
INTRODUCTION

Streptococcus pneumoniae, a Gram-positive bacterium, is a major
cause of morbidity and mortality worldwide [1,2]. The incidence
and severity of disease is highest in children under 3 years of age,
when immunoreactivity to existing polysaccharide-based vaccines
is at its nadir [1,3,4]. In the elderly, the nonconjugate polysaccha-
ride (PS) vaccine is only 60% effective in preventing invasive
disease [5]. Promising new studies using Strep. pneumoniae PS
conjugated to carrier proteins have yielded vaccines that are more
immunogenic in children than soluble polysaccharides alone [6,7].

The high amount of conjugated protein required to elicit im-
munity to a single PS, however, limits the number of different 
conjugates that can be used.

Surface proteins of both Gram-negative and Gram-positive
bacteria involved in early pathogen–host cell adhesion have been
shown to be promising vaccine candidates. Some examples
include the Escherichia coli FimH adhesins expressed by type 1
pili [8,9] and PapG [10,11], which are highly conserved proteins
[12,13]. Among Gram-positive bacteria the I/II antigens found in
Streptococcus mutans, Streptococcus sorbinus and in Streptococ-
cus gordonii that bind salivary glycoproteins [14] have been
shown to be protective in animal models [15].

Streptococcus pneumoniae immunogenic virulence proteins
became logical targets for vaccine design [16] since children under
2 years of age are capable of producing antibodies against protein
antigens [17]. Indeed, recent studies demonstrated that Strep.
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SUMMARY

Vulnerability to Streptococcus pneumoniae is most pronounced in children. The microbial virulence
factors and the features of the host immune response contributing to this phenomenon are not com-
pletely understood. In the current study, the humoral immune response to separated Strep. pneumo-
niae surface proteins and the ability to interfere with Strep. pneumoniae adhesion to cultured epithelial
cells were analysed in adults and in children. Sera collected from healthy adults recognized Strep. pneu-
moniae separated lectin and nonlectin surface proteins in Western blot analysis and inhibited on average
80% of Strep. pneumoniae adhesion to epithelial cells in a concentration-dependent manner. However,
sera longitudinally collected from healthy children attending day care centres from 18 months of age
and over the course of the following 2 years revealed: (a) development of antibodies to previously
unrecognized Strep. pneumoniae surface proteins with age; (b) a quantitative increase in antibody
responses, measured by densitometry, towards separated Strep. pneumoniae surface proteins with age;
and (c) inhibition of Strep. pneumoniae adhesion to epithelial cells, which was 50% on average at 18
months of age, increased significantly to an average level of 80% inhibition at 42 months of age equalling
adult sera inhibitory values. The results obtained in the current study, from the longitudinally collected
sera from healthy children with documented repeated Strep. pneumoniae colonization, show that
repeated exposures are insufficient to elicit an immune response to Strep. pneumoniae proteins at 18
months of age. This inability to recognize Strep. pneumoniae surface proteins may stem from the in-
efficiency of T-cell-dependent B-cell responses at this age and/or from the low immunogenicity of the
proteins.
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pneumoniae virulence proteins, among which are PspA [18] PsaA
[19,20], pneumolysin [21], a combination of these [22], CbpA [23]
and PpmA [24], can elicit protective immune responses and there-
fore prevent or delay mortality in a lethal-dose Strep. pneumoniae
challenge model in mice. Recent studies in humans found that the
natural immune responses to pneumolysin, PspA and PsaA are
associated with pneumococcal exposure in children, either by 
carriage or infection [25].

Surface proteins that are involved in Strep. pneumoniae adhe-
sion and invasion of the host are just beginning to be discovered
[26]. In the initial stages of the Strep. pneumoniae–host interac-
tion, Strep. pneumoniae binds avidly to cells of both the upper and
lower respiratory tract [18,27,28] in a receptor-mediated fashion
[29]. It is presumed that bacterial adhesins may act as ligands for
host cell receptors. Adhesin characteristics have been attributed
to several Strep. pneumoniae proteins [13].

