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INTRODUCTION the recent emergence of clinical isolates resistant to vancomy-

Staphylococcus aureus is an opportunistic bacterial pathogen
responsible for a diverse spectrum of human and animal dis-
eases. S. aureus is associated with asymptomatic colonization of
the skin and mucosal surfaces of normal humans. However,
Staphylococcus is also a major cause of wound infections and
has the invasive potential to induce osteomyelitis, endocarditis,
and bacteremia, leading to secondary infections in any of the
major organ systems. Staphylococcal infections occur most fre-
quently when the skin or mucosal barriers are breached, fol-
lowing insertion of a foreign body, and in hosts with compro-
mised immune systems.

Because of the prevalence of antibiotic-resistant strains and
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cin (77), control of S. aureus has become increasingly difficult.
Staphylococcus plays a major role in nosocomial infections and
recently has been acknowledged as an important cause of com-
munity-acquired infections (11, 35, 40, 50). Community-
acquired S. aureus infections often occur in otherwise healthy
individuals who lack the expected risk factors for S. aureus
infections, e.g., recent hospitalization or surgery, residence in a
long-term-care facility, or use of injected drugs. It is postulated
that strains causing these community-acquired infections have
a high virulence potential because of their ability to cause
disease in immunocompetent hosts (22, 39).

The bacterial components and secreted products that affect
the pathogenesis of S. aureus infections are numerous (93) and
include surface-associated adhesins, a capsular polysaccharide,
exoenzymes, and exotoxins. This constellation of bacterial
products allows staphylococci to adhere to eukaryotic mem-
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branes, resist opsonophagocytosis, lyse eukaryotic cells, and
trigger the production of a cascade of host immunomodulating
molecules. Because of the multifactorial nature of staphylo-
coccal infections and the functional redundancy of S. aureus
adhesins and exoproteins, it has been difficult to sort out the
role that individual virulence determinants play in the patho-
genic process.

Definition of S. aureus Encapsulation

Microorganisms that cause invasive disease commonly pro-
duce extracellular capsular polysaccharides (95). Capsules en-
hance microbial virulence by rendering the bacterium resistant
to phagocytosis. Capsule production by S. aureus was first de-
scribed in 1931 by Gilbert (38). However, since capsule detec-
tion methods were crude (India ink negative staining, colony
morphology on agar plates and in serum-soft agar, and lack of
cell-associated clumping factor), very few strains of S. aureus
were recognized as capsule positive. These highly encapsulated
strains (typified by strains M and Smith diffuse) produced
mucoid colonies, resisted phagocytosis, and were virulent for
mice (13, 56, 76, 121, 122).

In 1982 Karakawa and Vann proposed a new capsular poly-
saccharide typing scheme for S. aureus based upon the prepa-
ration of absorbed rabbit antiserum to prototype S. aureus
strains (52). These investigators were the first to report that
most S. aureus strains were encapsulated, and they described
eight capsular serotypes. The heavily encapsulated strains M
and Smith diffuse were assigned to serotypes 1 and 2, respec-
tively. Strains of these two serotypes produce mucoid colonies
on solid medium, and they are rarely encountered among clin-
ical isolates (4, 49, 52, 64, 103). Isolates belonging to the
remaning serotypes produce nonmucoid colonies on solid me-
dium, and their colony morphology is indistinguishable from
that of strains lacking a capsule. Some investigators have re-
ferred to nonmucoid, encapsulated S. aureus isolates as mi-
croencapsulated to distinguish them from the atypical mucoid
strains.

Serotyping studies of staphylococcal isolates from diverse
strain collections representing several geographic regions have
revealed that serotype 5 and 8 isolates account for ~25% and
50%, respectively, of isolates recovered from humans (4, 49,
64, 103). Moreover, these two serotypes are prevalent among
isolates from clinical infections as well as from commensal
sources. Serotype 5 and 8 capsules are also made by S. aureus
strains isolated from cows, rabbits, poultry, pigs, and horses
(20, 43, 92, 104, 110). The type 5 and 8 capsules were localized
to the cell surface of clinical isolates by immunoelectron mi-
croscopy with type-specific monoclonal antibodies to stabilize
and visualize the polysaccharides (49, 103). In 1985, Sompo-
linsky et al. (103) serotyped a large collection of S. aureus
isolates from different sources and included three new sero-
types in their collection, bringing the number of putative cap-
sular serotypes to 11.

Strains that do not react with antibodies to capsule types 1,
2, 5, or 8 are currently referred to as nontypeable (2, 4, 49,
103), since neither the prototype strains nor antiserum to the
other putative serotypes is available.
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Biochemistry

Capsules or microcapsules from at least 18 S. aureus strains
have been described and at least partially characterized (122).
Each contains hexosaminuronic acids. Biochemical character-
izations have been performed on polysaccharides purified from
only four of the 11 putative capsule types. Strain M expresses
a type 1 capsule with the following structure: (—4)-a-D-
GalNACcA-(1—4)-a-D-GalNAcA-(1—3)-a-D-FucNAc-(1—),,;
a taurine residue is amide linked to every fourth b-GalNAcA
residue (70, 80). Two other strains, D (52) and SA1 mucoid
(65), produce capsules that are serologically and biochemically
similar to that produced by strain M. The Smith diffuse capsule
of serotype 2 has the structure: (—4)-B-D-GlcNACA-(1—4)-B-
DGIcNACA-(L-alanyl)-(1—),, (44).

Type 5 and 8 capsular polysaccharides (CP5 and CPS, re-
spectively) purified from the prototype strains Reynolds and
Becker, respectively, are structurally very similar to each other
and to the capsule made by strain T, described previously by
Wu and Park (123). Type 5 has the structure (—4)-3-O-Ac-B-
D-ManNAcA-(1—4)-a-L-FucNAc-(1—3)-B-D-FucNAc-(1-),,
(32, 78), and type 8 has the structure (—3)-4-O-Ac-B-D-
ManNACcA-(1—3)-a-L-FucNAc-(1—3)-B-pD-FucNAc-(1-),,
(33). Type 5 and 8 polysaccharides differ only in the linkages
between the sugars and in the sites of O-acetylation of the
mannosaminuronic acid residues, yet they are serologically dis-
tinct. The structure of CP4 was never elucidated, although the
prototype serotype 4 strain 7007 has been shown to react with
antibodies to CP5. CP4 is most likely a polysaccharide with a
trisaccharide structure identical to that of CP5 but differing in
the presence, absence, or location of the O-acetyl moieties on
the N-acetylmannosaminuronic acid residues (113). The link-
age(s) that anchors any of the S. aureus capsular polysaccha-
rides to the staphylococcal cell wall remains undefined.

HIGHLY ENCAPSULATED SEROTYPE 1 AND 2 STRAINS
Serotype 1 and 2 Capsules Impede Phagocytic Killing

Highly encapsulated S. aureus isolates have all the attributes
of classic encapsulated bacterial pathogens. Serotype 1 and 2
strains resist in vitro opsonophagocytic killing by human poly-
morphonuclear leukocytes (6, 62, 87, 116, 122, 124). In non-
immune serum, complement (C3b fragments) and antibodies
directed to S. aureus cell wall components are deposited on the
bacterial cell wall beneath the capsular layer (116, 122). The
capsule impedes the interaction between cell wall-bound C3b
or immunoglobulin and receptors for these molecules on the
phagocytic cell. As a result, the bacterium evades phagocytic
uptake. In the presence of antibodies specific for the capsule,
C3b and antibody are deposited throughout the capsular ma-
trix and on the bacterial surface, making them available for
recognition by receptors on the phagocyte (6, 116). In the
presence of specific capsular antibodies, mucoid strains are
efficiently taken up by phagocytes and killed in vitro (62, 87,
116, 122, 124).

Role of Serotype 1 and 2 Capsules in Virulence

When inoculated by the intraperitoneal route, highly encap-
sulated (serotypes 1 and 2) strains of S. aureus, like strains M
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and Smith diffuse, are more virulent for mice than are nonmu-
coid strains. This difference in virulence has been shown with
spontaneous nonmucoid variant strains (13, 56, 76, 98, 101) as
well as with isogenic strains that have been derived by genetic
methods (62, 71). Mucoid isolates are not effectively phagocy-
tosed within the peritoneal cavity, and thus these highly en-
capsulated S. aureus are free to replicate extracellularly. Mul-
tiplication of the staphylococci is accompanied by the
production of alpha toxin, resulting in mortality within 24 to
48 h of bacterial challenge (13, 56).

