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Abstract. Use of experimental models of staphylococcal infections clarified several bacterial virulence factors as
w� ell as many hematopoetic cell types and their products that are involved in the pathogenesis of infection. For
m� any decades it has been believed that antibody mediated response to staphylococci and their�  products was the
major, if not the only one, hallmark of immune reactivity during infection. Recent studies have documented that
T

�
 cell mediated responses to superantigens produced by staphylococci are not only prominen	 t but also decisive

w� ith respect to sequels. Also the nonantigen specific immune responsiveness to staphylococ
 cal infection is
reviewed including roles of neutrophils, complement system and nitric oxide. The knowledge gained regarding
staphylococcal virulence factors and the host immune responses has prompted researchers to develop new
strategies how to interact in vivo w� itl the infectious process. Some of these approaches are commented in this
review regarding e.g. vaccination procedures in order to prevent severe infections as well as therapeutic proce-
d

�
ures to minimize organ damage during an ongoing infectious process.
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S
�
taphylococcus aureus infections remain associated

w� ith high morbidity and morality, a permanent threat
t



o mankind. Staphylococci give rise to a diverse spec-
t



rum of infectious manifestations ranging from cuta-

neous affection to life-threatening conditions such as
sepsis, endocarditis and arthritis. A study in the USA
r� eported S

�
. aureus as the most common cause of noso-

c
 omial infections during the period of 1990–19969
�
. The

increasing prevalence of immunocompromised subjects
a� nd appearance of methicillin-resistant staphylococci
should prompt researchers to reach a better under-
standing of the host-bacterium relationship, a prereq-
u� isite for better therapeutic and preventive measures.
Studies of pathogenetic mechanisms in human S

�
. aure-

u� s infections have met with shortcomings, mostly re-
l

�
ated to uncertainty as to the exact time of the onset of

t


he disease. Use of experimental animals overcomes

t


his and a number of other problems related to use of

g� enetically modified bacterial strains. In this respect,
mice are the most suitable species due to: a) the devel-
o� pment of spontaneous staphylococcal infections7

�
,

b
�
) the availability of many inbred and genetically well

c
 haracterized mouse strains, c) the availability of large
n	 umbers of strains either lacking certain gene(s) of
p� otential interest (so called knock-out mice) or having
o� verexpression of certain gene(s) (so called transgeneic
m� ice), and d) last, but not least, the current knowledge
o� f the murine immune system.
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T
�

he aim of this review is to discuss experimental
models of S

�
. aureus infections with emphasis on the

p� athogenetic mechanisms governing bacterial virulence
a� nd host responsiveness in septic arthritis and sepsis.
Also, certain aspects regarding the treatment and pro-
p� hylaxis of staphylococcal infections will be covered.

Determinants of Staphylococcal Virulence

Staphylococci  are  among  the  most resistant non-
-spore-forming bacteria able to survive many extreme
e� nviromental conditions such as extended periods of
d

�
ryness and high salt concentrations. Staphylococcal

v� irulence depends on the relative inefficiency of the
i

�
nnate host defence in dealing with a wide variety of
e� xtracellular toxins and enzymes, components of the
c
 ell wall and, as is the case for many strains, the ex-
p� ression of a capsule and a slime layer.

There are 11 recognized types of capsular polysac-
c
 harides. However, type 5 and type 8 capsular polysac-
c
 harides comprise more than 80% of all isolates ob-
t



ained in cases of bacteremia. It has been demonstrated

t


hat encapsulation is a virulence determinant, since the
c
 apsule acts as a physical barrier preventing contact
b

�
etween the cell wall-associated complement factor C3

a� nd the membrane of the phagocyte12, 31, thereby inhi-
b

�
iting phagocytosis and intracellular killing of bac-

t


eria2

�
2. Indeed, a recent study has demonstrated that sta-

p� hylococcal strains isogeneic with respect to expression
o� f polysaccharide capsule type 5 expressed distincly
d

�
ifferent patterns of virulence in experimental models

o� f sepsis and septic arthritis22.
Inside the capsule there are major cell wall compo-

nents, i.e. peptidoglycan, teichoic acid and different
p� roteins which bind to host tissue structures, i.e. adhe-
sins. Different types of staphylococcal adhesins deter-
mine the ability of S

�
. aureus strains to colonize host

t


issues, enabling the bacteria to initiate infections in

w� ounds, bone tissue, heart valves or joint cartilage. It
is evident that each S