Several putative host cell receptors involved in Strep. pneu-
moniae adhesion have recently been described [23,30,31]. The
mammalian platelet activating factor receptor (PAF-R) contains
N-acetyl glucosamine and promotes Strep. pneumoniae adhesion.
PAF-R is expressed following inflammation of activated lung and
endothelial cells [14]. Additional carbohydrates have been shown
to interfere with Strep. pneumoniae adhesion to mammalian cells.
For example, the carbohydrate Galb1–4GlcNAc inhibited adhe-
sion to conjunctival epithelial cells [19,32], GalNAcb1–3Galb1–
4GlcNaC inhibited adhesion to nasopharyngeal cells [33,34] and
GalNAcb1–4Gal inhibited adhesion to resting lung cells [33,34].
The cognate receptors for these carbohydrates, which are as yet
unidentified, may provide additional portals of entry for Strep.
pneumoniae and require further study.

Increases in antibody levels and an enhanced ability of the
antibodies to interfere with the interaction of Strep. pneumoniae
with its host target cells have been long considered surrogate
markers for immunity. In the search for Strep. pneumoniae surface
proteins that will be immunogenic and will elicit protection
against Strep. pneumoniae infection, we have compared the anti-
body repertoire for Strep. pneumoniae surface lectin and non-
lectin proteins in healthy adults previously exposed to Strep.
pneumoniae, as judged by the presence of serotype specific anti-
bodies to capsular PS, and in sera collected longitudinally from
children beginning at 18 months of age. In addition, the ability of
the immunoglobulins to interfere with Strep. pneumoniae adhe-
sion to mammalian epithelial cells was analysed. The highest
Strep. pneumoniae adhesion-blocking activity of the immunoglob-
ulins was found in sera obtained from healthy adults. In children,
the pattern of the qualitative and quantitative increased antibody
recognition of Strep. pneumoniae surface proteins and their 
ability to interfere with Strep. pneumoniae adhesion to cultured
cells correlated with the pattern of increased immunity to Strep. 
pneumoniae infection.

METHODS

Bacterial strains
The bacterial strains used in this study include: unencapsulated
serotype 3 (DW3.8), 14 (DW14.8) Strep. pneumoniae mutants
generated by Tn916 transposon mutagenesis of the glucotrans-
ferase gene of WU2 and a type 14 isolate, respectively, kindly pro-
vided by Dr David Watson, USA [35,36] and a clinical isolate
from a patient at Soroka University Medical Centre, Beer-Sheva.
Streptococcus pneumoniae bacteria were plated onto tryptic soy

agar supplemented with 5% sheep erythrocytes and incubated for
17–18 h at 37°C in anaerobic conditions. Streptococcus pneumo-
niae were transferred to Todd-Hewitt broth supplemented with
0·5% yeast extract and grown to mid-late log phase. Bacteria were
harvested and the pellets were stored at – 70°C.

Antibodies
A monoclonal antibody to phosphorylcholine TEPC 15 was 
purchased from Sigma Aldrich Co. (St Louis, MO, USA). Anti
human IgG (Fc fragment) Horseradish peroxidase conjugate was
purchased from Calbiochem (La Jolla, CA, USA).

Separation of cell wall (CW) and membrane (M) molecules
The method of fractionation of Strep. pneumoniae CW is a modi-
fication of a previously published protocol [37]. Briefly, bacterial
pellets were resuspended in phosphate buffered saline (PBS), dis-
rupted by sonication and centrifuged. Pellets were then treated
with RNase and DNase, centrifuged and treated with lysozyme to
release CW components. Supernatants containing the CW pro-
teins were harvested. The membrane (M)-fraction pellet was 
solubilized with 0·5% Triton X-100. For the separation of Strep.
pneumoniae lectin-like molecules from the nonlectin molecules,
CW and diluted M protein (¥ 10) suspensions were separately
adhered to the pan-lectin-binding highly glycosylated fetuin
protein covalently bound to a sepharose column. The flow
through from this affinity column contained the Strep. pneumo-
niae nonlectin-like (NL) molecules. The fetuin column adherent
molecules, containing the lectin-like (L) fractions, were eluted
with 50 mM ammonium acetate at pH 3·5.