To determine whether the size of the S. aureus capsule
influenced virulence in vivo, our group prepared transposon-
induced mutants from a highly encapsulated serotype 1 strain
of S. aureus (62). Using mouse models of staphylococcal infec-
tion, we compared the virulence of the wild-type, highly en-
capsulated parent strain (SA1 mucoid) with that of two non-
mucoid mutants, one microencapsulated (producing less
capsule than the parental strain) and the other nonencapsu-
lated. When challenged by the intraperitoneal route, strain
SA1 mucoid had a 50% lethal dose (LDs,) for mice of 2.1 X
10* CFU. The microencapsulated and nonencapsulated mu-
tant strains had comparable LDs, values (=2 X 10® CFU) that
were similar to those of serotype 5 and 8 isolates of S. aureus
(1) and >3,000-fold higher than that of the highly encapsu-
lated parental strain. In mice challenged intravenously with the
bacterial strains, the nonmucoid mutants were cleared more
readily from the bloodstream and kidneys than strain SAl
mucoid. In an in vitro assay, only the highly encapsulated strain
demonstrated antibody-dependent, complement-mediated op-
sonophagocytosis by human leukocytes. The microencapsu-
lated and nonencapsulated mutants were opsonized for phago-
cytosis by preimmune serum with complement activity that
lacked antibodies to the capsule. These studies not only estab-
lished the importance of the type 1 capsule in staphylococcal
virulence but showed that the amount of surface-associated
capsular polysaccharide was critical in the host-parasite inter-
action.

In contrast to the enhanced virulence of the mucoid serotype
1 strain of S. aureus in the murine lethality or bacteremia
model, the same organism was poorly virulent in the rat model
of catheter-induced endocarditis (82). The inoculum dose of S.
aureus SA1 mucoid required to induce infection in 50% of
catheterized rats (IDs,) was ~4 X 10° CFU, a dose 1,000-fold
higher than that reported for serotype 5 and 8 isolates (7).
Likewise, serotype 5 and 8 S. aureus strains were less virulent
in the endocarditis infection model than were isogenic mutant
strains that were devoid of capsule production. In dose-re-
sponse experiments, the acapsular mutants showed 1D, values
~10-fold lower than those of the parental serotype 5 and 8
strains (7). Staphylococcal adherence to the damaged heart
valve is critical to initiate infection in the S. aureus endocarditis
model. The inverse correlation between capsule production
and infectivity in this model suggests that the capsule may be
masking adhesins that have been shown to be important de-
terminants of virulence in endocarditis (57, 79).

Protection Afforded by Crude Capsule Preparations

Capsular antigens were among the earliest target antigens in
vaccine studies designed to protect against staphylococcal in-
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fections. Mice immunized intraperitoneally with a single dose
of live or killed cells of strain Smith diffuse, a highly encapsu-
lated serotype 2 isolate of S. aureus, were protected against a
lethal challenge dose (10° CFU) of the homologous strain
prepared in saline and injected intraperitoneally (23, 25). Im-
munization with a heterologous strain (Cowan I, serotype 8)
was not protective against lethality induced by the Smith dif-
fuse strain of S. aureus.

Mice immunized with polysaccharide antigens extracted
from cells of Smith diffuse were not protected against chal-
lenge with 10® CFU of the homologous strain in saline (25).
However, if the staphylococcal inoculum was mixed with 5%
hog gastric mucin, the mouse-lethal dose of strain Smith dif-
fuse was reduced from 10° to 10° CFU. Under these experi-
mental conditions, immunization with polysaccharide antigens
extracted from S. aureus cells (25) or heat-stable culture su-
pernatants (31) was protective against lethality induced by the
homologous strain. The protection could be passively trans-
ferred to naive animals by the injection of immune serum (25,
30). However, no protection against infection by the Smith
diffuse strain was elicited by immunization with whole cells or
culture extracts prepared from two heterologous strains of S.
aureus. Likewise, mice immunized with the Smith diffuse strain
were not protected against a lethal inoculum of a heterologous
S. aureus isolate (strain Foggie; capsular phenotype unknown)
(24).

Protection Afforded by Purified CP1

Our group purified and chemically characterized capsular
polysaccharide from a mucoid serotype 1 strain, SA1 mucoid
(65). The virulence of this S. aureus strain for mice is indicated
by its LDs,, of 2.1 X 10* CFU (challenge by the intraperitoneal
route in saline) (62). To determine whether antibodies to pu-
rified CP1 were protective, we immunized mice with either
phosphate-buffered saline, killed strain SA1 mucoid, or puri-
fied capsular polysaccharide. Killed S. aureus elicited high lev-
els of antibodies to CP1, whereas the purified polysaccharide
was only weakly immunogenic (Fig. 1) (65, 67). One week after
the third immunization, groups of mice were challenged intra-
peritoneally with S. aureus. As shown in Fig. 2, all of the mice
immunized with formalin-killed bacteria survived lethal doses
ranging from 2 X 10° to 5 X 10° CFU, representing 10.5 to 119
times the LDy, of strain SA1 mucoid. Mice immunized with
CP1 were protected in a dose-dependent fashion, with 50% of
the animals surviving challenge with 1.5 X 10° CFU (71 times
the LDs,). Control mice immunized with phosphate-buffered
saline all died (61).

To determine whether antibodies alone were protective, an-
imals were passively immunized with normal mouse serum or
immune mouse serum raised either to formalin-killed cells of
strain SA1 mucoid cells or CP1. All 10 mice injected with
serum raised to killed S. aureus cells survived challenge with
1.5 X 10° CFU of SA1 mucoid. In contrast, none of 10 mice
passively immunized with serum raised to CP1 survived a chal-
lenge inoculum 22 times the LDs, dose (6.5 X 10° CFU) for
SA1 mucoid. All mice injected with normal serum died after
either challenge dose. The results of these studies suggest that
antibodies to CP1 are protective and that there is a correlation
between capsular antibody levels and protection against lethal-
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FIG. 1. Serum antibodies to CP1 in groups of mice immunized
intraperitoneally with either phosphate-buffered saline (PBS), 10°
CFU of formalin-killed S. aureus SA1 mucoid, or CP1. Arrows denote
immunizations, and each point represents the mean ELISA index (=
standard error) of serum diluted 1:100. The ELISA index was calcu-
lated by dividing the absorbance reading of the test serum by the
absorbance reading of a pool of high-titered immune mouse serum
(raised to killed SA1 mucoid). Data are from reference 61.

ity in mice. Active but not passive immunization with CP1
provided the mice with sufficient levels of CP1 antibodies to
protect against S. aureus-induced lethality.

Capsular antibodies were also protective in a sublethal
model of S. aureus bacteremia and renal abscess formation.
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FIG. 2. Active immunization with formalin-killed cells of S. aureus
SA1 mucoid or CP1 protects mice against lethality induced by various
challenge doses of strain SA1 mucoid. Data are from reference 61.
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Mice were immunized with killed strain SA1 mucoid or CP1, as
described above, and then challenged intravenously with one
of three S. aureus strains with various amounts of cell-associ-
ated capsule (67). Immunization with killed cells of the homol-
ogous strain protected mice against infection with each of the
three S. aureus isolates (67). Mice immunized with CP1 were
protected when challenged intravenously with either the highly
encapsulated strain SA1 mucoid or the nonmucoid microen-
capsulated mutant, but not with the acapsular mutant. Protec-
tion against infection with the encapsulated S. aureus corre-
lated with capsular antibody levels in the immunized animals.
Immunization with a heterologous strain lacking CP1 was not
protective against challenge with strain SA1 mucoid. Naive
mice passively immunized with antiserum raised to strain SA1
mucoid or CP1 had significantly fewer CFU of strain SAl
mucoid in their blood and kidney samples than did mice given
preimmune serum (67). The results of these experiments indi-
cate that capsular antibodies are protective against infection by
the prototype serotype 1 strains. Moreover, these studies pro-
vided the foundation for subsequent investigations to test
whether the more clinically relevant serotype 5 and 8 capsules
could serve as the target of protective antibodies.

SEROTYPE 5 AND 8 S. AUREUS CAPSULES

Most clinical isolates of S. aureus produce either CP5 or
CP8. The original serotyping scheme was developed by Kara-
kawa and Vann (52), who reacted CP5- or CP8-specific anti-
bodies with S. aureus capsular extracts by immunodiffusion.
Alternative methods, such as enzyme-linked immunosorbent
assay inhibition (1) or colony immunoblotting (64), allow mul-
tiple isolates to be serotyped in a shorter period of time. In
either case, CP5- and CP8-specific antibodies are necessary
reagents for these assays, which are not in widespread use
because the necessary antisera are not commercially available.
Colonies of serotype 5 and 8 strains of S. aureus are not mu-
coid, and their colony morphology is usually indistinguishable
from that of an acapsular strain.

CP5- and CP8-producing staphylococci are often referred to
as microencapsulated. This terminology is used to distinguish
these isolates from mucoid serotype 1 or 2 strains and was
based on visualization of scant capsular material produced by
staphylococci harvested from poorly aerated or logarithmic-
phase broth cultures (1). It is noteworthy that serotype 5 and 8
S. aureus cells cultivated on agar plates or in well-aerated
overnight broth cultures produce a substantial capsule, as vi-
sualized by immunoelectron microscopy (Fig. 3).

