incubated for '30 min to rcach stable iluorescence 
(F 0). Then, increasing amo un ts of the indicated LPSs were added 
and fluorescence (FLPs) measured. Snlmo11ella. LPS was used as 
control. The results shown are representative of three independent 
experiments. 
(TIF) 

Figure S9 Ochrobactrurn anthropi LPS binding to MD-2. 
(A), After íncubation of 0.7.5 µ.M hMD-2 with increasing LPS 
concentrations, the fraction of hMD-2 not bound to LPS was 
detected with free-h.MD-2 ;-pecific m1tibody 9B4 by ELISA. (B), 
wIALDI-TOF analysis of Ochrobactnun anthropi lipid A. 
(TIF) 

Figure 810 Nuclear translocation of NF-KB subunit in 
LPS-stirnulated BMDC. Cells were stimulated for 1 h with cell 
culture medium, E. coli LPS (100 ng/mL), Ea-parental LPS 
(10 itg/mL) or Ba~wadCLPS (10 µg/mL). Cells were stained with 
CDI le (in blue) and MHCII (in green). The nuclear translocation 
NF-KB subunit p6.5/ReiA (in red) was analyzecl by confocal 
microscopy. 
(TIF) 

Figure Sll Multiplication of Ha-parental or BaAwadC 
in the spleens ofTLR4 KO mice. Mice were intraperitoneally 
inoculated with 1 X JO'¡ CFU of either Ea-parental or EaAwadC. 
Ten weeks after infecti.on the number of CFU per splecn were 
determined. 
(TIFJ 
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Abstract 

Polymorphonuclear neutrophils (PMNs) are the first line of defense against microbial pathogens. In addition to their role in 
innate immunity, PMNs may also regulate events related to adaptive immunity. To investigate the influence of PMNs in the 
immune response during chronic bacteria) infections, we explored the course of brucellosis in antibody PMN-depleted 
C57BL/6 mice and in neutropenic mutant Genista mouse model. We demonstrate that at later times of infection, Bruce/la 
abortus is killed more efficiently in the absence of PMNs than in their presence. The higher bacteria) removal was 
concomitant to the: i) comparatively reduced spleen swelling; ii) augmented infiltration of epithelioid histiocytes 
corresponding to macrophages/dendritic cells (DCs); iii) higher recruitment of monocytes and monocyte/DCs phenotype; iv) 
significant activation of B and T lymphocytes, and v) increased levels of INF-y and negligible levels of IL4 indicating a 
balance of Th 1 over Th2 response. These results reveal that PMNs have an unexpected influence in dampening the immune 
response against intracellular Bruce/la infection and strengthen the notion that PMNs actively participate in regulatory 
circuits shaping both innate and adaptive immunity. 
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lntroduction 

Neutrophils are the first line of defense against microbial 
pathogens. Upan bacterial infection, thcsc polymorphonuclcar 
leukocytes (PMNs) become activated and are rapidly recruited to 
the infection site where they can efliciently constrain and kili 
microbes via phagocytosis, extracellular release of granule 
contents, cytokinc secretion, and the formation of ncutrophil 
cxtracellular traps [J]. In addition to playing a primary role during 
the course of innatc immunity against acute bacteria] infections, 
PMNs may also influence adaptive immunity [2- 5]. Far instance, 
PMNs seem to compete with dendritic cells (DCs) and macro
phages (!vfos) far the availability of antigen [6] , shed Jarge 
membrane vesicles that inhibit the maturation of monocyte
derived DCs and monocyte-clerivccl Mos [7,8] anclare capable of 
negatively influcncing B ancl CD4 + T cell responses activity [6]. 
The role of PMNs as key regulators of NK cell functions has also 
been confirmecl in patients with severe congenital neutropenia and 
autoimmune neutropenia [9). Therefore, in addition to their direct 
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antimicrobial acuv1ty, mature ncutrophils secm to be endowcd 
with unsuspcctcd immunoregulatory functions that seem to be 
conservecl across spccies [9]. 

The short lifespan of PMNs has hampered the assessment of 
PMN functions during the course of adaptive immunity in long 
lasting bacterial infections. One moclel that has been used to 

evaluare the role of PMNs in vivo cluring bacteria! infections has 
bccn the early depletion of Pl\1Ns by means of pharmacologicaJ 
agcnts or by antibodies dirf"A.ted to surface protein antigens 
[10,11]. Cyclophosphamide or vinblastine PMN depletion has th e 
inconvenience of suppressing myelopoiesis and therefore, nega
tively affecting the generation of other leukocytes, besicle 
neutrophils [11]. The most valuable in vivo model has been the 
carly depletion of mouse PMNs using antibodies clirectecl against 
Ly6C and Ly6G surface antigens. A.lthough this murine moclel has 
been validatecl with severa! bacteria! pathogens [l 2- 1 7] , it has 
been a.Isa questioned. Indeed, in addition to their efficient 
capability to deplete PMNs, antibodies directcd against Ly6C 
and Ly6G also remove a small subset of inflammatory monocytes 
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Author Summary 

In sorne diseases the predominant cells recruited are PMNs 
while in others are mononuclear leukocytes. Traditionally, 
this marked the difference between acute and chronic 
infections, a perspective reinforced by in vivo models in 
which immune cells are depleted by means of antibodies. 
However, these models have severa! drawbacks and 
knock-out mice were generated to dissect the functionality 
of immune cells. Despite this, the study of PMNs in 
infections in which adaptive immunity plays a role has 
been precluded by the absence of long-lasting neutrope
nic models. A mouse strain named Genista, in which the 
defect is the absence of PMNs has been developed; thus, 
making possible to explore the role of PMNs during 
adaptive immunity in chronic infections. We have used 
Bruce/la, an intracellular pathogen that avoids degranula
tion and stands the killing action of PMNs. lnstead, Bruce/la 
causes chronicity, inducing granulomas, recruitment of 
macrophages/DCs and a robust adaptive immune re
sponse. We found that the absence PMNs is non-lethal and 
favors Bruce/la elimination at later times of infection, a 
phenomenon that correlates with the balance of Th 1 over 
Th2 response. We propose that beside their role in primary 
bacteria! elimination, PMNs can dampen and participate in 
regulatory circuits of adaptive immune response. 

and a reduced population of CD8+ T cells [!O, 15) . Moreover, the 
long term in vivo investigation of chronic bacteria! infections in 
antibody-treated mice is precluded by the fast imrnune response 
mounted by the animals against foreign immunoglobulins, which 
neutralize the PMN depletion effect. 

Recently, the generation of a mutant neutropenic mouse strain, 
named Genista, has becn reported [18]. Neutropenia in this 
mutan t animal is the result of a point mutation in the zinc finger 
protein Growth Factor lndependence 1 (Gfil), which interrupts 
the maruration of promyelocyte precursors in to mature functional 
Pl\.1Ns [18). In contrast to murine strains harboring null alleles of 
the Gfil gene which display many immune system defects [1 9), 
Genista mice show normal body weight and viability through time, 
and a very Jimited impact in T and B cell function or 
lymphopoiesis [18). Genista CD4+ and CD8+ T activated cells 
display normal rates ofproliferation and the mutation has no effect 
on Thl and Th2 polarization [18). Along the block in the terminal 
stages of granulopoiesis, the Genista mutation induces a slight 
increase of monocytes in the bone marrow and mice display 
impairment of NK maturation linked to the absence of PMNs 
[9,18) . In agreement with PMN antibody depleted mice, 
Salmonella-inoculated Genista mutants also fail to remove the 
bacterium and die within two or three days, revealing the primary 
role of PMNs in acute bacteria! infections [18). 

Bruce/la aborlus is an intracellular rx-Proteobacteria that causes long 
lasting infections. The chronicity of infection results from the 
ability of Brucella to survive within host cells following phagocytosis 
by adapting to intracellular conditions that involve thwarting the 
host's normal immune defenses [20,2 1] . One characteristic of 
Brucella is to behave as a stealthy pathogen that circnmvents 
proint1ammatory responses [2 2]. This furtive strategy is related to 
tl1e negligible activ:ity of those molecules that bear marked 
pathogen-associated molecular pattems in other bacteria. As 
consequcnce Bmcel/a triggers Jow proint1ammatory responses at the 
initial stages of infection, opening an immunological "window" 
that gives time for the bacterium to reach sheltered intracellular 
niches before effective Th 1 immunity becomes activated [22-24]. 
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PMNs are the first cells described to encounter Bruce/la after 
invasion [25,26). However, in contrast to other intracellular Gram 
negatives such as Salmonella pathogens, Bruce/la organisms stand the 
killing action of PMNs and bm·ely :induces degranulation of these 
cells [27,28]. As consequence, infected Pl\.1Ns may sen'e as 
"Trojan Horse" for trm1sporting brucellae to regional lymph 
nades and thereafter to the entire reticular endothelial system 
[27,29). Moreover, in naive individuals, Bruce/la does not promete 
the recruirn1ent of PMNs at the infected site, influence the 
leukocyte blood counts or induces significant levels of proin
flammatory cytokines at the onset of infection (befare 48 h), a 
property that is consisten t with the low stimulatory action of 
Brucella pathogen-associated molecular patterns, including its 
lipopolysaccharide, lipoproteins, ornithine-containing lipids and 
flagellum [22- 24,30]. 

In order to further investigare the influence of PMNs during the 
adaptive immune response against long-lasting bacteria] infcctions, 
we have used the neutropenic Genista model to explore the course 
ofbrucellosis. We have evaluated the cdlular immune response at 
the acute and chronic brucellosis phases, respectively. The absence 
of PMNs in B. abortus infected Genista mice promoted a h:igher 
activation of CD4+ and CD8+ T and B cells and a stronger 
recruitment ofmonocytes, which resultecl in a decrease ofbacterial 
spleen loads. This reveals that PMNs have an unexpected 
influence in dampening the adaptive immune response aga:inst 
Brucel/a infection by down-modulating features of the adaptive 
immunity. 

Results 

In arder to determine the influence of murine PMNs in the 
immune response during B. abortus infection, a time course 
protocol was designed to include: neutrophil depletion, bacteria! 
inoculation, spleen bacterial counts, histopathological examination 
and analysis of immune cells (Figure SI). As expected, at the 
second week of infection mice clepleted of PMNs with anti-RB6 
(PMN-depleted) already mounted an e!Iicient response against the 
foreign monoclonal antibody, neutralizing the PMN depletion 
efTect (Figure SI). In spite of this, experiments in PMN-depleted 
mice were carried out until 15 days to follow the outcome of the 
infection afi:er the initial PMN depletion. 

PMNs are recruited in the spleen of infected wild type 
(wn rnice at early times of the acute Bruce/la infection 

It has been demonstrated that Bruce/la barely influences the 
leukocyte blood counts and does not recruits PMNs in the spleen 
(t11e main target organ for B. abortus replication) during the first 
48 h , a time lapse that corresponds to the onset of infection 
[22,30,3 1). Therefore, it was relevant to determine the proportion 
of PMNs in blood and spleen after the onset of B. abortus :infection , 
during thc course of the acute phase [32). Whilc at 5 days post
infection 'vVT mice showed a twofold change in the proportion of 
blood PMNs, Genista and PMN-depleted mice did not demon
strate circulating PMNs (Figure IA). Nevertheless, in Genista and 
PMN-depletecl mice a significant increase in the proportion of 
other blood leukocytes (CDI lb+/ Ly6G-) was observed 
(Figure IA). At 5 days post-infection the relative number of PMNs 
:increasecl in spleen of v\IT m1imals (Figure IB), inclicating that 
these granulocytes are recruited in this organ at early times of the 
acute infection phase. PMNs already decrease after eight and 
fifteen days of infection in C57BL/6 mice (Figure IB) and no 
increase in PMN was observed afterwards (not shown), following 
what has been observed in human patients and infectecl animals 
[33,34). As expected, a dramatic reduction of PMNs was observed 
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Figure 1. PMNs are recruited at 5 days post-infection in WT. (A) Blood leukocytes from infected and non-infected WT, PMN-depleted {after 5 
days of PMN depletion) and Genista mice stained with anti-Ly6G and anti-CD11 b were analyzed by flow cytometry. {B) Splenocytes from infected WT 
mice stained w ith anti-Ly6G and anti-CD11 b at 5, 8 and 15 days post-infection were analyzed by flow cytometry. 
doi:l 0.1371/journal.ppat.1003167.gOOl 

in tht: splt:ens of Genista and PMN-dcpleted mice by histological 
examination or flow cytometry (not shown). 

