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Most Staphylococcus aureus isolates produce either a serotype 5 (CP5) or 8 (CP8) capsular polysaccharide, and the CP antigens
are targets for vaccine development. Since CP5 and CP8 have similar trisaccharide repeating units, it is important to identify an
epitope shared by both CP5 and CP8. To characterize cross-reactivity between CP5 and CP8, the immunogenicity of CP5 and
CP8 conjugate vaccines in mice and rabbits was evaluated by serological assays. Immune sera were also tested for functional ac-
tivity by in vitro opsonophagocytic-killing assays and a murine bacteremia model. Antibodies to the CP5-cross-reactive material
197 (CRM197) conjugate vaccine bound only to purified CP5. In contrast, antibodies to the CP8-CRM conjugate vaccine reacted
with CP8 and (to a lesser extent) CP5. De-O-acetylation of CP5 increased its reactivity with CP8 antibodies. Moreover, CP8 anti-
bodies bound to Pseudomonas aeruginosa O11 lipopolysaccharide, which has a trisaccharide repeating unit similar to that of the
S. aureus CPs. CP8-CRM antibodies mediated in vitro opsonophagocytic killing of S. aureus expressing CP5 or CP8, whereas
CP5-CRM antibodies were serotype specific. Passive immunization with antiserum to CP5-CRM or CP8-CRM protected mice
against bacteremia induced by a serotype 5 S. aureus isolate, suggesting that CP8-CRM elicits antibodies cross-reactive to CP5.
The identification of epitopes shared by CP5 and CP8 may inform the rational design of a vaccine to protect against infections
caused by CP5- or CP8-producing strains of S. aureus.

Staphylococcus aureus is a major bacterial pathogen that causes
skin and soft tissue infections and invasive diseases, such as

bacteremia, pneumonia, osteomyelitis, endocarditis, and sepsis.
Many virulence factors contribute to the pathogenesis of staphy-
lococcal infections, including surface-associated adhesins, se-
creted exoproteins and toxins, and immune evasion factors (1, 2).
Like many invasive bacterial pathogens, S. aureus produces a cap-
sular polysaccharide (CP) that enhances its resistance to clearance
by host innate immune defenses (3). Most strains of S. aureus are
encapsulated, and those that produce a serotype 5 (CP5) or sero-
type 8 (CP8) capsule predominate among clinical isolates (4, 5).
Encapsulated S. aureus strains are more virulent than isogenic
acapsular mutants in rodent models of staphylococcal bacteremia
(6, 7), surgical wound infection (8), septic arthritis (9), and sub-
cutaneous (8) and renal (10) abscess formation.

Staphylococcal CP5 and CP8 have similar trisaccharide repeat-
ing units (Fig. 1A) consisting of N-acetyl mannosaminuronic acid
(ManNAc), N-acetyl-L-fucosamine (L-FucNAc), and N-acetyl-D-
fucosamine (D-FucNAc) (11). CP5 and CP8 are reportedly sero-
logically distinct (12, 13), and this has been attributed to differ-
ences in the linkages between the sugars and in the sites of
O-acetylation. Staphylococcal CP conjugate vaccines elicit anti-
bodies that promote opsonophagocytic killing (OPK) of S. aureus
(6), and immunization has been shown to protect experimental
animals against staphylococcal bacteremia, lethality, mastitis, os-
teomyelitis, and endocarditis (3, 14–18).

Bacterial CPs can elicit a long-lasting immune response in hu-
mans if they are coupled to a protein carrier that contains T-cell
epitopes. However, production of these vaccine glycoconjugates is
complex and expensive. Due to the nonspecific nature of the
chemical conjugation, the vaccine is heterogeneous, variable from
batch to batch, and produced with low yield. To improve CP con-

jugate vaccine production, some researchers have prepared syn-
thetic carbohydrate-based vaccines based on the well-defined
chemical structures of polysaccharides produced by Streptococcus
pneumoniae, Haemophilus influenzae type b, and S. aureus (19–
21). Other novel approaches include glycoengineering strategies,
wherein bioconjugate vaccines are synthesized as recombinant
glycoproteins by Escherichia coli (15, 22). For either approach, it is
important to identify immunogenic epitopes that elicit opsonic
and protective antibodies against the target microbe. Because S.
aureus produces only two major capsular serotypes with similar
structures, it would be of value to identify shared immunogenic
epitopes. In this study, antibodies elicited by CP5 or CP8 conju-
gate vaccines were evaluated for their reactivity with purified S.
aureus CP5 and CP8 in the native and de-O-acetylated forms. We
identified a common epitope that elicits protective antibodies
against both serotype 5 and 8 S. aureus.