Four fractions were thus obtained: CW-L, CW-NL, M-L and
M-NL. These fractions were concentrated and analysed by 
1D PAGE electrophoresis and either stained with Coomassie
Blue for protein detection as previously described [38] or trans-
ferred onto nitrocellulose membrane for Western blot analysis. To
verify the protein nature of the active components in the prepa-
ration, CW and M fractions were digested with proteinase K. 
To identify the location of teichoic acid and lipoteichoic acid,
Western blots prepared from the CW and M fractions were
probed with a monoclonal antibody to choline (TEPC-15) and
with the human sera.

Sera and Western blots
Human sera were obtained from randomly chosen healthy adults
and longitudinally collected at ages 18, 30 and 42 months from
healthy children attending day care centres in the city of Beer-
Sheva. The study was approved by the Soroka Medical Center
Ethics Committee. Informed consent was obtained from the
subject’s guardian. The presence of anti Strep. pneumoniae poly-
saccharide antibodies in the adults’ sera was confirmed as pre-
viously described [39,40]. Strep. pneumoniae CW and M extracts
were probed with the human sera on Western blots as previously
described [25]

Haemagglutination assays
Rabbit whole blood cells were washed three times with PBS. A 3%
suspension of erythrocytes was prepared in PBS. Fifty ml of this
suspension were mixed with diluted protein samples in V-shaped
bottom, 96-well plates. Incubation of erythrocytes alone served as
a negative control and Con-A (Sigma Aldrich Co, St Louis, MO,
USA) treatment of erythrocytes served as a positive control.
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Cells
The spontanously immortalized human keratinized cell line,
HaCat [41] and primary nonkeratinized human mucosal epithe-
lial cells were isolated and propagated according to Rheinwald et
al. [42]. For the primary cultures, informed consent was obtained
from the subjects donating epithelial cells. In short, cells were
grown in DMEM supplemented with 10% heat-inactivated foetal
calf serum (FCS; Biological Industries, Beith-HaEmek, Israel)
penicillin and streptomycin (100 mg/ml each). The cells were
removed from flasks by the addition of trypsin (0·25%), washed
once in DMEM medium, plated and grown to confluence in 96-
well flat-bottom plates (average of 6 ¥ 104 cells/well). At least 
16 h prior to the adhesion experiment the culture medium was
changed to one without antibiotics. Cultures were then blocked
with DMEM medium supplemented with 2·5% bovine serum
albumin (BSA; Sigma Aldrich Co., St Louis, MO) and incubated
at 37°C for 4 h.

Adhesion assay
DW3.8 Strep. pneumoniae bacteria were grown to mid-logarith-
mic phase determined by a growth curve (0·4 OD, 108 cfu/ml).
Then 106 bacteria in DMEM supplemented with 2·5% BSA were
added to the cultured epithelial cells. Bacterial colony forming
units (cfu) were confirmed in each experiment. Following an addi-
tional 30-min incubation, facilitating bacterial-host cell adhesion,
the cells were extensively washed with PBS-BSA (¥ 6) to remove
nonadherent bacteria. Cells were liberated from the culture dish
by incubation with either 1 mM EDTA or 0·25% trypsin-EDTA
for 5 min at 37°C. This suspension and its 10-fold serial dilutions
in DMEM were plated on sheep blood agar and the number of
cfu determined.

For adhesion inhibition assays heat-inactivated pooled healthy
adult human sera or heat-inactivated healthy childrens’ sera were
incubated with 106 Strep. pneumoniae cells for 30 min prior to
their addition to cultured epithelial cells at the denoted con-
centrations. In order to determine the extent of inhibition by
Strep. pneumoniae surface proteins upon adhesion, fractionated
CW and M proteins were added in conjunction with DW3.8
Strep. pneumoniae and incubated with HaCat cultured cells for 
30 min and the Strep. pneumoniae cfu were assayed as described
above. No effect on bacterial viability was observed under these
conditions.

