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The immunogenicity and protective capacity of Streptococcus pneumoniae 6B capsular polysaccharide (PS)-
derived synthetic phosphate-containing disaccharide (Rha-ribitol-P-), trisaccharide (ribitol-P-Gal-Glc-), and
tetrasaccharide (Rha-ribitol-P-Gal-Glc-)-protein conjugates in rabbits and mice were studied. In rabbits, all
saccharides conjugated to keyhole limpet hemocyanin (KLH) evoked high levels of pneumococcal (Pn) type 6B
antibodies that facilitated type-specific phagocytosis. Unlike the disaccharide rabbit antisera, tri- and tet-
rasaccharide rabbit antisera also reacted with 6A PS in an enzyme-linked immunosorbent assay (ELISA) and
promoted phagocytosis of 6A pneumococci. All these rabbit antisera passively protected mice against a Pn 6B
challenge. The disaccharide conjugate-induced antiserum, however, failed to protect mice against a 6A chal-
lenge. In mice, phagocytic and protective anti-Pn 6B antibodies were only induced by the tetrasaccharide
conjugate and not by PS 6B or PS 6B-protein conjugates. These antibodies did not cross-react with 6A PS in
ELISA and were unable to phagocytize 6A pneumococci. In conclusion, the disaccharide and tetrasaccharide
conjugates already contain epitopes capable of inducing 6B-specific, fully protective antibodies in rabbits and
mice, respectively.

Worldwide, Streptococcus pneumoniae remains a major
cause of acute respiratory bacterial infections, leading to ap-
proximately 1 million childhood deaths each year (23). Type 6
pneumococci are a frequent cause of pneumococcal disease in
infants (6, 9, 10). Together with 14, 19F, and 23F, these pneu-
mococci are major causes of infection in young children (so-
called pediatric types) (3, 9, 23). In general, maturation of the
human antibody response against capsular polysaccharides of
pediatric serotypes is slow. This holds true in particular for
type 6 pneumococci, for which maturation of the antibody
response is the slowest of all the serotypes (4, 15). Moreover,
type 6 pneumococci are frequently associated with antibiotic
resistance (5, 18), and recently vancomycin tolerance in S.
pneumoniae has been described (17). Therefore, there is a
need for a safe and effective vaccine against pneumococci
especially for infants.

Recently, the first pneumococcal (Pn) conjugate vaccine was
licensed in the United States. This vaccine includes polysac-
charides (PS) of serotypes 4, 6B, 9V, 19F, and 23F conjugated
to CRM197 carrier protein and an oligosaccharide (OS) con-
jugate of serotype 18C (22). More Pn conjugates, however, will
have to be included in future Pn vaccines in order to broaden
the coverage to more serotypes and to address the potential
problem of the shifting of the prevalence of serotypes in time,

a problem which probably will be accelerated as a result of the
use of currently licensed Pn-conjugate vaccines. Inclusion of
more conjugates within one vaccine will start posing problems
with respect to safety (too-large amounts of carrier protein and
saccharide) and efficacy (immunodominancy of certain sero-
types). The design of conjugates composed of only the most
necessary components, i.e., only the protective saccharide
epitopes and strong T-helper-cell epitopes, might be a solution
for these anticipated problems. Synthetic OS conjugate vac-
cines can be precisely designed to a desired structure and
composition (28–30). Synthetic saccharides have been pro-
duced for (among others) serotypes 4, 9V, 14, 19A/F, and 23F
(13). An important first step towards a synthetic conjugate
vaccine is to define minimal protective epitopes on these sac-
charides. The aim of this study was to examine the antigenicity
and immunogenicity of synthetic serotype 6B Pn OS-protein
conjugates in order to delineate the minimal saccharide struc-
ture required for induction of protective immunity in mice.