Genista mice eliminate B. abortus more efficiently than 
WT counterparts at the chronic infection phase 

Brucella replication in the spleen of rnice becomes prominent 
throughout the first and second week, during the acute phase of 
infection [32). At this time, the predominant Th 1 adaptive 
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immune response against B. ahortus is established in the mouse 
model (32) . At 5 days post-infection, PMN-depleted and Genista 
mice showed an increase in the spleen bacteria! loads as compared 
to WT counterparts (Figure 2A). The early increase of Bmcella 
loads in the spleen was not due to higher bacteriaJ colonization of 
this organ in neutropenic mice. Indeed, after 16 h of Bmcella 
infection the CFU/spleen and spleen weights displayed similar 
values in the controls and PMN-depleted mice (Figure S2). This 
indicates that PMNs play an important role in influencing the 
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early replication of Brucella in this organ in C57BL/6 mice. At 8 
days post-in fection, bacteria.1 loads in ali three groups had reached 
similar numbers (Figure 2A), demonstrating that neutropenic mice 
are able to circumvent the initia.l increase of Bruce/la rcplication in 
the spleen (Figure 2B). Strikingly, at 15 days post-infection 
corresponding to the beginning of the chronic phase, Genista mice 
showed a significant decrease in the number of CFUs per spleen in 
comparison to v\lT mice (Figure 2A). This reduction in the number 
of CFUs in the Genista mice was even more significant at 21 days of 
infection (Figure S3). Concomitantly to the rising of PMNs after the 
first week of dcplction (Figure Si), the anti RB6-8C5 treated mice 
clisplayed similar spleen bacteria) counts as the controls (Figure 2A). 
However, taking into consideration that the burden of Brucella 
present in the spleen at 5 days ofinfection was significantly higher in 
PMN deficient mice, then , the absolute bacteria! elimination at 15 
days of infection is highly significant in both m ice, being more 
conspicuous in the Genista mice (Figure 2B). 

All three groups of mice displayed a similar increase in spleen 
weights at 5 and 8 days post-infection (Figure 2A). However, at 15 
days post-infection the spleen weight of WT and PMN-depleted 
mice significantly increased in relation to 8 days post infection. In 
contrast, in the G enista mice thc spleen weight did not increase in 
relation to 8 days post-infection, a fact that correlates with the even 
lower number of CFUs in these mice. 

The absence of PMNs in Genista or PMN-depleted uninfected mice 
did not <úfect the normal distribution of white and red pulp or the 
overall histologica.l structure of the spleen (Figure 3). At 8 days post
infection, the augmented spleen size of v\IT mice displayed a rnild 
lymphoid depletion with moderare macrophagc infiltration in the 
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splenic nodules and fcw neutrophils, multifoca.1 granulomas ami some 
cxtramedullary hematopoiesis (Figures 3 and S4). It is well known füat 
such granuloma contain the majority ofbactcria and bacteria.l antigen 
[3 1,32] and is mainly composed of cells eA"Jlressing CD ! lb, F4/80, 
MHC-II, which are specific of a(tivated monocytes/M0s. A fraction of 
thesc granuloma cells a.Isa expre.sses CD! le and are similar to 
inflarnmatory DCs [31 ,32]. With thc cxception of PMNs presence, this 
general picture is maintained in the Pl'vJN-depleted mice. However, in 
thcse anima.Is lymphoid depletion, M0s infiltration and grnnulorna 
forrnation becomes more prominent than in \'\IT spJecns (Figures 3 and 
S4). At this time, the histopathological irnage of t11e infecred Genista 
spleens is even more conspicuous, with an almost complete 
disorg-áilization of splenic nodules and the presence of extensive 
multifoca.l inflan11Uation and extensive fusion of granulomas (Figures 3 
and S4). After 15 days of infcction the disorg-anization of the lymphatic 
nodules in the spleens of \NT, PMN-depleted and Genista mice 
remains, but with Iess severity. Howevcr, the splecns of Genista micc 
display more diffuse epifüelioid histiocytes infiltration, lowcr number of 
discrete granulomas, reduced extramedullary hematopoiesis and lcss 
hyperemia than the spleens of \o\'T 1nice, suggesting an earlier 
remission (not shown). Altogether thesc e,xperiments demonstrate that 
the chronic absence of PMNs favors the elimination ofB. aborlus at latcr 
time points, when the Thl adaptivc Í1111Uune response against Bmce/la 
beco mes evident in mice [32), and füat this reduction in bacterial loads 
correlate with rccruitmcnt of macrophagic cells in füc splecn. 
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Figure 2. Bacterlal loads, spleen welghts and rate of change In CFUs per spleen and CFUs per spleen welght over time. (A) Mice were 
infected i.p. with 106 CFUs, at indicated times CFU/spleen and spleen weights were determined. Background levels of PBS injected mice in each 
period (dashed line) are depicted. (B) Rate of change in CFU/spleen (li CFU/spleen) and rate of change in CFU/spleen weight (li CFU/grams of spleen) 
were calculated over time using the following equations: Li CFU/spleen =mean CFUs 8 or 15 days/CFUs 5 days ± 50; Li CFU/grams of spleen = CFU/ 
grams of spleen 8 or 15 days/5 days ± SD. Values of p<0.05 (*) and p< 0.01 (-) in relation to WT values are indicated above the bars. Experiment was 
repeated three times with similar results. 
doi:10.1371 /journal.ppat.1 003167.9002 
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Figure 3. Lymphold depletlon, macrophage lnflltratlon and granuloma formatlon becomes more prominent in spleens of PMN
depleted and Genista than in WT Bruce/la infected mice. Spleens from infected (106 CFUs) and PBS-treated mice were fixed and stained with 
hematoxylin and eosin stain. The absence of PMNs in Genista or PMN-depleted non-infected mice did not affect the normal distribution of white pulp 
(WP) and red pulp (RP) or the overall histological structure of the spleen. 
doi:l 0.1371/journal.ppat.1003167.9003 

B and T lymphocytes are activated and monocytes and 
mono/DCs phenotype are recruited in neutropenic 
infected mice 

Both T and B lymphocytes play a majar role in the protective 
adaptive inununc response in experimental murine brucellosis 
(:32). In the absence of PMNs, at 8 days of infection, there is an 
increase in the proportion of other leukocytes su ch as CD4 + and 
CDS+ T cells with up-regulated expression of the effector/ 
mcmory-like activation surface marker glycoprotein CD44 in 
Brucella infected mice (Figures 4A and B). Non-infected Genista 
mice already had an augmented proportion of T cells expressing 
CD44 (Figures 4A and B, and Table 1) and displayed a modest but 
significant increase in the proportion of activated B cells (Figure 4C 
and Table 1). While CD4+ and CDS+ T cells still show an up
regulation of CD44 at 15 days post-infection, no differences were 
observed in B cells at this time point in Genista mice (Figures 5A, 
B and C). Although some variation was observed between bloocl, 
spleen and lymph nades, the activation and recruitrnent of these 
cell types show a comrnon trend (Table SI and S2). Indeed, the 
proportion of PMNs and effector/mcmory CD8+T cells (CDS+/ 
CD44 high) rernained grnssly within the lirnits of uninfected 
spleens in ali mice. In contrast, effector/memory CD4+ T (CD4+/ 
CD44 high), activatcd B cells (B22ü+/CD95+) and inflammatory 
monocytes (CD 11 b+ Ly-6C+) ha ve significantly increased at this 
time period in the spleen of ali rnice (Table S 1 ). However, a clearer 
increase in monocytes occurred in neutropenic animals in relation 
to WT B. abortus infected mice (Figures 4D and 5D), a 
phenomenon in tune with the inflammatory outcome observed 
in thc spleen (Figure 3). Monocytes significantly augrnented in ali 
organs analyzed (Tables 1, SI, and S2). Similarly, at 15 days post
infection (corresponding to the time the number of Bruce/la 
decreascs in the spleen of Genista mice), therc is concomitant ancl 
significant increase of CD 11 b +/CD l lc + mono/DCs phenotype 
(Figure 6). This population was not observed in spleens ar lymph 
nocles at 15 days post-infection or at earlier time points during the 
infection process. No changcs in other cell populations such as NK 
cells were observed in the various organs studied (not shown). It 
has been described that the function, number and distribution of 
lyrnphocytes and DCs are within normal ranges in Genista mice 
[18]. Concomitantly, it seems that ali these activation and 
rccruitment events are linked to the ability of neutropenic mice 
to mount a faster ancl more efficient adaptive imrnune response 
against Bruce/la. Since these cellular events become more 
conspicuous during the acute and chronic phases of brucellosis, 
the overall conclusion is that the absence of PMNs inf!uences 
adaptive irnmunity. 

Proinflammatory cytokines in Brucel/a infected 
neutropenic mice indicate a balance of Th1 over Th2 
response 

The kinetics ancl quantitics of cytokines obscrved in the infected 
WT rnice are consistent with rhose described in previous 
publications [35-38). During the first week of the acute phase, 
significant arnounts of INF-y and low levels oflL-4 are produced 
in B. ahmtus infected mi.ce, an event that has been linked to a 
predorninant Th l immune response cluring bruccllosis. Although 
there are time di!ferences between the Genista and PMN-depleted 

PLOS Pathogens 1 www.plospathogens.org 6 

mice at 5 ancl 8 clays post-infection, there was a dear te11dency in 
these neutropenic anirnals in generating larger amounts (up to 
2000 pg/mL) ofINF-y at carlier times (Figure 7). This increase of 
INF-y iu neutropenic rnice does not seem to be linkcd to the 
augrnentecl number of bacteria in the spleen of these mice at 5 
days of infection. Indeed, as observed in Figure S5A, within ranges 
from 5xl04- 10 7 CFU/splecn (corresponding to i.p. bacteria! 
doses ranging from 103-5 X 106

) the amounts of INF-y barely 
change their levels, at fivc clays of infection. Only when 
overloacling doses of Bnu:ella are uscd (> .5x1 O°), then the 
differences in INF-y product-ion become significant in relation 
with thc lower doses (e.g. < l Oº CFUs). However, in spite of the 
high numbers ofbacteria (about 107 CFU/splecn), the amounts of 
INF-y are far below those observed in the neutropenic mice (about 
ten time less) . Follmving this, rhe inflammation of the spleen 
rcmains within the same limits at ranges of 5xl0·1-107 CFU/ 
spleen (Figure S.5B). We ha.ve demonstratecl previously that, unless 
overwhelming doses of Brucella are injected (> 108 CFUs), TNF-ct:, 
IL-6 and IL/ -1 O cytokincs sddom reach significant Jevels in serum 
at early times of infection [22]. Despite of this, a modest QJelow 
250 pg/mL) but signüicant increase in lL-6 and TNF-ct: was 
observed (Figure 7). The increase of TNF-ct: has been previously 
reported in A{ycobacterium infected PMN-deplcted mice [2], 
suggesting an activation of l'vfo and DCs. Augmented qua.ntities 
of IL- l O in 1\{ycobactcrium infected PMN-depletcd núce were also 
reported (2), but in much largcr quantities than those observed 
here. In agreement with the Thl predominant irnmune response 
during brucellosís, practically no IL-4 or lL-1 7 cytokines wcre 
measurable during Brucel/a infection in either mouse group (Figure 
S6). 

Null mutation in thc Gfi-1 gene can act inside T cclls and affects 
the Thl/Th2 balance (39]. In contrast, in Genista micc thís 
mutation has not a direct intrinsic ellect on T cells and thus, it does 
not directly influence thc Thl/Th2 balance (18]. Therefore, the 
Th l bias observed in Bruce/la Genista infected mice is not rhe result 
of the fact that T cells cxpressed a hypomorphic/partial loss of 
ftmction mutation of Gfi-1, but ra.ther rhe consequcnce of PMNs 
abscnce. 

