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Summary

Staphylococcus pseudintermedius is considered to be a both commensal and opportunistic canine pathogen.
The anal, perineal and nasal locations appear to be the main S. pseudintermedius colonization sites, from
which bacteria are transmitted to other body sites, causing secondary infections. When the immune system is
compromised because of an underlying condition, the skin becomes susceptible to infection. Thus, the host’s
condition seems to play a crucial role in the pathogenesis of S. pseudintermedius infections. There are some
predisposing factors, one of which is atopic dermatitis. The pathogenic effects of S. pseudintermedius are
mediated by several virulence factors, for instance superantigens, which play an important role by causing
dermatitis. The immune system has evolved many different mechanisms to recognize and deal with pathogens,
but bacteria have also developed various strategies to evade them. In this review, we focus on early stages of
the innate immune response with particular emphasis on the mechanisms of recognition of staphylococci and

the action of antimicrobial peptides.
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This review outlines Staphylococcus pseudinterme-
dius as a normal inhabitant of the skin and mucosa of
clinically healthy dogs and, on the other hand, as one
of the most frequent bacterial pathogens isolated from
clinical specimens of canine origin. As part of normal
microbiota of most dogs, this bacterium does not cause
any disease unless the resistance of the host is lowered
and the skin barrier altered by predisposing factors,
such as atopic dermatitis, medical and surgical proce-
dures or immunosuppressive disorders (4). Despite its
clinical importance, there is only very limited knowl-
edge about the pathogenesis of S. pseudintermedius
infections. More data are needed on the distribution
of known and putative virulence factors, including
cell wall-anchored proteins in the S. pseudintermedius
population. Furthermore, the prevalence of individual
virulence factors in distinct clonal lineages needs to be
determined for the purpose of establishing their role
in the pathogenesis of S. pseudintermedius-related
diseases.

Staphylococcus pseudintermedius
as commensal bacteria in dogs

S. pseudintermedius is considered as part of the
resident microbiota in the nostril, oropharynx, and
perianal region in dogs and other animal species.
Thus, this bacterium is regarded as the main source of
coagulase-positive staphylococci in the canine mucous
membranes. It has been shown that, together with
other microorganisms, S. pseudintermedius is part of
the skin microbiome in healthy dogs (42). According
to the authors, this bacterium has been isolated from
37% to 92% of healthy dogs (92). It should be noted
that healthy dogs have a very diverse skin microbiome,
which consists of many different microorganisms,
including Micrococcus spp., coagulase-negative
staphylococci, mainly Staphylococcus epidermidis and
S. xylosus, a-hemolytic streptococci, Clostridium spp.,
Propionibacterium acnes, Acinetobacter spp. and var-
ious Gram-negative aerobes (42). However, changes
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in the composition of canine skin microbiome occur in
dogs suffering from atopic dermatitis. A reduction in
the diversity of organisms living on the skin and often
higher numbers of certain types of bacteria, such as
S. pseudintermedius, were observed in unhealthy skin.
These changes are associated with disorders in the skin
barrier, but it still remains unknown which comes first:
the damaged barrier or the altered microbiome.

The occurrence of S. pseudintermedius in dogs
and its natural habitat

Since 2005, Staphylococcus pseudintermedius has
been considered as part of the normal microbiota of the
skin and mucous membranes of the upper respiratory
tract, the lower urogenital tract as well as the digestive
tract, and it can be isolated from the nares, mouth,
pharynx, anus, groin and forehead of healthy dogs
and cats (1, 35, 50, 84). Many different carriage stages
have been described. Isolation of S. pseudintermedius
from animals may be associated with contamination,
colonization or infection. Many authors suggest that
colonization, consisting in the establishment of the
pathogen at the appropriate way of entry, is the first
stage of microbial infection (18). In other publications,
different definitions of colonization and infection have
been outlined. According to these authors, coloniza-
tion is the presence and multiplication of bacteria at
one or more body sites without visible clinical signs
or immune reaction. Such bacteria may be present as
the natural microbiota, environmental or endogenous
factors. Infection, on the other hand, is regarded as
an effect of bacterial invasion when microorganisms
are multiplying in tissues and causing clinical mani-
festations of disease. However, there is much debate
as to when colonization stops and infection begins.
Contamination is the presence of bacteria on the skin
and mucous membranes, but they can be easily elim-
inated (82). Hartman et al. (37) defined three types
of skin colonization by S. pseudintermedius in dogs.
Transient colonization was defined as the isolation
of S. pseudintermedius only once during a sampling
period of 12 months or more, while intermittent colo-
nization was defined as the isolation of S. pseudinter-
medius at least twice and not necessarily consecutively
during a sampling period of 12 months or more. In
persistently colonized dogs, S. pseudintermedius was
isolated from either the oral cavity or cranial hair
coat twice or more in succession during a 12-month
sampling period. Moreover, persistently colonized
dogs have a greater load of S. pseudintermedius at
colonization sites compared to transiently colonized
animals. This may play a role in the development of
diseases caused by S. pseudintermedius. Persistent
carriage values among colonized dogs are higher than
50% and are higher than those for humans persistently
colonized by S. aureus, which are estimated at about
20% (4). Moreover, the anal, perineal and nasal loca-
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tions appear to be the main colonization sites (25).
There is a suggestion that the anus and nares act as the
ecological niche for S. pseudintermedius, and from here
the bacterium can be transmitted to other body sites,
such as the hair shafts, sites of infection, other dogs in
the household, or even humans having regular contact
with the dog (19).

