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A central aspect of Brucella pathogenicity is its ability to invade, survive, and replicate in diverse phagocytic and non-
phagocytic cell types, leading to chronic infections and chronic inflammatory phenomena. Adhesion to the target cell is a
critical first step in the invasion process. Several Brucella adhesins have been shown to mediate adhesion to cells,
extracellular matrix components (ECM), or both. These include the sialic acid-binding proteins SP29 and SP41, the BigA
and BigB proteins that contain an Ig-like domain, the monomeric autotransporters BmaA, BmaB, and BmacC, the trimeric
autotransporters BtaE and BtaF, and Bp26.

Keywords: Brucella ; pathogenicity ; adhesins ; autotransporter ; extracellular matrix ; host-bacteria interaction ; adhesion

| 1. Introduction

Brucella spp. are Gram-negative bacteria that infect several animal species and can be transmitted to humans by several
routes, producing one of the most common zoonotic diseases worldwide. Brucella can invade, survive, and replicate in
several phagocytic and non-phagocytic cell types. Several Brucella proteins have been shown to be involved in the
adhesion of this bacterium to different cell types and/or to extracellular matrix (ECM) components.

With more than 500,000 new cases annually, human brucellosis continues to be one of the commonest zoonotic diseases
worldwide. It still constitutes a public health problem in Latin America, the Middle East, North and East Africa, and South
and Central Asia LPappas, G.; Papadimitriou, P.; Akritidis, N.; Christou, L.; Tsianos, E. V The new global map of human
brucellosis. Lancet Infect. Dis. 2006, 6, 91-99., and is still present in some European countries. Despite the great number
of Brucella species identified, which may infect domestic animals and wild animals, only B. melitensis (goats and sheep),
B. suis (pigs), B. abortus (cattle), and, to a minor extent, B. canis (dogs) are linked to human brucellosis. Different Brucella
species can yield smooth (S) or rough (R) colonies according to the structure of the lipopolysaccharide (LPS). The LPS is
divided into three regions: the lipid A (the innermost portion), a polysaccharidic core, and the O polysaccharide (the
outermost portion). Smooth species (B. melitensis, B. suis, B. abortus, and others) produce a “complete” LPS (S-LPS)
containing the three portions, whereas rough species (B. canis and B. ovis) produce a rough LPS (R-LPS) that lacks the
O polysaccharide.

Brucella infection in humans is mainly acquired through the consumption of raw animal products, inhalation of
contaminated aerosols in slaughterhouses, rural settings or laboratories 2 and contact of the abraded skin with
contaminated tissues or materials. Accidental infection with attenuated vaccine strains and vertical transmission have
been also reported E14],

The disease usually presents as a febrile illness accompanied by myalgia, arthralgia, and hepatomegaly, and may evolve
with an uncomplicated course or may present complications involving particular organs or systems . Osteoarticular
involvement is the most common focal complication. The diversity of tissues that can be affected by Brucella is likely
related to its ability to invade, survive, and replicate in several phagocytic and non-phagocytic cell types.

| 2. Adhesins

Most pathogenic bacteria interact with their hosts through adhesive molecules (adhesins) that are exposed on their cell
surfaces. The adhesins can be grouped into two types: (1) filamentous (fimbrial) adhesins consisting of complex
structures made up of multiple subunits and (2) non-fimbrial adhesins that can be monomeric or trimeric proteins. As
mentioned below, Brucella spp. do not seem to express fimbrial adhesins.

Non-fimbrial adhesins include adhesins that belong to the RTX (repeat in toxin) protein family and those that correspond
to type V secretion systems (T5SS), which are also called autotransporter proteins. RTX adhesins are secreted by a type
1 secretion system (T1SS) that has three components: an inner-membrane ABC (ATP binding cassette) transporter, a



membrane fusion protein, and an outer-membrane pore from the TolC family. The RTX adhesins are usually loosely
attached to the bacterial surface and have been implicated in bacteria-to-bacteria interactions during biofilm formation and
adhesion to epithelial cells €,

