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SUMMARY
Staphylococci have become the most common causes of nosocomial
bacterial infections, and this fact, along with increasing problems associated with antimicrobial resistance, spurs the need for finding immunotherapeutic alternatives to prevent and possibly treat these infections.
Most virulent, clinical isolates of both coagulase-negative staphylococci
(CoNS) and Staphylococcus aureus carry the ica locus which encodes
proteins that synthesise a polymer of ß-1-6 linked N-acetyl glucosamine
residues (PNAG). Animal studies have shown purified PNAG can elicit
protective immunity against both CoNS and S. aureus, suggesting its
potential as a broadly protective vaccine for many clinically important
strains of staphylococci.
INTRODUCTION
In the past 25 years Gram-positive
cocci in general, and staphylococci in
particular, have become the primary
bacterial organisms isolated from nosocomial infections (Richards et al., 1999;
Sohn et al., 2001). Associated with this
increase in occurrence is the increase in
antimicrobial resistance (Lowly, 2003;
DeLisle and Perl, 2003) which has lead
to intense interest in alternative strategies
to prevent and control infection. One
obvious approach is the development of
immunotherapeutics that could be used
prophylactically for prevention of
infection in high-risk patients and
possibly therapeutically as an adjunct

for standard antibiotic therapy. The
challenge of developing such reagents
lies principally in identification of antigenic targets for vaccines and definition
of immune effectors that mediate resistance to infection.
For extant vaccines that prevent bacterial infections by targeting the killing
of the microbial cell, surface polysaccharides have been the most effective.
Usually these are referred to as capsular
polysaccharides, and immunogenic
polysaccharides or protein-polysaccharide conjugates from Haemophilus influenzae, Streptococcus pneumoniae and
Neisseria meningitidis have proven
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highly successful in controlling infections due to these pathogens (Lakshman
and Finn, 2002; Pelton, 2002; Obaro,
2002; Pozsgay, 2000; Barbour et al.,
1995; Ward, 1991). Many comparable
vaccines based on surface polysaccharides are being developed for bacterial
pathogens such as group B streptococcus (B a k e r et al., 1999), Klebsiella
pneumoniae (Campbell et al., 1996),
Enterococci (Huebner et al., 1999,2000)
and P s e u d o m o n a s
aeruginosa
(Theilacker et al., 2003; Hatano and
Pier, 1998). This is predicated upon the
strong consensus that when it is feasible
to induce immunity to bacterial surface
polysaccharides this usually results in
the most effective vaccine.
For Staphylococcus aureus, two
major groups of surface polysaccharides
have been identified and targeted for
vaccine development. Work by
Karakawa and colleagues (Fournier et
al., 1984; Sompolinsky et al., 1985; Moreau et al., 1990) established a capsule
typing system for S. aureus composed
on 11 different serologic types. Two of
these, types 1 and 2, appear to be expressed by only individual clones of S.
aureus and are not found among clinical
isolates (Murthy et al., 1983; West et al.,
1987). However, for the remaining 9
serotypes, only two of these, types 5 and
8, have actually been shown to be antigens that represent serologically distinct
capsules (Fournier et al., 1984; Moreau
et al., 1990). There is no antigenic or
definitive serologic characterisation for
any of the other capsule types that indicates they are distinct surface polysaccharides. However, the vast majority of
isolates of S. aureus express either the
type 5 or type 8 capsule, making these
reasonable targets for vaccine development. Indeed, intense interest has been
focused on such development (Shinefield et al., 2002; Lee et al., 1997; Naso
and Fattom, 1996; Welch et al., 1996;
Fattom and Naso, 1996; Fattom et al.,
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1996) and a recent clinical trial of a bivalent type5/type 8 conjugate vaccine
given to haemodialysis patients showed
a reduction in rates of bacteraemia during the early phases of the study, but
this reduction was not maintained at the
conclusion of the study after 54 weeks
(Shinefield et al., 2002).
A second surface polysaccharide,
found on both S. aureus and S. epidermidis, is a poly-N-acetyl glucosamine
(PNAG) antigen associated with a number of important biologic and pathologic
properties of these organisms (Tojo et
al., 1988; Kojima et al., 1990; Takeda et
al., 1991; Muller et al., 1993a; Mack et
al., 1994,1996; McKenney et al., 1998).
The antigen was first described by Tojo
et al. (1988) as the capsular polysaccharide/adhesin (PS/A) of S. epidermidis
although a definitive chemical composition and structure was not given. The
first report on the chemical properties of
this antigen came from Mack et al.
(1996) who had previously attributed to
this antigen the property of mediating
intercellular adherence of coagulasenegative staphylococci (CoNS) and
named the factor the polysaccharide intercellular adhesin (PIA). Later on
McKenney et al. (1999) found the same
material expressed in S. aureus, although they mistakenly identified Nacetyl succinate as a major component
of the vaccine. Recent studies have corrected this misidentification (Maira-Litran et al., 2002a) and attributed it to the
generation of a degradation product of
the PNAG molecule that was produced
during acid hydrolysis in order to perform NMR determinations of the
structure of PS/A (Joyce et al., 2003).
Another variant of the PNAG polymer
was described as the slime-associated
antigen (SAA) (Baldassarri et al., 1996)
which was reported to contain about
70% glucosamine. Likely the rest of the
material was contaminants. Finally,
Rupp and colleagues (1992) described a

haemagglutinin of S. epidermidis, which
was later shown to be PIA (Mack et al.,
1999) There is now clear consensus that

PS/A, PIA and SAA are all chemically
PNAG.