Discusslon 

PMNs have becn viewed as the most efficient effectors cells 
involved in acute inflarnmatory responses against bacteria! 
infections. This perspective has been rcinforced by thc use of 
antibody-neutropenic rnouse models in which bacteria such as 
Strej1lococcus jmeu111011iae, Aci11etobacler baummmii, Salmo11e//a enteri.ca, 
Lísteria mo11ocytogc11es, rcrsi11ia enterocolitica, Staplu•lococcus mircus, 
Ochmhactnan anthro¡1hi and Legionella fmeumophila, among others were 
used as infecting agents, mostly with fatal consequences [ i 2-
17,22,23]. In addition, lethality dueto increased proinllammatory 
responses mediated by P~ills has also becn resolved in antibody
neutropenic models. For instance, it has been demonstrated that in 
the absence of PlVINs, mice infccted by thc intranasal mute with S. 
jmeumoniae serotype 8 survived far longer periods than uninfr,cted 
mi.ce [ 40] indicating that local proinflammatory responses induced 
by PMNs may be also lethal. Howcver, due to the fact that PMN 
antibocly clcpletion cannot be maintaincd bcyond one week, the 
assessment of tl1e role of PMNs in adaptive immunity in chronic 
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Figure 4. Actlvation of T and B lymphocytes and recruitment of monocytes in WT and neutropenic mlce (Genista and PMN
depletedl at 8 days post-infection. Leukocytes from lymph nades, were analyzed at 8 days post-infection using (A) CD4+/CD44+, (B) CD8+/CD44+, 
(C) B220+1co95+ and (DJ CD11 b+ /Ly6C+ cell markers. Numbers in parenthesis indicate the percentages of non-infected mice. The percentages of cells 
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doi:l 0.1371/journal.ppat.1003167.g004 
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Table 1. Leukocytes in lymph nodes from infected and non-infected wr, PMN-depleted and Genista mice were analyzed by flow 
cytometry at 8 and 15 days of infection using CD4+/CD44+, CD8+/CD44+, B220+/CD95+, and CD11 b+/Ly6C+ cell markers. 

Time Cell markers WT 

Non-Infectad Infectad 

8 days CD4+/CD44+ 37.3:!:5.7 65.4:!:5.8 

CD8+/CD44+ 40.3:!: 2.5 35.7:!:4.5 

B220+/CD95+ 1.0:!:0.2 1.8:!:0.2 

CDl 1 b+/Ly6C+ 15.8:!:3.l 43.8:!:4.3 

15 days CD4+/CD44+ 10.7:!: 1.5 29.4:!:4.8 

CD8+/CD44+ 27.4:!:2.8 43.1:!:2.2 

6220+/C D95+ 1.2:!:0.2 4.7:!:0.6 

CDl 1b+/Ly6C+ 13.4:!:2.7 21.5:!:2.3 

The percentages of cells found in each of the specified gates are indicated. 
doi:l 0.1371/journal.ppat.1003167 .!001 

bacteria! infections such as brucellosis or tuberculosis has been 
preclucled. Therefore, Genista, a viable neutropenic mouse 
emerged as an important model to study the influence of PMNs 
in the development of adaptive immunity [18]. 

As in other bacteria] infections, the absence of PMNs favored 
the ínitial increase of bacteria! numbers at early times of the acute 
phase in both neutropenic models [18,22). In spite ofthis, the B. 
abortus higher replication was not lethal in either mouse model. 
This phenomenon is in clear contrast to what has been recorded in 
other Gram negative intracellular bacteria! infections, such as 
Salmonella or with opportunistic pathogens closely related to 
Bruce/la, such as Ochrobactrum [18,22,23]. As the infoction 
progressecl, the spleen Bruce/la loads leveled up in both moclels of 
neutropenic mice, indicating that PMNs were necessary at early 
but not at later phases of the acute infection. Strikingly, at the 
beginning and later on of the chronic phase the number of 
bacteria! CFUs in Genista mice was significantly lower than those 
detected in \VT counterparts. This revealed that the absence of 
functional PMNs favored bacteria] removal at the chronic phase. 
The higher elimination of B. abortus in neutropenic mice correlated 
to the: i) comparatively reduced spleen swelling; ii) aug:mented 
infiltration of epithelioicl histiocytes depicted as Mo/DCs; iii) 
significant recruitment of monocytes and mono/DCs phenotype; 
iv) higher activation of B and T Jymphocytcs, and v) increased 
levels ofINF-y ancl negligible levels ofIL4 indicating a balance of 
Thl over Th2 response. Altogether these results indicate that 
PMNs constrain and regulate the activation of adaptive immune 
response against in tracelluJar B. abortus infection. 

In agreement with this proposal, it has been shown that in PMN 
antibocly-depleted mice, j\Iycobacteriwn loads increased at initial 
stages of infection but decreased at later time points [2]. Similarly, 
in the absence of PMNs, inflamrnatory monocytes are readily 
recruited at the infection si te [18,41] and express a strong 
proinflamatory signature against long lasti.ng intracellular bacteria 
such as jVfycobacterium [2]. It is known that monocytes play a 
significant role in replenishing resident macrophages and DCs 
under normal as well as during inflammatory conditions [42,43]. 
However, in contrast to our finding the decrease in lvf.)•cobacterium 
loads in PMN-depleted mice was relatecl to augmentecl levels of 
the regulatory cytokinc IL-10 [2], rather than the higher levels of 
INF-y observecl during Bruce/la infections. It is relevant to notice 
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Mica 

Genista PMN·depleted 

Non-Infectad Infectad Non-Infectad Infectad 

59.3:!:3.0 75.2:!:5.7 41.3:!:1.9 76.0:!:7.4 

81.0:!:3.5 69.4 :!:4.5 35.2:!:3.3 49.0:!:6.0 

1.9:!:0.5 3.8:!:0.8 1.8:!:0.2 4.1:!:3.1 

12.2:!:2.0 81.3:!:5.l 15.1:!:4.7 77.7:!:3.2 

20.9:!:3.9 54.5:!:7.l 

54.8:!:4.6 68.3:!:5.l 

2.7:!:0.9 4.8:!:1.4 

11.2:!:4.4 47.2:!:10.2 

that INF-y has been pointed as the central cytokine in the in vivo 
control ami elimination of Bntcella [37,38,44,45]. 

Although the mechanisms by which PMNs influence adaptive 
immunity are not known, the regulatory events exerted by thcse short 
living cells may be through direct action on lymphocytes, DCs/Mo 
and/ or via effectors intersecting regulatory circuits of the immune 
response. For instance, it has beeJ1 described that activated PMNs 
inhibir T cell functions and supprcss cytokine production through the 
generation of hydrogen peroxide in advanced cancer patients [ 46]. In 
PMNs antibody-depleted mice inoculated with adjuvants, neutrophils 
suppress the activation of B and CD4+ T cells but not CDS+ T cell 
responses [6]. PtvINs have been found to interfere with the ability of 
DCs and Mo to present mltigens shortly after their migration into 
lymph nades, probably by competing with the antigen-presenting 
cells for the available antigen [6]. kbcobacterium tuberculosis infections 
inhibit PlY1N apoptosis, leading to delayed activation of nalve CD4 + 

T cells [47]. Emerging evidence indicates that PMNs may 
communicate with T cells through direct cell contact via class I 
and class II majar histocompatibility cornplex proteins [ 48, 49] as well 
as co·stimulatory molecules [50,51]. Additionally, the ability ofPMNs 
to synthesize and release immunoregulatory cytokines [52] or other 
molecuJes may have significm1t impact on the adaptive response to 
infection. For example, ectosomcs released by human PMNs inhibit 
the maturation of both monocyte-derived DCs [7] ;md monocyte
derived Mo [8], possibly by increasing their production of the 
regulatory TGF~l cytokine [7,8]. 

Given the recently bread functions a'5igned to Pl\1N s, ir is not 
surprising that these cells will emerge as important players in 
regulatory circuits in the innate and adaptive immune systems and in 
the pathogenesis of numerous disorders, including infection caused by 
intracellular bacteria [ 4]. From this and previous experiments 
[20,22,23,30], it has been demonstrated that the global activity of 
PMNs in brucellosis is a halan ce between the positive ( direct bacteria! 
elimination) and negative (down-regulation) immune properties. At 
the onset of infection (the first 48 h) Bmcella behaves as stealthy 
pathogen avoiding recruitment of PlYINs at the inoculation site and 
stands the killing action ofthese cells [20,22,23,30]. At five days post
infix:tion, the presence of Pl\1Ns allows tl1e parcial elirnination of 
Bmcella (Figure 2). However, thereafter the presence of PMNs seems 
detrimental for mounting an efficient adaptive immw1e response 
ag-ainst brucellosis. The activation of T and B cells concomitantly to 
the recruitment ofmonocytes and mono/DCs phenotype and to thc 
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Figure 5. Activation of T and B lymphocytes and recruitment of monocytes in WT and Genista mice at 15 days post-infection. 
Leukocytes from lymph nades were analyzed at 15 days post-infection using (A) co4+¡co44+, (B) cos+1co44+, (C) B220+1co95+ and (DJ co11b+/ 
Ly6C,. cell markers. Numbers in parenthesis indicate the percentages of non-infected mice. The percentages of cells found in each of the specified 
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doi:l 0.1371/journal.ppat.1003167.gOOS 
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increase of the cytokines that are central in the elimination of Bracella. 
[38,53), are ali augmented in the neutropenic mice. This agrees with 
the notion that PMNs actively participate in regulatory circuits of the 
innate and adaptive immune systems. Within this context, it is 
important to dissect the mechanisms by which PMNs regulate 
elements of adaptive immunity ancl to reconsider this short living cells 
as valuable targcts in long lasting chronic infectious as well as non
infectious inflammatory diseases [4). 

Materials and Methods 

Mice strains and infection protocols 
C57BL/6 mice were purchased from Charles River Laborato

ries (L'Arbresle, France), housed under specific pathogen free 
conditions and handled in accordance with French and European 
guidelines. The characteristics, source and maintenance of Genista 
mice have been previously described [9, 18] . Mice were depleted of 
neutrophils and infected as previously described [22]. Briefly, 
C57BL/6 mice were depleted of PMNs by means of i.p. injection 
of 100 mg of RB6-8C5 monoclonal antibody against murine 
granulocytes in 0.1 mL PBS, 24 h befare infection. Thcn, WT, 
PMN-depletcd and Genista mice were i.p. infected with O. 1 mL of 
PBS containing 106 CFUs ofvirulent Brucella. abor/us 2308 obtained 
from 16 h bacteria! tryptic soy broth cultures incubated at 37ºC. 
In one experiment doses of Brncella abortus 2308 ranging frorn 103

-

107 CFUs were used (Figure S5). Thereafter, the PMN-depleted 
rnice were i.p. injected with LOO mg of RB6-8C5 antibody every 
three days until sacrificed. Controls were irtjected with O. l mL 
sterile PBS at the same time. PMN dcpletion was confirmed by the 
absence of CD 11 b+ Ly6G+ cells by flow cytometry and 
microscopic examination of blood smears and histological sections. 
PMN depletion !asted at least for seven days. After this time the 
number of PMNs rapidly increased, and mice become resilient to 
dcpletion (Figure SI). A time course protocol for PMN depletion, 
bacterial inoculation, spleen bacterial counts, histopathological 
exarnination and analysis of irnmunc cells is prcsented in Figure 
SI. 
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Ethics staternent 
Animal experimentation was conducted in strict accordance 

with good animal practice as defined by the French animal welfare 
bodies (Law 8 7-848 dated 19 October 198 7 modified by De cree 
2001-464 and Decree 2001-131 relative to European Convention, 
EEC Directive 86/609). Ali animal work was approved by the 
Direction Départmentale des Services Vétérinaires des Bouches du 
Rhónes {authorization number l 3. 118). Ali anirnals were handled 
and sacrificed accorcling to the approval and guidelincs established 
by the "Comité Institucional para el cuido y uso de los animales" 
of the Universidad Nacional, ami in agreement with the 
corresponding law "Ley de Bienestar de los Animales No 7451" 
of Costa Rica (http://www.micit.go.cr/index.php/docman/ 
doc_details/ 1OJ-ley-no-7451-leydebienestar-de-los-anirnales.hnnl). 