�
. aureus strain is able to express

several types of adhesins, some of which may be envi-
r� omentally regulated, while others are expressed con-
stitutively. The process of bacteria interacting with host
t



issues is highly dynamic and an object of modulation

b
�
y the regulatory mechanisms of the bacteria19, envi-

romental factors, host defence mechanisms as well as
a� nti-bacterial therapy15. For example, in wound infec-
t



ions staphylococci may bind to fibrinogen or fibronec-

t


in exposed in the wound3

�
5, whereas in osteomyelitis

e� xpression of the receptor for bone sialoprotein seems
t



o predispose for disease2

�
6. In staphylococcal arthritis,

staphylococcal collagen adhesin was found in essen-
t



ially all isolates compared to only one-third of the

strains isolated from soft tissue infections3
�

2. Further ex-
p� erimental studies clearly demonstrated that collagen
a� dhesin is an important virulence determinant in
S

�
. aureus arthritis25. Interestingly, systemic vaccination

w� ith a recombinant fragment of collagen adhesin
A-subunit protects mice from severe septic arthritis and
sepsis triggered death23. This protective effect is medi-
a� ted by induction of collagen adhesin-specific anti-
b

�
odies triggered by the vaccination procedure. In con-

t


rast, infection with a collagen adhesin-expressing
strain will not trigger specific antibody response to this
structure23, which is a possible explanation for the re-
c
 urrent pattern of staphylococcal infections.

S
�
. aureus secretes a large number of enzymes and

t


oxins, many of which have been implicated as poten-

t


ial virulence factors. For example, S

�
. aureus produces

f
�
ive membrane-damaging toxins – four hemolysins (α,

β, γ, δ)
�
 and leukocidin. These toxins may all give rise

t


o damage of erythrocytes, but they differ in their mech-

a� nisms of action. It has recently been shown that com-
b

�
ination of α and γ  hemolysins jointly promote vi-

rulence of staphylococci in septic arthritis21. Finally,
a�  group of staphylococcal toxins display superantigenic
p� roperties, i.e. they have the capacity to stimulate
a�  large fraction of T lymphocytes expressing particular
T cell receptor Vβ sequences. These toxins include the
e� nterotoxins (A, B, C1-3, D, E, and G), toxic shock
syndrome toxin-1 (TSST-1), and exfoliatin A and B3

�
0.

Superantigens cause fever, hypotension and other acute
t



oxic shock-like symptoms by release of proinflamma-

t


ory cytokines, such as interferon γ  (IFN-γ )

�
 and tumor

necrosis factor10. Apart from their systemic effects, en-
t



erotoxins cause gastroenteritis with diarrhoea and vo-

miting, whereas TSST-1 gives rise to toxic shock syn-
d

�
rome characterized by fever, desquamative skin rash,

hypotension and multiple organ failure. We have re-
c
 ently demonstrated that staphylococcal superantigens
a� re important virulence determinants in experimental
septic arthritis8. Thus, S

�
. aureus mutant strains isoge-

neic for TSST-1 show clearly different patterns as to
t



heir capacity to tigger arthritis3

�
. Furthermore, selective

interaction with the T cell receptor Vβ family that rec-
o� gnizes TSST-1 will downregulate the severity of arth-
ritis and the frequency of septic death caused by sta-
p� hylococci2.

The genes that code for the production of exopro-
t



eins and cell wall proteins are controlled by different

regulatory loci, such as agr (accessory gene regulator),
a� nd sar (staphylococcus accessory regulator). The syn-
t



hesis of the majority of toxins and extracellular
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e� nzymes is enhanced by the agr system, whereas the
p� roduction of protein A and coagulase is suppressed.
The sar locus normally activates the production of
h

!
emolysins as well cell wall proteins. We have recently

d
�
emonstrated that both agr and sar are important vi-

rulence determinants in experimental septic arthritis1, 20.
A

"
 recently discovered and potentially important vi-

rulence factor is bacterial CpG rich (unmethylated)
DNA. Nucleotide sequences containing CpG motifs,
o� riginating for example, from S

�
. aureus, give rise to

macrophage activation leading to release of proinflam-
matory cytokines, including IL-1β, IL-6, IL-12 and
T

�
NF-α. These events, if present in the joint, as in the

c
 ase of localised staphylococcal growth, wil promptly
l

�
ead to arthritis10. Thus, induction of arthritis and septic

shock during S
�
. aureus septicemia might be triggered

b
�
y the concerted action of both superantigens activating

T lymphocytes and free bacterial DNA (originating
f

�
rom disrupted bacteria) triggering macrophages to re-

lease proinflammatory cytokines.