PS/A, PIA AND PNAG-RELATEDNESS OF THEIR CHEMICAL
AND BIOLOGICAL PROPERTIES
PS/A was identified by immunologic
means as a capsule of many important
clinical isolates of CoNS that had the
property of forming a biofilm or producing “slime” in vitro when grown on
plastic or glass (Tojo et al., 1988).
Christensen and colleagues (Christensen et al., 1982,1983a; Younger et al.,
1987; Baddour et al., 1988) were instrumental in identifying slime-producing CoNS as major causes of biomedical device infections starting in the early
1980s. Isolation of PS/A identified a
major factor in the slime whose properties appeared to promote adherence of
bacteria to plastic and formation of a
biofilm (Tojo et al., 1988). Transposon
mutants were identified that lost production of PS/A (Muller et al., 1993b),
but the exact genes that were interrupted
were never identified. The PS/A mutants
were found to have reduced virulence in
models of endocarditis (Shiro et al.,
1994,1995) and expression of PS/A antigen was needed to promote resistance
of CoNS to innate opsonic factors.
PIA was first described in 1992 by
Mack et al. (1992) as a factor whose expression was induced by glucose leading to increased intercellular adhesion
among CoNS. A genetic locus in CoNS
involved in production of a hexosamine
polysaccharide involved in intercellular
accumulation was then identified in a
strain of S. epidermidis. PIA was next
isolated and purified and then reported
to be a small molecular weight (<28
kDa) linear polymer of ß-1-6-linked Nacetyl glucosamine residues (Mack et al.,
1996) with some O-linked substituents
of succinate and phosphate. Heilmann et

al. (1996a) followed this up by
identifying the biosynthetic locus for
PIA, termed the ica locus for intercellular adhesin and initially reported the
presence of 3 open reading frames
(ORFs), ica, icaB, and icaC and a divergently transcribed apparent regulator, the
icaR gene, separated from icaA by an
approximately 200 base-pair promoter
region. A fourth ORF, icaD, was then
identified (Gerke et al., 1998) whose
coding sequence started in the 5’ end of
the ica gene and finished in the 3’
beginning of the icaB gene. Expression
of the icaA and icaD proteins in
membranes resulted in the synthesis of
an oligomer of ß-1-6-linked N-acetyl
glucosamine about 20 residues in length
using UDP-N-acetyl glucosamine as a
starting substrate, and addition of the
icaC protein further increased the oligomer’s size. The role for icaB remains
undefined. Clearly these genes and their
protein products are responsible for
synthesis of the PIA.
The distinction between PIA and
PS/A was founded on the reported inability to show that the ica locus was
needed for initial adherence of CoNS to
plastic tissue culture wells that were
manufactured in Europe (Heilmann et
al., 1996b). However, in the same report,
loss of ica genes resulted in a loss of
adherence of S. epidermidis to glass
(Heilmann et al., 1996b). Thus it was
suggested that PS/A mediated the initial
adherence of CoNS to plastic and similar surfaces while PIA mediated accumulation of the cells into a biofilm i.e.,
intercellular accumulation. When
McKenney et al. studied (1998) the
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Figure 1: Biofilm formation in tissue culture wells (Corning) by S. carnosus carrying a plasmid
with the ica genes from S. epidermidis (pCN27) and expressing PNAG or carrying the plasmid
without additional DNA (pCA44). In contrast to the initial report that S. carnosus (pCN27) did not
make a biofilm on plastic (Heilmann et al., 1996a) this experiment showed that with the Corning
brand of tissue culture plate a biofilm is formed. The inability of S. carnosus (pCN27) to form a
biofilm on one brand of tissue culture plate was the basis for distinguishing PIA and PS/A, which
are now clearly known to be the same molecule.

cloned ica genes expressed in S. carnosus provided by Heilmann et al. (1996b)
they found in fact they could isolate the
PS/A material and indicated it was a
high molecular weight glucosamine
polymer containing N-linked succinate.
However, the succinate was subsequently found to have been misidentified (Maira-Litran et al., 2002a; Joyce et
al., 2003) and, in fact, they had isolated a
high molecular weight ß-1-6-linked Nacetyl glucosamine with evidence of
small amounts of O-linked succinate
and acetate. Thus, both PS/A and PIA
were found to be chemically identical,
with some differences reported in the
molecular size and larger differences in
the biologic functions of these
molecules.
As it turned out, the claim that PS/A
mediated initial adherence of CoNS to

plastic and PIA the accumulation of cells
into biofilms was largely predicated on
the results of studies with S. carnosus
carrying the cloned ica genes and its
interaction with tissue culture wells.
When Heilmann performed the biofilm
assay on tissue culture plates from the
United States (Corning Brand) using the
identical methods she used in Germany
to characterise the ica locus, she found
that in fact S. carnosus carrying the ica
genes readily formed a biofilm on the
plastic plates manufactured in the United
States (Figure 1). Thus, even this
distinction between PS/A and PIA was
found to be due to some trivial
differences in manufacture of tissue
culture wells and it is now accepted that
PIA and PS/A are the same chemical
entity-PNAG.

OCCURRENCE OF ICA GENES AND PNAG-EXPRESSION
IN S. AUREUS
In 1999 McKenney et al. (1999) reported that the ica genes were present in
clinical isolates of S. aureus and ex-
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pression of the PNAG antigen (incorrectly identified as poly-N-succinyl glucosamine or PNSG) was mostly associ-

Figure 2: Induction of expression of PNAG in clinical isolates of S. aureus following growth in
glucose-supplemented media. Strains were grown in either brain-heart infusion broth (BHIB) or
BHIB supplemented with 0.25% glucose (BHIB/G) overnight, cells recovered by centrifugation and
used to adsorb out a standard dilution of rabbit antibody to purified PNAG (McKenney et al.,
1999). The antiserum was added to an ELISA plate coated with purified PNAG and the percentage
inhibition of antibody binding measured. The geometric mean percentage inhibition of antibody
binding, indicative of PNAG-expression, was significantly lower (p<0.01, t-test) in strains grown
in BHIB compared to those grown in BHIB/G.