MATERIALS AND METHODS
Bacterial strains and growth conditions. S. aureus Reynolds (CP5) and
Reynolds (CP8) are isogenic strains that produce similar quantities of
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either CP5 or CP8; these strains and S. aureus Newman were described
previously (7, 23). Reynolds �cap5H produces wild-type levels of de-O-
acetylated CP5 (24). NRS 382 (USA100) is a hospital-associated methicil-
lin-resistant S. aureus isolate obtained from the Network on Antimicro-
bial Resistance in Staphylococcus aureus program supported under NIAID
NIH contract no. HHSN272200700055C. Bacteria were grown on tryptic
soy agar or Columbia agar plus 2% NaCl plates at 37°C for 24 h.

Animal experiments. Animal studies were approved by the Harvard
Medical Area Institutional Animal Care and Use Committee. CP5 and
CP8 conjugate vaccines, produced by conjugating CP5 or CP8 to cross-
reactive material 197 (CRM197) (25), a nontoxic recombinant variant of
diphtheria toxin, were provided by Wyeth Pharmaceuticals (Collegeville,
PA). Rabbit antisera were obtained by immunization with 10-�g CP doses
of the conjugate vaccines. CP5-exoprotein A (Epa) (from Pseudomonas
aeruginosa) and CP8-Epa vaccines, purified IgG from rabbits immunized
with the vaccines (15), and P. aeruginosa serotype O11 antiserum were
provided by GlycoVaxyn AG (Schlieren, Switzerland). The conjugate vac-
cines were �90% O-acetylated.

Female ICR mice (3 to 4 weeks old), obtained from Harlan Sprague
Dawley, Inc., were immunized by the subcutaneous route with 2.5 �g
of CP5-CRM or CP8-CRM on days 0, 5, and 10. Mice immunized with
CRM alone or with phosphate-buffered saline (PBS) served as con-
trols, and all mice received aluminum hydroxide adjuvant. The mice
were bled by tail vein puncture before each immunization and again 1
week after the last dose (day 17). Sera from individual mice were tested
by enzyme-linked immunosorbent assay (ELISA), and sera from mice
bled on day 17 were pooled for the OPK assay. For passive immuniza-
tion, Swiss Webster mice (7 to 8 weeks old; Taconic Farms) were
injected intraperitoneally with 0.5 ml sera from rabbits immunized
with CP5-CRM or CP8-CRM. After 24 h, the mice were challenged by
the intraperitoneal route with S. aureus Reynolds (CP5) (1 � 107 CFU/
mouse). Heparinized blood was obtained by cardiac puncture 2 h after
bacterial challenge for quantitative cultures.

Antibody binding assays. CP5 and CP8 were purified and chemically
de-O-acetylated as described previously (27). Sera were serially diluted

and tested by ELISA in microtiter plates coated with purified CP5 or CP8
(4 �g/ml) coupled to poly-L-lysine (28). Immunoblots were performed
on CP5-Epa and CP8-Epa vaccines separated on SDS-PAGE gels. The
blots were probed with antibodies to Pseudomonas exotoxin A (Sigma) or
sera from rabbits immunized with killed encapsulated CP5� or CP8�

bacteria. The latter sera were rendered CP specific by absorption with
strain Wood 46 (protein A negative) and isogenic acapsular mutant
strains (7, 8) that were trypsinized to remove protein A.

