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Staphylococcus aureus represents one of the leading causes of mastitis in dairy cows worldwide. S. aureus
IMI have variable outcomes due to virulence of the strain involved, immune defenses of the host, and
by antibiotic resistance. The difficulty in eradication and the increasing concerns on antibiotics usages
underscore the interest in developing new tools to control S. aureus mastitis. Vaccination represents one
of the most studied of these tools but, so far, no vaccine seems to provide reliable protection. This review
summarizes current knowledge on the major vaccine targets, including surface proteins, capsular poly-
saccharides, biofilm, and toxins. Finally, the present status of vaccination against S. aureus and the future
of vaccine design were discussed, including how differences among in vivo models may influence vaccines

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Staphylococcus aureus can act as major pathogen in many animal
species, and it represents one of the leading causes of mastitis in
dairy cows worldwide. Moreover, S. aureus mammary gland infec-
tions may entail severe economic losses not necessarily associated
with clinical signs (Halasa et al., 2007; Zecconi, 2010).

S. aureus intramammary infections (IMI) present variable out-
comes due to different host-pathogen interactions. Indeed, both
virulence of the strain involved and immune defenses of the host
play a pivotal role (Zecconi et al., 2006). In addition, different man-
agement choices and environmental conditions can induce selective
pressure on S. aureus and amplify differences between farms (Fox
etal.,, 1991; Piccinini et al., 2010; Roberson et al., 1998).

Concerns on S. aureus mastitis are not solely limited to bovine
species. Indeed, the pathogen may be a source of food poisoning
due to its ability to produce enterotoxins that can still be active after
heat treatments (Asao et al., 2003; Le Loir et al., 2003). Another po-
tential source of risk for human health may arise from mastitis
caused by methicillin resistant S. aureus (MRSA). Bovine mammary
gland can harbor not only the well-known ST398 lineage of livestock-
associated MRSA (LA-MRSA) (Vanderhaeghen et al., 2010), but also
MRSA strains with a divergent mecA homolog, named mecA(LGA251)
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(Garcia-Alvarez et al., 2011). Although human infections by ST398
do not seem to be particularly severe, they may represent an im-
portant healthcare cost due to diagnostics and treatments (Holmes
and Zadoks, 2011).

S. aureus has a vast array of virulence factors, which can aid
the overcome or the evasion of host immune defenses and in-
crease the severity of infections (Foster, 2005; Kim et al., 2012b;
Rooijakkers et al., 2005; Zecconi and Scali, 2013). Furthermore, an
impressive availability of virulence factors do not represent the
only strength of S. aureus; indeed, the bacterium is able to resist
to a large number of antibiotics, such as aminoglycosides, beta-
lactams, fluoroquinolones, macrolides, and vancomycin (Holmes
and Zadoks, 2011; Pantosti et al., 2007). All these characteristics
facilitate the onset of chronic mastitis, and once a chronic infec-
tion has established, an effective treatment during milking has a
poor chance to be successful, at least in a cost-effective way. There-
fore, chronically infected cows can only be cured during the dry
period; otherwise, they should be culled.

Improvements of management and udder health in several coun-
tries with well-developed dairy industry seem to have reduced
prevalence of S. aureus mastitis. However, the pathogen is still wide-
spread and eradication at this point is unlikely. Indeed, S. aureus
exceptional resistance and the complex and partially unknown
pathogenesis of these mastitis represent a great challenge for pre-
vention and control programs (Zhao and Lacasse, 2008).

A strict control plan against contagious mastitis, based on seg-
regation and single quarter milk diagnostic, can achieve eradication
of S. aureus reducing at the same time risks for environmental or
opportunistic bacterial infections (Zecconi et al., 2003, 2004).
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Nevertheless, this approach is not always adoptable and other in-
struments to support classical control strategies should be
investigated.

Over the last 40 years, vaccination has represented one of the
most studied tools against S. aureus mastitis. Indeed, a large number
of interesting data were published regarding both experimental and
commercial vaccines. However, the preliminary evaluation of these
studies suggests the absence of consistent methods to evaluate their
efficacy. Indeed, some of them report increases in antibodies con-
centration or leukocytes response, others a reduction in severity of
clinical mastitis and very few a decrease in new infection rate. In
S. aureus mastitis contest this inconsistency is not a negligible
problem. S. aureus IMI are mainly subclinical, therefore, an effica-
cious vaccine should reduce infection rates, while the reduction of
clinical mastitis severity or an increase in immune responses are
positive results, but not sufficient to define a vaccine as an effec-
tive preventive tool for S. aureus IMI.

The practical consequence of this is that, to date, vaccines do not
provide consistent protection against S. aureus IMI. Furthermore,
commercially available vaccines may reduce severity of clinical mas-
titis but they seem to be unable to prevent new infections (Middleton
et al., 2009; Pereira et al., 2011; Tiwari et al., 2013; Yancey, 1999).

Despite these unsatisfactory results, the increasing concerns on
antibiotics usage in food production and the need of sustainable dairy
farming (Cheng et al., 2014; Trevisi et al., 2014) underscore the in-
terest in developing new tools, including vaccines, to control
widespread diseases such as S. aureus mastitis. Therefore, this review
is focused on describing current knowledge on the most promising
vaccine targets among S. aureus virulence factors and how they can
influence the development of vaccines against S. aureus bovine IMI.

2. Surface protein as target of vaccination

S. aureus has at its disposal several virulence factors, among them,
surface proteins carry out an essential role in colonization and in-
fection of the host. Indeed, surface proteins are involved in both
adhesion to different structures of the host (cells and extracellular
matrix) and immune defenses evasion (Foster et al., 2014; Rooijakkers
et al., 2005; Speziale et al., 2009; Zecconi and Scali, 2013). Four dif-
ferent families of S. aureus surface proteins can be identified on a
chemical structure basis. Namely, microbial surface component rec-
ognizing adhesive matrix molecules (MSCRAMMs), Near iron
transporter motif proteins (NEAT), three-helical bundle motif family,
and G5-E repeat proteins (Foster et al., 2014). Surface proteins are
widely investigated as potential vaccination targets because of their
central role in S. aureus infection pathogenesis. Indeed, both active
and passive immunizations (immunotherapy) showed promising
results in mice models (Flock, 1999). During the last decades, various
in vivo studies became available mainly targeting protein A (SpA),
clumping factors (Clfs), and fibronectin binding proteins (FnBPs).
However, these researches used mainly murine models and focused
on applicability in human vaccination, whereas fewer data are avail-
able on bovine models.