ated with in vivo growing organisms.
However, when grown in vitro in rich
medium (brain heart infusion broth)
supplemented with glucose, there was
increased expression of the PNAG antigen (Figure 2). They also showed expression of PNAG by S. aureus in lung
sections from 2 cystic fibrosis patients
and in 6 of 9 sputum samples also from
cystic fibrosis patients (McKenney et al.,
1999). Strains of S. aureus isolated
from infected mice had increased PNAG
expression in vitro, but after 5 passages
the expression returned to a low state
(McKenney et al., 1999). Cramton et al.
(1999) rapidly followed this up with a
similar report that the ica locus was
present in S. aureus and was needed for

biofilm formation by this organism.
This report made no distinction between
initial adherence and accumulation of
cells into biofilms. As both properties in
S. aureus were affected by deleting most
of the ica locus. Several subsequent
reports confirmed that the ica genes
were found in most clinical isolates of S.
aureus (Fowler et al., 2001; Arciola et
al., 2001) and those reports that did not
find ica genes in the majority of isolates
(Arciola et al., 2001) were criticised for
using primers designed for the S.
epidermidis ica genes for investigating
S. aureus (Rohde et al., 2001). There is
about 70-80% identity at the nucleotide
level of the ica genes in these two
species (M c K e n n e y e t
al.,
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Figure 3: Virulence of a wild-type and isogenic mutant of S. aureus strain 10833 deleted for the
ica locus in a rat model of endocarditis (Lee et al., 1997). Rats with intra-aortic catheters were
infected with the dose of the wild type or mutant strain indicated on the X-axis and sacrificed at the
time shown above the data bars, endocardial vegetations identified, excised, weighed, homogenised
and serial dilutions plated for bacterial enumeration. The lower limit of detection (10
CFU/vegetation) is indicated and rats challenged with the indicated doses had no detectable
vegetations or bacteria in their hearts. Bars represent means and error bars the SEM. Rats
challenged with the higher doses of the wild-type strain had to be sacrificed early as they would not
survive a longer period, further illustrating the enhanced virulence of the wild type strain compared
to the ica-mutant in this model of infection. By comparative analysis of the overall CFU/gm of
vegetation achieved, regardless of the day of sacrifice, it took approximately 4 logs more of the icadeleted strain to reach comparable vegetation levels as did the wild type parental strain.

1999; Cramton et al., 1999), so primers
based more on S. aureus sequences
would be optimal for finding these
genes in S. aureus. Among bovine isolates of S. aureus causing mastitis,
100% of 35 strains were found to carry
the ica genes (Vasudevan et al., 2003).
Peacock et al. (2002) identified 7 S.
aureus genes encoding putative virulence factors out of 33 studied that were

strongly associated with invasive strains
when compared with strains of S.
aureus carried by healthy blood donors
and the ica genes were one of these 7.
Thus, the presence of ica and the expression of PNAG is strongly associated with virulent strains of S. aureus
and S. epidermidis (Muller et al., 1993a;
Ziebuhr et al., 1997; O’Gara and Humphreys, 2001).

ROLE OF THE PNAG SURFACE POLYSACCHARIDE IN
VIRULENCE OF STAPHYLOCOCCAL INFECTIONS
Accepting that PS/A, PIA and SAA
are all basically PNAG polymers synthesised by proteins encoded by the ica
locus, there is a fair amount of data that
this polymer plays an important role in
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the virulence of infections due to CoNS.
However, outside of epidemiologic associations of the occurrence of the ica
locus in invasive isolates of S. aureus
(Peacock et al., 2002), there is surpris-

ingly little information available about
the role of PNAG in virulence of this
species. Data reported in abstract form
(McKenney et al., 2001) indicate a reduced level of virulence of S. aureus
strains deleted for the ica locus when
tested in a model of endocarditis in rats
(Figure 3). In this model it was found
the infectious dose for 50% (ID5 0) of
the animals infected with the wild type
strain was <43 CFU, as all five animals
infected with this dose had evidence of
endocarditis, while for the ica-deleted
strain the ID5 0 was 6.9 x 106 CFU
(p<0.001, logit analysis). Ten of 24
animals infected with the wild-type
strain at doses ≤106.3 died 7-9 days after
infection while none of 16 infected with
the mutant strain died (p<0.001,
Fisher’s exact test). Thus, in endocarditis it appears from this one study that
PNAG is a virulence factor for S .
aureus. In contrast, Francois et al.
(2003) reported no difference in virulence between wild-type and ica deletent
S. aureus strains in a model of foreignbody infection using tissue cages implanted into guinea pigs. However, in
this model the cages are first implanted
in the animals and left for three weeks
before infection, allowing the cages to
become coated with host proteins. Given
the ability of S. aureus to bind to numerous host proteins including fibrinogen, fibronectin, collagen and others
(Patti et al., 1994; Foster and Hook,
1998; W a n n et al., 2000) it is not
surprising that when confronted with a
foreign body coated with host proteins
the surface PNAG is not required for
adherence and biofilm formation and
thus a role in virulence may not be
manifest in this setting.
Early studies on biofilm-producing
phenotypic variants of S. epidermidis
(Christensen et al., 1983b,1987) indicated that the variants unable to make a
strong biofilm were less virulent in a
mouse model of foreign body infection.