Capsule Production In Vitro

Expression of S. aureus CP5 and CP8 in vitro is highly sen-
sitive to various environmental signals and is probably influ-
enced by the in vivo environment as well (see below). Bacterial
growth conditions, such as the culture medium, have been
shown to dramatically influence capsular polysaccharide pro-
duction (19, 90, 91, 107, 108). Growth of S. aureus under iron
limitation and on solid medium both augmented production of
CP8 (68). Capsule production in vitro is inhibited by yeast
extract, alkaline growth conditions, and anaerobiasis (19, 48,
107) but enhanced by growth of the bacterium in milk (108) or
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FIG. 3. Transmission electron micrographs of S. aureus cells cultured on agar plates. Prior to fixation, both strains were incubated with rabbit
CP5-specific antibodies to stabilize and visualize the capsule. (A) CP5-producing strain Reynolds; (B) acapsular S. aureus mutant.

in medium supplemented with up to 5% NaCl (88). Capsular
polysaccharide production was not affected by changes in the
phosphate content of the medium (34).

Poutrel et al. (91) analyzed CP5-specific monoclonal anti-
body binding to 30 different serotype 5 S. aureus strains by flow
cytometry. Their results confirmed that the growth medium
affects surface expression of CP5 and revealed intraisolate
heterogeneity of cell-associated CP5 expression. Flow cytom-
etry analysis provides information on the expression of capsu-
lar polysaccharide by thousands of individual cells, and the
results revealed large variations in the amount of CP5 pro-
duced by individual bacteria in a population. There was also
striking strain-to-strain variability in the response of S. aureus
capsular polysaccharide production to environmental culture
conditions (90, 91). The results of most studies, however, have
indicated that little capsular polysaccharide is produced in the
logarithmic phase of growth and that maximal capsule produc-
tion occurs during the postexponential growth phase (15, 17,
88, 90). This observation is consistent with the fact that cap-
sular polysaccharide expression has been shown to be posi-
tively controlled by the global regulator agr (18, 72, 88). The
agr locus is a complex multigene operon in S. aureus that acts
as a two-component quorum-sensing system. Genes under the
control of agr include secreted virulence factors and adhesins
that are regulated in a growth phase-dependent manner.

Herbert et al. (48) first reported that CO, was an environ-
mental signal that regulated CP5 expression both in vitro and
in vivo. Although CP5 was expressed under normal air condi-
tions (0.03% CO,), CP5 expression by three different serotype
5 strains was inhibited by cultivation in air supplemented with
1 to 5% CO, (47, 48). CO, was shown to affect cap5 gene
expression at the transcriptional level (47). In contrast, quan-
titative detection of CP8 on different S. aureus strains culti-
vated in the presence of CO, yielded conflicting results (47).
Of nine strains tested, four showed decreased CP8 expression

in the presence of 5% CO,, in four strains the effect of CO,
was marginal, and strain Becker demonstrated enhanced CP8
expression in the presence of CO,. The authors employed
reporter gene fusion studies to determine whether specific
differences in the sequence of the cap5 or cap8 promoter would
influence the pattern of CO, regulation among different S.
aureus strains. Promoters amplified from five different strains
were fused to the reporter gene xylE; each genetic construct
was then transformed into two different S. aureus strains, the
type S strain Newman and the type 8 strain Becker. XylE
activity associated with each construct was evaluated in both
genetic backgrounds. The results indicated that the genetic
background of the individual S. aureus strain rather than the
promoter sequence determined the regulation of capsular
polysaccharide expression by CO,. XylE activity was always
upregulated by CO, in strain Becker and was always negatively
regulated by CO, in strain Newman. The authors postulated
that frans-acting regulatory molecules such as transcriptional
activators or sigma factors may be differentially expressed in
different staphylococcal strains.

Capsule Production In Vivo

Several research groups have demonstrated capsule produc-
tion in vivo. Arbeit and Nelles (5) were able to detect CP8 in
the serum of rats with experimental catheter-induced endocar-
ditis provoked by a serotype 8 strain but not in serum from
control animals infected with a serotype 5 strain. Similarly,
Arbeit and Dunn (3) reported that CP8 could be detected in
the serum of guinea pigs with persistent subcutaneous infec-
tions. Our group demonstrated CP8 production in vivo in the
endocarditis model of infection. Catheterized rabbits were in-
oculated with broth-grown S. aureus expressing low levels of
CPS8. S. aureus harvested (without subculture) from endocar-
dial vegetations of the infected rabbits 4 days later expressed a
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high level of CPS, similar to that of organisms cultivated in
vitro on solid medium (68).

We also evaluated capsule production in a mouse model of
S. aureus nasal colonization (54). Staphylococci recovered
from the nares of the colonized mice (without subculture)
expressed CP5 in vivo, and a capsule-defective mutant showed
reduced persistence in the nares compared to the parent strain
(54). Hensen et al. (45) demonstrated in vivo expression of S.
aureus CP5 in experimental bovine mastitis by immunochemi-
cal staining of tissue sections obtained from cows with acute or
chronic mastitis.

In contrast, CP5 expression was not detected in vivo in
several other staphylococcal infections. Minimal expression of
CP5 was observed in either lung tissue or nasal polyp tissue
obtained from two cystic fibrosis patients infected with S. au-
reus (48, 75). Similarly, when rats were challenged with a se-
rotype 5 S. aureus strain in the granuloma pouch model, =5%
of the cells harvested from the pouch exudates were CP5 pos-
itive (48). In both of these tissues, the absence of CP5 expres-
sion correlated with elevated CO, levels (=4%). As discussed
above, CO, has been shown to be an environmental signal that
downregulates CP5 expression in vitro (47, 48).

Phagocytic Killing of Serotype S and 8 S. aureus Strains

Early reports on the role of the capsule in the pathogenesis
of S. aureus infections were conflicting. Karakawa et al. re-
ported that the production of CP5 or CP8 protected the bac-
terium from phagocytic uptake and killing by human polymor-
phonuclear leukocytes (51). They showed that serotype 5 and
8 S. aureus strains were opsonized for in vitro phagocytic killing
only in the presence of either heat-inactivated polyclonal rab-
bit serum or monoclonal antibodies as opsonic sources. Anti-
bodies to teichoic acid or to heterologous capsule types lacked
opsonic activity. The results of these experiments suggested an
important role for capsular antibodies in phagocytic clearance
of serotype 5 and 8 S. aureus strains.

In contrast, our laboratory performed similar experiments
but obtained very different results. Serotype 5 and 8§ isolates
grown to logarithmic phase were opsonized for phagocytosis by
either preimmune serum with complement activity or heat-
inactivated serum raised to type 5, type 8, or nonencapsulated
S. aureus strains (121). Our results indicated that antibodies to
the capsule or to cell wall components other than the capsule
were opsonic for serotype 5 and 8 staphylococci. However,
because these experiments were performed with staphylococci
harvested in the logarithmic phase of growth, little to no cap-
sular polysaccharide was expressed (15, 88). When the exper-
iments were repeated after growing the staphylococci under
conditions of optimal capsule expression, the bacteria resisted
opsonophagoctyic killing in the presence of either complement
or antibodies. The serotype 5 strain Reynolds was efficiently
killed by human polymorphonuclear leukocytes only after op-
sonization with both specific capsular antibodies and comple-
ment (109). These results confirmed the initial observations
reported by Karakawa et al. (51) and underscore the influence
of culture conditions on the biological properties of S. aureus
serotype 5 and 8§ isolates.
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Interaction of S. aureus Capsules with Serum
Complement Components

Opsonization of S. aureus is critical for uptake and killing of
the bacterium by professional phagocytic cells. Complement
and antibody are the principal serum opsonins and have been
shown to play an important role in opsonophagocytic killing of
the staphylococcus (69, 87, 116, 117). C3b and its degradation
fragment iC3b are the principal complement opsonins and
represent important components of the host innate immune
system. C3b can potentially be generated by three activation
pathways —the classical, alternative, and lectin pathways. The
classical pathway is most commonly activated by the interac-
tion of antibody (immunoglobulin G [IgG] or IgM) with an
antigenic bacterial surface. The alternative pathway, activated
by a repeating polysaccharide or similar polymeric structure, is
probably most important in nonimmune serum lacking anti-
bodies specific to the bacterium. The lectin pathway is medi-
ated through a mannan-binding lectin found in serum.

Studies on the interaction between complement components
and the more clinically relevant capsular types of S. aureus
were only recently reported (15, 16). Cunnion et al. (15) chal-
lenged control and C3-depleted mice intravenously with 107
CFU of a serotype 5 S. aureus strain. Whereas only 8% of the
control mice succumbed to the infection, 64% of the comple-
ment-depleted animals died. The investigators also evaluated
the in vitro parameters of C3 binding to serotype 5 and 8§
isolates of S. aureus. At a high serum concentration (20%),
similar to whole blood), the alternative pathway was active,
contributing 90% of the total C3 binding to S. aureus. At a
lower serum concentration (2%) that might be present in tis-
sues, the classical complement pathway predominated.

In a comparison of bacterial strains grown on solid medium,
a CP5 strain bound 42% fewer C3 molecules than its isogenic
capsular polysaccharide-negative mutant. Both C3b and iC3b
fragments of C3 bound to S. aureus cells (15, 16), and about
one third of the bound C3b was shed from the bacterial surface
as iC3b regardless of the capsular polysaccharide phenotype of
the strain. CP5 was shown to mask C3 fragments deposited on
the organism from binding to complement receptor 1 (16). The
observation that encapsulated S. aureus organisms interfere
with opsonization by complement is consistent with the fact
that these cells are poorly phagocytosed in normal human
serum (109). Ongoing studies by our group are aimed at de-
termining whether purified CP5 or CP8 activates complement
in human serum.