The repeating unit of Pn 6B PS consists of 33)-a-L-Rha-p-
(134)-D-Rib-ol-(53PO432)-a-D-Galp-(133)-a-D-Glcp-(13
(28). The serotype 6B and 6A PS structure only differs in the
rhamnosyl-ribitol linkage, which is (134) for the 6B PS and
(133) for the 6A PS (13). Three overlapping fragments of the
6B PS were synthesized, namely, spacered disaccharide Rha-
ribitol-P, trisaccharide ribitol-P-Gal-Glc (30), and tetrasaccha-
ride Rha-ribitol-P-Gal-Glc- (28, 29). These fragments were
conjugated to keyhole limpet hemocyanin (KLH) and tested
for their immunological and protective properties in rabbits
and mice. Inhibition studies with human sera obtained after
vaccination with Pneumovax or Pn conjugates were performed
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in order to establish whether human anti-6B PS antibodies that
recognize such small epitopes can be elicited.

MATERIALS AND METHODS

Chemicals. KLH was purchased from Calbiochem Co. (La Jolla, Calif.). N-
Succinimidyl S-acetylthioacetate, N-succinimidyl bromoacetate, and N-hydroxy-
sulfosuccinimide were obtained from Pierce Chemical Co. (Rockford, Ill.). Cy-
anogen bromide, adipic acid dihydrazide, b-mercaptoethylamine, 1-ethyl-3-
dimethylaminopropylcarbodiimide, and fluorescein isothiocyanate (FITC)
isomer were supplied by Sigma Chemical Co. (St. Louis, Mo.). Ficoll-Paque was
from Pharmacia (Uppsala, Sweden).

Conjugate synthesis. Pn 6B PS was isolated from a 6B American Type Culture
Collection strain by ethanol-calcium chloride fractionation and coupled to KLH
by carbodiimide-mediated condensation as described elsewhere (32). Disac-
charide a-L-Rhap-(134)-D-Rib-ol-[53P3(CH2)3NH2], Trisaccharide-D-Rib-ol-
(53P32)-a-D-Galp-(133)-a-D-Glcp-[13O(CH2)3NH2], and tetrasaccharide
a-L-Rhap-(134)-D-Rib-ol-(53P32)-a-D-Galp-(133)-a-D-Glcp-[13O(CH2)3

NH2], representing partial structures of the repeating unit of 6B PS with a
3-aminopropyl spacer, were synthesized as described previously (28, 30). The
saccharides were coupled via the 3-aminopropyl spacer to carrier protein KLH in
a stepwise reaction: the amino-terminal groups of the OS fragment and KLH
were activated by S acetylation and Br acetylation, respectively, and coupled via
a thioether linkage (2). The conjugates were purified over a Sepharose CL-6B
column and dialyzed against phosphate-buffered saline. Carbohydrate (7) and
protein (27) contents were analyzed using PS 6B and KLH, respectively, as
standards. Schematic structures of the conjugates are shown in Fig. 1. All OS
conjugates had similar molar carbohydrate/protein ratios (Table 1).

Immunization and sera. Inbred 8-week-old female BALB/c mice and adult
female New Zealand White rabbits (Iffa-Credo, Someren, The Netherlands)
were maintained at the Animal Laboratory of Utrecht University. Pairs of rabbits
weighing approximately 3 kg were immunized subcutaneously at four sites with

the di-, tri-, or tetrasaccharide conjugates (10 mg of saccharide per rabbit, emul-
sified with complete Freund’s adjuvant in a total volume of 0.8 ml). Rabbits were
boosted intraperitoneally with the conjugates in Freund’s incomplete adjuvant at
weeks 3 and 7. Blood was withdrawn at weeks 0, 2, 5, and 8.

To study the immunogenicity of 6B PS and the 6B conjugates in mice, groups
of 10 mice were immunized subcutaneously at day 0 and boosted at weeks 3, 7,
10, and 14 with either 6B PS, 6B PS-KLH conjugate, or 6B OS-KLH conjugates
(2.5 mg of saccharide with 20 mg of Quil A per mouse per immunization). Blood
was withdrawn at weeks 3, 5, 9, 16, and 25, and 6B-specific antibody titers were
determined. In order to investigate the ability of the synthetic OS-protein con-
jugates to induce protection against a 6B challenge, second groups of mice were
immunized with the 6B OS conjugates, using the same protocol as in the first
experiment, followed by a challenge with 6B pneumococci at week 25 as de-
scribed below.