The T5SSs (subfamilies Va—Ve) play important roles in the interaction of several pathogens with their hosts . Other
factors, such as chaperones and the BAM (B-barrel Assembly Machinery) system are required for secretion of these
proteins. More recently, it was shown that the TAM (Translocation and Assembly Module) complex is also required for the
correct translocation of autotransporters into the outer membrane [&l. The T5SS or autotransporter proteins share common
structural and functional characteristics: (1) an N-terminal Sec-dependent signal peptide that mediates the transport from
the cytoplasm to the periplasm, (2) a passenger (and functional) domain, and (3) a C-terminal B-barrel domain that forms
a pore in the outer membrane through which the passenger domain is translocated to the cell surface [&. In the subclass
Va, the autotransporters are monomeric and the passenger and secretion domains are integrated into the same protein.
Some of these autotransporters are important virulence factors, playing diverse functions in the interaction with the host.
Some adhesins of the monomeric autotransporter family have been described in Brucella spp., as explained below. In the
two-partner secretion systems (T5SS type Vb), the passenger and B-translocator domains are encoded by two different
genes. Filamentous haemagglutinin adhesins are exported by this type of system. These adhesins are often involved in a
tight interaction with a host cell receptor and also in biofilm formation (4. All members of the trimeric autotransporter Type
Vc group that have been characterized so far are implicated in adhesion functions. They usually bind to host receptors or
to host ECM components. As detailed below, Brucella spp. express adhesins that belong to this subclass of
autotransporters. While the overall organization of these proteins is similar to that of the monomeric autotransporters, they
contain a shorter C-terminal translocation domain of 50—100 amino acids and the 12 B-strand pore is achieved by protein
trimerization. Usually, the passenger domain harbors conserved structural elements named as head, connector, and stalk
domains. Although the head domains typically mediate adhesion to host targets, the stalk domains can also participate in
adhesion functions. The Type Ve of T5SS harbors a 12-stranded B-barrel domain and a secreted, monomeric passenger
domain that remains attached after translocation. The main difference with type Va autotransporters is that the type Ve
have an inverted domain order with the B-barrel at the N-terminal end and the passenger domain at the C-terminus, and,
thus, are named as “inverse autotransporters” 2. The passenger domains of this type of T5SS contain domains with
Immunoglobulin (Ig)-like or lectin-like structures.

| 3. Adhesins of Brucella spp.

The genomes of Brucella spp. do not harbor loci associated with components of pili or curli that could function as fimbrial
adhesins. However, several non-fimbrial adhesins have been identified that were shown to have a role in the interaction
with the host.

Due to the abundance of carbohydrates in the surface of red cells, hemagglutination tests have been used for the
detection and characterization of many lectin-like adhesins in bacterial pathogens. It has been shown that B. abortus and
B. melitensis can agglutinate human (A+ and B+), hamster, and rabbit erythrocytes, and that this activity was associated
with a bacterial 29-kDa surface protein (SP29) that binds to these cells 11, This binding was abolished by neuraminidase
treatment of red cells, indicating that SP29 binds to sialic acid-containing receptors. SP29 seems to be a D-ribose-binding
periplasmic protein precursor in B. melitensis (BruAb2_0373) (Figure 1).

The first Brucella adhesin for which a functional role was fully characterized in vitro was SP41 2 (Figure 1). This protein
is the predicted product of the ugpB locus, which encodes a protein of 433 amino acids with similarity to a periplasmic
glycerol-3-phosphate-binding ATP-binding cassette (ABC) transporter. SP41 is surface exposed, and antibodies directed
to SP41 inhibit B. suis adherence to HelLa cells. A AugpB B. suis mutant exhibited a significant reduction in the adherence
to epithelial cells, although the same phenotype was not observed for a B. ovis mutant 22l Treatment of HeLa cells with
neuraminidase abolished SP41 binding to these cells, suggesting the involvement of sialic acid residues in this interaction.
(Figure 2)



Figure 1
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Figure 1. Domain organization of described Brucella adhesins. Schematic representation of the adhesins described in
Brucella spp, showing functional and structural domains predicted by bioinformatics (SignalP 5.0, Pfam, BLAST,
InterProScan). Asterisks indicate the cases for which start codons upstream of the annotated ORF were identified and the
translation product of the new ORF contained an N-terminal signal peptide with a reliable score. aa: amino acids.