OPK assays. HL60 cells (ATCC) were cultured in RPMI 1640 contain-
ing L-glutamine (Mediatech) and supplemented with 10% heat-inacti-
vated fetal bovine serum (HyClone), L-glutamine, 100 units/ml of peni-
cillin, and 100 �g/ml of streptomycin (Mediatech) at 37°C in 5% CO2.
The cells were differentiated to granulocytes by culturing in RPMI 1640
with 10% fetal bovine serum, 1% L-glutamine, and 0.8% N,N-dimethyl-
formamide at a starting density of 4 � 105 cells/ml for 5 to 6 days.

The OPK assay was performed as described previously with modifica-
tions (29). Briefly, differentiated HL60 cells were washed in 1� Hanks’
balanced salt solution (HBSS) and suspended in 1� HBSS containing
Ca2�/Mg2� and 0.1% gelatin (HBSS��). Trypan blue staining was used
to distinguish dead from live leukocytes. The assay was performed in
round-bottom polystyrene 96-well plates, and each well (80 �l) contained
4 � 105 viable HL60 cells, 1 � 103 CFU S. aureus, various dilutions of
heat-inactivated rabbit or mouse serum, and 1% guinea pig serum (Ce-
darlane) as a complement source. Control samples included S. aureus
incubated with complement and HL60 cells (no antibody), S. aureus in-
cubated with antibodies and complement (no HL60 cells), and S. aureus
and HL60 cells only. The 96-well plates were incubated at 37°C with shak-
ing at 700 rpm. After 2 h, 20 �l 1% Triton X-100 was added to each well to
lyse the HL60 cells. After a 3-min incubation at 37°C with shaking, 5-�l
aliquots of the final reaction mixtures were plated in duplicate on tryptic
soy agar plates. The percent change in the number of CFU/ml (i.e., killing)
was defined as the reduction in the number of CFU/ml after 2 h compared
with the number at time zero, and the opsonic titer was calculated as the
highest serum dilution that yielded �50% bacterial killing.

FIG 1 S. aureus CP5 and CP8 conjugated to protein elicit capsular antibodies in mice. (A) CP5 and CP8 have similar trisaccharide repeating units comprised of
ManNAc, L-FucNAc, and D-FucNAc. (B and C) Groups of ICR mice (n � 18) were immunized with 2.5 �g of CP5-CRM or CP8-CRM on days 0, 5, and 10. Each
mouse serum was diluted 1:100 and tested by ELISA on plates coated with purified CP5 (B) or CP8 (C). The ELISA index was determined by dividing the
absorbance reading of the test serum by the absorbance reading of a pool of high-titer immune mouse sera included on the same plate. The data shown are mean
ELISA indices � standard errors.
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Statistical analyses. ELISA and OPK data were analyzed using the
unpaired two-tailed Student t test (Prism 4 software). Quantitative cul-
ture data from mice were analyzed by the Mann-Whitney U test.

RESULTS
Serologic response of mice to CP5-CRM and CP8-CRM. Since
CP5 and CP8 alone do not elicit high-titer antibodies, CPs were
conjugated to CRM197. Mice immunized with CP5-CRM or
CP8-CRM produced serum antibodies to CP5 or CP8, respec-
tively, that peaked a week after the last immunization (Fig. 1B and
C). No detectable CP-specific antibodies were generated by vacci-
nation with CRM alone or PBS (data not shown). Sera from mice
vaccinated with CP5-CRM were nonreactive on microtiter plates
coated with CP8. However, sera from mice immunized with CP8-

CRM reacted with both CP8 (Fig. 1C) and CP5 (Fig. 1B), and we
designated this one-way cross-reactivity.

Serologic response to CP5-Epa and CP8-Epa. The one-way
cross-reactivity that we observed between CP8-CRM antibodies
and purified CP5 (but not CP5-CRM antibodies and purified
CP8) was unexpected. We performed similar cross-reactivity ex-
periments with rabbit antiserum raised to CP5- and CP8-Epa vac-
cines to ensure that the cross-reactivity that we observed was due
to the polysaccharides and not due to some undetected property
of the carrier protein.