Antibodies 
APC anti-CD.5 (.53-7.3), PE anti-CD4.5R/B220 (RA3-6B2), PE-Cy7 

anti-CD4 (RM4-5), PB anti-CD8ct (53-6.7), me anti-CD44 (IM7), 
PerCP-Cy5 . .5 anti-CD45.2 (104), PB anti-CD 11 b (M I /70), FITC anti
Ly6C (AL-2 1), PE anti- Ly6G (IA8), PE-Cy7 anti-CDJ le (HL3), 
F1TC anti-NKI.l (PK136) antibodies were purchased from BD 
Biosciences, Alexa Fluor 700 anti-MHC II (M5/114.15.2) from 
eBiosciense and of RB6-8C5 neutralizing antibody from Bio X cell. 

Bacteria! counts and cell analysis 
Lymph nades (axillary, popliteal and mesenteric), blood ami 

spleens were collected at the indicated times after infection (Figure 
SI), following standard procedures (18]. Spleens were cut in half 
and each part weighed befare processed. The first half was 
homogenized in 1 mL sterile PBS, and bacteria! counts estimated 
as described elsewhere (22 .• 30]. The second half of the spleen was 
processed for population cell estimation by flow cytometry [ J 8). 
Briefly, tissues were first cut in small pieces and incubated with a 
mixture of 500 µL ofRPMI containing type II collagenase (Gibco) 
and ofDNAse (Sigma-Aldrich) for 30 min at 37ºC in a water bath 
and re-suspending every 10 minutes to obtain a hornogeneous cell 
suspension. Cell suspensions were filtered in 70 µm membrane 
Cell Strainers (BD), washed once with RPMI 2% FCS, centrifuged 
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Figure 7. Levels of cytokines detected over time. The levels of INF-y, IL-6, TNF-<i: and IL-10 were determined in the sera of Wf, PMN-depleted 
and Genista mice i.p. infected with 106 CFUs of B. abortus 2308 at 5, 8 and 15 days post-infection. Background Jevels of PBS injected mice (dashed 
line) are depicted in each graphic. Values of p< 0.05 (*), p<0.01 (**) are indicated. 
doi:10.1371 /journal.ppat.1 003167.g007 

and re-suspended in FACS buffer (PBS 1 x, EDTA 2 mM, FCS 
2%) prior staining. Blood was collected in EDTA tubes and used 
directly for antibody stillning. 

Flow cytometry and histopathology 
Before staining with different antibody mixes, isolated cells were 

pre-incubated on ice for ar least 20 min with the 2.4 G2 mAb ro 
block Fe receptors. Multíparameter FACS analysis was perfom1t'.d 
using a FACSCanto system (BD Biosciences). FACS data were 
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analyzed using FJo,\:}o software (free Star, Inc.). For each 
experiment, control mice were included to define the proper 
gates. Antibodies used for identilying each cell population are 
indicated in Figure 87. Dead cell populations wcre removed from 
analysis with LIVE/DEAD Fixable Aqua Dead Cell Stain 
(Molecular Probes) using AmCyan (Canto) channel. Blood was 
stained directly with the antibodies and lyscd with BD lysing buffer 
(BD, Bioscicnces). Ali samples wcre fixed in paraphormaldchyde 
3.2% ati:er staining and diluted in PBS prior acquisition. For 
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histopatologycal studies, spleens from infocted and PBS-treated 
mice were füced in 10% neutral buffered formalin, processed and 
stained with hematoxylin and eosin or Giemsa stain as described 
elsewhere [54). In sorne cases spleen sections were subjected to 
Bruce/la antigcn detection as described previously [55). 

Cytokine measurement 
The levels of IL-2, IL-4, IL-6, IFN-y, TNF-~, IL-l7a, IL-10 

were measnred by CBA Mouse Th l /Th2/Th 17 Cytokine Kit 
(BD, Biosciences) according to the manufacturer's specifications in 
sera of PMN-depleted, Genista and WT B. abortus infected mice. 
The data wcre analyzed using FCAP Array software from BD. A 
pool ofnormal sera from C57BL/6 mice was used for background 
estimation. 

Supporting lnformation 

Figure SI Experimental design. Top arrows indicare the 
days at which a group ofmice were treated with anti-RB6-8C5 for 
PrvfN depletion. Bottom arrows indicare the days of i.p. infoction 
with 106 CFUs B. abortus 2308, determination of spleen bacterial 
counts, histopathology and flow cytometry analysis (spleen, lymph 
nodes and blood cells), respectively. C57BL/6 (WT), C57BL/6-
PMN mutant (Genista) and C57BL/6 PMN-depleted (PMN
depleted) mice. PMNs basal leve.! over time after treatment with 
anti-RB6-8C5 is shown with a green dashed line and demonstrat
ed by flow cytometry (A-C) at the indicated times. Course of 
brucellosis according to Grilló et al. [32) onset of infection (red 
marks), acute phase (blue marks) chronic phase (yellow marks). 
(TIF) 

Figure S2 Bacteria! initial spleen colonization in Wf 
and PMN-depleted mice. (A) CFU/spleen and (B) spleen 
weights were determined at 16 h in WT and PrvfN-depleted 
C57BL/6 mice after i.p. infcction with 106 CFUs of B. abortus 
2308. 
(TIF) 

Figure S3 Bacteria! loads, spleen weights and cytokine 
levels detected in wr and Genista mice at the chronic 
phase of infection (21 days post-infection). (A) CFU/ 
spleen, (B) spleen weights and (C) levels ofINF-y, IL-6, TNF-~ and 
IL-10 were determined after 21 days in C57BL/6 WT and 
Genista mice i.p. infected with 106 CFUs of B. ahortus 2308. 
Background levels of cytokines obtainecl in PBS injected mice were 
subtracted from the values from Bruce/la infected mice. Values of 
p<0.01 (**) were determined in relatíon to 'r\TT infected mice. 
(TIF) 

Figure S4 Lymphoid depletion, 01acrophage infiltration 
and granuloma formation becomes more prominent in 
spleens of PMN-depleted and Genista than in wr 
Brucellt1 infected mice. Spleens from infected ( 1 x l Oº CFUs) 
and PBS-treated mice were fixed and staincd wüh hematoxylin 
and eosin stain. For compari~on purposes, the picturt>.s in the 
bottom panel at 100 x correspond to the sections indicated by 
punctuated rectangles in the pictnres of the upper panel (40 x) 
already depicted in ·Figure 3. The insert in the WT bottom panel 
demonstrate extramedullary hematopoiesis. Top panel 40 x, of the 
same section. Notice the prominent granulomas in the PMN 
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depleted mice (white arrow), while in Genista mice, granulorn.as 
are more abundant and most of them have fused (yellow arrows). 
White pulp (WP) and red pulp (RP). 
(TIF) 

Figure S5 Bacterial loads, spleen weights and level of 
INF-1 detected in wr mice after infection with different 
bacterial doses. WT mice were i.p. infected with increasing 
amounts of B. aborlus 2308 ranging from l x 103 to 1 x tü; CFUs. 
After 5 days of infection, (A) levels of INF-y ancl CFU I spleen in 
relation to bacteria] doses, and (B) spleen weights in relations to 
CFU/spleen were deterrnined. Values of p<0.05 (*), p<0.01 (**) 
in relation to thc lower bacteria! dose (IO:i CFU) are indicated. 
(TIF) 

Figure S6 Brucellt1 abortus barely induces IL-2, IL-4 and 
IL-l7a cytokines in wr and PMN-deficient mice over 
time. The levels of cytokines were determíned in the sera of 
C.57BL/6 WT, PMN-clepleted and Genista mice i.p ínfected with 
106 CFUs of B. abor/us 2308 at 5, 8 and 15 days post-infcction. 
Background cytokine levefa of PBS injected mice (dashed line) are 
depicted. 
(TIF) 

Figure S7 Flow chart depicting the gating strategy for 
Dow cytometry analysis. Cells isolated from lymph nodes, 
spleen or blood were analyzcd by flow cytomctry using various 
antibody mixes for discriminating against the required cell 
markers. Boxes inclicate the enriched gatee! populations. (}.fo) 
monocytes, (Gr) granulocytes, (DCs) dendritic cells and, (PMNs) 
neutrophils, (NK) natural killer cells. 
(TIF) 

Table SI Leucocytes in spleen from infected and non
infected Wf, PMN-depleted and Genista mice. Cells were 
analyzed by flow cytometry at 8 and 15 days of infection using 
CD4+/CD44+, CD8+/CD44+, B22o+/CD95+, ancl CD!lb+/ 
Ly6C+ cell markers. The percentages of cells found in each of the 
specified gates are indicated. 
(DOCX) 

Table S2 Leucocytes in blood from infected and non
infected Wf, PMN-depleted and Genista mice. Cells were 
analyzed by flow cytornetry at 8 and J 5 days of infection using 
CD4+/CD44+, CD8+/CD44+, B220+/CD95+, ancl CD! lb+/ 
Ly6C+ cell markers. The percentages of cells found in each of the 
specified gates are indicatecl. 
(DOCX) 
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Bruce/la mediates premature death of PMN 
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Abstract 

A:fter enterobacterial infection, neutrophils (PMNs) become activated and survive for a 
protracted period of time to perform microbicida! fünctions. In contrast, Bruce/la abortus 
organisms are stealthy pathogens that survive within PMNs, inducing very low activation 
and negligible oxidative response of these leukocytes. This phenomenon is linked to the 
absence of marked Brucella P AMPs, mainly to the low-endotoxic lipopolysaccharide (Br
LPS). Upon infection, B. abortus prematurely kills human PMNs in a dose dependent 
manner inducing penneabilization of the membrane, exposure of phosphatidylserine and 
DNA fragmentation; but not nuclear rounding, chromatin condensation or cell 
fragmentation. This event is independent of degranulation, necrosis or NETosis related cell 
death. The premature cell death of infected PMNs is concomitant to the intracellular release 
of Br-LPS. Isolated Br-LPS and its lipid A reproduced the premature cell death of PMNs, a 
phenomenon independent of reactive oxygen species formation that requires caspases 8 and 
9 activation. Antibodies against CD14 but not anti-TLR4 partially block the PMN 
premature cell death induced by Br-LPS, indicating the participation of anchored CD14 
lipoprotein but not TLR4. The premature cell death of Brucella infected PMNs agrees with 
use of macrophages and dendritic cells as "Trojan horse" to replicate and spread in the host. 