Statistical analysis
Statistical significance was analysed via 2-tailed Student’s t-test
for two samples with equal variances. In addition, statistical analy-
sis with the non-parametrical two sample Kolmogorov–Smirnov
test for equality of distribution functions was performed as well.

In attempt to study both the time and dose effects of 
the inhibitory activity of childrens’ sera samples, a statistical
analysis with two way ANOVA with repeated measurements was
performed, as well.

RESULTS

Immune response to Strep. pneumoniae surface molecules
In order to identify different Strep. pneumoniae surface molecules
we subfractionated Strep. pneumoniae cell wall (CW) and mem-
brane (M) components as described in the Methods section.
Using fetuin affinity chromatography and elution with 50 mM

ammonium acetate, pH 3·5, the CW and M fractions were further

separated into fetuin adherent, lectin-like (CW-L and M-L) and
fetuin nonadherent, nonlectin (CW-NL and M-NL) fractions.
While the fetuin-captured fractions agglutinated rabbit erythro-
cytes confirming the presence of lectins in these fractions, the
flow-through proteins failed to agglutinate erythrocytes (data not
shown). All four fractions were subjected to SDS PAGE analysis.
Enrichment for lectin-like molecules could be achieved by using
a clinical isolate or the DW3.8 unencapsulated WU2 mutant.
However, in order to rule out capsular polysaccharide interfer-
ence with Strep. pneumoniae surface molecules binding to the
fetuin column, all the experiments described in this study involved
work with the DW3.8 mutant. The protein nature of the bands
was further substantiated, as no Coomassie blue stained bands
could be detected on gels obtained from Proteinase K digested
Strep. pneumoniae fractions (data not shown).

We have tested sera obtained from healthy adults for their
ability to identify fractionated Strep. pneumoniae surface mole-
cules. In healthy adults (n = 8), previous exposure to Strep. pneu-
moniae was assessed by verification of the presence of antibodies
to Strep. pneumoniae capsular polysaccharide, albeit to a varying
degree (data not shown). As expected, the sera obtained from the
healthy adults demonstrated the existence of antibodies to many
Strep. pneumoniae CW and M molecules by Western blot analy-
sis (Fig. 1). Using pooled human sera, only the bands corre-
sponding to teichoic acid and lipoteichoic acid (around 20 kD)
remained after digestion with proteinase K of Strep. pneumoniae
CW and M fractions (data not shown), in accordance with previ-
ously described results [43]. This was further verified by probing
the blots with a monoclonal antibody to phosphorylcholine TEPC
15 (data not shown).

To determine the extent of antibody responses in a Strep.
pneumoniae susceptible population, sera from healthy children
attending day care centres were tested. Eight healthy children
with documented episodes of carriage of different Strep. pneu-
moniae serotypes were tested. These children demonstrated
immunoreactivity to Strep. pneumoniae surface molecules 
isolated from DW3.8, as detected by Western blot analysis. A 
representative series revealing quantitative and qualitative
enhancement of antibody responses to Strep. pneumoniae pro-
teins over time is shown in Fig. 2. Both the number of proteins
detected and the intensity of the response increased with chil-
drens’ age. Summarizing the results obtained by Western blots
probed with the childrens’ sera, we found that the following pro-
teins were undetected at 18 months of age but elicited a response
by 42 months of age: in the CW-L fractions: 48, 60, 70 and 83 kD;
in CW-NL fraction: 50, 66, 73, 116 kD; in the M-L fraction: 50, 55,
62 and 83 kD; and in the M-NL fraction: 45, 60, 64, 70, 83 and 
100 kD. To quantify the increase in the antibody response, the
Western blots were analysed by TINA V2.10g densitometry 
software (Raytest Isotopenmegerifte GmbH) for assessment of
densitometry. The intensity of the protein bands was determined
per lane and the results are summarized in Fig. 3. In 90% of the
cases, the childrens’ antibody responses were found to increase in
the sera samples obtained at 30 and 42 months of age by 2 to 107

fold compared to the intensity found in the initial serum sample
obtained at 18 months of age.