2.1. Protein A

Protein A (three-helical bundle motif family) represents one of
the most studied cell wall-anchored proteins and its binding prop-
erties are responsible for different virulence mechanisms. Indeed,
SpA can bind several ligands, such as Fc fragment of IgG (Deisenhofer,
1981; Hjelm et al., 1975), von Willebrand factor (Hartleib et al., 2000;
O'Seaghdha et al., 2006), Tumour Necrosis Factor Receptor 1 (TNFR1)
(Gomez et al., 2004) and IgM (VH3 family) (Hakoda et al., 1996;
Roben et al., 1995). SpA binds IgG on the bacterial surface and impairs
both neutrophil phagocytosis and classical pathway complement
activation (Foster et al., 2014). The binding of von Willebrand factor

facilitates endocarditis and endovascular infections (Foster et al.,
2014). The bond between SpA and TNFR1 plays an important role
in S. aureus pneumonia (Gomez et al., 2004; Parker and Prince, 2012).
In addition, SpA seems to induce TNR1 shedding and thus reduc-
ing TNF-o activities during systemic infections (Giai et al., 2013).
Finally, the binding of VH3 IgM on humans and mice B lympho-
cytes surfaces may alter adaptive immune response (Kim et al.,
2012b), nonetheless, specific studies in bovines are not available.
Hence, among SpA functions, Fc region binding represents the most
relevant mechanism of immune evasion during bovine mastitis
(Zecconi and Scali, 2013).

The central role played in S. aureus infections explains why SpA
was the first virulence factors investigated as possible target for vac-
cination in dairy cows. A pilot study showed that immunization
against SpA could improve spontaneous cure rates of infected cows.
However, vaccination did not provide protection against new in-
fections (Pankey et al., 1985). SpA was also identified as a candidate
for DNA-based vaccination in cattle; nevertheless, immune re-
sponse under field conditions was inconsistent (Carter and Kerr, 2003).

Spa gene polymorphisms in S. aureus isolated from bovine IMI
were shown to be significantly associated to specific binding of IgG
and IgA obtained following mice vaccination with recombinant Efb,
FnbpA and CIfA. This suggests that spa gene polymorphism should
not be regarded solely as an epidemiological tool, but also as a means
to identify the most suitable strains or gene products as vaccine can-
didates (Scarpa et al., 2010). However, when S. aureus isolates were
challenged with a hyper immune serum obtained by SpA recom-
binant adhesin, the response observed was strongly influenced by
isolates SpA gene polymorphisms (Scarpa et al., 2010). Recent studies
in mice have shown that immunization via SpAkkaa mutant,
nontoxigenic SpA or SpA-specific monoclonal antibodies provide
various degrees of protection against S. aureus experimental infec-
tions (Falugi et al., 2013; Kim et al., 2010a, 2012a); nonetheless, other
authors did not find vaccination with SpA mutants protective against
intravenous challenges (van Diemen et al., 2013). Furthermore, these
researches focus on potential applications in human vaccine design
and applicability in bovine models was not assessed.

2.2. Clumping factors

Clumping factors A (CIfA) and B (CIfA) are S. aureus MSCRAMM
important for both adhesion and immune evasion. Clfs are well-
known fibrinogen receptors and, in addition, they are able to facilitate
bacterial invasion through binding other structures of the host (Clarke
and Foster, 2006; Hauck and Ohlsen, 2006; Speziale et al., 2009).
Although CIfA and CIfB share only 25% of their A region sequences
(Ni Eidhin et al., 1998) and have different ligand binding sites, Clfs
ligands show some remarkable chemical similarities (Ganesh et al.,
2011). Clfs expression is influenced by growth phase, strains or en-
vironmental condition. Indeed, CIfB was expressed only during the
exponential phase (McAleese et al., 2001; Ni Eidhin et al., 1998), while
CIfA expression is possible during all phases of growth (Hartford
et al., 1997). However, CIfA production showed to be significantly
vary in relation to strain, microenvironment and IL-1f3 concentra-
tion (Kanangat et al., 2007; Nanra et al., 2009). In addition, carriage
frequency of clfA and clfB genes has been shown to vary among
S. aureus isolated from bovine IMI in different countries (Ikawaty
etal., 2010; Klein et al., 2012).

CIfA bond with fibrinogen y-chain provides adhesion to immo-
bilized fibrinogen (McDevitt et al., 1997) and bond with soluble fibrin
promotes aggregation of S. aureus to host platelets (Niemann et al.,
2004). Moreover, interaction between CIfA and complement factor
I results in an impairment of phagocytosis due to an augmented C3b
degradation (Hair et al., 2008, 2010). CIfB adheres to fibrinogen via
bond with fibrinogen c-chain, furthermore, CIfB promotes adhe-
sion to host epithelial cells through binding cytokeratin 10 and
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loricrin (Ganesh et al., 2011; Mulcahy et al., 2012; Ni Eidhin et al.,
1998; Walsh et al., 2004).

Several studies regarding vaccination with CIfA in murine models
are available in the literature and the first in vivo research was con-
ducted at least 30 years ago (Espersen and Clemmensen, 1985).
However, few data are available for CIfA and CIfB immunization in
bovine mastitis models.

Vaccination with a CIfA mutant decreased severity of arthritis
in experimentally infected mice. Moreover, immunotherapy (passive
immunization) with anti-CIfA serum provided protection against
experimental arthritis and reduced mortality in a murine infection
model (Josefsson et al., 2001). DNA vaccines inducing immune re-
sponse against not only CIfA but also fibronectin binding protein A
(FnBPA) and sortase showed to decrease both arthritis severity and
mortality in experimentally challenged mice (Gaudreau et al., 2007).