Introduction 

The lifespan ofnarve polymorphonuclear neutrophils (PMNs) in the human body is close to 
5.5 days (Pillay et al., 2010). Once in the circulation, the half-time of these leukocytes is 
between 6-1 O hours, time after which they undergo spontaneous apoptosis (Payne et al. , 
1994); then, the dying PMNs are removed by phagocytic cells laying in the 
reticuloendothelial system, such as macrophages (M<!>) and dendritic cells (DCs) (Stark et 
al. , 2005). Generally, this physiological phenomenon does not induce proinflammatory 
signals and it is regarded as a constitutive mechanism to maintain leukocyte homeostasis 
(Savill et al. , 1989). However, upon bacteria! infection PMNs actívate and mi.grate into 
tissues, where they survive for a protracted period of time to perfonn their phagocytic, 
microbicida! and recruiting proinflammatory fünctions (Nauseef, 2007). These events are 
part of the innate immune response commonly triggered by pathogen-associated molecular 
pattems (PAMPs) (Janeway, 1989) or by danger signals that guide the PMNs response 
(McDonald et al. , 201 O). 
It is, therefore, not unexpected that for their own benefit several microbial invaders have 
evolved strategies to influence the timing and mode of PMN cell death (Anwar & Whyte, 
2007; DeLeo, 2004; Elliott & Ravichandran, 2010). For instance, Shigella flexneri kills 
PMNs by necrosis, a process characterized by the release of tissue-injurious granular 
proteins. This contributes to disruption of the epithelial barrier, leading to the dysentery 
observed in shigellosis and allowing the bacterium to enter its colonic host cells (Frarn;ois 
et al. , 2000). Similarly, Pseudomonas aeruginosa infections may cause lysis or oncosis of 



Bruce/la mediates premature death of PMN 

PMN, leading to persistent infections by depleting these cells and contributing to the 
pathophysiology of the disease by facilitating the bacteria! extracellular replication 
(Dacheux et al. , 2000; Usher et al., 2002). Others, such as the obligate intracellular 
Anaplasma phagocytophilum and Chlamydia pneumoniae are able, for their own sake, to 
inhibit cell death and prologue life of PMNs and then, achieve intracellular replication 
within these leukocytes (Scaife et al. , 2003; van Zandbergen et al. , 2004). Later on the 
infection, the C. pneumoniae parasitized PMN s become apoptotic and are phagocytosed by 
M<j> and DCs, which then become the second-phase replicative host cells (Rupp et al. , 
2009). This ability allows some microbes to maintain initial infectivity in PMNs and 
subsequently use these leukocyte as vehicles to enter and invade other host cells (Laskay et 
al., 2008). 

Bruce/la organisms are stealthy alpha-protobacterial intracellular pathogens of animals and 
humans (Barquero-Calvo et al. , 2007). At the initial stages of the infection, Bruce/la 
triggers low proinflaill1Ilatory responses, opening an ümnunological ''window" that gives 
time for the bacterium to reach sheltered intracellular niches before adaptive immunity 
becomes effective (Barquero-Calvo et al. , 2007, 2009, 2013). Once Bntcella has been 
installed in the host, the bacterium survives and extensively replicates within the 
intracellular milieu of M<j>, monocytes (Mo ), and DCs, and in the pregnant animal, in 
epithelial trophoblasts (Gorvel & Moreno 2002; Roop et al. 2009). 
A significant outcome for the benefit of Brocella parasitism is the inhibition of apoptosis 
and the prolongation of life of infected cells, such M<j>, Mo, DCs and epithelial cells . 
Despite some significant efforts, the mechanisms by which Bruce/la exerts this biological 
action in host cells for its own benefit are non-completely understood. Although the 
agonistic engagement of the low-endotoxic Brocella lipopolysaccharide (Br-LPS) has been 
excluded in the apoptosis inhibition mediated by Bruce/la, it seems that the action of cell 
soluble substances and cytokines as well as the concourse of the adaptor molecule MyD88 
are required to protect and prolong life of infected phagocytic cells (Barquero-Calvo et al. , 
2007; Gross et al ., 2000; Martirosyan et al. , 2011 ). In addition, resistance to exogenous pro
apoptotic signals, such as Fas ligand and INF-y, and overexpression gene Al, a member of 
the bcl-2 family implicated in the survival, has been recorded in M<j>s (Gross et al. , 2000). 
Similarly, the regulation of host genes involved in apoptosis and cell cycling has been 
shown in Brucella infected M<j>s and two of the apoptosis pathways that seem blocked, 
correspond to the formation of reactive oxygen species (ROS) and release of cytochrome-c 
(He et al., 2006; Rajashekara et al. , 2006). This suggests that the inhibition of apoptosis in 
M<j>s occurs through blocking of the intrinsic caspase cascade. 
Other leukocytes that actively phagocytize Bntcella and are the first cells to encounter the 
bacterium after invasion, are PMNs (Ackermaru1 et al., 1988; Braude, 1951). Even though 
Broce/la does not multiply within PMNs, the bacterium resists the killing activity of these 
cells and survives inside their phagosomes for a protracted period oftime (Barquero-Calvo 
et al. , 2007; Kreutzer et al., 1979). Moreover, in the absence of PMNs, the immune system 
of mice is capable of controlling Broce/la replication more efficiently than in the presence 
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of these cells, suggesting that PMN s can <lampen regulatory circuits of adaptive immunity 
during brucellosis (Barquero-Calvo et al., 2013). In addition, during acute murine 
brucellosis the number of Bmcella infected PMNs in the spleen of mice is rather low 
(Copin et al ., 2012), suggesting that these infected leukocytes are readily removed from the 
circulation by other phagocytic cells, such M<f> and DCs. Moreover, it has been shown that 
absolute neutropenia is a common outcome in human chronic brucellosis, a phenomenon 
that has been also linked to the removal of Bntcella infected PMNs by cells of the 
reticuloendothelial system (Crosby et al., 1984; Ruiz-Casta.fieda, 1986). 
In order to understand the fate of PMNs during brucellosis, we ha ve explored the biological 
action of Bmcella on these phagocytic leukocytes. We demonstrated that intracellular B. 

abortus is capable to specifically promote premature cell death of infected PMNs by a 
mechanism that involves the agonistic effect of the non-endotoxic lipid A moiety of Br
LPS via CD14 lipoprotein cell receptor of PMNs. This phenomenon may contribute to tl1e 
low proinflammatory induction of Bntcella at early stages of the infection and exploit 
parasitized PMNs as "Troyan horse" vehicles for the dispersal of Bruce/la throughout the 
reticuloendothelial system and to different target organs (Pedro-Pons & F arreras, 1944; 
Ruiz-Casta.fieda, 1986). 

Results 

B. abortus is partially resistant to the killing action of PMNs. Confinning previous 
reports (Barquero-Calvo et al., 2007, 2009; Riley & Robertson, 1984), Brucella is more 
resistant than other bacteria to the killing action of PMNs (Figure lA). This relative 
resistance is not related to reduced bacterial intemalization, since at multiplicity of 
infection/PMN (MOi) of 5, both B. abortus and Salmonella enterica serovar Typhimurium 
were phagocytosed at similar rates (not shown). Due to the toxic effects mediated by 
Salmonella on PMNs, higher MOis ofthis bacterium were precluded. However, compared 
to latex beads, fluorescent B. abortus-GFP was intemalized more efficiently by PMNs at 
different MOis, suggesting an active P AMP-receptor mediated phagocytosis of these 
leukocytes (Figure lB). At glance and under the microscope, the early phagocytosis of B. 

abortus-GFP (MOi < 50) was not accompanied by obvious PMN shape changes such as 
nuclear rounding, chromatin condensation, cell fragmentation, degranulation (Figure 1 C) or 
myeloperoxidase activity (not shown), a phenomenon that is in agreement with previous 
rep01ts (Barquero-Calvo et al., 2007; Kreutzer et al., 1979; Orduña et al., 1991; Riley & 
Robertson, 1984). Only when high loads of B. abortus-GFP were tested (MOi > 75) 
degranulation-like was detected in a proportion of PMNs containing more than 50 
bacteria/cell (Fit:,rure 1 C). 

B. ahortus infection induces premature PMN cell death in a dose dependent manner. 
After infection with Brucella-GFP, PMN cell death was assessed by flow cytometry using 
Annexin V and AquaDead as markers. After two hours of incubation (MOI = 10), Brucella 
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infected PMNs became positive for both markers, following a bacteria! dose dependence 
(Figure 2). This trend was not necessary an active mechanism mediated by live bacteria, 
since an identical phenomenon was observed when PMNs were exposed to the same doses 
of live and heat killed B. abortus (HKBA) (Figure 3). Very similar results were observed 
when infections were performed with purified PMNs (not shown). 

Br-LPS released inside PMNs induces cell death. Br-LPS is a major bacteria! component 
shed by death and live Bntcella inside epithelial cells and macrophages (Forestier et al. , 
1999; Moreno & Gorvel, 2004). Taking into account that the amounts of Br-LPS required 
to induce a conspicuous PMN cell death are relatively large, then we explored the shedding 
of Br-LPS inside PMNs by live Bntcella and its biological effect on these leukocytes. For 
this purpose, we used a double labeling fluorescence approach (Chaves-Olarte, et al., 
2013): first, PMN were infected with B. abortus-RFP at MOi of5, after 1 h ofincubation, 
cells were penneabilized and treated with FITC-antibody anti-Br-LPS and counterstained 
with DAPI dye to visualize the PMN nuclei. By this method, it was revealed that large 
quantities of Br-LPS molecules (green fluorescence) are intracellularly released by live (red 
fluorescent) brucellae in the proximity of PMN bacteria! containing phagosomes (Figure 
4A). Practically all B. abortus-RFP infected PMNs showed this pattem aft.er 1 h infection, 
being more conspicuous in cells containing between 2-3 bacteria/PMN. 
Following this, we tested the role of non-toxic Br-LPS in the cell death of PMNs and 
compared its activity in relation to an endotoxic enterobacterial LPS. As shown in Figure 
4B, Br-LPS, but not Escherichia coli LPS (Ec-LPS), was able to induce premature PMN 
cell death in adose dependent manner in whole blood PMNs (Figure 4B) and in isolated 
PMNs (Figure Sl) after one hour incubation. The cell death induction mediated by Br-LPS 
was specific for PMNs, since lymphocytes gated under the same conditions did not display 
death cell markers during the same incubation period (Figure S2). Similarly to the Brucella 
<lose dependent action on PMNs (Figure 2), the PMN cell death is more conspicuous at 
increasing Br-LPS doses. The fact that large quantities of Br-LPS are released inside PMNs 
(Figure 4A) strongly suggests that this non-toxic molecule is the main responsible for 
PMNs cell death induction during infection. Finally, the fact that Ec-LPS did not induce 
premature PMNs cell death under the same circumstances or in purified PMNs (Figure Sl), 
demonstrates that this biological effect is specifically mediated by Br-LPS. 

Br-LPS induces PMN cell death independently of ROS and NETosis. Brucella induce 
very low respiratory burst and degranulation of PMNs (Barquero-Calvo et al., 2007; 
Canning et al., 1985) suggesting that cell death induction of these infected leukocytes is 
independent of ROS. Moreover, Bruce/la infected PMNs do not undergo NETosis (not 
shown) or show typical signs of apoptosis or necrosis, as indicated before (Figure lC). 
Similarly, the various doses of Br-LPS that promote PMN cell death (Figure Sl) failed to 
induce ROS formation in these cells (Figure 5A) and NETosis (Figure SB). Altogether 
these results agree with previous data demonstrating that in contrast to the LPSs of other 

J 
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Gram negatives, Br-LPS and its lipid A induce a very low respirato:ry burst and 
degranulation of PMNs (Rasool et al., 1992). As indicated before, this phenomenon seems 
to be specific for the unique strncture ofthe low endotoxic Br-LPS (Figure S3). 

Bruce/la and Br-LPS induce low levels of proinflammatory cytokines in PMNs. It has 
been established that depending on the dose and synergistic actions, proinflammato:ry TNF
a, IL-1 and IL-6 cytokines and IL-8 chemokine, may influence the life of PMNs, either 
prolonging or inducing the death of these phagocytic leukocytes (Acorci et al., 2009; 
Afford et al ., 1992; Colotta et al., 1992; Ocaña et al., 2008) . Then, we explored the release 
of these cytokines and chemokine in blood and purified PMNs a:fter Brucella or Br-LPS 
treatment. S. enterica was included in the system as a control. 