Rabbit anti-6B PS antiserum was raised by formalin-killed S. pneumoniae type
6B, as described previously (12). Two human vaccination serum pools were
obtained by pooling 10 infant conjugate antisera (heptavalent Pn CRM197-
conjugate vaccine containing 4 mg of 6B PS coupled to CRM197, sera obtained
at 16 months; Wyeth-Lederle Vaccines and Pediatrics, Rochester, N.Y.) (22),
and 10 antisera from adults vaccinated with a 23-valent PS vaccine (Pneumovax)
containing 10 mg of 6B PS. These quality control sera were obtained from David
Goldblatt (London, England) and have been described previously (16).

ELISA. To measure anti-6B antibodies in mouse and rabbit sera by enzyme-
linked immunosorbent assay (ELISA), Nunc MaxiSorp plates were coated di-
rectly with 6B or 6A PS (1 mg/ml in saline) overnight at 37°C as described
previously (1). Alternatively, to measure antibodies in human pooled vaccination
antisera and rabbit anti-6B antiserum (described above) that recognize the syn-
thetic 6B OS, the various synthetic OS-protein conjugates were coated (4 mg of
protein/ml in 0.1 M Na2CO3 buffer, pH 9.6) overnight at 4°C. ELISA was further
performed, as described previously (2), using horseradish peroxidase-labeled
conjugates (goat anti-rabbit immunoglobulin G [IgG], goat anti-mouse IgG, or
goat anti-human IgG; drawer 2517; Nordic Immunological Laboratories, Cap-
istrano Beach, Calif.). Antibody titers were calculated as log10 (reciprocal dilu-
tion giving an absorbance of 0.5) and corrected against a rabbit anti-6B anti-
serum (12), which was included on every ELISA plate.

The specificity of ELISA was determined by inhibition ELISA. Pn 14 and 17F
PS were purified as described previously (2, 32). Sera, diluted to an absorbance
of 0.5, were incubated overnight at 4°C with different amounts of PS 6A, 6B, 14,
and 17F as inhibitors. No inhibition was observed with PS 14 and 17F in all
inhibition ELISAs (data not shown). Percentages of inhibition were calculated,
after subtracting the absorbance of the control wells without serum, as [(1-A450

of serum with inhibitor)/A450 of serum without inhibitor] 3 100%. The inhibitor
concentration (grams per milliliter) at which 50% reduction of binding was
reached (IC50) was calculated by interpolation assuming linearity near the point
of 50% inhibition. Inhibition titers were calculated as log10 (1/IC50).

Phagocytosis assay. The assay was performed as described previously (12).
This assay is standardized by using only functional components that are of human
origin (e.g., human complement and human polymorphonuclear leukocytes
[PMN]), is serotype specific, and exhibits, in general, highly significant correla-
tions with ELISA (12) and the classical killing assay (unpublished results). Pn

FIG. 1. Schematic representation of synthetic di-, tri-, and tetrasaccharide conjugates. Di- and trisaccharides are overlapping fragments of the
tetrasaccharide, the latter representing one repeating unit of 6B PS. Saccharides were coupled to KLH via a spacer at their reducing end.

TABLE 1. Carbohydrate/protein ratios

Conjugatea
Carbohydrate/protein ratio

wt/wt mol/molb

6B PS-KLH 0.31
Disaccharide-KLH 0.03 360
Trisaccharide-KLH 0.05 434
Tetrasaccharide-KLH 0.06 390

a Synthetic di-, tri-, and tetrasaccharide fragments of 6B PS coupled to KLH.
The OS/KLH molar ratio during the coupling reaction was approximately 4,000.
After coupling and purification, conjugates were analyzed for protein and car-
bohydrate content.