Role of Serotype 5 and 8 Capsules in Virulence

The first capsule-deficient mutant from the serotype 5 pro-
totype strain Reynolds was obtained by Tn9/8 mutagenesis (1).
In addition, the type 5 strain was mutagenized with ethyl meth-
anesulfonate to obtain a capsule-negative mutant. The initial
virulence studies were performed with inocula composed of
logarithmic-phase S. aureus cells. The results showed that the
LDs, values for the wild-type and capsule-negative mutant
strains were similar, between 4 X 10°® and 9 X 10® CFU per
mouse (1). Similarly, animals injected intraperitoneally with
either wild-type or mutant strains had comparable levels of
bacteremia at 3 and 24 h after challenge. Quantitative cultures
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of blood and kidneys from animals challenged intravenously
with sublethal doses of the S. aureus strains showed no differ-
ences in bacterial clearance or renal abscess formation. The
results of these experiments suggested that the type 5 and 8
capsules produced by most S. aureus isolates did not enhance
bacterial virulence in the animal models tested.

The virulence of the serotype 5 strain Reynolds in a mouse
bacteremia model of infection was reexamined by inoculating
mice with organisms cultivated on solid medium, which sup-
ports optimal capsule expression (109). The wild-type strain
showed an LD, value that was 10-fold lower than that of the
capsule-negative mutant. Likewise, strain Reynolds sustained a
significantly higher level of bacteremia and was cleared from
the bloodstream of the infected animals less readily than the
CP5-deficient mutant strains. We attributed this to the anti-
phagocytic nature of CP5, because in vitro assays indicated that
the parental strain was susceptible to phagocytic killing by
human polymorphonuclear leukocytes only in the presence of
specific capsular antibodies (109). Capsule-deficient mutant
strains (or the parental strain grown in poorly aerated broth
cultures, where little capsule is expressed on the bacterial sur-
face) were opsonized for phagocytic killing by nonimmune
serum with complement activity.

A serotype 5 S. aureus strain was shown to be more virulent
than an isogenic, acapsular mutant in a mouse model of renal
abscess formation and in a subcutaneous abscess model of
infection (89). Likewise, the type 5 strain was more virulent
than its capsule mutants when compared in a murine model of
septic arthritis (83). Mice inoculated with the prototype strain
Reynolds developed more frequent and severe arthritis than
mice inoculated with the CP5 mutant strains. Furthermore,
mice challenged with the wild-type strains had a higher mor-
tality rate and more pronounced weight loss than mice inocu-
lated with the mutants. In vitro assays indicated that mouse
macrophages were not able to phagocytose the parental strain
Reynolds as efficiently as a capsule-defective mutant. Once
phagocytosed, the CP5-positive strain was less efficiently killed
than the mutant strain (83).

As noted above in the studies related to the serotype 1
capsule, capsular polysaccharide production attenuates staph-
ylococcal virulence in the rat model of catheter-induced endo-
carditis (82). In a comparative study, we evaluated the
virulence of serotype 5 and 8 S. aureus strains and their cap-
sule-deficient mutants in the endocarditis model (7). Catheter-
ized animals were challenged with inocula ranging from 10? to
10° CFU/rat. Mutants derived from serotype 5 and 8 S. aureus
strains that were deficient in capsule production had IDs,
values ~10-fold lower than those of the parental strains (7).
These observations are consistent with the inverse relationship
that has been demonstrated between encapsulation and bac-
terial adherence to or invasion of host tissues (36, 106, 105).
The capsule may be masking adhesins that have been shown to
be important virulence determinants in endocarditis (57, 79).

The influence of capsule production on in vitro adherence of
the staphylococcus to endothelial cells was recently reported
(88). The data from that study indicate that S. aureus adher-
ence to endothelial cells is maximal during the logarithmic
phase of growth, when CP5 production is minimal. In the
stationary phase of the bacterial growth cycle, the organisms
are poorly adherent, and staphylococcal capsule expression is
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maximal. A mutation in the regulatory agr locus diminished
CP5 production and led to increased staphylococcal adherence
to endothelial cells in culture. Likewise, induction of CP5 ex-
pression by addition of NaCl to the growth medium resulted in
reduced staphylococcal adherence. An acapsular mutant
showed significantly greater adherence to endothelial cells
than did the parental serotype 5 strain. Complementation ex-
periments restored capsule production and reduced adherence
to a level similar to that of the parental strain. The results from
these studies suggest that the binding domain of the S. aureus
adhesin for endothelial cells is masked by CPS5. Similarly, we
have observed that expression of both CP5 and CP8 diminishes
S. aureus clumping factor A-mediated binding to fibrinogen
(J. C. Lee, unpublished observations).

IMMUNOMODULATORY PROPERTIES OF
CAPSULAR POLYSACCHARIDE

Our group recently investigated the role of S. aureus CP5
and CP8 in modulating abscess formation in an experimental
rat model of intraabdominal infection (112). S. aureus is a
potent inducer of abscess formation in rats; the D5, value for
abscess induction was <100 CFU/rat. An acapsular mutant
strain also induced abscesses, but its ID5, was 20-fold greater
than that of strain Reynolds (P = 0.02). Purified CP5 and CP8
facilitated intraabdominal abscess formation in animals when
given intraperitoneally with a sterile cecal contents adjuvant.

Structural studies of CP8 revealed that it has a zwitterionic
charge motif conferred by the negatively charged carboxyl
group of N-acetylmannosaminuronic acid and free amino
groups available on partially N-acetylated fucosamine residues.
Chemical modifications that neutralized the charged groups on
CP8 also abrogated its ability to provoke abscesses in vivo,
indicating that this charge motif was critical for CP8 biological
activity. As shown in Table 1, animals treated subcutaneously
with CP8 24 h before challenge with homologous or heterolo-
gous zwitterionic polysaccharides were protected against ab-
scess formation (112). Likewise, treatment with CP8 protected
against challenge with viable S. aureus strains that produced
CP5 or CPS.

CPS8 purified from S. aureus was a potent activator of rat and
human CD4™" T cells in vitro (112). A biological role for CD4™*
T cells activated by CP8 was demonstrated by transferring
activated T cells with adjuvant to the peritoneal cavities of
naive rats. This transfer facilitated peritoneal abscess forma-
tion. Alternatively, if the activated T cells were administered by
the intracardiac route 24 h before challenge with viable S.
aureus, they conferred protection against abscess formation.
These results offer a structure-function rationale for abscess
formation by S. aureus and provide the groundwork for exam-
ining the role of the capsule in the induction of abscesses at
other body sites.

CP5 AND CP8 AS PROTECTIVE ANTIGENS

Immunity to S. aureus infections remains poorly understood.
Although there appears to be little resistance to colonization
by S. aureus, healthy humans and animals have a high degree of
innate resistance to invasive staphylococcal infections. In fact,
experimental S. aureus infections are difficult to establish in
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TABLE 1. Protection against abscess formation by S. aureus CP8*

No. of rats with

Challenge ngtr;lge)n t Challenge” absce(s(sj/:;/total P Z;n:?(l)lln ¢
Heterologous Saline CP8 24/27 (89)
polysaccharide ~ CP8 CP8 7/19 (37) 0.0003
(20 pg) Saline PSA 17/20 (85)
CP8 PSA 3/20 (15) <0.0001
Heterologous Saline PS80 17/20 (85)
S. aureus CP8 PS80 6/18 (33) 0.002
(107 CFU) Saline COL 12/14 (86)
CP8 COL 4/15 (27) 0.003

“ Data are adapted from Tzianabos et al. (112).

® PSA, capsular polysaccharide A, a zwitterionic polysaccharide isolated from
Bacteroides fragilis. PS80 and COL are serotype 8 and 5 S. aureus strains, respec-
tively.

human and animal hosts, requiring an inoculum containing
millions of organisms and, in many cases, the concomitant
introduction of a foreign body (21, 41, 100). Natural immunity
in the host is attributed to epidermal and mucosal surface
barriers and to intact cellular and humoral immune defenses.
The phagocytic response of polymorphonuclear leukocytes is
the body’s first line of defense against invasion by S. aureus and
a critical determinant in the outcome of staphylococcal infec-
tions. Factors that influence opsonophagocytic killing include
the strain of S. aureus involved and the presence of opsonizing
antibodies and complement. Once phagocytosed by leukocytes,
most S. aureus cells are readily killed intracellularly.