Factors predisposing to Staphylococcus
pseudintermedius colonization in dogs

It is known that there are some factors predisposing
dogs to higher carriage rates of S. pseudintermedius.
One of such factors is canine atopic dermatitis (AD),
which is a chronic inflammatory skin disease associ-
ated with environmental allergies (24). The literature
data indicate that several breeds seems to be at higher
risk for AD and thus at higher risk for colonization
and secondary infections caused by S. pseudinterme-
dius, for instance: Boxer, Bull Terrier, Chow Chow,
Chinese Shar-Pei, Cocker Spaniel, French Bulldog,
Fox Terrier, German Shepherd Dog, Golden Retriever,
Irish Setter, Labrador Retriever, Poodle, Dalmatian,
West Highland White Terrier, etc (48). Skin lesions in
atopic dogs are often associated with chronic pruritus
or self-trauma and include alopecia, crusting, licheni-
fication and hyperpigmentation, which may lead to
superficial staphylococcal pyoderma, Malassezia spp.
infection and bacterial overgrowth (48). The etiology
and pathogenesis of canine AD is complex and involves
genetic predisposition, weakened skin barrier function,
and immunological disorders. Dogs suffering from
AD are probably genetically predisposed to become
sensitized to environmental allergens, such as home
dust, grass, tree and weed pollens, mold spores, epi-
dermal antigens, insect antigens, etc (59). Thus, higher
carriage rates of S. pseudintermedius were observed
in dogs with atopic dermatitis (87%) than in healthy
individuals (37%) (27). Interestingly, it was described
that S. pseudintermedius strains adhere better to cor-
neocytes collected from atopic dogs or dogs belonging
to specific breeds, such as Boxers and Bull Terriers (30,
65). This may be explained by changes in skin receptors
specific for staphylococci, greater expression of inter-
cellular adhesion, and a different distribution pattern
of fibronectin in atopic skin (11, 78, 94, 96). Due to
the fact that staphylococcal adherence to corneocytes
is considered to be a crucial step for skin colonization
and subsequent infection, several research studies on
this aspect of S. pseudintermedius have already been
conducted and published (56, 66, 78, 96). Bacterial
adherence to the skin involves interaction between
adhesins on the bacterial surface and receptors on
various skin components, including the keratinocytes,
corneocytes and extracellular matrix proteins of the
skin (97). The studies show that adherence to these
components is mediated by specific receptor-ligand
interactions. S. pseudintermedius binds to proteins
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such as fibrinogen, fibronectin, cytokeratin and elastin,
functioning as ligands (91). If the bacterium is unable
to adhere, it will be removed from the host by natural
processes such as desquamation of the skin and groom-
ing (97). Corneocytes are completely flattened cells,
with neither nucleus nor cytoplasmic organelles. These
cells are therefore dead, but remain active: the result of
the final phase of keratinocyte differentiation, they are
filled with keratin and other products, such as lipids,
fatty acids and ceramides (69). A study conducted by
McEwan et al. (66) proved that S. pseudintermedius
adheres to both lesional and non-lesional canine atopic
skin. However, stronger adherence was observed
to corneocytes collected from skin lesions in atopic
dogs compared to those collected from non-lesional
areas, suggesting that ligands for bacterial surface
proteins were expressed at higher levels. This may
be important in the colonization of atopic skin by this
microorganism. The aforementioned authors suggest
that a T-helper type 2 (Th2)-mediated inflammation
in canine atopic skin facilitates binding by S. pseud-
intermedius, which leads to the colonization of the
skin and predisposes to staphylococcal pyoderma
observed in canine atopic dermatitis. Additionally,
it seems likely that the higher prevalence of staph-
ylococcal colonization in atopic dogs is behind the
high frequency of recurrent skin infections observed
in these dogs.