b The molar ratio between KLH and OS was calculated assuming a molar
weight of 5.25 3 106 g/mol for KLH. The molar ratio of the 6B PS-KLH
conjugate could not be calculated because of variability in the PS chain length.
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strains of serotypes 6A (American Type Culture Collection) and 6B (Centers for
Disease Control and Prevention, Atlanta, Ga.; strain DS2215-94) were grown
three times consecutively to log phase to ensure high encapsulation (12) and
subsequently heat inactivated and FITC labeled. Human pooled serum was
depleted of IgG by protein G affinity chromatography and used as a complement
source. Human PMN were isolated from the blood of healthy, Fcg receptor-
typed volunteers (11) by a Ficoll-Histopaque gradient. Complement (2% final
concentration in the assay), serum dilutions, and samples of 2.5 3 106 pneumo-
cocci were added to each well. After 30 min of opsonization at 37°C, 2.5 3 105

PMN were added to each well and phagocytosis was performed for 30 min at
37°C. FITC-positive PMN were measured by flow cytometry. The percentage of
FITC-positive PMN was used as a measure for the phagocytic activity of the
serum. Results are expressed as 25% phagocytosis titers (log10 of the serum
dilution resulting in 25% FITC-positive PMN).

Protection experiments. Rabbit sera obtained 1 week after the second booster
injection were heat inactivated, pooled for each OS conjugate group, and used
for passive protection experiments with mice. Groups of 16 female inbred
BALB/c mice 25 weeks old were injected intravenously with 0.5 ml of pooled
conjugate antiserum or with 0.5 ml of normal rabbit serum (n 5 16). After 2 h,
10 mice of each group were challenged intraperitoneally with 1.5 3 107 CFU (15
times the 50% lethal dose [LD50]) of S. pneumoniae type 6B and 6 mice were
challenged with 5.0 3 101 CFU (10 times the LD50) of S. pneumoniae type 6A.
Survival was recorded daily for 14 days.

Mice were immunized with the OS conjugates as described above and chal-
lenged at week 25 intraperitoneally with 1.5 3 107 CFU (15 times the LD50) of
S. pneumoniae type 6B. Survival was recorded daily for 14 days.

Statistical analysis. Correlations between ELISA and fluorescence-activated
cell sorter phagocytosis titers were analyzed by linear regression tests. The
statistical significance of correlations was assessed by Pearson correlation anal-
ysis. Challenge survival data were analyzed by the Fisher exact test. Differences
in ELISA titer and phagocytosis titer between survivors and nonsurvivors, as well
as differences in ELISA titer among different immunization groups, were ana-
lyzed by Student’s t test. A P value of ,0.05 was considered significant.

RESULTS

Immunogenicity of synthetic 6B OS conjugates and epitope
specificity of the elicited antisera in rabbits. In none of the
rabbits could anti-6B antibodies be detected before immuni-
zation (data not shown), whereas all rabbits produced anti-6B
PS antibodies after the first immunization with the synthetic
conjugates. Anti-6B antibody titers strongly increased after the
booster injections (for the sake of clearness only week-8 titers
are shown) (Fig. 2A). Specificity and phagocytic capacity of
anti-OS conjugate antibodies were determined for the antisera
obtained at week 8 (Fig. 2). Tri- and tetrasaccharide conju-
gates, but not the disaccharide conjugate, were able to induce
anti-6A antibodies (Fig. 2A). These results were in agreement
with the inhibition ELISA results (PS 6B as the coated antigen;
Fig. 2B). The binding of all antisera elicited with the conju-
gates was inhibited with 6B PS. In contrast to what was found
for the other OS conjugate antisera, the binding of the disac-
charide conjugate antisera to 6B PS was not prevented by 6A
PS (Fig. 2B).

To investigate their phagocytic capacities OS conjugate an-
tisera (week 8) were tested in a phagocytosis assay based on
flow cytometry using highly encapsulated 6B and 6A pneumo-
cocci. All OS conjugate antisera were able to promote phago-
cytosis of 6B pneumococci, whereas only tri- and tetrasaccha-
ride conjugate antisera facilitated phagocytosis of 6A
pneumococci (Fig. 2C). When sera from all rabbits obtained at
different time points were included, a highly significant corre-
lation between 6B phagocytosis titers and 6B ELISA titers was
observed (r 5 0.93; P , 0.001; n 5 24). In conclusion, tri- and
tetrasaccharide conjugates both elicited functional 6A and 6B
antibodies, whereas disaccharide antibodies were 6B specific.