Protection Afforded by Whole-Cell Vaccines

Normal humans have serum antibodies to S. aureus cell wall
components, including peptidoglycan, teichoic acid, CPS5, and
CPS8 (2, 12, 27, 115, 119, 120). However, levels of antibodies to
CP5 and CP8 in normal human serum are low (27). In an in
vitro opsonophagocytic killing assay, <50% of the inoculum of
a serotype 5 strain was opsonized for phagocytic killing by
human polymorphonuclear leukocytes in fresh normal human
serum (109). However, if a pool of serum from humans immu-
nized with a CP5-conjugate vaccine (see below) was added to
the assay as an opsonic source, 95% of the bacterial inoculum
was killed. These data suggest that the level of capsular anti-
bodies in normal humans is not sufficient to promote efficient
opsonophagocytic killing of an encapsulated S. aureus strain.
Boosting capsular antibody levels by immunization may corre-
late with enhanced bacterial clearance in humans at risk for
staphylococcal infections.

Several studies evaluated the protective efficacy of antibod-
ies to CP5 and CPS8 in experimental models of S. aureus infec-
tion. The first report evaluated the protective efficacy of cap-
sular antibodies in a rat model of catheter-induced
staphylococcal endocarditis (82). Rats were actively immu-
nized with killed serotype 5 S. aureus cells or passively immu-
nized intravenously with CP5 antiserum. Control animals were
injected with saline or passively immunized with normal rabbit
serum. Despite having elevated levels of capsular antibodies,
the immunized animals were susceptible to staphylococcal en-
docarditis, and immunized and control animals had similar
numbers of bacteria in the blood and vegetations. Likewise,
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antibodies to teichoic acid failed to protect the animals against
staphylococcal endocarditis in this study (82) and in that re-
ported by Greenberg et al. (42). These initial studies with
whole killed S. aureus cells as immunogens did not offer prom-
ise that capsular antibodies alone would protect against staph-
ylococcal infection.

Protection Afforded by CP5 and CP8 Antigens

Most purified capsular polysaccharides are poorly immuno-
genic in animals and humans. The immunogenicity of polysac-
charides is classically T-cell independent, and no booster re-
sponse is observed following multiple immunizations. Neither
CP5 nor CP8 elicit serum antibodies when injected into mice
(27, 28, 46) or cows (37, 111). However, if purified polysaccha-
rides are covalently coupled to protein carrier molecules, they
gain both increased immunogenicity and T-cell-dependent
properties. Polysaccharide-protein conjugate vaccines elicit
high levels of polysaccharide-specific antibodies, and antibody
levels rise following booster doses of the vaccine. Several lab-
oratories have synthesized conjugate vaccines consisting of S.
aureus CP5 and CPS8 covalently linked to protein (27, 37, 94).
These conjugates are highly immunogenic in mice, cows, and
humans, and they induce antibodies that opsonize serotype 5
and 8 S. aureus strains for phagocytosis (27, 28).

Fattom et al. (27) conjugated S. aureus CP5 and CP8 to
nontoxic recombinant exotoxin A from Pseudomonas aerugi-
nosa and administered this preparation to mice. The mice
developed serum antibodies to the polysaccharides after two
injections; the third injection stimulated a booster response.
Differences in the carrier proteins and the chemical methods
used to couple the proteins to the polysaccharide affected the
magnitude of the immune response in mice, but these variables
did not affect the distribution of IgG subclasses detected in
immune serum (26). Use of monophosphoryl lipid A as an
adjuvant enhanced the immunogenicity of the conjugate vac-
cines and induced a shift in the IgG subclass composition
toward the more opsonic IgG2a and IgG2b subclasses in the
immunized mice.

The protective efficacy of antibodies to the CP5-recombi-
nant exotoxin A conjugate vaccine was tested in a mouse
model of lethality and disseminated infection (29). Immuniza-
tion with CP5-recombinant exotoxin A protected mice against
lethality induced by a serotype 5 S. aureus strain. Ten days after
bacterial challenge, 33 of 45 mice immunized with the conju-
gate survived, compared with 4 of 30 mice injected with phos-
phate-buffered saline. Similarly, passive immunization with im-
mune IgG protected mice against S. aureus-induced lethality.
Passive immunization of mice with immune IgG also resulted
in a reduction in the level of bacteremia at 6 and 24 h after
intraperitoneal inoculation of mice with a sublethal dose of
serotype 5 S. aureus. In addition, fewer animals given immune
IgG showed metastatic infection by S. aureus in their livers,
kidneys, and peritoneal lavage fluids (Table 2).

Antibodies to the S. aureus capsular polysaccharide conju-
gate vaccine were then evaluated in a modified, catheter-in-
duced model of staphylococcal endocarditis (66). In that study,
rats were passively immunized intraperitoneally with IgG pu-
rified from nonimmunized rabbits or from rabbits immunized
with the bivalent CP5- or CP8-recombinant exotoxin A conju-
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TABLE 2. CP5-specific antibodies given subcutaneously
protect mice against systemic infection induced by
5 X 10* CFU of S. aureus”
Normal IgG Immune IgG
Sample Mean CFU No. of positive Mean CFU No. of positive
mice/total 4 mice/total
Peritoneal 0.28 X 10? 7/18 7 % 10! 1/20
lavage fluid

Liver 4.03 x 10? 14/18 0.37 x 10" 5/20
Kidney 7.20 X 10% 17/18 0.28 x 10 3/20

“ Data are adapted from Fattom et al. (29).

gate vaccine. The following day the immunized rats were chal-
lenged by the intraperitoneal route, which resulted in a slow
infusion of S. aureus into the blood of the catheterized rats. As
shown in Table 3, rats given capsular antibodies showed a
significantly (P < 0.05) lower prevalence of staphylococcal
endocarditis (induced by each of three strains) than rats in-
jected with nonimmune IgG. Similarly, quantitative cultures of
the blood, kidneys, and aortic valve vegetations revealed that
fewer S. aureus cells were recovered from rats given capsule-
specific IgG than from rats administered nonimmune IgG.
Human antibodies to the CP5 and CP8 conjugate vaccine also
protected rats against endocarditis induced by two of three
different serotype 8 S. aureus strains (J. C. Lee, unpublished
data).

The protection afforded by capsular antibodies elicited by
the conjugate vaccine is in contrast to the lack of protection
reported earlier by Nemeth and Lee (82). In that study, cap-
sular antibodies were elicited by immunization with killed bac-
teria rather than by a capsular polysaccharide-conjugate vac-
cine. Another difference in experimental design between the
two studies was that Nemeth and Lee (82) challenged the rats
with an intravenous bolus dose of organisms, whereas in the
more recent study, the animals were challenged by the intra-
peritoneal route. Capsular antibodies elicited by the conjugate
vaccine did not protect against endocarditis when the bacterial
inoculum was delivered as a bolus dose by the intravenous
route to rabbits (A. S. Bayer, M. Ing, E. Kim, M. R. Yeaman,
S. Shepherd, R. Naso, and A. Fattom, Abstr. 36th Int. Conf.
Antimicrob. Agents Chemother., abstr. G-096) or rats (J. C.
Lee, unpublished data). This finding suggests that the protec-
tive effect of capsular antibodies in the study reported by Lee

CLIN. MICROBIOL. REV.

et al. (66) may have been due primarily to local clearance of
the bacterial cells in the peritoneal cavity, thereby preventing
the staphylococci from gaining access to the bloodstream. The
variable results of these vaccine studies underscore the impor-
tance of testing vaccine efficacy in multiple models of experi-
mental S. aureus infection.

Active Immunization of Humans with
CP5-CP8 Conjugate Vaccines

Fattom and colleagues at Nabi, Inc. (Boca Raton, Fla.),
prepared conjugates of CP5 and CPS8 linked to recombinant
exotoxin A that are intended for commercial use. They com-
bined the two polysaccharide vaccines into a bivalent vaccine
called StaphVax that is intended for immunization of individ-
uals at high risk for S. aureus infection.

Phase I and II clinical trials. The CP8- and CP5-recombi-
nant exotoxin A conjugate vaccines were evaluated for safety
and immunogenicity in 70 healthy adult volunteers (27). Nei-
ther conjugate caused significant local or systemic reactions in
the volunteers. The conjugate vaccine induced capsular po-
lysaccharide-specific antibodies of both the IgM and IgG
classes. A second injection 6 weeks later did not have a booster
effect. The authors suggest that due to low levels of prevacci-
nation capsular antibodies in these subjects, the initial vacci-
nation behaved more like a booster than a primary dose.

Nabi conducted a phase II, double-blinded, placebo-con-
trolled clinical study of StaphVax in ~230 chronic ambulatory
peritoneal dialysis patients, individuals who are at high risk of
staphylococcal disease. The patients were actively immunized
with StaphVax, and their antibody responses and infection
rates were monitored. The vaccine was shown to elicit only
mild local or systemic symptoms. The results of this trial indi-
cated that the vaccine dose of 25 pg of each capsular polysac-
charide in the conjugate formulation was suboptimal in these
patients. Their antibody responses to the vaccine were weak,
and they had infection rates similar to those of nonimmunized
patients.