In contrast, Patrick et al. (1992) suggested in vitro slime production was not
necessarily associated with pathogenesis
of CoNS, particularly in the absence of a
foreign body. A later study in mice
showed wide heterogeneity in the ability
of strains of CoNS with different
biofilm phenotypes to produce infections (Patrick et al., 1995) but concluded
there was some association between
biofilm elaboration and virulence.
Deighton et al. (1996) compared the
virulence of 5 biofilm-positive and 5
biofilm-negative strains in a mouse abscess model without a foreign body implanted and found the biofilm-positive
strains caused more abscesses that persisted longer with higher bacterial
counts compared with the 5 biofilmnegative strains. However, these studies
were conducted without knowledge as to
the biochemical or genetic basis for
biofilm production and classifying
strains as biofilm positive or negative
was based on in vitro measurements,
which are known to vary widely based
on conditions used to assess biofilm
formation.
Subsequent studies with genetically
manipulated strains of S. epidermidis
gave more conclusive data that the
biofilm-positive phenotype was associated with virulence. Transposon mutants
of S. aureus strain M187 that lead to a
biofilm-negative phenotype (Muller et
al., 1993b) were found to be avirulent in
a rabbit model of endocarditis (Shiro et
al., 1994) following high-dose inoculation, and similarly were poorly virulent
in a model of endocarditis following
haematogenous spread from a contaminated intravascular catheter (Shiro et al.,
1995). These studies focused on the role
of the PNAG-polymer as an antiphagocytic bacterial capsule, that in addition to promoting adherence of
Staphylococci to biomaterials also prevented opsonic killing due to endogenous complement and phagocytic activ-
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ity. However, Perdreau-Remington et al.
(1998) did not find any difference in
virulence in a rabbit model of endocarditis when comparing the strong
biofilm-producing S. epidermidis strain
RP62A with a chemical mutant deficient
in production of biofilm. In a rat model
of intravenous catheter associated infection (Ulphani and Rupp, 1999), Rupp et
al. (1999) showed that there was less
infection with a mutant of S. epidermidis
strain 1457 unable to make the PNAG
polymer compared with the parental
strain. Another study showed the same
effect with an ica mutant in strain O-47

(Rupp et al., 2001). In a related model of
foreign body infections in mice, the
same strain of S. epidermidis deficient
in production of biofilms caused fewer
abscesses and adhered to the implanted
foreign body less well than did the
parental strain. Overall, the general
consensus from these studies is that
elaboration of the PNAG polymer by
CoNS, particularly S. epidermidis, is not
only epidemiologically associated with
pathogenic strains (Gelosia et al., 2001)
but plays an important role in virulence
as determined by animal studies.

ROLE OF THE PNAG SURFACE POLYSACCHARIDE
IN VACCINATION
As ica genes and PNAG-expression
are found commonly among clinical
isolates of both CoNS and S. aureus, it
is obviously an attractive vaccine candidate with the potential to elicit immunity
to both of these common causes of
nosocomial infection. As this polymer
was first identified as PS/A in CoNS,
the first studies on the vaccine potential
of the PNAG polymer were performed
with the PS/A material, although the
level of purity of the vaccine could not
be ascertained as its chemical nature was
not known at the time. Nonetheless,
from subsequent studies it is highly
likely that the major component of the
vaccine was PNAG. This immunogen
was shown to reduce the number of
days that rabbits had positive blood
cultures, in comparison to non-immune
controls, in a model of catheter-related
bacteraemia (Kojima et al., 1990). Passive therapy using polyclonal and
monoclonal antibody to the polymer
also conferred protection. In a rabbit
model of endocarditis, immunisation
with the PS/A/PNAG polymer also
markedly reduced the rate of occurrence
of positive blood cultures and protected

142

against the development of infected
vegetations (Takeda et al., 1991). When
it was discovered that the ica locus was
present in most isolates of S. aureus and
PNAG was expressed, it was also found
that active or passive immunisation
protected mice against infection with 8
different clinical isolates in a kidney
infection model (McKenney et al., 1999).
Additionally, rabbit antisera raised to
purified PNAG has shown passive
protective efficacy against infection in a
rat model of endocarditis using a wildtype strain of S. aureus but not an
isogenic strain deleted for the ica locus
(Figure 4). In this experiment, rats with
intra-aortic catheters were challenged
with S. aureus strain 10833 with either
an intact or deleted i c a locus; the
challenge dose for the wild-type strain
was 2 x 104 CFU/rat whereas for the
less virulent mutant strain the challenge
dose had to be 9 x 106 CFU/rat in order
to achieve comparable levels of infected
vegetations with these two strains. Four
days after infection animals were sacrificed and vegetations identified, excised,
weighed and homogenised for bacterial
levels. Immune serum to PNAG signifi-

Figure 4: Passive protection mediated by rabbit antibody to purified PNAG in a rat model of
endocarditis. Animals with intra-aortic catheters were treated with 0.5 ml of either normal (NRS)
or immune serum to PNAG and then infected with either 2 x 104 CFU/rat of the wild-type,
parental strain or 9 x 106 CFU/rat for the less virulent ica-mutant strain. This higher challenge
dose for the mutant strain was needed in order to achieve comparable levels of infection in the
aortic valve vegetations. Four days later animals were sacrificed and levels of bacteria in the
vegetations determined. Bars represent means and error bars the SEM.

cantly (p=0.0014, t test) reduced the
bacterial levels in vegetations in rats infected with the wild type strain but had
no effect in animals infected with the ica
deletent (Figure 4). All 7 of the animals
infected with the wild-type strain and
treated passively with normal rabbit serum had infected vegetations compared
with only 3 of 8 animals treated with
immune serum (p=0.02, Fisher’s exact
test). This experiment provided additional data indicating the potential of antibody to PNAG to protect against S.
aureus infection and also showed the
specificity of the protection in regard to
the inability to protect against infection
with the strain lacking an intact ica locus.
Although to date there are the only 3
published studies in the peer-reviewed
literature on the vaccine potential of
PNAG, there is continued on-going
work on the immunochemical properties
of the antigen to enhance immunogenic-