Immunogenicities of 6B PS, 6B PS-KLH conjugate, and
synthetic 6B OS-KLH conjugates in mice. To study interspe-
cies differences, mice were immunized with 6B PS, 6B PS-KLH
conjugate, and the di-, tri-, and tetrasaccharide-KLH conju-
gates. This allowed a comparison of the immunogenicities of
the OS conjugates with the immunogenicities of 6B PS-KLH
and 6B PS. Pn 6B PS was used as the coating antigen in the
ELISA. Anti-6B antibody titers were low, even after repeated
immunizations, except for the tetrasaccharide conjugate (Fig.
3). All tetrasaccharide conjugate-immunized mice produced
sustained levels of anti-6B antibodies, whereas for the other
immunizations only a few mice per group showed detectable
6B PS-specific antibodies. In contrast to 6B PS and 6B PS-

FIG. 2. Rabbit antisera elicited by disaccharide OS conjugate were
specific for serotype 6B. Di-, tri-, and tetrasaccharide conjugate anti-
sera (n 5 2) at 1 week after the second booster injection were analyzed
by ELISA, inhibition ELISA, and a phagocytosis assay. Results are
expressed as mean titers 6 SD (n 5 2). (A) Sera were analyzed for
antibody titers against PS 6B and 6A by ELISA using respectively, 6B
PS and 6A PS as the coating antigen. p, antibody titer not significantly
above preimmunization antibody titer. (B) Inhibition of binding of sera
to 6B PS. As inhibitors, 6B PS or 6A PS were used. (C) Promotion of
phagocytosis of serotype 6B and 6A pneumococci, measured in a
serotype-specific phagocytosis assay based on flow cytometry.
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KLH conjugate, none of the OS conjugates induced anti-6A
antibodies in mice (data not shown).

Specificity and phagocytic capacity of mouse anti-6B syn-
thetic OS conjugate antisera. In order to study the specificity
and phagocytic capacity of mouse anti-6B synthetic OS conju-
gate antisera, a second immunization experiment was per-
formed. In this experiment, using the same protocol for immu-
nization and bleeding, mice were immunized with the synthetic
OS conjugates only. Because of the poor immunogenicities of
the 6B PS and 6B PS-KLH conjugate in the first experiment, it
was decided not to include these vaccines in this experiment.
Similar immunogenicity profiles were observed for the syn-
thetic OS conjugates (data not shown).

The specificity of the synthetic OS-protein conjugate anti-
sera of week 25 (second immunization experiment) was stud-
ied in more detail by an inhibition ELISA in which 6B PS was
used as a coating antigen and 6A and 6B PS were used as
inhibitors. Tetrasaccharide conjugate antisera could be inhib-
ited by 6B PS but not by 6A PS (Fig. 4B). The biological
functionality of these OS conjugate antisera was tested in a
phagocytosis assay using highly encapsulated 6B or 6A pneu-
mococci. Antitetrasaccharide sera were able to promote
phagocytosis of 6B pneumococci but not, as expected, of 6A
pneumococci (Fig. 4C). Phagocytosis titers of tetrasaccharide
conjugate antisera correlated significantly with ELISA titers
(r 5 0.77; P , 0.01; n 5 10).

Rabbit and human vaccination antisera recognize the syn-
thetic OSs. In order to determine whether vaccination of hu-
mans with either Pn conjugate vaccine or Pneumovax leads to
production of antibodies that recognize the epitopes defined
by the synthetic OS conjugates used in this study, two pools of
human 6B antisera (sera taken from infants vaccinated with Pn
PS conjugates and adults vaccinated with Pneumovax) were
tested for their capacities to bind to the 6B OS conjugates. A
rabbit antiserum elicited with whole 6B pneumococci (12) was
tested in the same assays. The rabbit anti-6B PS was able to
bind to all three conjugates in ELISA (log10 antibody titers
[means of two experiments 6standard deviations {SD}]: dis-
accharide conjugate 2.7 6 0.02; trisaccharide conjugate, 3.2 6
0.03; tetrasaccharide conjugate, 2.2 6 0.02). The specificity of