As shown in Figure 6, there were significant quantitative differences in cytokine production 
between blood and purified PMNs. However, while Salmonella <loes not induce premature 
cell death of PMNs (Baran et al., 1996), Bruce/la organisms and its Br-LPS are capable to 
induce premature PMN cell death in both instances. The conspicuous differences in the 
three cytokines were probably dueto the participation ofMo, DCs and sernm components 
(e.g. complement) present in blood, mainly when high MOI of Brucella are used. However, 
regardless whether blood or isolated PMNs are tested, the levels of TNF-a., IL-1 and IL-6 
were comparatively low after Br-LPS treatment. Moreover, Brucella infected or Br-LPS 
treated purified PMN s practically do not produce these proinflammato:ry cytokines, 

demonstrating parallelism with what has been documented in macrophages (Dueñas et al., 
2004; Goldstein et al., 1992; Tumurkhuu et al., 2006; Weiss, et al., 2005). 
The case of IL-8 chemokine is different. In contrast to other cytokines, chemoattractant IL-
8 mostly prolongs the life of PMNs (Acorci et al., 2009; Kettritz et al., 1998) and the 
transcript of IL-8 is constitutively produced by PMNs, making the synthesis of this 
chemokine readily available a:fter simulation (Altstaedt et al., 1996). As observed in the 
bottom panel of Figure 6 the amounts of IL-8 induced by Bruce/la or Br-LPS in purified 
PMNs were significantly higher than proinflammatory cytokines, and in the case of Br
LPS, even higher than Salmonella infection. Again the difference observed between blood 
and isolated PMNs were probably dueto the presence of blood Mo and DCs, which also 
produce IL-8. 

The lipid A moiety of the Br-LPS is responsible for the induction of PMNs cell death. 
The non-toxic Br-LPS is built of an 0-chain constructed of N-formyl perosamine sugar 
homopolymer, a positively charged core oligosaccharide and a lipid A containinig a 
diaminoglucose disaccharide backbone substituted with long chain hydroxilated, cyclic and 
non-hydroxylated fatty acids (Figure S3). To determine the moiety responsible for the 
PMNs cell death, we first tested the biological action of different LPSs that shared sorne 
structural features with Br-LPS (Barquero-Calvo et al., 2009; Caroff et al., 1984a; Caroff, 
et al., 1984b; Conde-Álvarez et al., 2012; Iriarte et al., 2004; Kubler-Kielb & Vinogradov, 
2013; Pérez-Gutién-ez et al., 2010; Velasco et al., 2000) : i) Yersinia enterocolitica 0:9 LPS 
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displays the same 0-chain homopolymer as Br-LPS but has different lipid A and core 
oligosaccharide; ii) Ochrobactntm anthropi LPS shares the lipid A strnctural features with 
Br-LPS but possesses different O chain and core oligosaccharide; iii) B. abortus WadC 
LPS displays the same lipid A and O chain as the Br-LPS, but has a different core 
oligosaccharide; finally, iv) the overall structure of Ec-LPS differs :from that of Br-LPS, but 
it shares the lipid A and core features with Y. enterocolitica 0 :9 LPS. As shown in Figure 
7 A, LPSs from B. abortus WadC and O. antrophi sharing the same lipid A structure as the 
Br-LPS were able to bind Annexin V (used as PMN death cell marker) more readily than 
other LPSs. Moreover, when PMNs were treated with increasing quantities of a purified B. 
abortus 2308 lipid A preparation, the uptake of Annexin V followed a similar dose 
dependent pattern as the Br-LPS (Figure 7B and 7C). Altogether, these results indicate that 
the lipid A is the Br-LPS moiety responsible for the PMN cell death. 

Treatment of PMN with Br-LPS induces caspases activation. Caspases 8 and 9 are 
important mediators of cell death through the extrinsic and intrinsic pathways (Colussi & 
Kumar, 1999; Zheng et al. , 1999). In order to assess the participation of these caspases in 
Bruce/la inducing cell death, PMNs were treated with Br-LPS and then stained with anti
active caspase 8 and anti-active caspase 9 reagents. As shown in Figure 8, both caspases 
were significantly activated in Br-LPS stimulated PMNs. When lymphocytes were 
evaluated under the same conditions, practically no effect was observed (Fif,11ire S4), 
confirming the absence of Bntcella mediated cell death in these cells. Moreover, when 
Bruce/la infected and Br-LPS treated PMNs were incubated with pan-caspase inhibitor Z
V AD-FMK, cell death (recorded as DNA fragmentation), was significantly reduced (Figure 
SS). Altogether, these results indicate that the PMNs cell death is mediated through 
activation ofthe classical caspase cascade, including the DNA fragmentation pathway. 

Brucella LPS mediates PMN cell death through CD14 receptor. Since caspase 8 is 
readily activated, it seems that PMNs cell death mediated by Brucella is initiated through 
the extrinsic pathway by binding Br-LPS through a membrane receptor. It is well known 
that the coordinated interaction of CD14, MD-2/TLR4 molecules mediate LPS recognition 
in mammalian cells (Takeda et al., 2003) and that binding of these membrane molecules 
may promete cell survival or cell death depending on the context (Sabroe et al. , 2005; 
Zanoni et al., 2009). Therefore, we explored the role of antibodies against TLR4 and CD14 
in blocking the cell death of PMNs mediated by Br-LPS. When both TLR4 or CD14 
receptors were blocked and then PMNs treated with Ec-LPS, the secretion of TNF-a was 
significantly reduced (Figure 9A). As expected, this effect was not observed after blocking 
TLR4 of Br-LPS treated PMNs, confirming previous findings showing that Br-LPS is a 
poor agonist of the MD-2/TLR4 pathway (Barquero-Calvo et al., 2007; Conde-Álvarez et 
al. , 2012). Similarly, when TLR4 was blocked no neutralization of PMN cell death 
mediated by Br-LPS or O. antrophi LPS (containing similar lipid A as Br-LPS) was 
observed (Figure 9B and Figure S6). However, when antibodies against CD14 were used, 
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significant effects in blocking the secretion of TNF-a. (Figure 9A) and in the Br-LPS 
mediated PMN cell death were observed (Figure 9C). Although, the blocking of TNF-a 
production is somewhat linked to the inhibition of premature cell death in the Br-LPS 
treated PMN s, it is unlikely that the TNF-a al o ne is the cell death inductor. Indeed, under 
similar experimental conditions the Ec-LPS, which induces the production of higher 
quantities of TNF-a, does not promete PMN cell death, whatsoever. These results are in 
agreement with previous works demonstrating that Br-LPS is transported to CD14 
containing lipid rafts in MQ> membranes (Lapaque et al. , 2006) and suggests that this 
lipoprotein molecule serves a receptor for Br-LPS in mediating PMN cell death 
independently ofTLR4. 

Discussion 

After host i.nvasion, BnLcella is readily phagocytized by PMNs (Ackermann et al. , 1988; 
Braude, 1951 ). In spite of these, the bacterium does not multiply in PMN s; instead, it resists 
the killing action and prometes the premature cell death of these leukocytes. This event 
opposes to the prolongation of life and apoptosis inhibition that Bmcella induces in Mlj>, 
Mo and DCs, three of the relevant primary host cells in which the bacterium extensively 
replicates (Barquero-Calvo et al , 2007; Ferrero, Fossati, & Baldi, 2009; Galdiero et al. , 
2000; Gross et al. , 2000; Salcedo et al. , 2008). 
The premature cell death of BnLcella infected PMNs seems to be initiated a:fter the active 
phagocytosis of the organisms followed by the intracellular release ofthe Br-LPS (Figure 
10). Once inside cells, the Br-LPS may be transported to plasma membrane domains 
containing CD14 glycosylphosphatidylinositol-anchored protein, as we have previously 
demonstrated in MQ>s (Lapaque et al. , 2006). Then, the non-endotoxic lipid A moiety of Br
LPS may trigger the premature cell death of PMNs via the CD14, bypassing the interaction 
with TLR4. Alternatively, Br-LPS may bind to intracellular CD14 molecules, as this 
lipoprotein receptor has also been described to reside inside PMNs (Rodeberg et al. , 1997). 
In course, this event would induce the activation ofthe extrinsic and then intrinsic cascade 
8 and 9 pathways, causing modification and permeabilization of the cell membrane, 
fragmentation of DN A and consequently the premature cell death of the Bruce/la infected 
PMNs. Strikingly, this phenomenon occurs without inducing other phenotypic changes that 
characterize PMN apoptosis, such as rom1ding of the nucleus, chromatin condensation and 
cell fragmentation. 
The consensus in Gram negative bacterial infections is that the highly endotoxic LPS 
molecule and other PAMPs, engage PMNs into activation and prolongation of their life 
span (Figure 11) (Colotta et al., 1992). This phenomenon seems linked to the activation of 
other cells such as MQ>, Mo and DCs. In purified PMNs, stimulation of TLR2 and TLR4 
with agonists produces only a modest direct inhibition of apoptosis, while in the presence 
of MQ>, Mo and DCs, the PMN cell death inhibition is conspicuous (Sabroe et al. , 2002; 
Sabroe et al. , 2005). As a result, PMNs are capable to use this time interval to recrnit cells 
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and to promote proinflammatory functions for a protracted period of time in order to 
eliminate the invading bacteria (Ward et al., 1999). Then, and during this acute process, 
sorne PMNs perform degranulation, others undergo NETosis, while others may die by 
processes that are reminiscent of necrosis or oncosis, events that occur after ROS activation 
and triggering ofthe inflammasome (Fuchs et al., 2007; Geering & Simon, 2011). 
In contrast to this constitutive phenomenon, the effect of B. abortus and its Br-LPS on 
human PMN was not significantly different in blood or purified PMNs: in both cases the 
final outcome was the premature cell death of PMNs. In addition, Brucella barely activates 
PMNs as demonstrated by the absence of degranulation, low cytokine induction, lack of 
NETosis and weak ROS formation ofthese leukocytes. This strategy has been linked to the 
absence of marked P AMPs in the Bntcella cell envelope and to the innate bacterial 
resistance to the disrupting action of professional phagocytes and complement (Barquero
Calvo et al ., 2007, 2009; Conde-Álvarez et al., 2012; Martirosyan et al., 2011). This later 
fact makes the intemal P AMP-bearing molecules not readily accessible to pathogen 
recognition receptors of phagocytic cells. As consequence, the TLR and NOD receptors of 
leukocytes are poorly activated and their absence or presence do not significantly modify 
the course ofbrucellosis (Oliveira et al., 2012; Terwagne et al., 2012; Weiss et al., 2005). 
It is well known that under certain circumstances, proinflammat01y cytokines produced by 
leukocytes during Gram negative endotoxemia are capable of inducing cell death (Brodsky 
& Medzhitov, 2011; Miao et al., 2010). Among these, the TNF-a is the more conspicuous 
cytokine generating apoptosis through binding to its cognate TNFRl(Aggarwal et al., 2000; 
Murray et al. , 1997). Regarding Bruce/la, the amounts of TNF-a, IL-6 and IL-1 produced 
after infection of blood or purified PMNs were rather low, and TNF-a and IL-1 were only 
conspicuous in blood when large MOI (>50) were used (Figure 6). This suggests that the 
release of these two cytokines was perfonned by blood leukocytes distinct from PMNs. 
However, under the same circumstances Ec-LPS did not induce the premature cell death of 
PMNs (Figure 4) and Br-LPS did not promote the death of lymphocytes which are also 
susceptible to the pro-apoptotic effect ofTNF-a (Agga1wal et al., 2000). Moreover, Br-LPS 
has not blastogenic effect in human or bovine blood lymphocytes (Baldwin & Winter, 
1985; Renoux et al. ,1976) and it has been demonstrated that during the early phase of 
Bn1cella infection, lymphocytes and Mo of naturally infected animals show a delay of 
apoptosis compared to the same cells coming from healthy controls (Galdiero et al. , 2000). 
It seems, therefore, that the premature cell death induced by Br-LPS is specific for PMNs 
and unlikely exerted through cytokines released by other blood leukocytes, such as Mo and 
DCs. 
As stated before, the case of IL-8 chemokine is different. It has been well established that 
this chemokine delays spontaneous and TNF-a induced apoptosis of human PMNs in a 
dose dependent manner (Kettritz et al. , 1998). The delay in apoptosis is mainly mediated 
through the interaction of IL-8 with its cognate RII receptor, while the RI receptor may 
provide an added effect. It is worth noting that the amounts of IL-8 induced by B. abortus 
in purified PMNs were significantly higher than other cytokines. Moreover, in the case of 
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Br-LPS the amounts of IL-8 induced were even higher than Salmonella infection. In spite 
of these, PMNs were not protected against Bntcella induced premature cell death. Again 
the difference observed between blood and isolated PMNs were probably due to the 
presence ofblood Mo and DCs which also produce IL-8. 
Br-LPS seems to trigger the premature cell death of PMNs via CD14, as revealed by the 
partial blockage with anti-CD14 antibodies in whole blood. However, the blockage of 
TLR4 does not have any effect on the prevention ofpremature PMNs cell death induced by 
Br-LPS, an event which is consistent with the demonstrated weak interaction of Br-LPS 
with MD-2/TLR4 (Barquero-Calvo et al., 2009; Conde-Álvarez et al. , 2012; Weiss et al. , 
2005). Bypassing the activation of TLR4 and the subsequent significant generation of 
cytokines may hamper survival, and favor the premature death of PMNs. 
This phenomenon is not without precedent. It has been described that direct binding ofLPS 
to CD14, without the concourse of TLR4, induces apoptosis in DCs (Zanoni et al., 2009) 
through recmitment of Src-family kinase and phospholipase C-y2. In course, this prometes 
the generation of intracellular inositol-1 ,4,5-trisphosphate (IP3), the mobilization of Ca++ 
a.nd the calcineurin dependent nuclear translocation of NFAT pathway. Although the 
signaling pathway followed by Br-LPS-triggered PMNs premature cell death remains 
unknown, it has been shown that in MQ>, Bntcella signals through CD14 (Lei et al ., 2012) 
and binding ofthe bacterium to host cells stimulates the participation of PI3-kinases and the 
subsequent generation ofIP3 (Guzmán-Verri et al. , 2001 ; Qin et al., 2008) and Ca++ release 
(Kim et al. , 2012). In the case of MQ>, Ca++ seems to plays a relevant role in the 
phagocytosis of Bruce/la by modulating vacuole biogenesis in these cells (Nunes & 
Demaurex, 2010). 
The premature cell death of PMNs induced by Bruce/la is in tune with the absolute 
neutropenia observed in human chronic brucellosis, the absence of infected PMNs during 
the early phases of murine brucellosis and in the acute neutropenia induced by Br-LPS in 
mice (Copin et al. , 2012; Crosby et al. , 1984; Leong et al. , 1970; Ruiz-Castañeda, 1986). 
Considering that dying PMNs are readily removed by phagocytic cells laying in the 
reticuloendothelial system; then, it is likely that Bruce/la harboring PMNs may serve as 
"Troyan horse" vehicles for dispersing the bacterium to other organs and then installing 
long lasting infections observed in brucellosis (Figure 1 O). The fact that Bruce/la induces 
this premature cell death without significant activation of PMNs, suggest that the removal 
of these infected cells rather that inducing the activation of M<J¡ and DCs, may avoid the 
promotion of proinflammat01y signals (Fi!,11.tre 11 ). In course this would allow Bruce/la to 
escape inside the phagosome of these non-activated host cells, füse with endoplasmic 
reticulum compartments and archive replication. This proposal, which constitutes a 
straightforward outcome, agrees with the observations carried out in experimental animal 
models, the clinical signs during brucellosis and makes sense in the context of the stealthy 
strategy followed by Bntcella organisms. 