ity and protective efficacy. A recent abstract (Maira-Litran et al., 2002b) indicated that conjugating PNAG to diphtheria toxoid enhanced its immunogenicity in mice and rabbits compared
with antibody levels obtained using unconjugated PNAG (Maira-Litran et al.,
2002a). The antisera had opsonic killing
activity against a variety of S. aureus
strains and one S. epidermidis strain.
Another abstract (Kropec et al., 2002)
showed that antibodies to PNAG were
produced by cystic fibrosis patients with
staphylococcal colonisation or infection,
indicating that the antigen was expressed
in vivo at a sufficient level to induce
antibody. Overall, continued work on a
PNAG vaccine is progressing, with both
direct animal studies and correlative
studies on responses of infected humans
on-going, with the ultimate goal of a
clinical assessment of active and passive
immunotherapies directed at this
antigen.
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CONCLUSION
It is now clear that the various forms
of staphylococcal surface polysaccharides identified as PS/A, PIA and SAA
are the same chemical entity-PNAG.
The structure was first identified by W.
Fischer as reported by Mack et al.
(1996) although the material isolated in
this case was of a small molecular
weight. Papers describing an N-linked
succinate component (McKenney et al.,
1998,1999) were incorrect in this identification (Maira-Litran et al., 2002a;
Joyce et al., 2003). The biosynthetic
proteins for PNAG are encoded by the
ica locus first identified by Heilmann et
al. (1996a) in S. epidermidis and subsequently by McKenney et al. (1999) in S.
aureus followed shortly thereafter by
Cramton et al. (1999). Studies in S.
epidermidis and other CoNS show a
clear association of PNAG production
and virulence based on both epidemiologic studies of clinical isolates and
animal studies of phenotypic variants
and genetic mutants. Immunisation with
PNAG protected against infection in

rabbits due to catheter-associated bacteraemia (Kojima et al., 1990) and endocarditis (Takeda et al., 1991). In S .
aureus, PNAG production is found in
virtually all clinical isolates and immunisation has been reported to protect mice
against infection caused by up to 8 different clinical isolates (McKenney et al.,
1999). PNAG purified from an overproducing mutant of S. aureus strain
MN8 (Jefferson et al., 2003) is immunogenic in laboratory animals (MairaLitran et al., 2002a) and work reported
in abstract form indicates conjugation of
PNAG to carrier proteins enhances immunogenicity. Further studies in different animal models and identification of
the optimal form of PNAG for testing in
animal, and eventually human, immunogenicity studies is clearly warranted and
if the proper types of immune effectors
mediating resistance can be identified
then there is a potential for PNAG to
mediate protective immunity against the
majority of virulent strains of CoNS and
S. aureus.

ACKNOWLEDGMENTS
The work described in this review emanating from research conducted by the
authors was supported by NIH grant AI 46706. We thank Christine Heilmann for
performing the biofilm assay shown in Figure 1 and David McKenney, Eugene
Muller and Kimberly Pouliot for contributions to the work related to development of
PNAG as a vaccine for S. aureus.
LITERATURE
Arciola, C.R., Baldassarri, L., and Montanaro,
L.: Presence of icaA and icaD genes and
slime production in a collection of staphylococcal strains from catheter-associated infections. J. Clin. Microbiol. 39, 2151-2156
(2001).
Baddour, L.M., Smalley, D.L., Hill, M.M.,
and Christensen, G.D.: Proposed virulence
factors among coagulase-negative staphylococci isolated from two healthy popula-

144

tions. Can. J. Microbiol. 34, 901-905
(1988).
Baker, C.J., Paoletti, L.C., Wessels, M.R.,
Guttormsen, H.K., Rench, M.A., Hickman, M.E., and Kasper, D.L.: Safety and
immunogenicity of capsular polysaccharidetetanus toxoid conjugate vaccines for group
B streptococcal types Ia and Ib. J. Infect.
Dis. 179, 142-150 (1999).
Baldassarri, L., Donelli, G., Gelosia, A., Vo-

glino, M.C., Simpson, A.W., and Christensen, G.D.: Purification and characterization of the staphylococcal slime-associated
antigen and its occurrence among Staphylococcus epidermidis clinical isolates. Infect.
Immun. 64, 3410-3415 (1996).
Barbour, M.L., Mayonwhite, R.T., Coles, C.,
Crook, D.W.M., and Moxon, E.R. The
impact of conjugate vaccine on carriage of
Haemophilus influenzae type b. J. Infect.
Dis. 171, 93-98 (1995).
Campbell, W.N., Hendrix, E., Cryz, S., and
Cross, A.S.: Immunogenicity of a 24-valent Klebsiella capsular polysaccharide vaccine and an eight-valent Pseudomonas Opolysaccharide conjugate vaccine administered to victims of acute trauma. Clin. Infect. Dis. 23, 179-181 (1996).
Christensen, G.D., Simpson, W.A., Bisno,
A.L., and Beachey, E.H.: Adherence of
slime-producing strains of Staphylococcus
epidermidis to smooth surfaces. Infect. Immun. 37, 318-326 (1982).
Christensen, G.D., Parisi, J.T., Bisno, A.L.,
Simpson, W.A., and Beachey, E.H.: Characterization of clinically significant strains
of coagulase-negative staphylococci. J.
Clin. Microbiol. 18, 258-269 (1983a).
Christensen, G.D., Simpson, W.A., Bisno,
A.L., and Beachey, E.H.: Experimental foreign body infections in mice challenged
with slime-producing Staphylococcus epidermidis. Infect. Immun. 40, 407-410
(1983b).
Christensen, G.D., Baddour, L.M., and Simpson, W.A.: Phenotypic variation of Staphylococcus epidermidis slime production in
vitro and in vivo. Infect. Immun. 55, 28702877 (1987).
Cramton, S.E., Gerke, C., Schnell, N.F.,
Nichols, W.W., and Gotz, F.: The intercellular adhesion (ica) locus is present in
Staphylococcus aureus and is required for
biofilm formation. Infect. Immun. 67,
5427-5433 (1999).
Deighton, M.A., Borland, R., and Capstick,
J.A.: Virulence of Staphylococcus epidermidis in a mouse model: significance of extracellular slime. Epidemiol. Infect. 117,
267-280 (1996).
DeLisle, S. and Perl, T.M.: Vancomycin-resistant enterococci: A road map on how to
prevent the emergence and transmission of
antimicrobial resistance. Chest 123 (Suppl.