The potential role of the Brucella Bp26 protein as an adhesin was recently tested in vitro 14!, Bp26 is a 250 amino acid-
predicted protein with a domain of unknown function (DUF541) (Figure 1). Bp26 binds to both immobilized and soluble
type | collagen and vitronectin, and to soluble (but not immobilized) fibronectin, but does not bind to laminin (Figure 2).
The relevance of Bp26 for in vitro adhesion of Brucella to cells or for the outcome of in vivo infections has not been tested.

A pathogenicity island in B. abortus (BAB1_2009-2012) whose deletion resulted in a reduced attachment of the bacterium
to HelLa cells and a reduced capacity to colonize the spleen of mice after oral infection has been identified 2. In
particular, BAB1_2009 was found to encode a protein that harbors a bacterial 1g-like (Blg-like) domain present in adhesins
from the invasin/intimin family 28 (Figure 1). A role of this protein (named as BigA) in adhesion to epithelial cells was
demonstrated 4. This study also revealed that BigA is an exposed outer membrane protein and that incubation of the
bacteria with antibodies against the Ig-like domain of BigA before infection of HelLa cells reduces the number of
intracellular bacteria. The BigA adhesin targets the bacteria to the cell-cell junction membrane in confluent epithelial cells
and also induces cytoskeleton rearrangements (Figure 2). A recent study showed that other Ig-like (Blg-like) domain-
containing protein (BAB1_2012, named BigB) (Figure 1), encoded by the same locus (BAB1_2009-2012), is also involved
in adhesion to epithelial cells and targets proteins involved in cell-cell and cell-matrix interactions 28 (Figure 2). The AbigB
mutant showed a significant reduction in intracellular bacteria at the early stages of infection both in HelLa cells and in
polarized MDCK cells. Similar to BigA, recombinant BigB induced profound cytoskeleton rearrangements in HelLa cells.



Figure 2. Model of the interaction of Brucella adhesins with host cells. The described Brucella spp. adhesins are depicted
on the bacterial surface and their interactions with ECM components and ligands on the host cell are represented by black
arrows. ECM components and cell types to which these adhesins bind are mentioned. ECM ligands in bold are supported
by consistent evidence while those in a normal font are supported by indirect evidence. The Bma and Bta proteins are
mostly localized at the new pole generated after asymmetric bacterial division. Bipolar localization was shown for BigA,
but BigB polarity has not been determined. SP29 is predicted to be periplasmic while SP41 was shown to be exposed on
the bacterial surface. It is not clear if Bp26 is localized to the outer membrane or in the periplasm. The cell ligands for Big
and Bp26 adhesins have not yet been identified. In addition to ECM, Bma and Bta adhesins could interact with cell
surface ligands. Dotted arrows represent putative interactions. Importantly, while all the Brucella adhesins characterized to
date are shown, they may be not simultaneously expressed on bacteria.

By panning an M13 phage display library of the B. suis 1330 genome against immobilized fibronectin, Posadas et al. 19
identified a fibronectin-binding protein that was predicted to be exposed on the cell surface. This protein corresponded to
a monomeric autotransporter (BRA1148) and was named as BmaC for Bucella monomeric autotransporter. BmacC is a
large 340 kDa-protein with a long N-terminal cleavable 72 amino acid signal peptide and several adhesion-related motifs
within the passenger domain, an extended pectin lyase virulence factor domain, and several passenger-associated-
transport-repeats (PATR) (Figure 1). The portion of BmaC expressed on the phage also exhibits affinity (although much
less) for type | collagen, suggesting that this very large protein might contribute to the interaction of B. suis with other
ECM ligands. Several lines of evidence have shown that BmaC of B. suis 1330 mediates the binding of B. suis to
epithelial cells through cellular fibronectin. A bmaC deletion mutant was impaired in the attachment to immobilized
fibronectin and to the surface of HeLa and A549 epithelial cells. Immunofluorescence microscopy showed that all bacteria
with a detectable fluorescent signal displayed BmaC at only one pole, indicating that BmacC is polarly exposed on the cell
surface (Figure 2). Occasionally, polar BmaC was located at the pole interacting with the cell, suggesting that the polar
localization of BmaC could be relevant in the interaction with host cells in vivo 2],