Materials and Methods 
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Ethics. Human blood was obtained from the blood bank in a protocol approved by the 
ethics committee of the Charité Hospital, Berlin, or from nonnal healthy volunteer donors 
tbrough the Etablissement Frarn;:ais du Sang according to the French ethics committee on 
human experimentations, within a convention with Institut National de la Santé et de la 
Recherche Médicale. All patients and controls gave written consent and tlle study was 
approved by the respective ethics committee. 

Bacterial strains, LPSs and lipid A preparations. Virulent B. abortus (2308), B. 

abortus-GFP (2308) ( Chacón-Díaz et al. , 2011 ), transgenic B. abortus-RFP (2308) with an 
integrated chromosomal gene coding for the red fluorescent protein from Discosoma coral 
(provided by Dr. Jean-Jacques Letesson; Unité de Recherche en Biologie Moléculaire, 
Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium) and Salmonella enterica 

sv. Typhimurium (SL1344) were grown in tryptic or Luria Bertani broths as previously 
described (Barquero-Calvo et al. , 2007). Purified LPSs were prepared from B. abortus 

(2308), B. abortus Wadc (2308), E. coli (0127), Y. enterocolitica 0:9 (MY79), O. anthropi 

(LMG 3331T) as reported before (Conde-Álvarez et al., 2012; Lapaque et al. , 2006; Leong 
et al. , 1970). B. abortus lipid A was prepared by mild acid hydrolysis :fi:om Br-LPS and 
solubilized as described elsewhere (Moreno et al. , 1981). 

Neutrophil purification. PMNs were purified by Histopaque and Percoll gradients from 
blood of healthy donors as previously described (Barquero-Calvo et al., 2007; Brinkmann 
et al. , 2004). Cell preparations were composed from 95-98 % of granulocytes. PMN 
preparations were maintained at 4 ºC in PBS, and used within the first hour after extraction. 

Bactericidal activity. Bactericidal activity was measured as previously described 
(Barquero-Calvo et al. , 2007). Briefly, B. abortus or S. enterica were mixed with 500 µL of 
purified human PMNs (lxl06 PMNs/mL) ata MOI of5 bacteria/PMN and incubated under 
mild agitation for 90 minutes. Control bacteria were incubated in the absence of PMNs to 
quantify bacterial replication during the experiment. Viable CFU were detennined at O, 45 
and 90 minutes of incubation by lysing cells with 0.1 % triton and plating samples in 
tripticase soy agar. The percentage ofbacterial survival was calculated. 

Phagocytosis assay. Human heparinized blood was incubated with B. abortus-GFP or 
fluorescent latex beads for two hours at 37ºC a multiplicity of infection (MOI) of 10-100 
bacteria or beads/cell under mild agitation. Blood smears were fixed with methanol and 
mounted with ProLong Gold Antifade Reagent with DAPI. Hundred PMNs were counted 
per sample and the number of particles detennined to calculate the percentage of 
phagocytosis. 
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PMN cell death assays. PMN cell death was analyzed by treating human whole blood or 
isolated PMNs with different bacteria! strains and LPSs. Human heparinized blood (100 or 
500 µL) collected with lithium heparin were put on a 96 or 24 well plate and incubated for 
2 hours at 37ºC in agitation (200-300 rpm) with each treatment. Bacteria were tested at 
MOis of 1, 10 or 100 bacteria/PMN. In the case of LPS or lipid A, blood samples were 
treated at concentrations of 1, 10, 50 and 100 µg/mL. After incubation, blood samples were 
lysed for 5-1 O min in 900 µL of red blood cell lysis buffer ( ammonium chloride ). Cells 
were washed one time with ice cold PBS and re-suspended in 100 µL of Annexin V 
Binding Buffer (BD). 5 µL of Annexin V (BD) and 2 µL of AquaDead (Invitrogen) (diluted 
1/20 in PBS) were added and incubated for 30 min on ice in the dark. Cells were washed 
one time with ice cold PBS, re-suspended in 200 µL of PFA 3% and incubated for 30 min 
at room temperature. Samples were then diluted 1 :2 with PBS and acquired within 1 hour. 

Intracellular detection of LPS. For intracellular detection a double labeling fluorescence 
approach was perfonned (Chaves-Olarte, et al. , 2013). Human heparinized blood was 
incubated with B. abortus-RFP (red) for one hour (MOI 2) under mild agitation. Blood 
smears were fixed and permeabilized with methanol, stained with anti-Bruce/la LPS FITC 
(green) and mounted with ProLong Gold Antifade Reagent with DAPI (blue). LPS shed by 
Bntcella is shown as green staíning around red bacteria. IOOOX magnification (Olympus 
BH-2). 

ROS detection. Isolated PMNs (lxl05
) were re-suspended in 50 µL of Hanks Balanced 

Salt Solution (HBSS+ 1 % FBS) per well of a 96-micoated senun well plate. Cell suspension 
was supplemented with Reactive Oxygen Species (ROS) Detection Reagents (lnvitrogen) 
and stimulated with phorbol myristate acetate (40 nM), B. abortus LPS (1.2-100 µg/ml), E. 
coli LPS (1.2-100 µg/ml) in 50 µl HBSS+1% FBS or left untreated. ROS production was 
monitored with a Víctor Perkin Elmer luminometer at 37C for 90 min. 

NET formation and cell cytotoxicity assay. Isolated PMNs (lx105
) were re-suspended in 

500 µL of RPMI medium (1 O mM HEPES + 1 % FBS without glutamine) and let sit on 24-
well plates for 30 min at 37ºC. Cells were stimulated with phorbol myristate acetate ( 40 
nM) (Sigma), B. abortus LPS (0.7-100 µg/ml), E. coli LPS (0.7-100 µg/ml) or left 
untreated in RPMI medium. After 6h 30 min, cell cytotoxicity was measured by Sytox (0.3 
µM) (Invitrogen) staining with a fluorometer. Sorne cells were fixed cells in 
paraformaldehyde (PF A) 8% and observed with a Leica inverted fluorescence microscope 
to evaluate the nuclear morphologies and NET spreading. 

Cytokine quantitation. The levels of TNF-a, IL-8, IL-1 and IL-6 were measured by 
ELISA ( eBioscience) in heparinized human blood (plasma) or supematant of isolated 
PMNs treated with different stimuli according to manufacturer's specifications. 
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Determination of caspase 8 and 9 activation. Heparinized human blood (500 µL) was 
incubated with B. abortus LPS (10 µg/mL) or PBS for 30 minutes under mild agitation and 
stained directly and incubated with anti-active caspase 8 or anti-active caspase 9 using 
Guava Caspase 8 F AM & Caspase 9 SR Kit (Millipore) according to manufacturer' s 
specifications and quantitated by flow cytometry. 

DNA fragmentation assay. Goat PMNs were isolated as previously described (Chin et al., 
2000) and incubated for one hour with B. abortus (MOI 100), Brucella LPS (10 µg/mL) in 
the presence or absence of a pan-caspase inhibitor (Z-V AD-FMK) and cycloheximide (10 
µg/mL) as a positive DNA fragmentation control. After incubation, PMN cell death was 
measured by using a DNA fragmentation ELISA (Roche) according to manufacturer's 
specifications. Values ofp<0.01 (**)are indicated. 

TLR4 and CD14 neutralization. TLR4 and CD14 cell receptors were neutralized (before 
B. abortus or O. antropi LPS treatments) by incubating heparinized human blood with 1 µg 
of anti-hTLR4-IgG (W7Cll) and 5 µg of anti-CD14-IgA ant:ibodies (InvivoGen), for 20 
minutes and 1 hour respectively. Receptor blockage was verified in side controls by 
measuring TNF-a secretion after treating blood with 5 µg/mL E. coli LPS (Figure 9A). 

Flow cytometry and FACS analysis. PMN or lymphocyte populations were gated as 
indicated (Figure S7) and analyzed for cell death of caspase activation by flow cytometry. 
F ACS analysis was performed using a F ACSCanto system (BD Biosciences) or Guava 
easyCyte (Millipore). FACS data were analyzed using FlowJo software (Tree Star, lnc.). 
For each experiment, control samples were included to define the proper gates. 
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Figure legends 

Figure l. B. llhortus is partially resistant to the killing action of PMNs. (A) PMNs were 
isolated from blood and incubated with B. abortus or S. entertca (MOI 5) and CFUs 
detennined at different time points. (B) Heparinized blood was incubated with B. abortus
GFP or fluorescent latex beads for two hours (MOI =10 or 100). Blood smears were then 
fixed and mounted witll ProLong Gold Antifade Reagent with DAPI. At least 100 PMNs 
were counted per sample and the number of intracellular bacterial or latex particles 
detennined in ea.ch PMN and the proportion expressed as% ofphagocytosed particles. (C) 
Human PMNs infected with different MOi of B. abortus-GFP and stained as in "B". 400 x 

magnification. Experiments were repeated at least three times. Values of p<0.01 (**) are 
indicated. 