Useful immune response against CIfA can be stimulated with DNA
vaccines in murine mastitis models too. Indeed, immunization with
plasmids that encode for CIfA fibrinogen-binding region A was able
to reduce severity of mastitis in mice. Nevertheless, this vaccina-
tion did not provided protection against experimental intraperitoneal
infection (Brouillette et al., 2002). In addition, a DNA vaccine de-
signed to target CIf A, FnBPA, extracellular fibrinogen binding protein
(Efb), and collagen adhesin (Cna) provided significant protection
against intramammary infection in mice (Castagliuolo et al., 2006).
However, the efficacy of a subunit vaccine based on the same ad-
hesion proteins as this latter one was significantly influenced by
S. aureus virulence pattern (Scarpa et al., 2010).

Passive immunization of mice with MAbs to S. aureus CIfA re-
sulted in a significant bacterial burden reduction in the mammary
tissue following intramammary infection with a CP5 type strain. In
addition, immunization with these MAbs combined with CP5 an-
tibodies sterilized a significant number of experimentally infected
mammary glands compared with controls, showing an additive effect
(Tuchscherr et al., 2008). CIfA also showed potential in subunit
vaccine design; indeed, mice vaccinated with recombinant binding
region A of CIfA, seem to develop less mammary gland lesions than
mice immunized with a killed S. aureus vaccine after an experi-
mental intramammary infection (Gong et al., 2010).

CIfB is an important factor for adhesion to epithelial cells, par-
ticularly squamous epithelial cells located in the nares. Hence, active
and passive immunization against CIfB decreases nasal coloniza-
tion in mice (Schaffer et al., 2006) and reduces an important risk
factor of S. aureus respiratory infections. Nonetheless, CIfB vacci-
nation seems to have a neglectable role in intramammary infections.

In bovine models, immunization with a CIfA DNA vaccine was
able to induce strong humoral response in cows and improve both
opsonization and adherence inhibition in vitro (ElI-Din et al., 2006).
Furthermore, targeting CIfA and three other adhesins (FnbpA, Efb
and Cna) with a DNA vaccine stimulated significant production of
Ig able to inhibit S. aureus adhesion to cow mammary gland epi-
thelial cell culture (Castagliuolo et al., 2006). A DNA prime/protein
boost vaccine that target both CIfA and FnBP can induce relevant
immune response; however, this immunization guarantees only
partial protection against intramammary challenge in vivo (Shkreta
etal.,, 2004).

2.3. Fibronectin binding protein

Fibronectin binding proteins A and B (FnBPB) are members of
the MSCRAMM family that interact with the extracellular matrix
(ECM) and promote invasion of the host. FnBPs are able to bind
fibronectin and elastin normally present within ECM (Loughman
etal.,, 2008; Massey et al., 2001; Roche et al., 2004), furthermore,
FnBPA can create a bond with fibrinogen (Wann et al., 2000). FnBPs
play an important role in adhesion and invasion of epithelial cells
and, thus, they are virulence factor of primary relevance in bovine

mastitis (Camussone and Calvinho, 2013; Lammers et al., 1999;
Shkreta et al., 2004).

In murine models, the first in vivo research on direct immuni-
zation against FnBPs showed underwhelming results (Espersen and
Clemmensen, 1985) and passive immunization seemed to be more
promising (Rozalska and Wadstrom, 1993). Nevertheless, further
studies reported that vaccinated mice develop less severe infec-
tions than unvaccinated controls after experimental endocarditis
(Schennings et al., 1993) and experimental mastitis (Mamo et al.,
1994). In addition, inoculation of mouse mammary gland with
S. aureus opsonized with FnBPs-antiserum seems to cause less severe
mastitis than experimental infection with non-opsonized bacteria
(Mamo et al., 1995). A recent study tested ligand-binding domain
of FnBPs (IFnBP) as target of vaccination in a mouse mastitis model.
Mice immunized against IFnBP developed less severe infection and
higher interleukin-6 and interferon-gamma titers than mice vac-
cinated with a killed S. aureus (Hu et al., 2010). Data regarding bovine
mastitis models are scarce. In a preliminary study, Nelson et al. (1991)
immunized cows with a fusion FnBP formulated with ISCOMs, re-
sulting in protection against mastitis following experimental
challenge compared with cows in a control group. More recently,
a DNA vaccine (CIfA and FnBP) described by Shkreta et al. (2004)
provided only incomplete protection after experimental challenge
with S. aureus.

2.4. Iron-regulated surface determinants

Several proteins compose the complex iron-regulated surface de-
terminants (Isds) system. Among them, IsdA, IsdB, and IsdH are cell-
wall anchored molecules of NEAT family that are showing interesting
potential in vaccine design. These surface proteins are involved in
S. aureus iron uptake systems through binding of hemoglobin and
other host proteins (Clarke and Foster, 2006; Hammer and Skaar,
2011; Skaar and Schneewind, 2004; Zecconi and Scali, 2013).

In a murine model, passive immunization against IsdA and IsdB
impaired S. aureus capability to heme scavenging and hemoglobin
binding. However, administration of IsdA and IsdB antibodies did
not seem to increase bacteria opsonophagocytic killing (Kim et al.,
2010b).

Active immunization with recombinant IsdB was able to induce
a strong antibody response in mice. IsdB specific vaccination pro-
vided significant protection in a mice septic model even when
challenged with S. aureus clinical isolates that express different IsdB
sequences (Kuklin et al., 2006). Furthermore, the protective effect
of IsdB vaccination seems to be particularly correlated with Th17
cells and interleukin 17A (IL-17A) (Joshi et al., 2012).

Vaccination with a combination of IsdA, IsdB, Serin-aspartate
repeat proteins D (SdrD) and E (SdrE) induced high titers of
opsonophagocytic antibodies. Moreover, this vaccine has shown to
provide protection in mice intraperitoneally infected with five dif-
ferent S. aureus strains (Stranger-Jones et al., 2006).

In a recent study, a chimeric bivalent vaccine of IsdB and
o-hemolysin (Hla) was able to induce a higher protective immune
response than immunization against the single molecules (Zuo et al.,
2013). In a murine mastitis model, IsdH specific antibodies seem
to decrease S. aureus mammary gland invasion (Ster et al., 2010).

Preliminary data on bovine identified IsdH as a possible target
for vaccination. Indeed, vaccination with IsdH induces an elevated
and long lasting antibody response (Ster et al., 2010), neverthe-
less, further research in vivo is needed to assess this potential.