Mechanisms of Host Defence

H
#

ost protective mechanisms – the role 
o$ f the innate immune system

T
�

he normal host ist protected against staphylococcal
infections by a triad of a) intact host tissues, b) immu-
nologic and c) non-immunologic defense mechanisms.
W

%
ith respect to the integrity of host tissues it is clear

t


hat subjects displaying skin defects, damaged joints

(e.g. due to rheumatoid arthritis) or defective heart
v� alves (e.g. due to rheumatic fever) will be at risk of
a� cquiring S

�
. aureus infection. Also, patients with in-

stalled prostheses or having indwelling catheters will be
m� ore prone to develop staphylococcal infections orig-
inating at these sites. However, even in cases of organ
i

�
ntegrity defects in the innate immune system may be

a� n important deteminant of susceptibility to infection.
Experimentally, selective deletion of neutrophils will
lead, within a few days, to sepsis-mediated death in
e� xperimental animals inoculated i.v. with S

�
. aureus3

�
4.

Also, selective inhibition of nitric oxide mice or the use
o� f mice genetically lacking inducible nitric oxide syn-
t



hase will invariably lead to aggravation of severe

S
�
. aureus infections, including both sepsis and septic

a� rthritis17, 18. As might be expected from human case
r� eports regarding subjects with complement deficien-
c
 ies, depletion of the complement system in experimen-
t



al animals will give rise to increased severity of sepsis

a� nd septic arthritis2
�

9.

T
�

hus, as judged from the above examples it is clear
t



hat innate immune system is defending the host against

t


he invading staphylococci.

Tissue destruction during staphylococcal infection 
is mediated by adaptive immune reponses

During the last few years it has become increasingly
e� vident that, whereas the innate immune system is pro-
t



ective in the case of staphylococcal infection, the adap-

t


ive (or specific) immune system participates in the de-

structive process. Indeed, elimination of T lymphocytes
f

�
rom the host will, quite surprisingly, significantly de-

c
 rease the severity of staphylococcal arthritis6
&
. This

a� utoreactive process is mediated preferentially by cer-
t



ain populations of CD4+ T cells, being specific for

superantigens. Indeed, elimination of either the entire
C

'
D4+ population or Vβ11-expressing T lymphocytes

c
 learly downregulates both septic arthritis as well as
sepsis-triggered mortality2. Even more suprisingly,
B

(
 lymphocyte deficiency will also lead to amelioration

o� f septic arthritis3
�

6 despite decreased antibody produc-
t



ion. This outcome may be due to a decreased capacity

for antigen/superantigen presentation by B cells. Alter-
n	 atively, resistance to S

�
. aureus infection in B cell defi-

c
 ient mice correlated with increased mRNA expression
f

�
or IFN-γ , a cytokine of importance for bacterial

d
�
efence (see below). Not astonishingly, early neutraliz-

a� tion of this cytokine in B cell deficient mice led to
significantly increased mortality as compared to sham
t



reated controls3

�
6.

Another set of cells participating in the adaptive
i

�
mmune responses is a heterogenous group of antigen-

-presenting cells. Most of the antigen presentation is
mediated by major histocompatibility complex (MHC)
molecules. Whereas MHC class I molecules are present
o� n all nucleated cells, MHC class II expression is pre-
d

�
ominantly found on B lymphocytes, monocytes/mac-

r� ophages, and dendritic cells. The major function of
t



hese molecules is to bind intracellularly processed and

d
�
egraded proteins and to present them to T lympho-

c
 ytes. This MHC mediated antigen recognition leads to
t



he formation of a trimolecular complex between

a� ntigenic peptides, MHC molecule and T cell receptor.
T

�
he role of MHC class II (the class of importance in

p� resenting exogenous antigens and superantigens) in
t



he case of staphylococcal sepsis and septic arthritis has
a� lso been studied. The results indicate that a total absence
o� f MHC class II abrogates the expression of disease. In
a� ddition, a different class II MHC expression in conge-
n	 eic mice encodes for a different susceptibility to joint
inflammation induced by staphylococci4

)
. These differen-
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c
 es have been shown to depend on the antigen-presenting
c
 apacity of different MHC class II molecules rather than
d

�
ifferential activation of responding T lymphocytes4.