Paul et al. (78) have studied the adherence of com-
mensal S. pseudintermedius strains to canine corneo-
cytes. Bacteria and corneocytes were collected from
healthy dogs with different colonization statuses:
persistently colonized, intermittent and non-carriers.
Furthermore, all staphylococcal strains showed differ-
ent properties in PFGE and MLST analyses. Results
obtained in this study showed that, in general, all staph-
ylococcal strains adhered better to corneocytes from
persistent carriers. However, the authors also noted
that one strain isolated from a persistently colonized
dog adhered strongly to corneocytes collected from
an intermittent carrier. In addition, they pointed out
that the strain and the corneocytes had been obtained
from different animals. This may indicate that prefer-
ential binding is not influenced by strain adaptation
to individual hosts. Therefore, the authors suggested
that the adherence of S. pseudintermedius to canine
corneocytes is mainly related to host factors and
only marginally influenced by strain factors. In line
with that, Schmidt et al. (91) compared the ability of
S. pseudintermedius strains isolated from healthy and
atopic dogs to adhere to immobilized human fibronec-
tin and epidermal cytokeratin and canine fibrinogen
in vitro. They found that most staphylococcal strains
adhered strongly, and they did not observe any sig-
nificant difference between isolates from atopic and
healthy dogs or from lesional and non-lesional areas
on the skin of atopic dogs. Those results also confirm
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that S. pseudintermedius is equipped with specific
microbial components recognizing adhesive matrix
molecules that bind to host proteins. Other studies have
clarified that among S. pseudintermedius there was no
correlation between virulence and adherence to canine
corneocytes in vitro, since no significant difference
has been found between S. pseudintermedius strains
isolated from pyoderma lesions and strains isolated
from healthy dogs (87). Research concerning bacterial
adherence to corneocytes is of high importance and
may reveal potential options for the prophylaxis and
treatment of canine staphylococcal infections.

Staphylococcus pseudintermedius
as pathogenic bacteria in dogs

In addition to being commensal on mucous mem-
branes and skin, S. pseudintermedius is also an
opportunistic pathogen causing pyogenic infections in
animals. This species is mainly adapted to the family of
Canidae, such as dogs and foxes (4). However, accord-
ing to the literature, it has also been isolated from cats,
horses, donkeys, cattle, birds, rats and rarely from
humans (41, 43, 85, 110). Canine infections caused by
S. pseudintermedius are mostly skin and ear infections,
endometritis, cystitis, post-operative wound infections,
urinary tract infections and respiratory tract infections
(12, 20, 70, 71, 86, 93, 111).

Pathogenicity and the prevalence
of S. pseudintermedius in diseased dogs

As already mentioned, it has been proved that
S. pseudintermedius strains isolated from pyoderma
lesions and from healthy skin do not differ in their
ability to adhere to corneocytes isolated from healthy
dogs. In line with this, it was found that strains isolated
from pyodermal lesions were as genetically heteroge-
neous as strains isolated from healthy dogs (27). On
the other hand, it has been described that S. pseudin-
termedius obtained from diseased dogs (pyoderma
patients) shows a significantly greater adherence to
keratinocytes from atopic skin and pyoderma lesions
than to keratinocytes from healthy skin (64). Some
studies suggest that the development of secondary skin
infections in atopic dogs caused by S. pseudintermedius
1s mainly related to host factors, such as the exposition
and availability of a greater number of ligands on host
keratinocytes that enable a greater number of bacteria
to adhere to the skin (64). In general, S. pseudinter-
medius 1s a causative agent of secondary infections
when the skin or mucous membranes are compromised
in some way. A minor trauma or immunosuppression
may predispose to the development of such infections.
Moreover, staphylococcal skin infections may also
be associated with other factors, for instance, with
intercurrent parasitic (Demodex canis, scabies or fleas)
or fungal infections, allergic conditions, endocrinop-
athies (hypothyroidism, Cushing’s disease), follicular
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dysplasia disorders or keratinization disorders (29).
Furthermore, a higher load of S. pseudintermedius in
persistently colonized dogs increases the risk for the
development of disease. When the host becomes immu-
nocompromised, staphylococci more easily overcome
the host’s immunological defences. Moreover, due to
the high load of S. pseudintermedius at certain body
sites (perineum, nasal and oral cavities) in persistent
carriers, the chances of transmission of these bacteria
to other sites on the canine body are increased (37).