Vaccination based on surface proteins showed interesting po-
tential in both in vitro and in vivo models. Furthermore, different
studies underlined favorable effects when immunization is stimu-
lated against various surface proteins, even if S. aureus genetic
variability could affect vaccine efficacy (Castagliuolo et al., 2006;
Gaudreau et al., 2007; Mazzilli and Zecconi, 2010; Piccinini et al.,
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2010; Scarpa et al., 2010; Shkreta et al., 2004; Stranger-Jones et al.,
2006; Zuo et al., 2013).

3. Capsular polysaccharides roles in virulence and vaccination

Several strains of S. aureus isolated both from humans and do-
mestic animals, cows included, are able to synthetize capsular
polysaccharides (CPs) (O'Riordan and Lee, 2004). CPs impair C3 or
C3b deposition and provide resistance against phagocytosis (Chavakis
etal., 2007).

S. aureus CPs are produced in vitro in defined culture condi-
tions (Sutra et al., 1990) and have also been detected during both
acute and chronic experimental udder infections in cattle (Hensen
et al., 2000). CPs are able to obstruct phagocytosis, reducing
opsonophagocytic killing and decreasing respiratory burst of bovine
neutrophils (Kampen et al., 2005; Sutra et al., 1990). On a serologi-
cal basis it was hypothesized the existence of 11 capsular
polysaccharides. However, only four of them, namely 1, 2, 5 and 8,
present a recognizable chemical structure (Camussone and Calvinho,
2013). Among these CPs, CP5 and CP8 are the most represented types
in S. aureus isolates. Interestingly, although CP5 and CP8 are two dis-
tinct serotypes, their chemical structures are almost identical
(O’Riordan and Lee, 2004).

Some S. aureus isolates seem to have lost the ability to synthetize
CPs, as they do not react with antibodies specific for serotypes 1,
2, 5 or 8. These strains are referred to as nontypeable (NT). These
NT strains have been shown to react with antibodies against 336
surface polysaccharide (336PS), and can be classified as 336 sero-
type (Guidry et al., 1997).

Although CP5 and CP8 are the most common serotypes isolated
from S. aureus IMI, CPs distribution vary between countries, but a
relevant number of strains may not express any CPs (Camussone
et al., 2012; Guidry et al., 1997; Han et al., 2000; Sordelli et al., 2000;
Tollersrud et al., 2000). Even though a fair number of epidemio-
logical studies based on serology is available, fewer data regarding
genotypes distribution exist, thus, comparison between CP distri-
butions among different countries cannot be made. CPs became
molecules of interest in vaccines development since antibodies against
these polysaccharides are able to induce opsonization and facili-
tate phagocytosis by PMN (Kampen et al., 2005; Sutra et al., 1990).
Experimental injections of a CP5-protein carrier conjugate or a
formaldehyde-killed CP5 S. aureus induced a strong antibody re-
sponse in both cows and heifers (Gilbert et al., 1994; Tollersrud et al.,
2001). Moreover, inoculations of CP5, CP8 or 336 polysaccharide con-
jugated to recombinant carrier protein and formulated with Freund'’s
incomplete adjuvant (FICA), or the polysaccharides conjugates in-
cluded in microspheres and formulated with the same adjuvant,
induced a relevant IgG response in cows (O’'Brien et al., 2000).

The first preliminary field results were described 30 years ago
when a vaccine, composed of heat-killed S. aureus strain express-
ing CP and CP extracted from Staphylococcus epidermidis, was tested
in two Georgia (USA) farms. Vaccinated cows showed improve-
ment in milk quality, a smaller decrease of milk yield and a reduction
of mastitis incidence (Yoshida et al., 1984), when compared to un-
treated controls. Further in vivo research revealed that, after
experimental induction of S. aureus mastitis, cattle vaccinated with
a combination of a capsulated strain and a toxoid from a beta-
hemolysin producing strain emulsified with FICA developed
significantly more immunoglobulin (IgG, IgG,, IgM, IgA) and less
IMI than unvaccinated ones (Nickerson et al., 1993).

A trivalent vaccine containing inactivated CP5, CP8 and 336
S. aureus strains was able to induce relevant humoral response, par-
ticularly when associated with FICA or Al(OH);. Nonetheless,
administering this vaccine produced little effect on PMN phagocy-
tosis and on CD4-CD8-lymphocytes subpopulations (Lee et al., 2005).
In addition, immunization of pregnant heifers with a vaccine based

on a lysate of five S. aureus strains containing CP5, CP8 and 336 se-
rotypes (Lysigin®, Boehringer Ingelheim) reduced the duration of
clinical symptoms and mastitis scores after challenge with a het-
erologous strain. However, it was unable to prevent IMI, to reduce
somatic cell count (SCC), and to improve clearance rates (Middleton
etal., 2006).

The strength of antibody response elicited by S. aureus vac-
cines showed to be affected by adjuvant applied (i.e. FICA, Al(OH)3
or mineral oil) (Lee et al., 2005; O’'Brien et al., 2000; Tollersrud et al.,
2001). In a recent study pregnant heifers were immunized with a
formalin-killed CP5 S. aureus strain formulated with either Al(OH);
or immune-stimulating complexes (ISCOM matrix). Vaccine for-
mulated with ISCOM matrix induced a significantly stronger humoral
immune response (IgG and IgG2 serum levels, I[gG whey levels) and
improved PMN opsonic capacity (Camussone et al., 2013). A fol-
lowing study compared vaccination with whole-cell and lysate of
a CP5 S. aureus strain, both formulated with [SCOM matrix; inter-
estingly, lysate formulation stimulated a higher expression of
cytokine and provided a higher and longer lasting antibody re-
sponse (Camussone et al., 2014). Whey antibodies against these
vaccines were able to inhibit internalization to MAC-T cells of the
homologous and heterologous S. aureus strains and serum antibod-
ies promoted milk macrophage phagocytosis (Renna et al., 2014).
However, IgG2 was not detected in milk after vaccination and vaccine
protective effects are still to be tested, with both experimental and
field challenges.