In subsequent phase II clinical trials, 32 volunteers with
end-stage renal disease and 29 healthy controls were injected
twice (6 weeks apart) with 25 pg of CP5-recombinant exotoxin
A or the bivalent conjugate vaccine (25 pg each of CP5 and
CPS8 linked to recombinant exotoxin A). The vaccines elicited
only mild local or systemic symptoms in both populations (119;

TABLE 3. CP5-specific antibodies given intraperitoneally protect against endocarditis in rats challenged with serotype 5 S. aureus®

Challenge strain and dose of S. Log CFU/ml of No. of rats Vegetation Log CFU/g of Log CFU/g of
aureus and IgG type blood at 24 h infected/total wt (g) vegetation kidney
Reynolds (4 X 107 CFU)
Normal 431 4/4 0.012 11.0 7.33
CP-specific 0.70 0/5 0 34 1.05
Lowenstein (6 X 107 CFU)
Normal 1.30 8/11 0.011 11.0 7.84
CP-specific 0.70 4/13 0.003 3.4 4.85
VP (7 X 107 CFU)
Normal 3.93 7/9 0.009 10.2 7.20
CP-specific 0.70 1/9 0 34 2.06

“ Data are adapted from Lee et al. (66) with permission.
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G. Horwith, personal communication). Four weeks after the
second dose of vaccine, 23 of 24 healthy volunteers and 14 of
17 patients in one study responded to the immunization with a
=4-fold rise in preimmunization IgG and IgM antibody levels.
However, the IgG and IgM levels of the patients were only
~50% of those achieved by the healthy controls at all postim-
munization intervals. The monovalent and bivalent vaccines
did not contain any adjuvant. Data from animal studies indi-
cate that enhanced immunogenicity may be achieved by incor-
porating an adjuvant such as monophosphoryl lipid A (26).

Phase III clinical trial. Between 1998 and 2000, Nabi con-
ducted a double-blind clinical trial to evaluate the safety, im-
munogenicity, and efficacy of StaphVax for prevention of bac-
teremia in 1,800 patients with end-stage renal disease receiving
hemodialysis (99). These patients are at high risk for staphy-
lococcal infection, with 3 to 4 of every 100 patients infected
with S. aureus per year. Half of the patients in the trial were
administered a placebo, and the other half were immunized
with a single injection of Nabi’s bivalent StaphVax (100 wg
each of CP5 and CP8 conjugated to an equal weight of non-
toxic recombinant exotoxin A). Efficacy was estimated by com-
paring the incidence of S. aureus bacteremia in the patients
who received the vaccine with the incidence in control patients
over weeks 3 to 54 following immunization.

During this time interval, the vaccine reduced the incidence
of bacteremia in the study population by only 26% (not signif-
icant, P = 0.23) (99). However, when the data were analyzed to
include only the time period between weeks 3 and 40, the
vaccine efficacy was estimated to be 57% (P = 0.02). During
this time period, S. aureus bacteremia developed in 11 of 892
patients in the vaccine group, compared with 26 of 906 patients
in the control group. After 40 weeks the antibody levels in the
vaccinated patients declined, mirroring the decline in efficacy
of the vaccine. There were no significant differences in the
number of deaths in the vaccine and control groups, and none
of the deaths were considered related to the vaccine.

Many new questions were raised as a result of this clinical
trial. Does immunization reduce S. aureus nasal colonization in
these patients? Why was there no obvious correlation between
capsular antibody levels induced by vaccination and suscepti-
bility to staphylococcal bacteremia? Does impaired phagocyte
function in these patients (about half are diabetic) explain why
the estimated protective level of protective antibodies (>80
pg/ml) is so high? Can a vaccine that only targets the capsular
polysaccharide protect patients against a bacterium with such a
multitude of virulence determinants (adhesins, exoenzymes,
and exotoxins)? Since CP5 and CP8 are not expressed in vitro
during the logarithmic phase of bacterial growth or under all
experimental conditions, does this contribute to the lack of
efficacy of StaphVax in the clinical trial? Nabi plans another
phase III clinical trial of their CP5-CP8 vaccine in hemodialysis
patients. It is hoped that continued evaluation of StaphVax
and other multicomponent S. aureus vaccines will lead to an-
swers to some of these important questions.

PASSIVE IMMUNIZATION OF HUMANS WITH
CAPSULAR ANTIBODIES

Another goal of Nabi, Inc., is to immunize healthy people
with StaphVax to generate an immunoglobulin product with
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high levels of antibodies to S. aureus CP5 and CP8. Polyclonal
antibodies have been purified from the plasma of healthy in-
dividuals who were immunized with StaphVax. The IgG anti-
body generated in this fashion, referred to as AltaStaph, would
be administered in passive immunization studies to patients
who are at immediate risk for staphylococcal infection. The
circulating half-life of such antibodies is estimated to be 14 to
21 days (81). Twenty-nine infants with very low birth weight, at
high risk for staphylococcal infection, were enrolled in a phase
I-II safety and pharmacokinetics study conducted between
1998 and 1999 at the University of Texas. Subjects, stratified by
weight (501 to 1,000 g and 1,001 to 1,500 g), were administered
two injections of AltaStaph 2 weeks apart. Three doses (500,
750, and 1,000 pg kg~ ') of AltaStaph were administered, as-
sessing the safety of each dose prior to escalating to the next
dose level. The results indicated that all of the doses were well
tolerated. Additional trials with AltaStaph are planned to test
its efficacy as a prophylactic agent to prevent bacteremia. In
addition, Nabi hopes to evaluate the therapeutic effect of Al-
taStaph as an adjunct to antibiotics in patients with docu-
mented S. aureus infection (G. Horwith, personal communica-
tion).

GENETIC ANALYSIS OF S. AUREUS
CAPSULE EXPRESSION

The earliest studies on the genetics of staphylococcal capsule
expression were reported by Smith et al. (102), who showed
that plasmid DNA did not play a role in capsule expression by
the serotype 2 strain Smith diffuse. Ohtomo and Yoshida (84)
subsequently provided evidence that chromosomal genes en-
code proteins involved in capsule biosynthesis by using DNA
prepared from an encapsulated strain to transform a nonen-
capsulated S. aureus recipient.

Serotype 1 Capsule Gene Cluster

The capsule genes from the highly encapsulated S. aureus
strain M (serotype 1) were cloned and sequenced in the labo-
ratory of C. Y. Lee (60, 71, 74). Fifteen genes (caplA through
caplO) clustered together on the bacterial chromosome con-
stitute the capsule biosynthesis locus (capl) in strain M. The
capl operon was shown to be unique to serotype 1 isolates by
Southern hybridization experiments performed under high-
stringency conditions (58).

Molecular characterization, mutagenesis, and transcrip-
tional analysis of the cap! locus showed that the 15 cap! genes
were transcribed in the same orientation, resulting in a single
~15.5-kb transcript (71, 85). Five internal promoters within
the capl operon were identified but were much weaker than
the primary promoter located upstream of the first gene,
caplA, as measured by gene fusion experiments with Pseudo-
monas xylE as the reporter (85). Nevertheless, the internal
promoters were demonstrated to be biologically functional.
Ouyang and Lee (85) proved that the internal promoters were
sufficiently active for CP1 expression by creating a CP1-nega-
tive mutant strain in which the promoter upstream of caplA
was deleted. CP1 expression was restored to the mutant by
integrating a single copy of a DNA fragment comprising the
promoter upstream of caplA together with caplA through
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FIG. 4. SCCcap! and flanking sequences from S. aureus strain M.
Vertical arrowheads represent attachment sites of the SCCcapl ele-
ment. The capl operon is shown by double-headed arrows, as is the
Weer gene complex of three open reading frames conserved among
SCCmec elements. A novel enterotoxin gene (ent) and a truncated
transposase gene (#rp*) identified outside of the SCCcapl are indi-
cated by short arrows. The DNA region to the left of the ent gene is
homologous to a gene region found in NCTC 8325, but many of the
open reading frames within this region contain mutations. Data are
adapted from Luong et al. (74).

caplE at the phage L54a attB site in the chromosome (remote
from the capl locus). This construct physically separated the
primary promoter together with the first five genes from the
downstream capl genes. The recombinant strain was mucoid
and produced a level of CP1 similar to that of the wild-type
strain, indicating that transcription of the downstream capl
genes by internal promoters was sufficient for capsule synthesis.

Recently, a 50-kb region comprising the cap! gene locus and
flanking region was sequenced (74). From this analysis, Luong
et al. proposed that the capl operon is located within a staph-
ylococcal cassette chromosome (SCC) element similar to the
type III SCCmec island associated with methicillin resistance in
S. aureus. The capl operon comprises more than half the size
of the 27.4-kb SCCcapl element (Fig. 4). The right boundary
of SCCcapl, nearly identical to that of other SCCmec ele-
ments, had an a#tR site located approximately 10 kb down-
stream from the cap! operon. The left boundary of SCCcapl,
located 1 kb upstream of the cap! cluster, contained direct and
inverted repeats that matched the SCCmec consensus for att
sites. The authors observed a high occurrence of mutations,
deletions, and rearrangements within SCCcapl and its left
flanking region. Notably, only the cap! genes and the entero-
toxin gene located in the DNA region flanking SCCcapl were
intact and functional. The SCCcap! element carries defective
recombinase genes required for mobilization events (74), and
this defect likely prevents the element from moving horizon-
tally. This recombinase defect may at least partially explain
why serotype 1 strains are so rare among clinical isolates of S.
aureus.