this binding to the conjugates was investigated by inhibition
ELISA. The binding to the tri- and tetrasaccharide conjugates
was inhibited by 6A PS and 6B PS, whereas the binding to the
disaccharide conjugate was only inhibited by 6B PS (Fig. 5A).
Infant conjugate antisera only recognized the tetrasaccharide
fragment (log10 antibody titer [mean of two experiments 6
SD]: 2.2 6 0.05 [n 5 2]). None of the OS conjugates were
recognized by the Pneumovax serum pool (data not shown).
The binding of human conjugate antisera to the OS conjugates
was inhibited by PS 6A and 6B but not by any other PS or KLH
(Fig. 5B).

Transfer protection experiments with rabbit antisera. To
investigate the protective capacities of the rabbit anti-di-, -tri-,
and -tetrasaccharide conjugate antisera, mice were injected
intravenously with rabbit conjugate antisera or normal rabbit

FIG. 3. Tetrasaccharide conjugate induced highest anti-PS 6B re-
sponses in mice. Mean antibody titers 6 SD (n 5 10) against 6B PS
were determined by ELISA using antisera obtained at week 25 after
primary immunization with 6B PS, 6B PS-KLH conjugate, or 6B di-,
tri-, and tetrasaccharide-KLH conjugates. The tetrasaccharide conju-
gate induced significantly higher anti-PS 6B antibody titers than the
disaccharide (P , 0.01), trisaccharide (P , 0.001), 6B PS (P , 0.001),
6B PS-KLH conjugate (P , 0.05), and saline (P , 0.0001).

FIG. 4. Tetrasaccharide conjugate-induced 6B-specific, phagocytic
antibodies in mice. Di-, tri-, and tetrasaccharide conjugate antisera
(n 5 10) were analyzed at week 25 after primary immunization for
sustained antibody levels by ELISA (A), inhibition ELISA (B), and
phagocytosis assay (C). Results are expressed as mean titers 6SD (n 5
10). Sera were analyzed for inhibition of binding of sera to 6B PS
(coating antigen), with 6B PS or 6A PS as inhibitors in an inhibition
ELISA (B) and for promotion of phagocytosis of serotype 6B and 6A
pneumococci, measured in a serotype-specific phagocytosis assay
based on flow cytometry (C). None of the control animals were able to
produce anti-6B or -6A PS antibodies (data not shown). N.D., not done.
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serum and challenged with 15 times the LD50 of 6B pneumo-
cocci or 10 times the LD50 of 6A pneumococci. Following
challenge with Pn type 6B organisms, 100% protection was
observed for mice that received di- or tetrasaccharide conju-
gate antisera (P for both, , 0.001) and 90% protection was
observed for mice that received the trisaccharide conjugate
antiserum (P , 0.001), whereas all mice in the control group
died. Disaccharide conjugate antiserum was not able to confer
to mice passive protection against a 6A challenge. All mice that
received the tri- or tetrasaccharide conjugate antiserum sur-
vived the 6A challenge (P , 0.01 for both; Fig. 6A).

Induction of protection by synthetic 6B OS-protein conju-
gates. To study whether the synthetic 6B OS-protein conju-
gates can induce protective antibodies in mice, immunized
mice from the second immunization experiment were chal-
lenged with 15 times the LD50 of 6B pneumococci at week 25.
All mice within the saline group died (Fig. 6B). None of the
trisaccharide-immunized mice and only three (30%) of the
disaccharide-immunized mice survived (P 5 0.21), whereas
nine mice (90%) in the tetrasaccharide group survived the
challenge (P , 0.001) (Fig. 6B). Survivors (n 5 12) had sig-
nificantly higher 6B antibody titers (P , 0.01; median log10

titer: 3.6) and 6B phagocytosis titers (P , 0.001; median log10

titer: 2.2) than nonsurvivors (n 5 28; median log10 antibody
and phagocytosis titers: 0).