4. Biofilm and immunity, relevance in bovine mastitis
vaccination

Biofilms are complex agglomerates of bacteria cells, organic
matrix and water. These biological interfaces promote adhesion to
several surfaces and provide a protective environment against host
defenses and antibiotics (Costerton et al., 1999; Donlan and Costerton,
2002; Stewart and Costerton, 2001). Other than water, organic matrix
represents the major component of biofilm and it is composed by
exopolysaccharides, proteins (surfactant, structural and enzymat-
ic), extracellular DNA (eDNA), and lipids (Flemming and Wingender,
2010). A large number of bacteria are able to produce biofilm, various
strains of S. aureus included (Hall-Stoodley et al., 2004).

Biofilms are widely studied; however, important molecular
mechanisms regarding biofilm development are still unclear. Biofilm
formation follows two physiologically distinct phases, named at-
tachment and maturation. Attachment of bacteria cells to an abiotic
surface is driven mostly by hydrophobic or electrostatic interac-
tions, while adhesion to a biotic surface is facilitated by cell wall
associated adhesins. Maturation comprises adhesive processes that
connect bacteria during proliferation and disruptive processes that
form channels in the biofilm, which are essential for nutrient trans-
port to the deeper biofilm layers. Furthermore, detachment
represents another stage crucial for bacterial dissemination during
several staphylococcal infections (Otto, 2008, 2013). Molecules of
particular interest involved in S. aureus biofilm formation are poly-
saccharide intercellular adhesin (PIA) also called poly-N-acetyl-3-
(1-6)-glucosamine (PNAG), MSCRAMMs, teichoic acids, and eDNA
(Gotz, 2002; Otto, 2008). Among these molecules, PIA represents
one of the most studied virulence factors because of its central role
in biofilm formation. Moreover, various enzymes, encoded by ica
locus (icaA, icaB, icaC and icaD), are involved in PIA production and
transportation. Nevertheless, PIA does not seem to be mandatory
for biofilm formation as it was shown that in S. aureus strains lacking
ica genes, and consequently unable to synthesize PIA, several
MSCRAMM and secreted proteins can replace PIA functions (O’Gara,
2007; Otto, 2013).

Depending on studies and geographical areas, reported frequen-
cy of S. aureus biofilm-producing isolates from bovine IMI varies from
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41 to 80% (Coelho et al., 2011; Dhanawade et al., 2010; Fox et al.,
2005; Oliveira et al., 2007; Vasudevan et al., 2003).

Although biofilm roles in S. aureus IMI raised great interest during
the last years, few data on vaccination regarding ruminant masti-
tis models in vivo are available. An in vivo study on ovine mastitis
model was carried out using a S. aureus biofilm-producing bac-
terin, crude bacterial extracts, or purified PNGA, in different vehicles.
Sheep immunized with the bacterin yielded high antibody titers
against PIA. After experimental induced mastitis, immunized sheep
developed lower infection levels and less mammary lesions than
unvaccinated controls (Perez et al., 2009). Immunization with
bacterins associated with high or low content of extracellular biofilm
matrix, named by the authors “slime associated antigenic complex”
(SAAC), formulated with an oil based adjuvant, was tested in an in
vivo bovine mastitis model. Cows vaccinated with bacterin con-
taining high concentration of SAAC developed stronger antibody
response and less severe clinical symptoms than both unvacci-
nated and immunized with bacterin containing low concentration
of SAAC (Prenafeta et al., 2010). This vaccine named Startvac® (Hipra,
S.A.,, Spain) is commercially available in many countries and showed
to reduce severity of experimental clinical mastitis (Prenafeta et al.,
2010). Efficacy of this vaccine was estimated in two herds based
on infection transmission and infection duration parameters, yield-
ing around 45% reduction of the basic reproduction ratio of S. aureus
(Schukken et al., 2014). However, significant differences in effica-
cy were detected between farms, possibly associated with
management practices that are known to affect infection dynam-
ics and could thus have contributed to the overall observed efficacy.

5. S. aureus toxins activities and potential application in
vaccine design

S. aureus virulence factors involved in adhesion and immune
evasion play a pivotal role in host invasion. Nevertheless, viru-
lence factors activities are not limited to immune-modulation and
adherence, indeed, S. aureus can synthetize and secrete several toxins
that cause direct damage on different host structures. Various cells
and molecules of the host can be harmed by S. aureus depending
on the type of toxin secreted. Specifically, S. aureus toxins are able
to damage cell membranes, induce gastro-enteric and systemic
symptoms due to alterations of specific receptors, or enzymati-
cally degrade diverse host molecules (DuMont and Torres, 2014; Otto,
2014). The relevance of Hla and HIb as virulence factors of S. aureus
causing IMI has been well documented (Camussone and Calvinho,
2013; Kerro Dego et al., 2002; Zecconi and Scali, 2013).

Although toxins as potential targets of vaccination are less in-
vestigated than surface proteins, several research studies on active
and passive immunization are available. Among S. aureus toxins, Hla
represents the most studied and different vaccination strategies
against this molecule have shown various degrees of effectiveness
(Berube and Wardenburg, 2013). Other than alpha-toxin, beta-
toxin (HIb), Panton-Valentine leukocidin (PVL), superantigen and
superantigen-like proteins (SSLs) may represent interesting targets
for bovine vaccination.

5.1. Hemolysins

S. aureus Hla is a pore-forming toxin that specifically recog-
nizes ADAM10 receptor. Hence, interactions between Hla and
ADAM10 seem to be required in order to create pores within the
host cells membrane, at least at low doses (Berube and Wardenburg,
2013; Otto, 2014).

In murine models, various in vivo studies highlight the rele-
vance of Hla as vaccination target in diverse infection models. Both
passive immunization against Hla and vaccination with an Hla
mutant are able to induce high titers of specific IgG and seem to

provide various degrees of protection against mouse lungs infec-
tion (Ragle and Bubeck Wardenburg, 2009; Wardenburg and
Schneewind, 2008). Moreover, a recently designed Hla subunit
vaccine seems to confer significant protection against experimen-
tal pneumonia or septicemia in mice (Adhikari et al., 2012). Both
passive and active immunization against Hla reduce severity of skin
and corneal infections in murine models (Hume et al., 2000; Kennedy
etal., 2010; Tkaczyk et al., 2012). A vaccine, based on a S. aureus Hla
isolate of bovine IMI, showed to provide protection in mice chal-
lenged with homologous or heterologous strains in a septic arthritis
model (Leitner et al., 2003).