A genetic analysis of the promoter upstream of caplA4 in
strain M (85) showed that deletions upstream of the —35
region had no effect on promoter activity, as measured by xylE
reporter gene fusion experiments. The capl promoter required
no upstream cis-acting element for activity, suggesting that the
capl genes are constitutively expressed. Nonetheless, produc-
tion of the typel capsule has been shown to be unstable both
in vitro and in vivo. Nonmucoid revertants of strain M arose at
a frequency of 10~* at 37°C and 1072 to 3.8 X 10! at 43°C
(60). Loss of the mucoid phenotype in strain M was due not to
rearrangements but to random mutations within the genes in
the cap! locus (59).
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Switching between the mucoid and nonmucoid phenotypes
of a serotype 1 strain has been shown to occur upon animal
passage. When nonmucoid mutants of strain M were injected
intraperitoneally into mice, only mucoid colonies were recov-
ered from the peritoneal washes of mice that succumbed to
challenge (98). In contrast, loss of the mucoid phenotype was
observed in a sublethal model of renal abscess formation. Or-
ganisms isolated from mouse kidneys early in the infection
(prior to day 10) were all mucoid. However, by day 24, the
majority of colonies cultured from the kidneys of infected
animals were no longer mucoid, even though they were other-
wise phenotypically identical to the mucoid challenge strain
(J. C. Lee, unpublished observations). Thus, serotype 1 and 2
capsules, although not regulated at the transcriptional level,
may be regulated by mutation and reversion in the structural
genes required for capsule production.

Serotype 5 and 8 Capsule Gene Clusters

The nucleotide sequences of both the cap5 and cap8 gene
clusters (GenBank accession numbers U81973 and U73374,
respectively) have been determined (96). C. Y. Lee’s labora-
tory sequenced the cap8 gene cluster, and the laboratories of
T. J. Foster and J. C. Lee sequenced the cap5 gene cluster. The
cap5 and cap§ loci are allelic and comprise a ~17.5-kb region
of the chromosome; each contains 16 closely linked genes,
cap5A (cap8A) through capSP (cap8P), transcribed in one ori-
entation (Fig. 5). Both CP5 and CP8 are composed of the same
three sugar residues, ManNAcA, L-FucNAc, and p-FucNAc.
Therefore, it is not surprising that 12 of the 16 genes in the two
gene clusters are nearly identical (96). The type-specific genes
are located in the central region of the loci (comprising cap5SH,
cap5l1, cap5J, and cap5K and the same genes for cap8), and they
showed little homology between the two gene clusters. Wann
and coworkers (118) transduced cap5HIJK into the type 8
strain P1; the genes were integrated into the chromosome by
homologous recombination, with the reciprocal loss of
cap8HIJK. The resultant strain produced CP5, indicating that
capSHIJK was responsible for CP5 serotype specificity.

Molecular characterization of the cap8 locus. Sau et al. re-
ported that 11 of the 16 cap8 open reading frames are required
for CP8 synthesis (97). Chromosomal mutations in cap84,
cap8B, cap8C, capSJ, and cap8P had no effect on the level of
CPS8 expression, as determined by immunoblotting detection
techniques with CP8 antiserum. The cap84 mutation, made by
a five-codon in-frame insertion, may have resulted in a silent
mutation that did not affect CP8 expression. CP8 produced by
a cap8B mutant exhibited a lower molecular mass than that
made by the wild-type strain Becker, so Cap8B is likely a
regulator of CP8 chain length. Because a cap8/ mutant did not
react with a monoclonal antibody specific to O-acetylated CPS,
Cap8J is probably an O-acetyltransferase, similar to Cap5SH,
discussed below. The function of Cap5C and Cap8C is un-
known, and, as discussed below, Cap5P is not essential because
it has a functional homologue elsewhere on the staphylococcal
chromosome (51).

Fusion studies with xy/E as the reporter gene indicated
that the promoter upstream of cap84 was the principal
promoter, although weak internal promoters were observed
in front of most of the downstream cap8 genes. Analysis of
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the cap8 gene sequence revealed several inverted and direct
repeats upstream of the primary promoter. Ouyang et al.
(86) performed deletion analyses and site-directed mu-
tagenesis to demonstrate that one of these repeats, a 10-bp
inverted repeat located 14 bp upstream of the cap8 pro-
moter, was essential for promoter activity. Mutations within
the 10-bp repeat reduced CPS8 production to an undetect-
able level. The inverted repeat could serve as a DNA bind-
ing site for an activator that regulates cap8 gene transcrip-
tion. Efforts to identify such a DNA-binding activator are
under way in the laboratory of C. Y. Lee.

Luong and Lee recently replaced the native cap8 reporter of
strain Becker with the strong constitutive promoter of the capl
operon from strain M (73). The resultant strain, CYL770,
synthesized approximately sevenfold more cap8-specific
mRNA than wild-type strain Becker, and the strain produced
about 80-fold more CP8. The CP8-overproducing strain
CYL770 was more resistant to in vitro opsonophagocytic kill-
ing by human polymorphonuclear leukocytes. In a mouse in-
fection model of bacteremia, strain CYL770 persisted longer in
the bloodstream, liver, and spleen than the parent strain
Becker. These results were the first to show that CP8 promoted
S. aureus virulence in an animal model of infection, since
previous studies had employed serotype 5 strains. The results
of these studies also confirm those performed with serotype 1
strains (62) that demonstrated a positive correlation between
increased capsule production and bacterial virulence.

BIOSYNTHESIS OF TYPE 5 CAPSULAR
POLYSACCHARIDE

Until recently, little was known about the biosynthesis or
regulation of capsule expression by S. aureus. ManNACcA, L-
FucNAc, and p-FucNAc residues are components of S. aureus
CP5 and CP8, but some of these sugars are also present in
other bacterial polymers, such as the enterobacterial common
antigen, capsular polysaccharides produced by Streptococcus
pneumoniae and Bacteroides fragilis, and O antigens expressed
by Pseudomonas aeruginosa and Escherichia coli (53). Many of
the genes involved in the biosynthesis of these sugars are sim-
ilar among these disparate genera. Because these polysaccha-

rides play a clearcut role in the host-parasite interaction, a
better understanding of their biosynthesis can further our un-
derstanding of bacterial pathogenesis and may offer new tar-
gets for therapeutic development.

A comparison of the amino acid sequences of the putative
cap5 and cap8 gene products with sequences found in the
databases allowed us to predict functions for 15 of the 16 open
reading frames and to propose a pathway for CP5 biosynthesis
(Fig. 6). The laboratory of J. C. Lee has elucidated the function
of six of the 16 cap5 genes.

cap5SH

The predicted amino acid sequence of CapSH encodes a
protein of ~26 kDa with a high degree of homology to a family
of bacterial O-acetyltransferase genes. A mutant of S. aureus
strain Reynolds containing a Tn9/8 insertion within capSH
produced wild-type levels of O-deacetylated CP5 (9). When
provided in frans, cap5SH complemented the gene defect in the
O-deacetylated mutant. A type 5 strain with a cap5H mutation
was less virulent than the parent strain in a mouse model of
staphylococcal infection. In an in vitro assay, the parental
strain was more resistant to opsonophagocytic killing than the
cap5H mutant strain (9). These data suggest that the O-acety-
lated CP5 may be more proficient than the O-deacetylated
polysaccharide in protecting S. aureus from host defenses.

cap5P and cap50

The putative gene products of cap5P and cap50 bear ho-
mology to epimerase and dehydrogenase enzymes, respec-
tively, that are involved in the biosynthesis of UDP-N-acetyl-
mannosaminuronic acid (UDP-ManNAcA) from the precursor
UDP-N-acetylglucosamine (UDP-GIcNAc) (96). The gene
product of the cap5P gene was overexpressed in Escherichia
coli, purified, and shown to have 2-epimerase activity, convert-
ing UDP-N-acetylglucosamine (UDP-GIcNAc) to UDP-N-
acetylmannosamine (UDP-ManNAc) (53). Surprisingly, CP5
expression was not affected by insertional inactivation of
cap5P. Kiser et al. demonstrated that this was due to the
presence of a second UDP-GIcNAc-2-epimerase, mnaA, on



230 O’RIORDAN AND LEE

(CapSN)
4-reductase
> UDP-D-FucNA¢c ——» |

UDP-2-acetamido-
2,6-dideoxy-D-~

Cap5D
(Cap3D) xylo-4-hexulose

4,6-dehydratase

(CapSE)
4,6- dehydratase
3,5- epimerase

(Cap5F)
UDP-2-  |reductase
acetamido-2,6

dideoxy-L-lyxo-
4-hexulose

UDP-D-GlcNAc NAD(P)+

NAD(P)H

(Cap3P) \
2-gpimerase

UDP-D-ManNAc

NAD+
NADH
(Cap50)

dehydrogenase

[ADPH
ADP+

CLIN. MICROBIOL. REV.