DISCUSSION

The immunogenicities, antigenicities, and protective capac-
ities of small synthetic 6B di-, tri-, and tetrasaccharide conju-

gates in rabbits and mice were investigated. In rabbits, all
conjugates were able to induce anti-6B PS antibodies that
could passively protect mice against a 6B challenge. Antibodies
to the disaccharide conjugate were specific for 6B and failed to
confer protection to mice against a 6A challenge. In mice, only
antitetrasaccharide antibodies induced serotype 6B-specific
antibodies that provided protection against challenge with 6B
pneumococci. We conclude that the minimal saccharide frag-
ment capable of inducing specific, phagocytic, and highly pro-
tective anti-6B antibodies is the disaccharide in rabbits and the
tetrasaccharide in mice.

For both rabbits and mice 6B ELISA titers correlated sig-
nificantly with 6B phagocytosis assay titers. Since survivors of
6B challenge had significantly higher serum titers in 6B ELISA
and the 6B phagocytosis assay, both in vitro parameters can be
used as predictors for survival after challenge. Therefore, the
absence of 6A ELISA and phagocytosis assay titers in the
tetrasaccharide conjugate-immunized mice predicts that these
mice are not protected against a 6A challenge. Since the 6A
challenge dose was 105-fold lower than the 6B challenge dose,
the absence of 6A cross-protection in the passive protection
experiment was certainly not simply a result of an insufficient
antibody concentration in the serum. It is known that mice
poorly respond to 6B PS (8). Therefore, in mice it is interesting
that the tetrasaccharide conjugate induced significantly higher
antibody titers than the 6B PS and PS-KLH conjugate, result-
ing in a higher level of protection. Since 6B OS fragments and

FIG. 5. OS conjugates contained epitopes for anti-6B PS antibod-
ies induced by vaccination of either humans with a heptavalent conju-
gate vaccine or rabbits with 6B pneumococci. Binding to OS conjugates
of rabbit anti-Pn 6B antiserum (A) or pooled sera from 10 infant 6B
conjugate vaccinees (B) was inhibited by 6A PS and 6B PS. Results are
expressed as means of two experiments 6SD. N.D., not done.

FIG. 6. Protective capacities of OS conjugates and OS conjugate-
derived rabbit antisera in mice. Shown are percentages of survival for
mice after serotype 6B and 6A challenge. (A) Passive protection of
mice against serotype 6B and 6A challenge 2 h after intravenous
injection with rabbit anticonjugate antisera or normal rabbit serum
(control). (B) Active protection of mice against a 6B challenge after
immunization with di-, tri-, or tetrasaccharide conjugates (second im-
munization experiment). Challenge was performed 25 weeks after pri-
mary immunization.
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6B PS were coupled to KLH by different coupling methods, the
possibility that other factors beside saccharide length contrib-
uted to this observed difference in immunogenicity cannot be
excluded. Nevertheless, synthetic OS conjugates that induce
antibody levels comparable to, or even higher than, those in-
duced by PS conjugates in mice or monkeys have been de-
scribed (19, 21). These results and our results therefore suggest
that the approach of using synthetic OSs in the design of
improved Pn vaccines is a valid one and worthwhile to pursue
when Pn conjugate vaccines including (much) higher numbers
of serotypes have to be developed.

In both the disaccharide and the tetrasaccharide the Rha-
a(134)-Rib-ol structure, which forms the essential difference
between serotype 6A and 6B, is present. The trisaccharide and
the tetrasaccharide contain the Rib-ol-(53P32)-a-D-Galp-
(133)-a-D-Glcp structure, which is common to both serotypes
6A and 6B. Interestingly, our immunological results for rabbits
are completely in line with the structural differences between
these OSs. The disaccharide, which contains only the 6B-spe-
cific structure, only induces antibodies specific for 6B PS. Both
the trisaccharide and tetrasaccharide, in which a structure
common to 6A and 6B is present, elicited antibodies against
both serotypes. Part of the antibodies elicited by the tetrasac-
charide, however, will certainly also be only specific for 6B and
are probably directed against the same structure present in the
disaccharide. Our results for mice support this notion. There-
fore, we concluded that the disaccharide contains a serotype
6B-specific epitope, that the trisaccharide contains a common
6A and 6B epitope, and that the tetrasaccharide contains both
a 6B-specific and a common 6A and 6B epitope.