In small ruminants models, a preliminary study in a sheep mas-
titis model reported that vaccination with killed S. aureus cell-
toxoid or with the same live strain was unable to protect ewes against
experimental induced IMI (Watson and Lee, 1978). A later study de-
scribed that association of killed S. aureus cells, Hla-toxoid and Hlb-
toxoid formulated with an oil-based adjuvant generated a detectable
immune response in sheep (Tollersrud et al., 2002).

In bovines, vaccination with proper doses of Hla-toxoid and
S. aureus bacterin induces high titers of specific IgG for several weeks
(Opdebeeck and Norcross, 1982). Furthermore, active immuniza-
tion against Hla can trigger recruitment of both neutrophil and
lymphocytes in milk (Herbelin et al., 1997; Riollet et al., 2000).

Although various in vitro researches in bovine mammary gland
models are available, specific experimental data on in vivo models
are scarce. Bovine mammary gland epithelial cells cultures exposed
to Hla show alteration of mitochondrial transmembrane potential,
increase of ROS production, and more DNA fragmentation (Seol et al.,
2010). Hla also facilitates adherence of S. aureus to bovine mammary
epithelial cells in vitro (Cifrian et al., 1995). However, anti-Hla serum
alone does not seem to obstruct bacterial adhesion, whereas an an-
tiserum to both Hla and Hlb seems to decrease this adhesion (Cifrian
et al., 1996b). Moreover, Hla antiserum seems to have anti-cytotoxic
properties in vitro, particularly when an association of anti-Hla and
anti-HIb antibodies is used (Cifrian et al., 1996Db).

Hla vaccination in lactating cows can trigger a fast and impos-
ing neutrophil recruitment into mammary gland. In addition, milk
of immunized bovines shows relevant bactericidal activity in vitro
(Herbelin et al., 1997). Vaccination with autogenous toxoid-
bacterin (o~ and B-hemolytic S. aureus strains) emulsified with FICA
has shown to reduce SCC and increase cure rates in quarters already
infected with the same strain (Hwang et al., 2000), nonetheless, no
information is available on heterologous strains.

S. aureus beta-toxin is a cytotoxic hemolysin classified as a
sphingomyelinase C, a group of hydrolase enzymes. HIb can in-
crease cellular permeability and can induce cellular destruction via
hydrolysis of sphingomyelin, a sphingolipid normally present in host
cells membranes (Bownik and Siwicki, 2008; Dinges et al., 2000; Otto,
2014). In vitro, HIb showed to improve S. aureus adhesion to bovine
mammary epithelial cells and to induce erythrocytes lysis, however,
cytotoxic effect on epithelial cells seems to be less stronger than
Hla (Cifrian et al., 1996a). In addition, recent studies reported an
interesting interaction of Hlb with other virulence factors such as
catalase (CatA) and superantigens. Indeed, association of the
superantigen toxic shock syndrome toxin-1 (TSST-1) and HIb can
cause alteration of proliferating lymphocytes in vitro (Huseby et al.,
2007). A S. aureus double mutant, deprived of both Hlb and CatA,
survives significantly longer within bovine mammary epithelial cells
in vitro than both a wild strains and a mutant without Hlb only. Fur-
thermore, this double mutant seems to be less virulent in different
ovine (IMI and subcutaneous) and murine (intraperitoneal and sub-
cutaneous) experimental infections (Martinez-Pulgarin et al., 2009).

Although Hlb does not raise an interest as target of vaccination
comparable to Hla, some data in bovine models are available. Hlb
antiserum provides moderate reduction of cytotoxicity and adher-
ence of S. aureus to mammary epithelial cell culture, whereas Hla
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and HIlb serum shows better results (Cifrian et al., 1996b). In vivo
studies on an inactivated vaccine, associated with Hla and HIb
toxoids, did not resulted in a relevant antibody response against Hlb
(Nordhaug et al., 1994b). Additionally, the vaccine was unable to sig-
nificantly prevent subclinical IMI (Nordhaug et al., 1994a).

5.2. Toxins

Staphylococcal enterotoxins (SEs) and toxic shock syndrome
toxin-1 are identified as superantigens because they can trigger
T-cells proliferation without antigen presentation, and thus, lead
to a massive release of cytokines (Larkin et al., 2009). Early studies
suggested a potential role of SEs as vaccination targets (Bavari et al.,
1996, 1999; Nilsson et al., 1999; Woody et al., 1997).

Nasal or oral vaccination with an attenuated staphylococcal en-
terotoxin B (SEB) decreases mortality and toxic shock in a mouse
sepsis model (Stiles et al., 2001). In a recent study, passive immu-
nization with SEB-specific monoclonal antibody showed to improve
survival and to reduce infection level in a mouse sepsis model
(Varshney et al.,, 2013). A recombinant bovine variant of staphylo-
coccal enterotoxin C (SEC) was able to stimulate a neutralizing
antibody response in both rabbit and mice (Uhl et al., 2004). More-
over, mice immunized with non-toxic SEC developed inferior level
of infection and mortality when experimentally challenged (Hu et al.,
2005). Immunization against TSST-1 protected rabbits from a lethal
dose of TSST-1 and lipopolysaccharide (LPS) (Gampfer et al., 2002).
Furthermore, vaccination with an attenuated TSST-1 or with a spe-
cific fusion protein (glutathione S-transferase and mutant TSST-1)
reduced infection levels and septic death in mice (Cui et al., 2005;
Hu et al., 2003).

Researches on superantigens in vaccine design started in rela-
tively recent times, and thus, specific studies in bovine mastitis
models are scarcely available. A recombinant SEC-mutant vaccine
reduced both SCC and infection levels in experimentally induced
bovine subclinical mastitis (Chang et al., 2008). In addition, cows
immunized with a fusion protein (glutathione S-transferase and
mutant TSST-1) seem to develop lower SCC than control cows when
challenged with S. aureus (Cui et al., 2010).