Inhibition of Strep. pneumoniae adhesion to epithelial cells
To determine whether the antibodies are important for adhesion
of Strep. pneumoniae, we tested interference with adhesion to
epithelial cells by the sera using the human HaCat epithelial cell

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 127:344–353
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Fig. 2. Qualitative development and de novo synthesis of antibodies to Strep. pneumoniae surface proteins in children. A representative
series of Western blots prepared from Strep. pneumoniae surface molecules and probed with sera collected longitudinally at 18 (a), 30 (b)
and 42 (c) months of age from a child attending a day care centre. Lane 1: MW markers; lane 2: cell wall lectin-like (CW-L) proteins; lane
3: cell wall nonlectin (CW-NL) proteins; lane 4: membrane lectin-like (M-L) proteins; lane 5: membrane nonlectin proteins (M-NL).
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line and human primary nonkeratinized oral mucosal cells. Heat-
inactivated sera were incubated with Strep. pneumoniae prior 
to addition to cultured epithelial cells. Treated and untreated 
Strep. pneumoniae were then incubated with the epithelial cells in
96-well plates.

Heat-inactivated healthy adult pooled serum and its 40%
ammonium sulphate precipitated immunoglobulin fraction inter-
fered effectively with Strep. pneumoniae–epithelial cell adhesion,
in a concentration-dependent manner, achieving 90% inhibition
in both HaCat (Fig. 4a,b, respectively) and primary nonkera-
tinized mucosal epithelial cells (Fig. 4c). Serum components
lacking immunoglobulins did not interfere with Strep. pneumo-
niae adhesion (data not shown). Streptococcus pneumoniae adhe-
sion to HaCat epithelial cells could also be inhibited by the
subfractionated CW and M proteins in a dose-dependent manner
(Fig. 4d). It should be noted that at the highest concentration of
the membrane protein preparation used, residual toxicity to the
cultured cells was seen and this result was omitted from the graph.
In control experiments a 90% reduction in Strep. pneumoniae
adhesion was observed following 1 h treatment with trypsin, while
bacterial viability was not affected (data not shown).

Sera from all eight DCC children with documented Strep.
pneumoniae carriage obtained longitudinally at 18, 30 and 42

months of age inhibited adhesion of Strep. pneumoniae to epithe-
lial cells, using either HaCat or primary nonkeratinized oral
mucosal cells. This inhibition increased from an average of 50%
to 80% over the course of two years reaching adults values.
Results of a representative experiment of Strep. pneumoniae
adhesion to HaCat cells and its inhibition by the 1 : 250 dilution
of the sera obtained from all the children in comparison to sera
obtained from adults is shown in Fig. 5.

Statistical analysis performed using two sample t-test with
equal variance on five of the children revealed significant inhibi-
tion of Strep. pneumoniae adhesion to the HaCat cell-line in all
sera assessed, as compared to untreated Strep. pneumoniae (two
separate experiments each performed in triplicate, with three
dilutions for each sample; P < 0·0001). Significant differences were
also evident when comparing sera collected at 18 versus 42
months (P < 0·01) or 30 versus 42 months (P < 0·01). Similarly, 
statistical analysis of inhibition of adhesion to primary non-
keratinized oral mucosal cells revealed significant differences
between control and 18 month immune sera at either 1 : 100 (P <
0·0001) or 1 : 250 (P < 0·0005) dilutions and at all dilutions tested
using 30 month serum (1 : 100 or 1 : 250, P < 0·0001; 1 : 500, P <
0·01) and 42 month serum (1 : 100 or 1 : 250 or 1 : 500, P < 0·0001).
No significant differences could be found between children at 42
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Fig. 3. Quantitative increase of immune responses to Strep. pneumoniae surface proteins. Serial sera from eight healthy children attend-
ing a day care centre were tested for immune responses to Strep. pneumoniae surface proteins using Western blotting. To quantify the
increase the blots were prepared from the same Strep. pneumoniae preparation and developed for 2 s (similar increases were obtained with
longer exposure time but saturation prevented accurate quantification). TINA software was used for densitometry. An increase between
2 and 107 times was found in 90% of the cases in sera samples obtained at 30 and 42 months of age compared with sera obtained at 18
months of age. � Child #1001; � child #1007; � child #1014; � child #1020; � child #1021; � child #1029; � child #1032; 	 child #1048.
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months of age and adults. Similar results of the statistical 
analysis were obtained by the non-parametrical two sample 
Kolmogorov–Smirnov test for equality of distribution functions.