Mice actively immunized with CP5-Epa or CP8-Epa showed a
serotype-specific immune response (data not shown). Rabbits
were immunized with CP5-Epa, and IgG prepared from these sera
reacted by ELISA with purified CP5 (Fig. 2A), but not CP8 (Fig.
2B). In contrast, rabbits immunized with CP8-Epa produced an-
tibodies reactive with CP8 (Fig. 2B) and, to a lesser extent, with
CP5 (Fig. 2A). Recombinant Epa, CP8-Epa, and CP5-Epa vaccines
were separated by SDS-PAGE and reacted by Western blotting
with antibodies to Epa, CP5, or CP8. As shown in Fig. 3, CP5
antisera reacted only with the CP5 vaccine, whereas the CP8 anti-
serum bound to both CP5-Epa and CP8-Epa conjugates.

Cross-reactive epitope. Although CP5 and CP8 have similar
trisaccharide repeating units (Fig. 1A), at least part of their sero-
logic distinctiveness can be attributed to differences in O-acetyla-
tion of the sugar residues (11). O-Acetyl groups modify the third
carbon of the CP5 L-FucNAc residue and the fourth carbon of the
CP8 N-acetyl manosaminuronic acid residue (Fig. 1A). The sub-
strate specificity of the O-acetyltransferase biosynthetic enzymes
is consistent with the minimal homology (27% identity) that the
cap5H and cap8J O-acetyltransferase gene products share with one
another (30). The influence of the O-acetyl moieties on the cross-
reactivity of the CPs was investigated by comparing the ELISA
reactivities of rabbit sera to CP5-CRM or CP8-CRM on microtiter

FIG 3 Serologic reactivity of CP5- and CP8-specific antiserum to Epa, CP8-
Epa, and CP5-Epa assessed by immunoblotting. Epa, CP8-Epa, and CP5-Epa
were separated by SDS-PAGE and detected by serum antibodies produced by
immunization with rabbit serum raised to killed encapsulated bacteria (CP5�

or CP8�) and absorbed with acapsular strains to render the sera CP5 or CP8
specific.

FIG 2 Rabbit antibodies to CP8-Epa and CP8-CRM cross-react with CP5. Purified rabbit IgG to CP5-Epa or CP8-Epa (A and B) or rabbit immune serum to
CP5-CRM or CP8-CRM (C and D) was serially diluted and tested by ELISA on plates coated with purified CP5, de-O-acetylated-CP5, CP8, or de-O-acetylated
CP8. The data represent means (� standard errors) of three independent experiments. OD, optical density.
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plates coated with either native or de-O-acetylated CPs. Rabbit
IgG to CP5-Epa (Fig. 2A) and rabbit serum to CP5-CRM (Fig. 2C)
were serotype specific and bound somewhat better to native CP5
than to de-O-acetylated CP5. Binding of CP5 antibodies to CP8 or
de-O-acetylated CP8 was not detectable (Fig. 2B and D). CP8-
CRM and CP8-Epa induced antibodies reactive with CP8 (Fig. 2B
and D), and CP8-CRM rabbit serum showed better binding to
native CP8 than to de-O-acetylated CP8 (Fig. 2D), confirming
previous observations that O-acetyl groups are immunodominant
CP epitopes (26). Of note, antibodies to CP8-Epa (Fig. 2A) and
CP8-CRM (Fig. 2C) bound to CP5, and the level of cross-reactive
antibody binding was enhanced after de-O-acetylation of CP5.

OPK of S. aureus with immune sera. To determine whether
the cross-reactive antibodies induced by CP8-CRM were func-
tional, we evaluated the opsonic activity of CP5-CRM and
CP8-CRM rabbit and mouse sera (diluted 1:40 [final]) against
encapsulated S. aureus. Consistent with our ELISA results (Fig. 1),
CP5-CRM mouse serum was opsonic only for Reynolds (CP5),
whereas CP8-CRM mouse serum was opsonic for both S. aureus
Reynolds (CP5) and Reynolds (CP8) (Fig. 4A). Samples lacking
mouse serum, HL60 cells, or a complement source showed little to
no bacterial killing. Likewise, rabbit serum raised to CP5-CRM
showed serotype-specific opsonic activity, whereas rabbit serum
to CP8-CRM promoted opsonophagocytic killing of both Reyn-
olds (CP5) and Reynolds (CP8) (Fig. 4B). Preimmune rabbit se-
rum was not opsonic. Although the levels of antibodies reacting
with the CP5 antigen were low (as measured by ELISA), our re-
sults indicate that the cross-reactive antibodies induced by CP8-
CRM were sufficient to opsonize a serotype 5 S. aureus strain for
killing by phagocytes. Similarly, CP8-CRM antiserum showed op-