Superantigen-like proteins are a group of S. aureus virulence
factors with different and not always clear functions but fre-
quently related to immune evasion. SSLs present a chemical structure
similar to SEs and TSST-1, however, they are not able to bind major
histocompatibility complex (MHC) class Il and do not have
superantigen activity (Al-Shangiti et al., 2004; Fraser and Proft, 2008).
Emerging roles of SSLs in immune modulation and evasion may
suggest important future applications of SLLs in vaccine design.
Indeed, both SSL5 and SSL7 impede neutrophil activities: SSL5 ob-
structs neutrophils rolling (Bestebroer et al., 2007) while SSL7 hinders
neutrophil recognition and complement functions via binding IgA
and C5 (Bestebroer et al., 2010; Lorenz et al., 2013). SSL3 seems to
have a significant role in immune evasion due to its binding to Toll-
like receptor 2 (Bardoel et al., 2012; Yokoyama et al., 2012). SSL10
binds various host molecules such as IgG (Itoh et al., 2010; Patel et al.,
2010), phosphatidylserine (Itoh et al., 2012), prothrombin and blood
coagulation factor Xa (Itoh et al., 2013b). Hence, SSL10 seems to
inhibit blood coagulation and classical complement pathway cascade.
SSL11 seems to improve S. aureus survival through binding to leu-
kocytes, IgA and P-selectin glycoprotein ligand-1 (Chung et al., 2007).
SSL4 and SSL8 seem also to bind diverse host molecules (Hermans
etal, 2012; Itoh et al., 2013a) but their functions are still to be clari-
fied. Little is known about the other SSLs. Therefore, further studies
on SSLs may help to better understand S. aureus immune evasion
intricate mechanisms and, hopefully, to counteract these mechanism.

Panton-Valentine leucocidin (PVL) is a two-component toxin able
to induce leucocytes lysis. S. aureus secretes two separate compo-
nents, LukS-PV and LukF-PV, these components polymerize and

create pores on neutrophils membrane (Kaneko and Kamio, 2004).
A recent study described that a LukS-PV subunit vaccine pro-
tected mice against experimental pneumonia, when administered
intranasally, while a LukS-PV and LukF-PV subunit vaccine admin-
istered subcutaneously provided protection against intradermal
challenge. Interestingly, intranasal and subcutaneous vaccinations
did not induce protection against intradermal and lung chal-
lenges, respectively (Brown et al., 2009). Moreover, both passive and
active immunizations against LukS-PV and LukF-PV provided pro-
tection in a mouse sepsis model (Karauzum et al., 2013). To date,
there are few data available regarding PVL vaccination in bovine
models. An early study was carried out vaccinating with formalin-
ized crude leucocidin, containing trace amounts of Hla and Hlb
activity, adjuvanted with FICA to determine the optimal produc-
tion of antileucocidin antibodies in milk of lactating cows (Loeffler
et al., 1988). However, the potential of PVL as vaccination target was
not further explored.

6. Discussion

Despite a large number of research work has been devoted in
the last 50 years to develop S. aureus vaccines both in human and
in veterinary medicine, very few products are commercially avail-
able. Indeed, in human medicine, the search for vaccines against
S. aureus human infections employed enormous resources, yet, still
no vaccine passed phase 3 trials. Despite the inferior amount of re-
sources invested and less number of studies involved, at least two
commercial vaccines are available for cattle: namely, Lysigin®
(Boehringer Ingelheim, Germany), available in North America since
the 1980s, and the recent Startvac® (Hipra S.a., Spain) available in
EU since 2009. Important differences between human and bovine
in both S. aureus infections and vaccination objectives are at the base
of this difference. Vaccination design for bovine species has one major
advantage; indeed, S. aureus IMI one of the most frequent dis-
eases in dairy cows and an economically relevant target for
vaccination. On the other hand, vaccination in humans should take
account of diverse severe S. aureus infections, e.g., pneumonia, en-
docarditis, cutaneous infections, septicemia, implant infections and
osteomyelitis. In addition, vaccines must provide protection for pa-
tients at different ages and conditions such as metabolic diseases,
immunodeficiency and other chronic disorders.

Another advantage, regarding vaccine development in bovine,
is represented by a relatively simpler procedure for marketing au-
thorization. A vaccine designed for human, in order to demand
approval, should follow a strict procedure and requires three phases
of clinical trials. Rather, vaccine development for cattle follows sim-
plified field trials, without the three-phase procedure, thus speeding
up considerably the process.

Finally, vaccination against S. aureus in bovine and human pres-
ents different purposes. S. aureus infections represent a major risk
for human health because of their potential severity. Hence, a vaccine
able to prevent severe diseases and to reduce transmission may be
considered effective. In the case of bovine, on the contrary, S. aureus
IMI are frequently subclinical and their impact is essentially eco-
nomic. Therefore, vaccination should impede colonization and
infection of mammary gland instead of prevention of clinical forms.
Specifically, the two commercial vaccines currently available for mas-
titis control do not seem to prevent new IMI and their overall efficacy
is still controversial.

The reasons why these relatively poor results have been ob-
tained are different, and related to both bacteria and host. In the
first case one major problem is represented by the large genetic vari-
ability observed in S. aureus (Delgado et al., 2011; Fournier et al.,
2008; Haveri et al., 2008; Piccinini et al., 2010; Reinoso et al., 2008;
Scarpa et al., 2010; Zecconi et al., 2005). Furthermore, improper
antigen selection may significantly impair efficacy of vaccination.
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Appropriate antigen selection seems to be a major obstacle for the
development of effective vaccines for dairy cows, and a general con-
sensus on the antigen targets to achieve is still missing. Several
research suggest that targeting specific antigens is the most effi-
cient method to develop efficacious vaccine. However, other studies
suggest that S. aureus milk isolates have a large polymorphism and
regional patterns, suggesting the importance to develop vaccine
based on antigens common to different isolates.

S. aureus has a tremendous amount of virulence factors and se-
lecting a proper combination of antigens is extremely hard. These
antigens should not stimulate only humoral response but also cell-
mediated and innate immunity. Furthermore, antigen selection seems
to represent a critical limitation in human vaccines too
(Botelho-Nevers et al., 2013; Daum and Spellberg, 2012; Pier, 2013;
Proctor, 2012).