5), 504S-518S (2003).
Fattom, A.I. and Naso, R. Staphylococcal vaccines: A realistic dream. Ann. Med. 28, 4346 (1996).
Fattom, A.I., Sarwar, J., Ortiz, A., and Naso,
R.: A Staphylococcus aureus capsular polysaccharide (CP) vaccine and CP-specific antibodies protect mice against bacterial challenge. Infect. Immun. 64, 1659-1665
(1996).
Foster, T.J. and Hook, M.: Surface protein adhesins of Staphylococcus aureus. Trends
Microbiol. 6, 484-488 (1998).
Fournier, J.M., Vann, W.F., and Karakawa,
W.W.: Purification and characterization of
Staphylococcus aureus type 8 capsular
polysaccharide. Infect. Immun. 45, 87-93
(1984).
Fowler, V.G., Jr., Fey, P.D., Reller, L.B.,
Chamis, A.L., Corey, G.R., and Rupp,
M.E.: The intercellular adhesin locus ica is
present in clinical isolates of Staphylococcus aureus from bacteremic patients with
infected and uninfected prosthetic joints.
Med. Microbiol. Immunol. (Berl.) 189,
127-131 (2001).
Francois, P., Tu Quoc, P.H., Bisognano, C.,
Kelley, W.L., Lew, D.P., Schrenzel, J.,
Cramton, S.E., Gotz, F., and Vaudaux, P.:
Lack of biofilm contribution to bacterial
colonisation in an experimental model of
foreign body infection by Staphylococcus
aureus and Staphylococcus epidermidis.
FEMS Immunol. Med. Microbiol. 35, 135140 (2003).
Gelosia, A., Baldassarri, L., Deighton, M., and
van Nguyen, T.: Phenotypic and genotypic
markers of Staphylococcus epidermidis
virulence. Clin. Microbiol. Infect. 7, 193199 (2001).
Gerke, C., Kraft, A., Sussmuth, R., Schweitzer, O., and Gotz, F.: Characterization of
the N-acetylglucosaminyltransferase activity
involved in the biosynthesis of the Staphylococcus epidermidis polysaccharide intercellular adhesin. J. Biol. Chem. 273,
18586-18593 (1998).
Hatano, K. and Pier, G.B.: Complex serology
and immune response of mice to variant
high-molecular- weight O polysaccharides
isolated from Pseudomonas aeruginosa serogroup O2 strains. Infect. Immun. 66,
3719-3726 (1998).
Heilmann, C., Schweitzer, O., Gerke, C.,

145

Vanittanakom, N., Mack, D., and Gotz, F.:
Molecular basis of intercellular adhesion in
the biofilm-forming Staphylococcus epidermidis. Mol. Microbiol. 20, 1083-1091
(1996a).
Heilmann, C., Gerke, C., Perdreau-Remington,
F., and Gotz, F.: Characterization of tn917
insertion mutants of Staphylococcus epidermidis affected in biofilm formation. Infect. Immun. 64, 277-282 (1996b).
Huebner, J., Wang, Y., Krueger, W.A.,
Madoff, L.C., Martirosian, G., Boisot, S.,
Goldmann, D.A., Kasper, D.L., Tzianabos,
A.O., and Pier, G.B.: Isolation and chemical characterization of a capsular polysaccharide antigen shared by clinical isolates of
Enterococcus faecalis and vancomycin-resistant Enterococcus faecium. Infect. Immun.
67, 1213-1219 (1999).
Huebner, J., Quaas, A., Krueger, W.A., Goldmann, D.A., and Pier, G.B.: Prophylactic
and therapeutic efficacy of antibodies to a
capsular polysaccharide shared among vancomycin-sensitive and -resistant enterococci. Infect. Immun. 68, 4631-4636
(2000).
Jefferson, K.K., Cramton, S.E., Gotz, F., and
Pier, G.B.: Identification of a 5-nucleotide
sequence that controls expression of the ica
locus in Staphylococcus aureus and characterization of the DNA-binding properties of
IcaR. Mol. Microbiol. 48, 889-899 (2003).
Joyce, J.G., Abeygunawardana, C., Xu, Q.,
Cook, J.C., Hepler, R., Przysiecki, C.T.,
Grimm, K.M., Roper, K., Ip, C.C., Cope,
L., Montgomery, D., Chang, M., Campie,
S., Brown, M., McNeely, T.B., Zorman,
J., Maira-Litran, T., Pier, G.B., Keller,
P.M., Jansen, K.U., and Mark, G.E.:
Isolation, structural characterization, and
immunological evaluation of a highmolecular-weight exopolysaccharide from
Staphylococcus aureus. Carbohydr. Res.
338, 903-922 (2003).
Kojima, Y., Tojo, M., Goldmann, D.A., Tosteson, T.D., and Pier, G.B.: Antibody to the
capsular polysaccharide/adhesin protects
rabbits against catheter related bacteremia
due to coagulase-negative staphylococci. J.
Infect. Dis. 162, 435-441 (1990).
Kropec, A.P., Briggs, S., and Pier, G.B.: Abstracts of the 103rd General Meeting of the
American Society for Microbiology, Abstract E-117 (2002).