sonic activity when the serotype 5 strains Newman and USA100
were used as target strains in the OPK assay. The CP5-specific
serum was opsonic at serum dilutions as high as 1:360 (strain
Newman) or 1:1,080 (USA100), whereas CP8-CRM immune sera
showed an opsonic titer of 120 for both S. aureus serotype 5 New-
man (Fig. 4C) and USA100 (Fig. 4D).

OPK of S. aureus �cap5H. The de-O-acetylated CP5 str-
ucture contains the identical 	-L-FucNAc-(1¡3)-D-FucNAc
(L-FucNAc-D-FucNAc) disaccharide present in CP8. We had previ-
ously constructed an isogenic mutant (Reynolds �cap5H) of S.
aureus that does not O-acetylate its CP5 (24). We used this mutant
to determine whether the opsonic activity of CP8 antibodies
would be enhanced against an S. aureus strain unable to O-acety-
late its CP5. As shown in Fig. 5A, CP5-CRM antiserum had similar
opsonic titers against Reynolds (CP5) and its �cap5H mutant. In
contrast, CP8-CRM antiserum showed greater opsonic activity
against the de-O-acetylated mutant than the wild-type strain
Reynolds (CP5) (Fig. 5B) at CP8-CRM antiserum dilutions of
1:360 (P 
 0.05) and 1:1,080 (P 
 0.01). Thus, the cross-reactive
opsonic activity of CP8-CRM antiserum was enhanced against an
S. aureus strain producing de-O-acetylated CP5, similar to the
increased binding of CP8-CRM antiserum to de-O-acetylated
CP5, with which ELISA plates were coated (Fig. 2C).

Cross-reactivity with P. aeruginosa serotype O11. The in-
creased serologic and functional activities of CP8 antibodies to
de-O-acetylated CP5 suggest that the cross-reactive epitope lies in
the L-FucNAc-D-FucNAc disaccharide common to the two CP
types. To test this hypothesis, we measured the binding of CP5 and
CP8 rabbit antisera to P. aeruginosa O11 lipopolysaccharide (LPS)
(31), which also contains the L-FucNAc-D-FucNAc disaccharide

FIG 4 Opsonic activity of serum antibodies generated by immunization with CP5-CRM or CP8-CRM against S. aureus strains. The test mixture contained
diluted sera, S. aureus, guinea pig serum as a complement source (concentration, 1%), and differentiated HL60 cells. (A and B) Pooled mouse serum (A) or rabbit
serum (B) was tested at a 1:40 dilution. Controls lacking antibody, HL60 cells, and complement were included in each assay, as shown in panel A. (C and D)
Serially diluted rabbit serum was analyzed against S. aureus serotype 5 strains Newman (C) and USA100 (D). The results are expressed as percent change in the
number of CFU/ml at 2 h compared to the number of CFU/ml at time zero. The data shown are means (� standard errors) of two or more experiments. *, P 

0.05; **, P 
 0.01.

Park et al.

5052 iai.asm.org Infection and Immunity

http://iai.asm.org


in its repeating unit (Fig. 6). P. aeruginosa O11 antiserum showed
high-titer reactivity against the homologous O11 antigen. CP8-
CRM antibodies also bound to P. aeruginosa O11 LPS by ELISA,
whereas control sera (CP5-CRM antiserum, O1-Epa antiserum,
and preimmune serum) showed minimal reactivity. These find-
ings lend support to the premise that the L-FucNAc-D-FucNAc is
the cross-reactive CP5/8 epitope and that the O-acetylated CP5
disaccharide is immunodominant in CP5 conjugate vaccines.