The monomeric autotransporter proteins encoded by BR0173 and BR2013 (BmaA and BmaB, respectively) of B. suis
1330, although much smaller, share significant sequence similarities with BmaC (Figure 1). It was reported that a mutant
of B. suis 1330, deficient in BmaB (previously called OmaA), is cleared from spleens of BALB/c mice faster than the wild-
type strain (29 Gain or loss of function studies indicated that, at least in B. suis strain 1330, BmaA, BmaB, and BmaC
proteins contribute, to a greater or lesser degree, to bacterial adhesion to different cell types, such as epithelial (HT-29
and Caco2), synoviocytes, osteoblasts, and trophoblasts (Figure 2). A recent study indicated that the bmaB locus from all
B. abortus strains analyzed and both the bmaA and bmaC loci from all B. melitensis strains seem to correspond to
pseudogenes, while, in B. suis, all the Bma proteins could be functional in several strains of this species [2, These
observations show that there are variations in the repertoire of functional adhesins in Brucella spp. and open the
possibility that these adhesins are involved in host preferences. BmaB was also found at the new pole generated after cell
division (21,



The search for conserved adhesion-associated domains/motifs in B. suis 1330 identified a group of trimeric
autotransporters, including BR0072 and BR1846, which were named BtaE and BtaF, respectively. The B. suis BtaE
trimeric autotransporter is a 740 amino acid protein that harbors several regions corresponding to the head and the neck
subdomains in addition to a connector region and the B-barrel translocator domain (Figure 1). Different genetic
approaches showed that BtaE of B. suis is involved in the adhesion to ECM components and host cells 22. The BtaE-
defective strain exhibited a decreased ability to adhere to HeLa and A549 epithelial cells. Expression of BtaE in a “non-
adherent” E. coli strain increased the binding of this heterologous bacterium to immobilized hyaluronic acid and
fibronectin. On the other hand, btaE deletion impaired bacterial adhesion to hyaluronic acid but had no effect in the
adhesion to fibronectin, suggesting that other fibronectin-binding adhesins (such as BmaC) could compensate somehow
for the absence of BtaE. In vivo experiments using the mouse model indicate that the BtaE adhesin is necessary for a
successful infection; a significantly lower number of bacteria were recovered from spleens of animals inoculated through
the intragastric route with the btaE mutant compared to those inoculated with the wild-type strain 22, In a subsequent
work, it was shown that the BtaE orthologue of B. abortus 2308 is also involved in adhesion to epithelial cells. Compared
to B. suis BtaE, the ortologue of B. abortus is much larger and contains a higher number of repetitive adhesion motifs.
Furthermore, the btaE gene of B. suis and B. abortus are under the regulation of different mechanisms 23],

The BtaF trimeric autotransporter of B. suis 1330, encoded by the BR1846 annotated locus, is a small protein that harbors
an N-terminal peptide signal, a 170 amino acid passenger domain, and a YadA-like C-terminal translocator region ([3-
barrel translocator domain) (Figure 1). Unlike BtaE, the BtaF protein does not show the presence of conserved adhesion
motifs. Most of the passenger domains correspond to a coiled coil stalk but none associated with the “head” structural
region 24, The btaF deletion mutant of B. suis showed a significant reduction in the ability to bind to fetuin, hyaluronic
acid, and collagen I, and in the adhesion to an abiotic surface, even though the adhesion to fibronectin was not affected.
Again, as it was observed for the btaE mutant, overlapping functions with other adhesins (such as Bma proteins and
BtaE) may account for the lack of a AbtaF phenotype toward fibronectin (Figure 2). The BtaF-defective strain showed a
significant reduction in the attachment to HeLa and A549 epithelial cells. Notably, BtaF was required for complete
virulence in mice infected through the oral route (intragastric administration) 22, The strain lacking BtaF showed a
reduction of about one log in the number of bacteria recovered from spleen at early stages of infection. The absence of
both trimeric adhesins (BtaE and BtaF) resulted in a more severe phenotype in vivo compared with the attenuation
observed for the single mutants. Recently, it was shown that BtaF is also required for virulence in mice after inoculation
via a respiratory (intratracheal administration) route 281, |t was proposed that, in addition to the LPS, other surface factors
mediate the varied sensitivity of Brucella species to the bactericidal action of serum 24, The btaF mutant showed a
significantly reduced survival in the presence of 50% porcine serum compared with the wild-type strain 24!, suggesting
that BtaF is involved in the resistance to complement-mediated serum Killing.