Staphylococcus pseudintermedius as the major
causative agent of canine pyoderma

Pyoderma is one of the most common skin diseases
in dogs. A number of different clinical manifestations
of canine pyoderma are recognized, depending on
lesion type and distribution. Classification by lesion
depth is considered useful because the choice of
antimicrobial therapy may vary according to the cuta-
neous tissue layers affected (45, 72, 100). Bacterial
pyodermas are either simple infections or complex
infections. Simple infections are those occurring in
young animals and are triggered by one-time or simple
events, for instance, flea infestation. Complex infec-
tions are recurrent and are associated with underlying
diseases. Both simple and complex infections can be
superficial or deep. Bacterial pyodermas limited to the
epidermis and hair follicles are referred to as surface
or superficial pyodermas, whereas those that involve
the dermis or cause furunculosis are referred to as
deep pyodermas. Etiologic classification refers to the
pathogenic organism involved in the infection (eg,
staphylococci, streptococci, etc) (100). In the course of
the disease various clinical signs are observed, includ-
ing pustules, crusted papules and erythema, as well as
impetigo, furunculosis and abscesses (102). In dogs,
superficial bacterial folliculitis (SBF) is the commonest
form of canine pyoderma (40). Superficial pyoderma
is defined as a superficial bacterial infection of the
epidermis and hair follicles, and is usually secondary
to allergic, parasitic, endocrine, immune-mediated,
conformational or keratinization (seborrheic) disor-
ders. There are some predisposing factors for canine
pyoderma, for instance: hair follicles lack a lipid plug;
the canine stratum corneum is far thinner and more
compact than that of any other species; dogs have
a high skin pH and decreased cutaneous defensins in
cases of pyoderma secondary to atopic dermatitis (58,
62). S. pseudintermedius can easily colonize inflamed
seborrhoeic skin. In fact, in inflamed skin, epidermal
proliferation and desquamation are increased, and the
skin is more humid and warmer. These alterations of
the skin surface micro-environment promote the mul-
tiplication of bacteria. Furthermore, self-trauma by
scratching, rubbing, chewing or licking hair and skin
due to pruritus further degrade epidermal defences and
favour inoculation of bacteria into the skin as well as
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the leakage of serum, which is a source of nutrients
for bacteria (60). In addition, there is evidence from
an experimental model of canine cutaneous type |
hypersensitivity that intradermal injection of a mast
cell degranulator or histamine renders the overlying
epidermis more permeable to bacterial antigens (61).
Thus, allergic skin disease is probably one of the most
common factors predisposing to canine pyoderma. In
the case of skin diseases, including canine pyoderma,
bacteria present on the skin surface, capable of produc-
ing a wide range of virulence factors, seek a window of
opportunity for starting the proliferation and invasion
of the host organism.