carrier lipid

(Cap5M)

transferase carrier lipid

D—IucNAc

carlrier lipid

(c?p5G) (CapsL) D-FucNAc
2-cpimerase transferase ‘

- —p —> »
UDP-L-6dTalNAc UDP-L-FucNAc L-FucNAc

carrier lipid

D-FucNAc

UDP-D-ManNAcA Egilzgl)'ase L-F;JCNAC
\ D-ManNAcA

(Capst) ;
O-acetyltransferase

(Cap5J, CapSK)
polymerase, flippase
(Cap5A, Cap5B)
chain length

determinants CPs

FIG. 6. Proposed pathway for the biosynthesis of S. aureus CP5. The gene products for which functions have been experimentally determined
are shown in boxes. UDP-D-GIcNAc, UDP-2-acetamido-2-deoxy-D-glucose or UDP-N-acetyl-D-glucosamine; UDP-pD-ManNAc, UDP-2-acet-
amido-2-deoxy-D-mannose or UDP-N-acetyl-D-mannosamine; UDP-L-FucNAc, UDP-2-acetamido-2,6-dideoxy-L-galactose or UDP-N-acetyl-L-
fucosamine; UDP-D-ManNAcA, UDP-2-acetamido-2-deoxy-D-mannuronic acid or UDP-N-acetyl-D-mannosaminuronic acid; UDP-D-QuiNAc,
UDP-2-acetamido-2,6-dideoxy-D-glucose or UDP-N-acetyl-D-quinovosamine; UDP-L-6dTalNAc, UDP-2-acetamido-2,6-dideoxy-L-talose or UDP-

N-acetyl-L-pneumosamine.

the staphylococcal chromosome outside of the cap5 or cap$
locus (53).

The predicted amino acid sequence of Cap50O shows homol-
ogy to dehydrogenase enzymes involved in the biosynthesis of
ManNAcA (96). Portoles et al. overexpressed Cap50 in E.
coli, purified the enzyme, and demonstrated that it oxidized
UDP-ManNAc to UDP-ManNAcA in an NAD *-dependent
reaction (89). A cap50 mutation created in S. aureus Reynolds
rendered the bacterium negative for CPS; capsule expression
was restored when cap50 was provided to the mutant in trans.

cap5SE, capSF, and cap5G

The putative gene products of capSE, cap5F, and cap5G
were predicted to be involved in the synthesis of UDP-N-
acetyl-L-fucosamine (UDP-L-FucNAc) (63). Recently, S. au-
reus CapSE, Cap5F, and Cap5G (and the homologues in
Pseudomonas aeruginosa) were purified and shown to synthe-
size UDP-L-FucNAc in vitro from the precursor UDP-D-Glc-
NAc (55). Cap5E was shown to be a multifunctional enzyme
that catalyzes the 4,6-dehydration and 3,5-epimerization of
UDP-GIcNAc to yield a mixture of three ketodeoxy sugars.
The third intermediate (UDP-2-acetamido-2,6-dideoxy-B-L-
lyxo-4-hexulose) was subsequently reduced at C-4 by Cap5F to
yield UDP-2-acetamido-2,6-dideoxy-L-talose (UDP-L-6dTal-
NAc). Incubation of UDP-L-6dTalNAc with Cap5G resulted in
a new peak that was separable by capillary electrophoresis and
presumed to be UDP-L-FucNAc. By mass spectroscopy, the
new peak showed mass and fragmentation patterns identical to

those of UDP-L-6dTalNAc. This result, consistent with
2-epimerization of UDP-L-6dTalNAc to UDP-L-FucNAc, was
supported by the significant homology of Cap5G to other
2-epimerases (55). This report was the first to elucidate the
biosynthetic pathway leading to UDP-L-FucNAc, a sugar res-
idue common to several microbial capsules and lipopolysac-
charide O antigens.

Previous reports by Wann and coworkers (118) indicated
that the cap5E gene was essential for capsule production. A
naturally occurring mutation in S. aureus NCTC 8325-4 could
be mapped to cap5SE, rendering the strain CP5 negative. If
capSE was provided to the strain in frans, capsule expression
was restored. It has become apparent from sequence analysis
of cap5E from this strain that a single amino acid change
(M134 to R134) is responsible for its defect in capsule synthe-
sis (55). This cap5E point mutation occurs in the SMK domain,
a catalytic triad that has been determined to be critical for the
activity of many functionally related enzymes.

Gene-specific mutations constructed in cap5F or cap5G of
strain Newman abolished CP5 production (55). cap5G, pro-
vided in frans, restored CP5 production to the Newman cap5G
mutant. However, capSF did not appear to have a promoter to
initiate its own transcription, since a plasmid carrying cap5F
alone failed to complement the cap5F mutation. However,
complementation of the cap5F deletion mutant could be
achieved by introducing a plasmid carrying capSABCDEF into
the mutant strain. A control plasmid carrying capSABCDE did
not restore CP5 expression to the cap5F mutant (55).
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Other cap5 and cap8 Genes

Although functions have been ascribed to other capsule
genes based on sequence homology (59, 63), experimental
evidence is lacking to support their actual activities. Cap5SB and
Cap8B could be a regulator of polysaccharide chain length,
since CP8 produced by a cap8B mutant exhibited a lower
molecular mass than that synthesized by the wild-type strain
(63). Cap5D and Cap5N are likely involved in the synthesis of
UDP-p-FucNAc. Based on its homology to other proteins that
are involved in the biosynthesis of bacterial polysaccharides,
such as P. aeruginosa WbpM (10, 14), we predict that Cap5D
has 4,6 dehydratase activity, converting the precursor UDP-
GIcNAc to UDP-2-acetamido-2,6 dideoxy-p-xylo-4-hexulose.
This intermediate could then be stereospecifically reduced at
C-4 to UDP-p-FucNAc by Cap5N. Cap5N shares considerable
identity (40%) at the amino acid level with various UDP-Glc-
4-epimerases. However, Cap5N also has at least two motifs
that are characteristic of proteins with reductase activity: a
GxxGxxG nucleotide binding motif and an SYK domain that is
the signature for a family of enzymes that includes many re-
ductases. Work is underway in our laboratory to experimen-
tally verify this pathway. The functions of these genes and the
cap5 and cap8 genes involved with putative transferase, poly-
merase, and flippase activities are still unconfirmed.

GENETIC REGULATION OF CAPSULE EXPRESSION

The regulatory loci agr and sarA4 control the expression of
many S. aureus adhesins and exoproteins. The agr locus is a
complex multigene system that responds to bacterial cell den-
sity. At high cell densities, a secreted octapeptide binds to the
membrane receptor AgrC, activating the AgrA regulator by a
phosphorylation mechanism. Phosphorylated AgrA upregu-
lates promoters within the agr locus to produce the regulatory
effector molecule RNA III. The staphylococcal accessory reg-
ulator (sarA) gene product activates the agr promoter as well as
the promoters of certain other virulence genes, independently
of agr. SarA binds to a consensus motif upstream of the —35
sequences of those promoters that it regulates.

Dassy et al. (18) first demonstrated that agr positively regu-
lated CP5 production by S. aureus, and this observation was
confirmed by Polhlmann-Dietze et al. (88). Subsequently, Lu-
ong et al. (72) constructed agr and sarA single mutants and an
agr-sarA double mutant from the serotype 8 strain Becker. The
agr mutant showed minimal CP8 production and minimal cap8
gene transcription, confirming that agr is a major regulator of
CPS8 expression. The results of gene fusion studies indicated
that regulation by agr was exerted at the transcriptional level.
The sarA gene was also shown to activate cap8 gene expression
at the transcriptional level, but the effect was only minor com-
pared to that of agr (72). Likewise, van Wamel et al. reported
that agr positively regulated cap5 expression both in vitro and
in vivo in a rabbit endocarditis model (114). In comparison,
sarA exerted a lesser positive impact on cap5 expression. Re-
cently, Luong et al. (74a) described a novel global regulator
called mgr that bears homology to the MarR family of tran-
scriptional regulators. mgr upregulated CP8 and nuclease ex-
pression but repressed alpha toxin, coagulase, protease, and
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protein A expression. The specific role of other global regula-
tors in capsule expression is still unknown.

CONCLUSIONS

The capsular polysaccharides expressed by S. aureus are
clearly important in the pathogenesis of staphylococcal infec-
tions. They enhance staphylococcal virulence by impeding
phagocytosis, resulting in bacterial persistence in the blood-
stream of infected hosts. S. aureus capsules also promote ab-
scess formation. Although CP5 and CPS8 have been shown to
modulate S. aureus adherence to endothelial surfaces in vitro,
animal studies suggest that the capsule promotes bacterial col-
onization and persistence on mucosal surfaces. S. aureus cap-
sular antigens are surface associated, limited in antigenic spec-
ificity, and highly conserved among clinical isolates.

With the emergence of vancomycin-resistant S. aureus in the
United States in 2002, new strategies are needed to combat
staphylococcal infections. CP5 and CPS offer promise as target
antigens for a vaccine to prevent staphylococcal infections,
although the inclusion of other antigens is likely to be essential
in the development of an effective S. aureus vaccine. The ge-
netics and mechanisms of capsule biosynthesis are complex,
and much work remains to enhance our understanding of cap-
sule biosynthesis and its regulation.
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