Similar to BmaC and BmaB, BtaE and BtaF adhesins were found to be polarly localized on the bacterial surface 22125
(Figure 2). As it was observed for BmaC and BmaB, they were found at the same pole as AidB-YFP (a new pole marker).
An attractive hypothesis is that the initial adhesion of Brucella to the host cell would be mediated by adhesins located at
the new pole and that adhesin expression only occurs in an infectious bacterial subpopulation. Polar localization could be
a way of increasing the adhesive power by concentrating the adhesins in a particular region.

BR0049 of Brucella spp. shares a relatively low identity (around 22%) with TamB from Gammaproteobacteria, but,
similarly to this protein, it contains a membrane anchor signal at the N-terminus, which is followed by a region with an
abundant B-helix structure, and, at the C-terminus, a short 3-barrel structure within the conserved DUF490 domain. It was
demonstrated that BR0049 is required for the correct insertion in the OM of the B. suis BmaB monomeric autotransporter.
In addition, BRO049 was required for complete virulence in mice infected through the intragastric route 28], The BR0049
mutant showed an increased sensitivity to polymyxin B, lysozyme, and Triton X-100, and, thus, BR0O049 was named as
MapB (Membrane altering protein).

An essential step in establishing a successful infection is the adhesion of microorganisms to eukaryotic cells, resulting in
colonization of the tissue involved. Therefore, the molecules involved in this initial interaction have been widely studied as
targets for the development of vaccines against various pathogens. However, there are few studies on the potential of
Brucella adhesins as vaccine candidates. In a study by Al-Mariri et al. 22, intramuscular (i.m.) administration of pCISP41,
a plasmid construct for SP41 expression in mammalian cells, induced SP41-specific serum immunoglobulin G (IgG)
antibodies and also a specific T cells response (spleen cells proliferation and IFN-y secretion after in vitro stimulation with
lysed B. melitensis). After an intraperitoneal challenge with B. melitensis 16M, mice immunized with pCISP41 exhibited a
moderate reduction in their spleen bacterial burden as compared to vaccination with attenuated B. melitensis Rev-1 strain.



Brucella infection is frequently acquired through the oral and respiratory routes, and adhesins are anticipated to have a
relevant role in these infectious processes. We assessed in BALB/c mice the immunogenic and protective potential of
recombinant BtaF when administered intranasally with the mucosal adjuvant c-di-AMP 28], The immunization induced high
levels of serum BtaF-specific IgG, IgA, 1gG1, and IgG2a. In vitro, these serum antibodies reduced B. suis infection of
human lung epithelial cells (A549 cell line), reduced bacterial binding to fetuin (a protein rich in sialic acid previously
described as a ligand for BtaF), and enhanced B. suis phagocytosis by murine macrophages. In addition, immunization
led to a significant production of specific IgA antibodies in the airways and in the gastrointestinal and genital mucosae.
BtaF immunization induced a systemic and pulmonary Thl immune response, shown by the secretion of high levels of
IFN-y by splenocytes and lung cells. BtaF-vaccination also triggered the differentiation of specific CD4+ T cells to central
memory cells in cervical lymph nodes, and differentiation of T cells to a Th17 profile in the spleen. Mice vaccination with
BtaF plus c-di-AMP demonstrated a high level of protection against B. suis oral infection, reducing the splenic burden of
B. suis by 3.28 log. However, intranasal vaccination with BtaF failed to protect against respiratory infection with B. suis.

| 4. Summary and Future Directions

For a long time, the process of Brucella adhesion to host cells has received little attention. Adhesins of Brucella spp.
identified to date have been studied with varying degrees of depth. Some of them have been analyzed regarding their
roles in the binding to components of the ECM and to different cell types as well as their in vivo role, while, in other cases,
their functions have been only evaluated in vitro. Still, for various adhesins, it will be necessary to identify their ligands or
cell receptors. The possible use of Brucella adhesins as vaccine candidates was tested only in two cases, and one of
them showed encouraging results. Therefore, the in vivo role of many of the Brucella adhesins identified so far, and their
possible applications as a basis for acellular vaccines, remains to be evaluated. It is expected that, in the future, new
adhesins will be identified that mediate the initial adhesion of Brucella to the remarkable variety of cell types that this
pathogen can invade. An interesting perspective will be to characterize the roles of the different adhesin variants from
different species/strains and to determine whether they play a role in host preferences.
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