Figure 2. B. abortus infection induces PMN cell death in a dose dependent manner. (A) 
Heparinized blood was incubated with B. abortus-GFP (MOI=IO) for two hours and PMNs 
population analyzed for cell death by flow cytometry using AquaDead and Annexin V 
markers. GFP fluorescence intensity was used to differentiate a.mong three categories: (a) 
low, (b) intermedia.te and (e) high infection. (B) Percentages of PMNs positive for any 
marker in relation to the number of internalized bacteria are shown. Experiments were 
repeated at least three times. 

Figure 3. Live and heat killed B. abortus induce PMN cell death. Heparinized blood was 
incubated with live or heat-killed (HK) B. abortus for two hours (MOI=lO and 100). PMN 
population was analyzed by flow cytometry for cell death using AquaDead and Annexin V 
markers, as described in Figure 2. Percentages of PMNs positive for any marker were 
detennined. Experiments were repeated at least three times. No significant differences were 
detected between Live and HK B. abortus. 

Figure 4. B. llhortus sheds LPS inside PMNs and induces cell death in a dose 
dependent manner. (A) Heparinized blood was incubated with B. abortus-RFP for one 
hour (MOI=2). Blood smears were fixed, stained with ru1ti-Brucella LPS FITC (green) and 
mounted with ProLong Gold Anti.fa.de Reagent with DAPI. (a) B. abortus-RFP, (b) IgG
FITC anti-Bntcella LPS staining, (e) PMN DAPI staining and ( d) merged una.ges. Shed Br
LPS (white arrrow) is pointed. 1000 x magnification. (B) Human blood was iJ.1cubated with 
lOOµg/mL of (a) Ec-LPS or (b) Br-LPS for two hours and the PMN population was 
analyzed by flow cytometryusiJ.1g by AquaDead and Annexin V as markers (e) Percentages 
of PMNs positive for any marker treated and with various concentrations of LPS are 
shown. Experiments were repeated at least three times. Values of p<0.05 (*) and p<0.01 
(**)are indicated. 
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Figure 5. Cell death promoted by Br-LPS failed to induce ROS fonnation and 
NETosis. (A) PMNs isolated from blood were seeded on serum-uncoated plates and treated 
with various concentrations of Br-LPS or Ec-LPS for six hours and thirty minutes. ROS 
kinetics production was monitored by luminol-amplified chemiluminescence and the 
maximum obtained value for each LPS concentration plotted. (B) Isolated PMNs were 
stimulated with PMA (40nM) or Br-LPS (100 µg/mL). Cell cytotoxicity was analyzed 
lmder the micro seo pe by looking NET spreading (a and b) or cell morphology using phase 
contrast (e and d). 400 x magnification. Figure represents the outcome of a single 
experiment. Similar results were obtained in repeated experiments. 

Figure 6. Cytokine differences between blood and isolated PMNs stimulated with B. 
abortus and Br-LPS. The levels of various cytokines were determined by ELISA in the 
plasma ofheparinized blood or in the culture supematants of isolated PMNs after treatment 
with S. enterica, B. abortus or Br-LPS at various concentrations for two hours. Experiments 
were repeated at least three times. 

Figure 7. Brucella lipid A induces PMNs cell death in a dose dependent manner. (A) 
Heparinized blood was incubated for two hours with 1 OO~tg/mL of LPSs from various 
bacterial species, differing in at least one ofthe moietíes (0-chain, core and lipid A) with B. 
abortus 2308 (WT) LPS: (a) LPSs possessing 1ipid As that differ from B. abortus WT Br

LPS, (b) LPSs possessing lipid As structures similar to B. abortus WT Br-LPS. (B) 
Heparinized blood treated with dífferent concentratíons of B. abortus WT lipid A for two 
hours. (C) Heparinized blood treated with 10 µg and 50 ~Lg of Br-LPS for two hours. 
Treatment with 100 µg of Br-LPS is shown in "A". In all assays, PMN population was 
gated and analyzed by flow cytometry using Annexin V marker and the geometric means of 
histograms displayed as relative units. Experiments were repeated at least three times. 

Figure 8. Brucella LPS induces activation of caspase 8 and 9 in PMNs. Heparinized 
blood was incubated with 10 µg/mL of Br-LPS or PBS for 30 1ninutes and stained with 
anti-active caspase 8 or anti-active caspase 9. PMN (A) and lymphocyte (B) populations 
were gated by fmward light scatter and side light scatter parameters and PMNs analyzed for 
each caspase marker by flow cytometty. Geometric means of histograms are displayed as 
relative units. Experiments were repeated at least three times. 

Figure 9. Neutralization of CD14 partially protects against Br-LPS cell death 
induction. (A) Heparinized blood was incubated for two hours with Ec-LPS (5 µg/mL) or 
Br-LPS (100 ~tg/mL). Prior to LPS stimulation, sorne samples were previously treated with 
anti-TLR4 (1 µg/mL) or anti-CD14 (5µg/mL) antibodies and TNF-a secretion quantified in 
plasma by ELISA. (B) Heparinized blood was incubated with Br-LPS (100 µg/mL) alone 
or previously neutralized with anti-TLR4 and PMN population gated and analyzed by flow 
cytometry using Annexin V marker. (C) Heparinized blood was incubated with Br-LPS 
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(100 µg/mL) alone or previously neutralized with anti-CD14. PMN population was gated 
and analyzed by flow cytometry using Annexin V marker. Geometric means of histograms 
displayed as relative units. Experiments were repeated at least three times. Values of 
p<0.01 (**)are indicated in relation to their respective LPS control. 

Figure 10. Brucella "Trojan Horse" hypothesis. After phagocytosis Brucella sheds LPS 
inside PMNs, Br-LPS lipid A then interacts with CD14 protein to induce caspase 8/9 
activation and priming premature cell death. Infected PMNs, are finally phagocyted by DCs 
and M0 where Bntcella inhibits apoptosis and replicates. 

Figure 11. PMN cell death modulation. After danger signal or PAMP recognition, PMNs 
are activated, cell death delayed and inflammatory response prometed. Under non
infectious conditions, PMN s die spontaneously and are phagocyted by DCs and M0 under 
non-inflammatory conditions. Following PMNs ingestion of Bntcella, PMNs are quicky 
primed for cell death and phagocyted by DCs and M0 where Bntcella replicates 
intensively under a non-inflammatory environment. 

Figure 81. Br-LP8 but not Ec-LP8 induces cell death in isolated PMNs in a dose 
dependent manner. PMNs isolated :from blood were seeded on semm-uncoated plates and 
treated with various concentrations of Ec-LPS or Br-LPS for six hours and thirty minutes. 
PMNs cell death was monitored by evaluation of Sytox green fluorescence (shown as 
percentage of cell death relative to PMA-induced cell death). Figure represents the outcome 
of a single experiment. Similar results were obtained in repeated experiments. 

Figure 82. Bruce/la LP8 fails to induce cell death in lymphocytes. Human blood was 
incubated with lOOµg/mL of Br-LPS for two hours and the (A) lymphocyte (B) PMN 
population was analyzed by flow cytometry using AquaDead and Annexin V markers. (C) 
Percentages of lymphocytes and PMNs positive for any marker treated and with various 
concentrations of Br-LPS for are shown. Experiments were repeated at least three times. 
Values of p <0.01 (**)are indicated. 

Figure 83. 8chematic structure of smooth B. abortus Br-LP8. The 0-polysaccharide is 
an unbranched linear homopolymer of a-1,2-linked 4,6-dideoxy-4-fonnamido-D
mam1opyranosyl units (N-fonnylperosamine) with an average chain length of 96 to 100 
glycosyl subunits (Bundle et al. , 1989). The 0-polysaccharide is linked to acore bifürcating 
oligosaccharide composed of PGlcN-6-PGlcN-4-PGlcN(-6-PGlcN)-3-aMan(-6-aGlc )-5-
KD01(-2-KD02)-Lipid A; branching from KDOI is aPerNFo-[-2PerNFo]n-2PerNF-2-
aMan-3-aMan-3-PQuiNAc-4-PGlc-4-KD02-4-KDOl (Kubler-Kielb & Vinogradov, 2013). 
The KDOI is linked to the lipid A composed of a backbone of diaminoglucose (DAG) 
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disaccharide, substituted with phosphates (P) and amide and ester-linked long chain 
saturated (C16:o to C18:o) and hydroxylated (3-0H-Cl2:o to 29-0H-C3o:o) fatty acids (lriarte et 
al., 2004; Moreno et al., 1990). Ketodeoxyoctulosonic acid (KDO), mannose (Man), 
Acetyl-quinovosamine (QuiN), glucose (Glc). 

Figure S4. Bruce/la LPS induces little activation of caspase 8 and 9 in lympocytes. 
Heparinized blood was incubated with 10 µg/mL of Br-LPS or PBS for 30 minutes and 
stained with anti-active caspase 8 or anti-active caspase 9. PMN (A) and lymphocyte (B) 
populations were gated by forward light scatter and side light scatter parameters and 
lymphocytes analyzed by flow cytometry for each caspase marker. Geometric means of 
histograms are displayed as relative units. Experiments were repeated at least three times. 

Figure SS. PMNs DNA fragmentation was reduced by a pan-caspase inhibitor. Goat 
PMNs were isolated and incubated with B. abortus (MOI=lOO) or Br-LPS (10 µg/mL) in 
the presence or absence of a pan-caspase inhibitor (Z-V AD-FMK) for one hour. 
Cycloheximide was used as a positive control. PMN DNA fragmentation was measured by 
ELISA. Values of p<0.01 (**)are indicated. 

Figure S6. Neutralization ofTLR4 does not protect against Oclirobactrum atliropi-LPS 
cell death induction. Heparinized blood was incubated with Oa-LPS (100 µg/mL) alone or 
previously neutralized with anti-TLR4 (1 µg/mL) . PMN population was gated and analyzed 
by flow cytometry using Annexin V marker. Geometric means of histograms displayed as 
relative units. Experiments were repeated at least three times. 

Figure S7. PMNs and lymphocytes gating strategy. (A) PMN or lymphocyte cell 
populations were gated by forward light scatter and side light scatter parameters from total 
blood leucocyte population. (B) GFP negative or GFP positive population (infected with B. 
abortus-GFP) were selected and (C) analyzed for cell death by flow cytometry using 
AquaDead and Annexin V markers. 



Bruce/la mediates premature death of PMN 

Figure 1 

A 

120 -~ 100 
·~ 
:::1 80 
U) 

¡; 60 ·¡: 
<ll 

o 40 

"' ,Q 

"#. 20 

-+- B. abortus 
... S. enterica 

** 

o .,__------...------. 
o 25 50 75 100 

Minutes 

e 

t .. 
MOi O MOi 10 

B 
B. abortus-GFP Latex beads 

U) 

~ 100 
(..) 

t: 
~ 80 
"O 

3: 60 
.s 
~ 40 o 
O> 

~ 20 o. -o 
"#. 

10 100 10 100 

1 >20 

O 10-19 

O 1-9 

Do 

Multiplicity of infection/PMN 

... - .. .. 
. .. ~ ~ . . 

• .;. ~ ~ .,,, .. . 
~· ~,!'' 

MOi 50 MOi 100 



Bruce/la mediates premature death of PMN 

Figure 2 

A 
GFP 

~Ff 
o 80 
~ o 

60 

40 

20 

o 

a 

1rf' 3.82 

10
4 

"O 10
3 

m 

2.18 9.48 

~ 1a2 . . 
§ f 0 ]¡s.1 14.8 

: L_ o 10
2 

1a3 10
4 

10
5 

AnnexinV 

103 

B 
4 D Non-infectad 10 

100 Dlnfected 
en z 

:¡¡¡ 
a. 
-¡ 50 
Q) 

"O 
~ o 

o 
o 1-9 10-19 >20 

Bruce/la!PMN 

11.9 22.5 44.5 

23.6 15.4 



Bruce/fa mediates premature death of PMN 

Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5 
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Figure S6 
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