The finding that these small saccharide fragments can in-
duce highly specific antibodies that can discriminate between
closely related serotype 6A and 6B pneumococci suggests that
these conjugates can be used for the development of 6B- or
6A-specific monoclonal antibodies (MAbs) recognizing pre-
cisely defined protective 6A or 6B PS epitopes. Furthermore,
these synthetic conjugates can be used for epitope mapping
type 6 MAbs. Indeed, an analysis of the binding of two type 6
PS MAbs (26) to the three synthetic OS-KLH conjugates in
ELISA revealed the putative epitope of these MAbs. This
epitope structure appeared to have a predictive value for MAb
cross-reactivity to 6A PS (W. T. M. Jansen and G. P. J. M. van
den Dobbelsteen, unpublished data). In addition, synthetic OS
conjugates lack common impurities and cell wall PS that are
copurified in PS preparations. Therefore, using synthetic OS
conjugates instead of PS as the coating antigen in ELISA can
be the solution for the problems recently described for the
standardized Pn ELISA (25, 34).

Epitope size on Pn PS can vary among serotypes (1, 2),
among species (1), and with age (20). The fact that rabbits and
mice clearly recognize different epitopes on 6B PS is therefore
not surprising. It has been suggested that, unlike mice, rabbits
can produce two types of anticarbohydrate antibodies: those
with a cavity-like antigen-binding site, which recognize one or
two monosaccharides, and antibodies with a groove-like anti-
gen-binding site, which recognize elongated sugar epitopes of
up to six or seven monosaccharides (1, 33). In addition, the use
of different adjuvants might also have played a role. For in-
stance, studies with meningococcal OS-protein conjugates in
rabbits with the adjuvant Quil A showed that this adjuvant had

a strong influence on the epitope specificity of the antibodies
induced (31). Although mice and rabbit models reveal the
existence of protective PS epitopes smaller than one repeating
unit of the PS, the situation might be different for humans.
Alonso de Velasco et al. showed that the epitope recognized by
human IgG on PS 23F is larger than one repeating unit which
is the epitope recognized by rabbit IgG (1). Moreover, an
observed trend is that longer saccharides that comprise more
than four repeating units induce higher antibody titers in rab-
bits (14) and humans (20), probably because of the presence of
conformational epitopes. The absence of displayed conforma-
tional epitopes might be one of the drawbacks for small syn-
thetic OS conjugate vaccines.

To investigate whether the minimal PS 6B epitopes defined
in our mouse and rabbit studies are recognized by human IgG
antibodies, human pooled vaccination antisera were tested for
binding with the OS conjugates in ELISA. Human conjugate
antisera were able to bind to the tetrasaccharide. Therefore,
this saccharide fragment probably comprises an epitope for
human anti-6B conjugate IgG antibodies. The lack of binding
of Pneumovax antisera to OS conjugates might be explained by
differences in affinity or epitope specificity. The ability of rabbit
anti-6B antiserum to bind all three OS conjugates in ELISA
and the 6B specificity of disaccharide-binding antibodies are in
agreement with the potential of OS conjugates to induce an-
ti-PS 6B (specific) antibodies in rabbits. Therefore, the pres-
ence of an epitope for human 6B conjugate antibodies on the
tetrasaccharide supports the possibility that such synthetic OS
conjugates may induce anti-6B antibodies in humans as well.
Clearly, human vaccination studies with the OS conjugates are
required to prove this hypothesis.

Although synthetic saccharide-KLH conjugates have been
proved to be safe and immunogenic in both animals (1, 2) and
humans (24), KLH is not the first choice as a carrier in human
conjugate vaccines. The potential of synthetic conjugates to
induce anti-6B antibodies in humans should therefore be eval-
uated by administration of OS conjugates to humans using a
clinically relevant carrier, dosage, and formulation (21). Once
the capsule synthesis machinery of the pneumococcus is un-
derstood better, enzymatic, large-scale synthesis of saccharide
fragments of different lengths may be within reach. This will
enable the development of optimized synthetic Pn conjugate
vaccines.
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