A
"

s a part of both specific and innate immune re-
sponse there will be production and secretion of cyto-
kines and chemokines. These low molecular weight
p� roteins may be protective, for example by activating
c
 ells participating in defence during in the infectious
p� rocess, but they may also either “overactivate”  or
“paralyse”  many cell types, leading to deficient recog-
nition of the invading bacterium or, even worse, the
d

�
estruction of host tissue. Below, only a limited num-

b
�
er of cytokines of interest in S

�
. aureus infection will

b
�
e discussed. IFN-γ  is a cytokine secreted mainly by

a� ctivated T cells and NK cells. It has a great array of
p� hysiologic functions in the body, including upregula-
t



ion of MHC expression, activation of phagocytic cells

a� nd regulation of T and B cell activity. One reason to
study this cytokine is the observation that both IFN-γ 

mRNA and protein expression are clearly increased
d

�
uring the course of S

�
. aureus infection3

�
7. To study the

r� ole of IFN-γ  one should preferably do several inde-
p� endent manipulations of the host. One such manipula-
t



ion is to inactivate the receptor for IFN-γ  by which this

c
 ytokine mediates its effects. Such an inactivation is
readily performed by so-called gene knock-out technol-
o� gy. Mice lacking functional IFN-γ  receptor and inocu-
lated with S

�
. aureus d

�
isplay more frequent and severe

a� rthritis compared with wild-type littermates. Also, sep-
sis-tiggered mortality is increased in the early (but not
l

�
ate) stage of the infection3

�
9. In contrast, supplementa-

t


ion of normal mice with extrinsic IFN-γ  did signifi-

c
 antly decrease staphylococcal sepsis triggered mor-
t



ality but also enhanced the development of arthritis3

�
8.

Interleukin 4 is another cytokine produced by T lym-
p� hocytes. Mice not able to produce this compound are
p� rotected against septic arthritis and sepsis-triggered
mortality. Our data suggest that this protection seems
t



o be due to the role of IL-4 as an inhibitory factor

regarding phagocytosis, decreasing the clearance of
b

�
acteria during ongoing infection14. Yet another cyto-

kine produced predominantly by monocytes/macro-
p� hages is the tumor necrosis factor. This cytokine is
known to be one of the major causative factors involved
i

�
n degradation of cartilage and subchondral bone in

a� septic arthritis, e.g. rheumatoid arthritis. In the case of
septic arthritis this cytokine increases joint destruction
b

�
ut ameliorates the severity of sepsis13. These few

e� xamples show that the same cytokine may display dif-
ferent properties depending on its local concentration,
synergy with other cytokines, the type of responding
c
 ells, and the stage of the disease process.

P
*

rophylactic Measures

The prevalence of antibiotic multiresistance among
c
 linical isolates of S

�
. aureus spurs the development of

v� accination strategies. An ideal vaccine candidate
should induce responses which prevent bacterial ad-
h

!
erence, promote opsonophagocytic killing by leuko-

c
 ytes and neutralize secreted toxic proteins as suggested
recently by LEE16. Such a vaccine has thus far not been
d

�
eveloped. Infection with S

�
. aureus itself does not p+ er

s, e p� rovide any protection against subsequent infections.
Indeed, serological studies have, in general, failed to
r� eveal a correlation between bacterial antibody titers
a� nd protective capacity. In recent times 3 distinct ap-
p� roaches to achieve immunization have been assayed.
T

�
he first of these involves vaccination with staphylo-

c
 occal polysaccharides alone or conjugated to a protein
c
 arrier. Results from experimental trials show that this
a� pproach clearly decreases the severity of infection in
models of S

�
. aureus peritonitis, endocarditis, bactere-

m� ia, and renal abscess formation16. One potential ob-
stacle in these immunizations is the multitude of differ-
e� nt capsular polysaccharide serotypes (n = 11) that can
b

�
e used by various staphylococcal strains. An encour-

a� ging note however is that two polysaccharide sero-
t



ypes (numbers 5 and 8) comprise about 75% of all
d

�
isease-inducing staphylococcal strains.