146

Lakshman, R. and Finn, A.: Meningococcal
serogroup C conjugate vaccine. Expert.
Opin. Biol. Ther. 2, 87-96 (2002).
Lee, J.C., Park, J.S., Shepherd, S.E., Carey,
V., and Fattom, A.: Protective efficacy of
antibodies to the Staphylococcus aureus
type 5 capsular polysaccharide in a modified
model of endocarditis in rats. Infect. Immun. 65, 4146-4151 (1997).
Lowy, F.D.: Antimicrobial resistance: The
example of Staphylococcus aureus. J. Clin.
Invest. 111, 1265-1273 (2003).
Mack, D., Siemssen, N., and Laufs, R.: Parallel induction by glucose of adherence and a
polysaccharide antigen specific for plastic
adherent Staphylococcus epidermidis - Evidence for functional relation to intercellular
adhesion. Infect. Immun 60, 2048-2057
(1992).
Mack, D., Nedelmann, M., Krokotsch, A.,
Schwarzkopf, A., Heesemann, J., and
Laufs, R.: Characterization of transposon
mutants of biofilm-producing Staphylococcus epidermidis impaired in the accumulative phase of biofilm production: Genetic
identification of a hexosamine-containing
polysaccharide intercellular adhesin. Infect.
Immun. 62, 3244-3253 (1994).
Mack, D., Fischer, W., Krokotsch, A., Leopold, K., Hartmann, R., Egge, H., Laufs,
R.: The intercellular adhesin involved in
biofilm accumulation of Staphylococcus
epidermidis is a linear beta-1,6-linked glucosaminoglycan: Purification and structural
analysis. J. Bacteriol. 178, 175-183 (1996).
Mack, D., Riedewald, J., Rohde, H., Magnus,
T., Feucht, H.H., Elsner, H.A., Laufs, R.,
and Rupp, M.E.: Essential functional role
of the polysaccharide intercellular adhesin of
Staphylococcus epidermidis in hemagglutination. Infect. Immun. 67, 1004-1008
(1999).
Maira-Litran, T., Kropec, A., Abeygunawardana, C., Joyce, J., Mark, G. 3rd., Goldmann, D.A., and Pier, G.B.: Immunochemical properties of the staphylococcal
poly-N-acetylglucosamine surface polysaccharide. Infect. Immun. 70, 4433-4440
(2002a).
Maira-Litran, T., Kropec, A., Pier, G.B.: Abstracts of the 103rd General Meeting of the
American Society for Microbiology, Abstract E-121 (2002b).
McKenney, D., Hubner, J., Muller, E., Wang,

Y., Goldmann, D.A., and Pier, G.B.: The
ica locus of Staphylococcus epidermidis encodes production of the capsular polysaccharide/adhesin. Infect. Immun. 66, 4711-4720
(1998).
McKenney, D., Pouliot, K.L., Wang, Y.,
Murthy, V., Ulrich, M., Doring, G., Lee,
J.C., Goldmann, D.A., and Pier, G.B.:
Broadly protective vaccine for Staphylococcus aureus based on an in vivo-expressed
antigen. Science 284, 1523-1527 (1999).
McKenney, D., Pouliot, K.L., Maira-Litran,
T., et al.: Abstracts of the 101st General
Meeting of the American Society for Microbiology, Abstract D-44 (2001).
Moreau, M., Richards, J.C., Fournier, J.M.,
Byrd, R.A., Karakawa, W.W., and Vann,
W.F.: Structure of the type-5 capsular
polysaccharide of Staphylococcus aureus.
Carbohydr. Res. 201, 285-297 (1990).
Muller, E., Takeda, S., Shiro, H., Goldmann,
D., and Pier, G.B.: Occurrence of capsular
polysaccharide adhesin among clinical isolates of coagulase-negative staphylococci. J.
Infect. Dis. 168, 1211-1218 (1993a).
Muller, E., Huebner, J., Gutierrez, N., Takeda,
S., Goldmann, D.A., and Pier, G.B.: Isolation and characterization of transposon mutants of Staphylococcus epidermidis deficient in capsular polysaccharide/adhesin and
slime. Infect. Immun. 61, 551-558
(1993b).
Murthy, S.V., Melly, M.A., Harris, T.M.,
Hellerqvist, C.G., and Hash, J.H.: The repeating
equence of the capsular polysaccharide of Staphylococcus aureus M.
Carbohydr. Res. 117, 113-123 (1983).
Naso, R. and Fattom, A.: Polysaccharide conjugate vaccines for the prevention of grampositive bacterial infections. Adv. Exp.
Med. Biol. 397, 133-140 (1996).
Obaro, S.K.: The new pneumococcal vaccine.
Clin. Microbiol. Infect. 8, 623-633 (2002).
O'Gara, J.P. and Humphreys, H.: Staphylococcus epidermidis biofilms: Importance and
implications. J. Med. Microbiol. 50, 582587 (2001).
Patrick, C.C., Plaunt, M.R., Hetherington,
S.V., and May, S.M.: Role of the Staphylococcus epidermidis slime layer in experimental tunnel tract infections. Infect. Immun. 60, 1363-1367 (1992).
Patrick, C.C., Hetherington, S.V., Roberson,
P.K., Henwick, S., and Sloas, M.M.:

Comparative virulence of Staphylococcus
epidermidis isolates in a murine catheter
model. Pediatr. Res. 37, 70-74 (1995).
Patti, J.M., Allen, B.L., McGavin, M.J., and
Hook, M.: MSCRAMM-mediated adherence of microorganisms to host tissues.
Annu. Rev. Microbiol. 48, 585-617
(1994).
Peacock, S.J., Moore, C.E., Justice, A., Kantzanou, M., Story, L., Mackie, K., O'Neill,
G., and Day, N.P.: Virulent combinations
of adhesin and toxin genes in natural populations of Staphylococcus aureus. Infect.
Immun. 70, 4987-4996 (2002).
Pelton, S.I.: Acute otitis media in an era of
increasing antimicrobial resistance and universal administration of pneumococcal conjugate vaccine. Pediatr. Infect. Dis. J. 21,
599-604 (2002).
Perdreau-Remington, F., Sande, M.A., Peters,
G., and Chambers, H.F.: The abilities of a
Staphylococcus epidermidis wild-type strain
and its slime-negative mutant to induce endocarditis in rabbits are comparable. Infect.
Immun. 66, 2778-2781 (1998).
Pozsgay, V.: Oligosaccharide-protein conjugates as vaccine candidates against bacteria.
Adv. Carbohydr. Chem. Biochem. 56,
153-199 (2000).
Richards, M.J., Edwards, J.R., Culver, D.H.,
and Gaynes, R.P.: Nosocomial infections
in medical intensive care units in the United
States. National Nosocomial Infections
Surveillance System. Crit. Care Med. 27,
887-892 (1999).
Rohde, H., Knobloch, J.K., Horstkotte, M.A.,
and Mack, D.: Correlation of Staphylococcus aureus icaADBC genotype and biofilm
expression phenotype. J. Clin. Microbiol.
39, 4595-4596 (2001).
Rupp, M.E. and Archer, G.L.: Hemagglutination and adherence to plastic by Staphylococcus epidermidis. Infect. Immun. 60,
4322-4327 (1992).
Rupp, M.E., Ulphani, J.S., Fey, P.D., and
Mack, D.: Characterization of Staphylococcus epidermidis polysaccharide intercellular
adhesin/hemagglutinin in the pathogenesis
of intravascular catheter-associated infection
in a rat model. Infect. Immun. 67, 26562659 (1999).
Rupp, M.E., Fey, P.D., Heilmann, C., and
Gotz, F.: Characterization of the importance of Staphylococcus epidermidis auto-