Virulence factors and their role
in staphylococcal pathogenicity

S. pseudintermedius has the capacity to produce
a number of virulence factors, including some
which are functionally related to virulence factors
of S. aureus. These virulence factors are involved in
almost all processes from colonization of the host to
bacterial nutrition and dissemination (29). Briefly, vir-
ulence factors produced by S. pseudintermedius can be
divided into the following groups: cell-associated com-
ponents, exoenzymes and exotoxins. Staphylococcal
cell-wall-anchored (CWA) proteins, such as microbial
surface components recognizing adhesive matrix
molecules (MSCRAMMs), play an important role in
bacterial attachment to the host extracellular matrix.
In S. pseudintermedius, surface proteins such as
staphylococcal cell wall proteins (SpsA-R), which
bind to fibronectin and fibrinogen, facilitate bacterial
attachment to tissues. Geoghegan et al. (34) discovered
that S. pseudintermedius has the capacity to bind to
fibrinogen, fibronectin and cytokeratin 10, indicating
the presence of surface adhesins, which could explain
how S. pseudintermedius adheres to canine corneocytes
during colonization and infection. In S. pseudinter-
medius, two cell wall-associated proteins, SpsD and
SpsL, were described as playing a fundamental role in
host tissue colonization and the pathogenesis of canine
skin diseases (79). In addition, IgG specific for SpsD
and SpsL occur in dogs with pyoderma, which leads
to the conclusion that this protein is expressed during
infection (4). Interestingly, strains isolated from pyo-
dermal lesions have been shown to produce a mucoid
substance known as slime that probably supports the
adherence (49). In 2009, Moodley and co-workers
reported that S. pseudintermedius produces an immu-
noglobulin-binding protein similar to staphylococcal
protein A produced by S. aureus (70). Protein A, as well
as other structural features, including capsular polysac-
charide and teichoic acids, interfere with opsonization
and subsequent phagocytosis. Protein A binds IgG
molecules by their Fc region, and thus in serum bacteria
bind IgG molecules in the wrong orientation, which
leads to the inhibition of phagocytosis (31).
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Regarding the exoenzymes, it is worth mentioning
free coagulase. The production of free coagulase by
S. pseudintermedius also protects these bacteria from
phagocytic and immune defences by causing localised
clotting (31). Coagulase is an extracellular protein that
binds to prothrombin in the host to form a complex
called staphylothrombin. Protease activity is activated
in the complex, which leads to the conversion of fibrin-
ogen to fibrin.

Some of the exotoxins produced by S. pseudinterme-
dius are known as superantigens (SAgs). Toxins that
have superantigenic activity stimulate T cells nonspe-
cifically without normal antigenic recognition (39).
Such stimulation of the T lymphocytes in an uncon-
trolled manner results in fever, shock and death (81).
SAgs directly cross-link conserved regions of the varia-
ble domains, the VB-element of T cell receptors (TCRs)
with major histocompatibility complex (MHC) class I1
molecules on antigen-presenting cells. This results in
a strong stimulation of T cells, which respond with
proliferation and massive cytokine release. These inter-
actions between superantigens, TCRs and MHC class
II molecules play a role in the induction or progression
of dermatitis, whereas such a large amount of cytokines
can either cause or enhance the ongoing inflammatory
process (31). Some strains of S. pseudintermedius pro-
duce enterotoxins and toxic shock syndrome toxin-1
(TSST-1), which exhibit superantigenic activity. There
are several reports on S. pseudintermedius strains iso-
lated from dogs producing staphylococcal enterotoxins
(SEs), such as SEA, SEB, SEC and SED. In addition,
this microorganism is also able to produce two unique
enterotoxins: SE-int and SEC_ ., which is a SEC
variant (102). The frequent occurrence of strains pro-
ducing SEC_ . in pyoderma lesions indicates that this
toxin, in combination with exfoliative toxins, may play
arole in the development of pyoderma. In dogs, there
is increasing evidence suggesting that some lesions
of superficial bacterial skin infections are caused by
S. pseudintermedius producing exfoliative toxins (5).
Staphylococcal exfoliative toxins are known to digest
desmoglein (Dsg) 1, a desmosomal cell-cell adhesion
molecule, thus causing intraepidermal splitting in
human bullous impetigo, staphylococcal scalded skin
syndrome and swine exudative epidermitis (“‘greasy
pig disease”) (47). It was proved that Staphylococcus
intermedius exfoliative toxin (SIET), which is pro-
duced by S. pseudintermedius strains, has a rounding
effect in cultured epithelial cells and an exfoliative
effect in 1-day-old chickens, hamsters and dogs, but
not in rats or mice (104). Dogs injected with purified
SIET developed lesions with positive Nikolsky’s sign
(exfoliation of skin when rubbed) with erythema and
crusting which resemble those of canine pyoderma
(104). On the other hand, other studies revealed that
intradermal injection of recombinant SIET in dogs did
not cause any lesions, either clinically or histopatho-
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logically (47). Thus, the biological significance of this
toxin remains unclear (47, 104, 113). Futagawa-Saito
et al. (32) described a novel exfoliative toxin (EXI)
produced by S. pseudintermedius. However, studies
on the prevalence of the EXI gene, encoding for this
toxin in S. pseudintermedius, revealed that it was not
present in all strains tested. This gene was identified
in 23% of 43 S. pseudintermedius strains collected
from dogs with pyoderma (32). Additionally, in other
studies, EXI-negative strains were isolated from dogs
with diagnosed bullous impetigo. Moreover, a new
gene, encoding another protein that resembled EXI,
was found. The authors proposed the renaming of EXI
as EXPA (exfoliatin of S. pseudintermedius type A),
and the novel protein was named EXPB (exfoliatin of
S. pseudintermedius type B). Moreover, it was shown
that both EXPA and EXPB could digest canine des-
moglein-1 (Dsg-1) and caused subcorneal splits in the
epidermis when injected in mice, which resembles
mechanisms involved in the pathogenesis of intraepi-
dermal splitting in canine impetigo (46, 47).