A second possibility recently explored is to trigger
p� rotective immunity against staphylococcal superanti-
g� ens. Inducing immunity using native superantigens is
n	 ot advisable, since these molecules will trigger severe
inflammation, potentially leading to septic shock. An
a� lternative approach might be the use of enterotoxins
d

�
evoid of their superantigenic properties but still ex-

p� ressing major antigenic degerminants. Vaccination of
mice with staphylococcal enterotoxin A mutated in
a�  hydrophobic loop dominating the interface with MHC
c
 lass II locus induced protective immunity against sep-
sis caused by SEA producing staphylococci24. How-
e� ver, even here the high number of different toxins
w� hich may be produced by various virulent staphylo-
c
 occal strains makes the task of developing a universal
staphylococcal vaccine difficult.

S
�
. aureus binds to numerous components of the ex-

t


racellular matrix, including collagens, laminin, bone

sialoprotein, fibronectin, fibrinogen and vitronectin.
Antibodies directed to staphylococcal adhesins, thus in-
t



erfering with bacterial binding to the host tissue, might

p� revent successful colonization. Indeed, experiments
involving immunization of the host with fibronectin
b

�
inding protein provided partial protection against ex-

p� erimental endocarditis and mastitis in rodents16. Re-
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c
 ently, we2
�
3 have demonstrated that immunization with

recombinant collagen-binding adhesin significantly al-
leviates the outcome of severe, life threatening S

�
. aure-

u� s sepsis. Here, vaccination-induced antibodies dis-
p� layed protective properties, as proved by passive
t



ransfer experiments. Since collagen adhesin is ex-

p� ressed on the majority of staphylococci involved in
invasive infections it is another promising vaccine can-
d

�
idate that should merit evaluation in clinical trials.

A
"

 recent study has described the succesful attempt
t



o use the staphylococcal surface polysaccharide poly-
-N-succinyl β-1-6-glucosamine (PNSG) as a vaccine18.
M

-
ice immunized with PNSG were protected against

kidney infections and death. An advantage of such
a�  vaccine is that PNSG is expressed by both S

�
. aureus

a� nd S
�
. epidermidis.

T
.

reatment of Already Ongoing Infection

A
"

ntibiotics are and will continue to be the standard
t



reatment of systemic staphylococcal infections. How-

e� ver, despite adequate use of antibiotics and consequent
e� radication of staphylcocci, continuous tissue destruc-
t



ion may occur. This can be clearly seen in the case of,

for example, septic arthritis and is mediated by the
e� xaggerated activation of the host immune response
(see above). In addition, septic shock caused by S

�
. aureus

w� ill not successfully respond to antibiotic treatment
a� lone. Thus, there is a room for improvements with
r� espect to the treatment of already ongoing S

�
. aureus

infections. We have recently shown that concomitant
c
 orticosteroid and antibiotic treatment will, despite the
inhibitory role of steroids on neutrophil function, clear-
ly downregulate the severity of septic arthritis and ne-
p� hritis27, 33. A recent report5

/
 suggests targeting RNA

I
0
II, a molecule regulating production of staphylococcal

t


oxins. Mice vaccinated with RNA III activating protein

p� rior to infection or treated with RNA III inhibiting
p� eptide at the time of bacterial inoculation were pro-
t



ected from S

�
. aureus mediated skin infections.

Some other possible, but thus far unproven, ways to
i

�
mprove the outocome of S

�
. aureus infection are the use

o� f either anti-inflammatory cytokines (e.g. IL-10, IL-4,
a� nd/or TGF-β)

�
 or antagonists to proinflammatory cyto-

kines (e.g. IL-1 receptor antagonist). Yet another way
w� ould be to introduce antagonists to NF-κB, an intra-
c
 ellular messenger mediating the activation of many
p� roinflammatory cytokines.

F
1

inal Comments

During the last decade work involving the use of
e� xperimental models of staphylococcal infections clari-
fied several bacterial virulence factors as well as many
hematopoetic cell types and their products that are in-
v� olved in the pathogenesis of infection. Much still re-
mains obscure, for example how bacterial virulence
factors act in vivo and the many details of the host-bac-
t



erium interplay. More information is required about

t


he risk factors for acquiring staphylococcal infection

in order to perform a proper selection of subjects for
v� accination procedures. In addition, new modalities
should be developed to treat already ongoing infections
w� ith combinations of anti-inflammatory agensts,
p� assive immunization and antibiotics to minimize the
risks of sequels.
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