In vivo cross protection of antibodies to CP8-CRM. Having
demonstrated that CP8-CRM immunization can induce cross-
reactive antibodies against S. aureus CP5 in both ELISA and OPK
in vitro assays, we assessed the protection afforded by passive im-
munization in a mouse bacteremia model. The results of a previ-
ous study had documented that antibodies to CP5 or CP8 signif-
icantly reduced bacteremia in mice when the animals were
challenged with a serotype 5 or serotype 8 S. aureus strain, respec-
tively (15). In this study, we passively immunized mice with 500 �l
of either preimmune rabbit serum or rabbit antiserum to CP5-
CRM or CP8-CRM. All animals were challenged 24 h after passive

immunization with �107 CFU of S. aureus Reynolds (CP5).
Treatment with either the homologous (CP5) or heterologous
(CP8) antiserum resulted in significant (P � 0.01) reductions in
bacteremia compared to mice given preimmune rabbit serum
(Fig. 7). As predicted by the results of the in vitro assays, the bac-
teremia levels were somewhat lower in mice that received the CP5-
CRM antiserum than in mice that received CP8-CRM antiserum.

DISCUSSION

S. aureus CP5 and CP8 share the same trisaccharide repeating unit
but differ structurally in the linkages between the sugars and in the
sites of O-acetylation (Fig. 1A) (11). Despite the structural simi-
larity between the two CP types, they are reported to be serologi-
cally distinct (12, 13). Consistent with previous findings, we dem-
onstrate that immunization of mice or rabbits with CP5-CRM
resulted in antibodies that were serotype specific and did not react
with CP8. In contrast, immunization of rabbits with CP8-CRM or
CP8-Epa elicited antibodies that reacted with CP8 and (to a lesser
extent) with CP5. Moreover, serum antibodies induced by
CP8-CRM showed in vitro opsonic killing against three different
serotype 5 S. aureus strains. The one-way cross-reactivity (CP8

FIG 5 Opsonic activity of rabbit sera to CP5-CRM or CP8-CRM against S. aureus Reynolds (CP5) and Reynolds (�cap5H). The rabbit sera were serially diluted
3-fold, starting at a 1:40 initial dilution. The results are expressed as percent change in the number of CFU/ml after 2 h. The data shown are means (� standard
errors) of three experiments. Differences were analyzed by the Student t test. *, P 
 0.05; **P 
 0.001.

FIG 6 Binding of rabbit antibodies to P. aeruginosa O11 LPS by ELISA. (A)
Ninety-six-well plates were coated with P. aeruginosa O11 LPS (2 �g/ml), and
antibody samples were serially diluted 5-fold. Rabbit antiserum to O11-Epa
was used as a positive control, and preimmune serum and Shigella O1-Epa IgG
were used as negative-control sera. The data represent means (� standard
errors) of two independent experiments. (B) Repeating units of polysaccha-
rides from different bacterial genera. The shared structure of the repeating
units is underlined.

FIG 7 Rabbit antibodies to CP5-CRM or CP8-CRM reduce bacteremia in-
duced by S. aureus Reynolds (CP5). Mice were passively immunized with 0.5
ml of preimmune serum or serum raised to CP5-CRM or CP8-CRM 24 h
before challenge with 1 � 107 CFU S. aureus Reynolds (CP5). The data repre-
sent the results of quantitative blood cultures on individual animals, and the
horizontal lines and numbers represent median numbers of CFU/ml blood for
each group (n � 15). Bacteremia levels from mice given immune serum were
compared by the Mann-Whitney test to those from mice given preimmune
serum.

CP5 and CP8 Cross-Reactivity

December 2014 Volume 82 Number 12 iai.asm.org 5053

http://iai.asm.org


antibodies reactive with CP5) was increased when CP5 was de-O-
acetylated, suggesting that the shared epitope was L-FucNAc-D-
FucNAc, which is O-acetylated in the native CP5 state. The
same disaccharide is found in the P. aeruginosa O11 LPS struc-
ture (31), and we showed that CP8-CRM rabbit serum bound
well to O11 LPS.