S. pseudintermedius also produces several toxins,
such as hemolysins and leukocidin, that damage the
membranes of host cells. Alpha-toxin is a pore-forming
toxin which may have a role in escape from the pha-
gosome, while -toxin has sphingomyelinase activity
with a high affinity for sphingomyelin. The y-toxin
(also called leukotoxin) and leukocidin (Luk-I) are
proteins that act together to destroy leukocytes and
lipid membranes and appear to be crucial virulence
factors in necrotizing lesions. Leukocidin consists
of two distinct, synergistically interacting proteins
designated as Luk-S and Luk-F, which belong to two
different classes. Together, these proteins form pores
in the membrane of polymorphonuclear cells, thus
causing a cytolytic effect on such cells (80). Because of
their dermonecrotic activity, leukotoxin and leukocidin
of S. pseudintermedius can be potentially involved in
the development of skin diseases in dogs.

Innate immune response against
staphylococcal skin infections

Current knowledge about the innate immune response
against S. preudintermedius is limited. However, some
speculations can be made based on the data concerning
the key elements of this response against other staph-
ylococci, such as S. aureus. Moreover, it is important
to note that a significant part of our knowledge of the
immune response within the skin concerns mainly
infections, not carriage. The innate immune system is
the first line of defence against invading pathogens.
It produces a rapid response, which may be crucial for
eliminating the infectious agent. However, the patho-
gen must first penetrate physical barriers, such as the
stratum corneum. If staphylococci succeed in binding
to the host surface components, such as fibronectin,
fibrinogen and cytokeratins derived from epidermal
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keratinocytes, they will encounter innate immune
response proteins, such as the complement components
and transferrin, which are present in the stratum cor-
neum (10, 33, 105). However, S. aureus synthesizes
on its surface transferrin-binding proteins and capsular
polysaccharides that inhibit C3b or antibody recogni-
tion and interfere with opsonisation (16, 103).

More sophisticated mechanisms of eliminating
infectious agents strictly depend on the recognition
of pathogen-associated molecular patterns (PAMPs)
(28). In the case of bacterial infections, toll-like recep-
tors (TLRs) and nucleotide-binding, oligomerization
domain (NOD)-like receptors (NLRs) are the most
important classes of innate pattern recognition recep-
tors (PRRs) present on the cell surface or inside the
host’s immune and non-immune cells. When activated,
TLRs and NLRs further trigger the activation of the
transcription factor NF-kB (nuclear factor kappa-light-
chain-enhancer of activated B cells) or other transcrip-
tion factors, which control the expression of genes
encoding cytokines, chemokines and costimulatory
molecules necessary for the activation of the defence
response culminating in the phagocytosis of bacteria
and recruitment of immune cells (109). Among all
TLRs, TLR2 is essential for the recognition of staph-
ylococcal components, and it is present on the surface
of many different cell types in the skin, including kerat-
inocytes (67). It may form heterodimers with TLR1 or
TLR6, and each dimer will recognize different ligands.
It is believed that TLR2/TLR1 dimer recognizes triacyl
and TLR2/TLR6 diacyl staphylococcal lipopeptydes.
In addition, Panton-Valentine toxin and Phenol Soluble
Modulins (PSMs) are suspected to be potent TLR2
ligands (7, 22, 36, 38, 99, 101). The TLR2 ligand
function of peptidoglycan (PGN) and lipoteichoic acid
(LTA) remains controversial. It is considered that PGN
is recognized by TLR2 in cooperation with CD14 and
CD36 or that it is rather recognized by NOD2, another
innate immune receptor (106).

Other TLRs may be taken into account as poten-
tial receptors recognizing staphylococcal ligands.
TLR4 seems to be activated by S. aureus leukocidin
(44). Moreover, S. aureus may activate TLR9, which
results in the production of type I interferons (IFNs) in
dendritic cells, and as a result, similar signalling path-
ways are stimulated as in the case of viral infections
(68, 77).