Other than the aforementioned gaps of knowledge about viru-
lence factors, principal problems linked to antigen selection are
variability in antigen expression and host immune response against
antigen combination. MSCRAMMSs, CP and biofilm expression may
vary significantly among strains isolated from mastitis in different
countries, additionally, even expression of Hla and Hlb may present
variations (Aarestrup et al., 1999). Diverse virulence factor expres-
sion may alter host immune response, e.g. S. aureus that express CP
seem able to mask CIfA (Risley et al., 2007) and thus CIfA efficacy as
vaccination target may reduce. Moreover, monoclonal antibodies for
CP and PNAG showed relevant interference activities if combined
together (Skurnik et al., 2010). On the other hand, CIfA covalently
linked with dPNAG provided an increased immune response and
promising results in a murine model compared with mice vacci-
nated with mixture of CIfA and dPNAG (Maira-Litran et al., 2012).

To fill these latter gaps, the wider availability of technologies such
as genomics, proteomics and serum proteomic analysis (SERPA) are
opening a new frontier in assessing the most appropriate targets
in developing vaccines and this will help future research in this field
(Otto et al., 2014; Seyftert et al., 2012; Taverna et al., 2007; Tedeschi
et al., 2009).

On the host side, the role of udder immune defenses, their ef-
ficiency and the factors that can impair them should be considered
(Gilbert et al., 2013; Mazzilli and Zecconi, 2010; Piccinini et al., 2005;
Zecconi et al., 2006), in addition to host genetic variability. However,
the most important obstacles in vaccine development are gaps in
the knowledge on the interaction between S. aureus virulence factors
and host immune response. Indeed, the differences observed in the
different vaccination trials, in addition to the large variations ob-
served related to the different antigen(s) applied, make hard to
identify if failures in achieving a protective immune response are
due to an insufficient capability of vaccines to induce it or to host’s
failure to mount a response. Therefore, not only some of the viru-
lence factor functions are still to be clarified, but also host immune
response needs additional investigations. In example, a remark-
able number of studies on S. aureus virulence factors are available.
However, several functions of these factors are still unknown. SSLs
family, identified 15 years ago (Williams et al., 2000), represents an
emblematic example of these lacks of knowledge. Although the role
of the 14 SSL proteins in S. aureus infections is not always clear, they
seem to be involved in immune evasion, but very few studies in-
vestigate them in relation to vaccine development.

Most vaccine trials carried out so far have addressed humoral
immune response following vaccination and although several ex-
perimental and commercial vaccines were able to generate significant
antibody titers in serum and milk, protection afforded was limited
(Middleton et al., 2009; Pereira et al., 2011). Cellular immune re-
sponses are known to play a key role against facultative intracellular
pathogens. However, there is very limited information about the pro-
tective cellular immunity in the bovine mammary gland following
bacterial infection (Bharathan and Mullarky, 2011). Achieving a better

understanding of protective cellular immunity in the mammary gland
coupled to the use of novel antigen delivery systems that can mod-
ulate the immune response against selected candidate antigens that
stimulate both humoral and cellular reactions can potentially enhance
the limited protection obtained so far with S. aureus mastitis vaccines.

Among the problems to be solved to develop an efficacious
vaccine there is the selection of the proper animal model and, con-
sequently, the assessment on the immune response elicited. Murine
immunology is relatively well known and a vast amount of data are
available. Relevant studies exist on bovine immune response against
S. aureus too, nonetheless, data available are far less than in mice.
As stressed on various chapters of this review, in vivo studies on mice
reported numerous promising vaccine candidates that were not
tested or underperformed in bovine models. Gaps in bovine
mammary gland immunity knowledge and differences in immune
response against S. aureus in mice and bovine could have signifi-
cantly contributed to the past failures. In addition, the same problems
may be among the main causes of clinical trial failures in humans
(Fowler and Proctor, 2014).

Mice models were identified as viable in vivo models for mas-
titis more than 40 years ago (Chandler, 1970). Moreover, murine
models are considered reliable to investigate S. aureus bovine IMI
pathogenesis and host immune response (Brouillette and Malouin,
2005; Notebaert and Meyer, 2006). However, some relevant differ-
ences between cattle and mice exist other than anatomical and
immunological ones. A major drawback of murine models is the im-
possibility of a SCC evaluation during milking which cannot be
replaced by a histopathological exam (Notebaert and Meyer, 2006).
Furthermore, murine and bovine IMI present a diverse pathologi-
cal and clinical evolution. S. aureus mastitis in mice is severe and
acute processes can lead to death in less than 72 hours. Therefore,
in order to induce a chronic infection, mice can be pre-emptively
immunized with endotoxin (Brouillette and Malouin, 2005).

Ovine models may represent an interesting alternative to murine
models. Mastitis is the leading cause of SCC increase in sheep milk
while parity and stage of lactation seem to play a less important
role than in bovine (Ariznabarreta et al., 2002; Paape et al., 2007;
Souza et al., 2012).

Although S. aureus seems to be a frequent cause of clinical mas-
titis in ewes (Kirk et al., 1996; Mork et al., 2007), this agent can be
isolated from ovine subclinical mastitis too (Batavani et al., 2003;
Fthenakis, 1994). Therefore, S. aureus mastitis in dairy sheep pres-
ents a more similar evolution to bovine IMI than mice ones,
particularly in natural conditions. In addition, a genotyping com-
parison study of S. aureus strains from ovine and bovine IMI in
Norway found scarce difference and limited host specificity among
the majority of the isolates (Mork et al., 2005). Nevertheless, other
authors found relevant variance among ruminant strains from dif-
ferent countries (France, Belgium, the US and Brazil) and pointed
out a possible host specificity (Alves et al., 2009). Despite ovine mas-
titis may represent a promising in vivo model for bovine IMI,
important limits to this approach should be considered. Specifical-
ly, costs are lower than bovine models but still elevated and groups
of sheep genetically homogeneous are difficult to create.

7. Conclusion

This review was focused on describing current knowledge on the
most promising vaccine targets among S. aureus virulence factors
and how they can influence the development of vaccine against
S. aureus bovine IMI. A better knowledge on the interactions between
virulence factors and host, specifically in the area of immune
responses, will allow developing new and more efficacious tools to
control this disease.

Moreover, the available genetic methods that allow to express
different antigens in non-conventional hosts such as plants (Festa
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et al., 2013) will allow to increase the availability of these prod-
ucts also in area where conventional vaccination is not easy to
perform. This aspect coupled with the increasing concerns on
antibiotics usage in food production (Cheng et al., 2014; Trevisi
et al., 2014) underscores, furthermore, the interest in developing
new vaccines, to control widespread diseases such as S. aureus
mastitis.
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