In attempt to study both the time and dose effects of the
inhibitory activity of childrens’ sera samples a statistical analysis
with two way ANOVA with repeated measurements was per-
formed. The experiments were statistically analysed in two ways:
(1) for the significance of the inhibitory activity in all the chil-
drens’ sera (drawn at 18, 30 and 42 months) in all dilutions (1 :
100; 1 : 250 and 1 : 500) over time; and (2) for the inhibitory activ-
ity in each serum dilution used over time. The statistical analysis
revealed a significant effect of interaction between time and dilu-
tion in inhibiting Strep. pneumoniae adhesion to both HaCat and
primary non-keratinized oral mucosa cells (P < 0·001). The analy-
sis for each serum dilution further supported the significant
inhibitory effect on Strep. pneumoniae adhesion to HaCat cells
and its increase over time (at 1 : 100 dilution, P < 0·047; at 1 : 250

dilution, P < 0·012; at 1 : 500 dilution, P < 0·004). The inhibitory
activity of the childrens’ sera on Strep. pneumoniae adhesion to
primary mucosal cells was found to be significant using serum
dilutions 1 : 250 (P < 0·06) and 1 : 500 (P < 0·004) but not signifi-
cant at 1 : 100 dilution (P < 0·177).

DISCUSSION

In the current study we describe qualitative de novo synthesis and
quantitative increases over time in previously existing antibody
responses against Strep. pneumoniae surface proteins in children
from 18 to 42 months of age. These increases coincided with an
augmentation in the capacity of the childrens’ sera to inhibit adhe-
sion of Strep. pneumoniae to primary and immortalised epithelial
cells. In sera obtained from healthy adults, antibody recogni-
tion of Strep. pneumoniae surface molecules was wide-ranging.
The capacity to inhibit Strep. pneumoniae adhesion reached a
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Fig. 4. Inhibition of Strep. pneumoniae adhesion to epithelial cells. Inhibition of Strep. pneumoniae adhesion to HaCat epithelial cells was
performed as described in the Methods section with: (a) pooled healthy adult sera; (b) immunoglobulin fraction from adult sera – it should
be noted that the serum fraction devoided of immunoglobulins was also depleted of its inhibitory activity; (c) inhibition of adhesion to
primary nonkeratinized oral mucosa cells; (d) dose-dependent inhibition of Strep. pneumoniae adhesion to HaCat cells by bacterial cell
wall (CW) and membrane (M) proteins (	 BSA control; CW protein concentration; � M protein concentration). These experiments
were repeated on 3 separate experiments in triplicate each time, and a representative experiment is illustrated. cfu stands for cfu/well. The
results are the mean of the triplicate wells ± standard error of the mean (s.e.m.).
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maximum of 90% and resided in the immunoglobulin fraction. It
is well established that newborn children have impaired T-cell-
independent B-cell responses; this study suggests that the T-cell-
dependent B-cell responses to Strep. pneumoniae surface proteins
may also be inefficient in early childhood.