There is also another intracellular cytoplasmic recep-
tor that can recognize staphylococci. NOD2, belonging
to a family of PRRs known as NLRs, senses muramyl
dipeptide, a peptidoglycan breakdown product, which
leads to the production and secretion of cytokines, such
as IL-1B (23, 54).

In the case of staphylococcal infections, other path-
ways of innate immunity mechanism activation are also
possible. S. aureus protein A (SpA) can mimic tumor
necrosis factor alpha (TNF-a) and directly activates
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TNF receptor 1 (TNFR1), which elicits the release
of cytokines (14). In kerationocytes, the adherence
of S. aureus also causes the induction of TNF-a and
TNFR1 expression (3, 55). Various virulence factors
of staphylococci may stimulate the inflammatory
response. It was shown that S. aureus alpha toxin
induces the production of cytokines (21, 75), while
B-hemolysin induces an inflammatory response by
damaging monocytes, which contain mediators such
as IL-1B (107).

Activation of TLRs and NOD?2 in host cells will also
result in the stimulation and release of antimicrobial
peptides (AMPs), mainly defensins and cathelicidins,
which have a direct bacteriostatic or bactericidal activ-
ity against S. aureus and S. pseudintermedius (8, 9).
AMPs could stimulate the release of prostaglandin,
induce recruitment of immune cells, enhance phago-
cytosis, promote angiogenesis and support wound
healing. The character of these responses depends
on the host, the type of infected cells and virulence
factors of the bacterium (8, 9, 63). In humans, -de-
fensin 2 (hBD2) and hBD3 are believed to be the
most important in defence against staphylococci (52).
In dogs, several B-defensins (¢cBD1, 2, 3, 101, 107)
and one cathelidicin (cCath) are present in the skin,
but the results concerning their role in staphylococcal
infections and AD are contradictory (17, 57, 73, 89). It
is difficult to speculate as to the cause of such differ-
ences, but there is no doubt that canine keratinocytes
can produce AMPs both in vitro and in vivo (57, 89),
and these peptides show effective antibacterial activity
against S. pseudintermedius (26, 57, 90).

Unfortunately, staphylococci are able to modulate
their sensitivity to defensins and other AMPs by chang-
ing the composition and net charge of LTA or phospho-
lipids, and some of these mechanisms are connected
with methicillin resistance (53, 83). Comparison of
MSSA with MRSA strains revealed that MRSA strains
were less susceptible to AMPs (15). Indeed, numerous
studies have shown a correlation between methicillin
and human cathelicidin LL-37 resistance (76, 88, 108).
Moreover, staphylococcal metalloproteinase aureolysin
can cleave LL-37, and iron-regulated surface protein
A (isdA) can impart resistance to human -defensin 2
(13, 95). Furthermore, staphylococcal superantigens,
such as (SSL) proteins, are also capable of disrupting
the host’s innate immune response. Among these,
SSL3 blocks TLR2 activation through direct extracel-
lular interaction with this receptor, inhibiting TNF-a
production (6, 51, 98, 112). Recently, a new virulence
factor of S. aureus has been discovered. It was iden-
tified as a homologue of the human TIR-domain and
was named staphylococcal TIR-domain protein (TirS),
which appeared to interfere with signalling through
TLR2 in kidney, macrophage and keratinocyte cell
lines. In a systemic mouse infection model, TirS also
enhanced bacterial accumulation in several organs (2).
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In addition, some host-related factors may also
impede the recognition of pathogens by PRRs. Certain
polymorphisms in human genes that encode TLRs
may affect susceptibility to infection. Humans with
TLR2 Arg753GIn polymorphism show increased
susceptibility to infections with Gram-positive bacte-
ria. Moreover, TLR2 and BD1 polymorphisms were
connected with cases of severe AD (74).

In conclusion, it is clear that a large number of staph-
ylococcal molecules interact with the innate immune
system, and probably many more are still waiting to
be discovered. It is well known that staphylococci can
be recognized by many different receptors of innate
immunity, and therefore can activate various signalling
pathways, leading to proinflammatory cytokine release.
Although a lot of research focused on peptidoglycan
and LTA recognition by TLR2 and Nod2, much less
is known about the impact of different groups of
staphylococcal virulence factors on the inflammatory
response. Moreover, other receptors, such as TLR9
and TNFR1, may also contribute to the activation of
transcription factors and production of cytokines.
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