147

lysin and polysaccharide intercellular adhesin in the pathogenesis of intravascular
catheter-associated infection in a rat model.
J. Infect. Dis. 183, 1038-1042 (2001).
Shinefield, H., Black, S., Fattom, A., Horwith, G., Rasgon, S., Ordonez, J., Yeoh,
H., Law, D., Robbins, J.B., Schneerson,
R., Muenz, L., Fuller, S., Johnson, J.,
Fireman, B., Alcorn, H., and Naso, R.: Use
of a Staphylococcus aureus conjugate vaccine in patients receiving hemodialysis. N.
Engl. J. Med. 346, 491-496 (2002).
Shiro, H., Muller, E., Gutierrez, N., Boisot,
S., Grout, M., Tosteson, T.D., Goldmann,
D., and Pier, G.B.: Transposon mutants of
Staphylococcus epidermidis deficient in
elaboration of capsular polysaccharide/
adhesin and slime are avirulent in a rabbit
model of endocarditis. J. Infect. Dis. 169,
1042-1049 (1994).
Shiro, H., Meluleni, G., Groll, A., Muller, E.,
Tosteson, T.D., Goldmann, D.A., and Pier,
G.B.: The pathogenic role of Staphylococcus epidermidis capsular polysaccharide/ adhesin in a low-inoculum rabbit model of
prosthetic valve endocarditis. Circulation
92, 2715-2722 (1995).
Sohn, A.H., Garrett, D.O., Sinkowitz-Cochran, R.L., Grohskopf, L.A., Levine, G.L.,
Stover, B.H., Siegel, J.D., and Jarvis,
W.R., Pediatric Prevention Network: Prevalence of nosocomial infections in neonatal
intensive care unit patients: Results from
the first national point-prevalence survey. J.
Pediatr. 139, 821-827 (2001).
Sompolinsky, D., Samra, Z., Karakawa,
W.W., Vann, W.F., Schneerson, R., and
Malik, Z.: Encapsulation and capsular types
in isolates of Staphylococcus aureus from
different sources and relationship to phage
types. J. Clin. Microbiol. 22, 828-834
(1985).
Takeda, S., Pier, G.B., Kojima, Y., Tojo, M.,
Muller, E., Tosteson, T., and Goldmann,
D.A.: Protection against endocarditis due to
Staphylococcus epidermidis by immunization with capsular polysaccharide/adhesin.
Circulation 84, 2539-2546 (1991).
Theilacker, C., Coleman, F., Mueschenborn,
S., Grout, M., and Pier, G.B.: Construction and characterization of a Pseudomonas
aeruginosa mucoid exopolysaccharide/alginate conjugate vaccine. Infect. Immun. 71,
3875-3884 (2003).

148

Tojo, M., Yamashita, N., Goldmann, D.A.,
and Pier, G.B.: Isolation and characterization of a capsular polysaccharide/adhesin
from Staphylococcus epidermidis. J. Infect.
Dis. 157, 713-722 (1988).
Ulphani, J.S. and Rupp, M.E.: Model of
Staphylococcus aureus central venous catheter-associated infection in rats. Lab. Anim.
Sci. 49, 283-287 (1999).
Vasudevan, P., Nair, M.K., Annamalai, T.,
and Venkitanarayanan, K.S.: Phenotypic
and genotypic characterization of bovine
mastitis isolates of Staphylococcus aureus
for biofilm formation. Vet. Microbiol. 92,
179-185 (2003).
Wann, E.R., Gurusiddappa, S., and Hook, M.:
The fibronectin-binding MSCRAMM
FnbpA of Staphylococcus aureus is a bifunctional protein that also binds to fibrinogen. J. Biol. Chem. 275, 1386313871 (2000).
Ward, J.: Prevention of invasive Haemophilus
influenzae type-B disease - Lessons from
vaccine efficacy trials. Vaccine 9 Suppl.,
S17-S24 (1991).
Welch, P.G., Fattom, A., Moore, J., Jr.,
Schneerson, R., Shiloach, J., Bryla, D.A.,
Li, X., and Robbins, J.B.: Safety and immunogenicity of Staphylococcus aureus
type 5 capsular polysaccharide-Pseudomonas aeruginosa recombinant exoprotein
A conjugate vaccine in patients on hemodialysis. J. Am. Soc. Nephrol. 7, 247-253
(1996).
West, T.E., Lewis, B.A., and Apicella, M.A.:
Immunological characterization of an exopolysaccharide from the Staphylococcus
aureus strain Smith diffuse. J. Gen. Microbiol. 133, 431-438 (1987).
Younger, J.J., Christensen, G.D., Bartley,
D.L., Simmons, J.C., and Barrett, F.F.:
Coagulase-negative staphylococci isolated
from cerebrospinal fluid shunts: Importance
of slime production, species identification,
and shunt removal to clinical outcome. J.
Infect. Dis. 156, 548-554 (1987).
Ziebuhr, W., Heilmann, C., Gotz, F., Meyer,
P., Wilms, K., Straube, E., and Hacker, J.:
Detection of the intercellular adhesion gene
cluster (ica) and phase variation in Staphylococcus epidermidis blood culture strains
and mucosal isolates. Infect. Immun. 65,
890-896 (1997).