Several Strep. pneumoniae cell wall (CW) virulence proteins
have been shown to be immunogenic and protective in animals.
Among these, PspA has been shown to elicit protective immune
responses and to reduce Strep. pneumoniae carriage in mouse
models [44]. PspA, however, is serologically variable and the 
different serotypes are only partially cross-reactive [10]. A com-
bination of pneumolysin, PspA and PsaA showed a synergistic
effect [37,45]. Additional Strep. pneumoniae surface proteins are
the choline binding proteins A (CbpA, or PspC). CbpA is a Strep.
pneumoniae adhesin that binds to activated human cells. It is
highly immunogenic and is a possible candidate for development
of a future vaccine [15,23].

In the current study the serotype 3 un-encapsulated mutant of
WU2 (DW3.8) [35,36] was used. It should be noted that type 3
WU2, the parental strain of the DW3.8 mutant, lacks PspC [46]
and that the gpt unencapsulated DW3.8 mutant, used in this study,
has also previously been reported to lack PspA [47]. Thus the
inhibitory activity against Strep. pneumoniae adhesion in the chil-
drens’ sera could not be assigned to antibodies to these proteins,
but rather to additional adhesins. In addition, proteins undetected
by sera obtained from children at 18 months of age but detected
at 42 months of age were greater than 48 kD, excluding PsaA 
(37 kD protein; [19]).

Control 18 m 30 m 42 m Adults
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Fig. 5. Development of inhibitory activity against Strep. pneumoniae
adhesion to epithelial cells in children compared to adult. Sera were
obtained longitudinally at 18, 30 and 42 months (m) of age (n = 8) from
healthy children attending day care centres, with documented Strep. pneu-
moniae carriage. Individual adult’s sera (n = 5) were obtained from ran-
domly chosen healthy adults. In a representative experiment HaCat cells
were incubated with 106 Strep. pneumoniae cfu in the absence (control) or
presence of these sera diluted 1 : 250. The number of bacteria bound to the
cells was determined as decribed in the Methods section. Individual results
are presented as % adhered bacteria. Marked are the calculated means
and the standard errors of mean (s.e.m.).

The variations between different adults seen in Fig. 1 may stem
from a different exposure to Strep. pneumoniae and from a dif-
ferent immunogenetic background among other possibilities. The
importance of the immunogenetic background in response to 
bacteria is currently under investigation in our laboratory and 
in many laboratories worldwide.

Quantitatively and qualitatively the development of anti-
bodies against the Strep. pneumoniae surface proteins coincides
with the development of interference with Strep. pneumoniae
adhesion to human cells (Figs 2, 3, 4 and 5). The ability of trypsin
to eliminate Strep. pneumoniae adhesion suggests that the active
components in the CW and M fractions that interfere with Strep.
pneumoniae adhesion to the cultured epithelial cells (Fig. 4d) are
of a proteineacious nature.

There are three possibilities that are not mutually exclusive
and may be operational in parallel in determining the better
response observed with age against Strep. pneumoniae proteins.
(i) The immune response to the bacterial surface protein antigens
is due to repeated exposures. These protein antigens may be less
immunogenic than others and an adequate immune response,
which may provide protection, may require multiple exposures
over the years. (ii) The interstrain antigenic variability of surface-
exposed bacterial antigens should not be excluded. Therefore,
exposure to multiple different strains is needed before strong
cross-reactivity to a specific antigenic species becomes apparent.
(iii) Another possibility is that the T-cell-dependent B-cell
responses to some bacterial proteins were inefficient in healthy
children. This age-dependent antigenic preference could be a
result of their T-cell repertoire being either limited or lacking in
specificity at 18 months of age. The development of the thymus
and the T-cell receptor repertoire with age has not been fully
explored in healthy children [48]. The extent of the T-cell recep-
tor repertoire in children is highly diverse but alteration in its
expression occurs with increasing age [49].

The development of an appropriate T-cell immune response
to Strep. pneumoniae surface proteins is currently under investi-
gation in our laboratory using a mouse model. Moreover, we 
are currently characterizing the immunogenic Strep. pneumoniae
proteins that may be instrumental in the development of more
effective, protein-based vaccines.
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