Serologic cross-reactivity has also been observed in other spe-
cies of Gram-positive encapsulated bacteria within their sero-
groups or sometimes across different serogroups, depending on
the structural similarity of the CP types. A pneumococcal conju-
gate vaccine that includes S. pneumoniae serotype 6B induced
cross-reactive antibodies to S. pneumoniae serotype 6A in both
ELISA and OPK assays (32). A monoclonal antibody produced by
vaccination with a pneumococcal 6B polysaccharide conjugate
showed opsonic killing of a pneumococcal serotype 19A strain,
resulting from a shared disaccharide [	-D-Glcp(1¡3)	-L-Rhap]
in their polysaccharide structures (33). To our knowledge, this is
the first report of cross-reactivity between staphylococcal polysac-
charides CP5 and CP8. Even though antibodies reactive with CP5
were less abundant in CP8-CRM antiserum than antibodies reac-
tive with CP8, passive immunization with CP8-CRM antiserum
protected against Reynolds (CP5) in a mouse bacteremia infection
model.

De-O-acetylated CP5 has the same L-FucNAc-D-FucNAc di-
saccharide as CP8. Based on the structural similarity between de-
O-acetylated CP5 and native CP8 (Fig. 1A), antibodies elicited by
the CP8 L-FucNAc-D-FucNAc disaccharide likely bind to the de-
O-acetylated counterpart of CP5, producing cross-reactivity. The
reason that CP5 antibodies fail to react with CP8 is less clear. It is
likely that the O-acetylated L-FucNAc-D-FucNAc disaccharide
present in CP5 is immunodominant, although CP5-CRM and
CP5-Epa antibodies still react with the de-O-acetylated CP5 anti-
gen (Fig. 2). ManNAcA is common to both CP5 and CP8, but
ManNAcA is O-acetylated in CP8. Moreover, the glycosidic link-
age of ManNAcA to the FucNAc disaccharide differs for the two
polysaccharides. It is likely that the three-dimensional structures
of CP5 and CP8 differ markedly, and a complete structural anal-
ysis would be necessary for a full understanding of the one-way
cross-reactivity that we report.

O-acetylation of CPs has been identified among many patho-
genic bacteria, such as Neisseria meningitidis, Salmonella enterica
serovar Typhi Vi, and S. pneumoniae, and O-acetyl groups are
important immunogenic determinants (34–37). The S. aureus
�cap5H mutant was more susceptible to complement-mediated
OPK and less virulent for mice than the isogenic parental strain
(24). O-Acetyl groups are easily removed at alkaline pH, and as a
result, they can be partially removed in the process of polysaccha-
ride purification, activation, and chemical conjugation. We
showed one-way cross-reactive opsonic killing by CP8-CRM im-
mune sera against multiple S. aureus serotype 5 strains, including
the Reynolds �cap5H strain. Whether a CP8 conjugate vaccine
will protect against multiple S. aureus strains in different infection
models remains to be tested.

Vaccine candidates, such as CP5 and CP8 conjugates and IsdB,
have been tested in clinical trials, but they failed to protect patients
from staphylococcal infections (3, 38, 39). Correlates of protective
immunity against S. aureus remain undefined. S. aureus also has a
wide spectrum of virulence factors and disease types, and as such,
a single vaccine may not protect against the broad range of staph-
ylococcal infections. Efforts to create multicomponent vaccines

and to induce both cellular and humoral immune responses are
under way by several groups (40–42), and these multivalent vac-
cines often include CP antigens. Despite the failure in clinical trials
of CP5 and CP8 conjugate vaccines, staphylococcal CPs are still
important vaccine targets, since they are expressed in 70 to 80% of
S. aureus clinical isolates and are essential for bacterial survival in
blood (6). Moreover, capsular antibodies are opsonic and mediate
clearance of S. aureus from the bloodstream (15). Based on our
results of one-way cross-reactivity, the premise that a CP8 conju-
gate vaccine alone would protect against serotype 5 and 8 isolates
of S. aureus merits further study.
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