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The polysaccharide capsule is a major virulence factor of Streptococcus pneumoniae; it affects complement
resistance and shields the bacterium from phagocytes. Certain capsular serotypes appear to be better able to
cause invasive disease than others. Serotypes 1 and 5 are common causes of invasive disease but are rarely
isolated from healthy carriers, whereas serotypes 6B and 23F are more frequently isolated from carriage than
invasive disease. We have recently shown that serotypes 6B and 19F differ in resistance to complement C3
deposition and opsonophagocytic killing. In this study we assessed the complement resistance and suscepti-
bility to opsonophagocytosis of several other serotypes targeted by the pneumococcal conjugate vaccines.
Clinical isolates of serotypes 1, 4, 5, 14, 18C, and 23F were tested along reference strains of corresponding
capsular types. The concentration of anticapsular antibodies required for opsonophagocytic killing correlated
inversely with C3 deposition on the serotype. Serotype 1 was the most resistant of the clinical isolates to C3
deposition and, along with serotypes 5 and 19F, required the highest concentration of capsule antibodies for
opsonophagocytic killing, whereas serotype 23F was the most sensitive to opsonophagocytosis. Sensitivity to C3
deposition and opsonophagocytosis was associated with serotype-specific mortality of invasive pneumococcal
disease, suggesting that the primary pathogens, such as serotypes 1 and 5, are more resistant to complement
and require a higher concentration of capsule antibodies for opsonophagocytic killing than the opportunistic
serotypes such as 6B and 23F, which are associated with a more severe disease outcome.

Streptococcus pneumoniae colonizes the nasopharynx (NP)
of healthy individuals but occasionally breaks from its carriage
habitat and causes diseases ranging from acute otitis media to
more severe diseases such as pneumonia, sepsis, and meningi-
tis. Isolates that lack the capsule rarely cause invasive disease
in humans, and loss of the capsule greatly attenuates virulence
in animal models of disease (31, 54). Each of the more than 90
known pneumococcal serotypes produces a biochemically dis-
tinct polysaccharide structure, which is a major determinant of
pneumococcal virulence since only a small number of serotypes
account for the majority of infections (18). The polysaccharide
capsule shields the bacterium from phagocytosis by inhibiting
recognition of opsonins adhered to the bacterial cell wall.

Certain serotypes are relatively common causes of invasive
pneumococcal disease (IPD) with respect to their prevalence
in carriage, whereas others are common colonizers of the NP
but rarely cause disease (6, 16). The disease potential, or rel-
ative invasiveness, is a measure of the ability of pneumococci to

progress from nasopharyngeal carriage to invasive disease in
humans, similar to the attack rate, which is the risk of disease
as a result of pathogen acquisition (6, 50). Most of the invasive
property of pneumococci seems to be determined by their
capsular serotype rather than genetic background. However,
different clones of the same serotype can vary in an ability to
cause IPD (6, 16, 45).

Variation in disease potential among serotypes has been
reported in a number of epidemiological studies. In young
children in England, the relative invasiveness of more preva-
lent carriage serotypes—6B, 19F, and 23F—was low compared
to the high disease potential of serotypes 1, 4, 14, 18C, and 7F
(6). In another United Kingdom study in infants �2 years old,
serotypes 23F, 6A, 19F, 16F, 6B, and 15B/C were associated
with low attack rates; serotypes 4, 14, 7F, 9V, and 18C were
associated with relatively high attack rates; and serotypes 1, 5,
and 9A were only isolated from IPD (50). In a study of Finnish
children �2 years of age serotypes 19F and 23F showed a
tendency to be more common in carriage and serotypes 14,
18C, 19A, and 6B were significantly more common in IPD (16).
Even in populations with a high proportion of disease caused
by serotypes 1 and 5, such as in the Gambia (2), serotypes 1
and 5 are rarely detected in nasopharyngeal carriage (19, 29,
47). In a meta-analysis of seven data sets, serogroups 1, 5, and
7 had the highest invasive disease potential (7).
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The duration of carriage varies by capsular type and is in-
versely correlated with the attack rate (50). Capsular serotypes
carried for a short duration and with a high attack rate, such as
serotypes 1, 5, and 7F, behave like “primary pathogens,” which
affect previously healthy individuals and are associated with
lower mortality. Meanwhile, serotypes that are carried for a
long duration, such as 6B, 19F, and 23F, behave like opportu-
nistic pathogens causing disease in patients with an underlying
disease and are associated with a more severe disease and
higher mortality (49). This observation correlates with the out-
come of analysis of the largest ever population-based study on
the severity of IPD published recently by Harboe et al. Odds
ratios (ORs) for the death as an outcome of IPD were higher
for opportunistic serotypes compared to invasive capsular
types (17).

Comparison of pneumococcal strains isolated from carriage
and IPD suggests that carriage isolates are more heteroge-
neous and invasiveness is associated with clonality (6, 42).
Isolates of serogroups 7 and 14 are clonal and rare among
carriers, whereas isolates of serogroups 6, 19, and 23 are het-
erogeneous, suggesting that the clonality may represent an
advantage for invasiveness (51). Molecular epidemiology stud-
ies reveal that IPD caused by serotype 1 in the Gambia (3) and
serotypes 1 and 5 in Israel (37) resulted from expansion of
single, virulent clones, in contrast to serotypes 6B and 23F,
which showed a large diversity in their genotypic characteristics
(37). Studies of serotype 1 disease cases in different geographic
regions did not identify clones with distinct virulence proper-
ties (8), which could reflect either a high virulence potential of
the serotype 1 capsule or selection of genotypes advantageous
for invasiveness.

Variations in susceptibility to host immune defense mecha-
nisms can contribute to the differences between capsular sero-
types in invasiveness. Immune response to pneumococcus
strongly depends on opsonization of the bacteria with comple-
ment C3 molecules (C3b and iC3b), the deposition of which
may be influenced by the capsular polysaccharides (20). We
have previously shown that significantly more C3 is deposited
on serotype 6B than 19F isolates and that a significantly higher
concentration of polysaccharide-specific antibodies is required
for opsonophagocytic killing of serotype 19F isolates (33). The
fact that less C3 was deposited on serotype 19F pneumococci
in the presence or absence of antibodies suggests innate dif-
ferences between capsular serotypes in resistance to the com-
plement. Comparison of C3 deposition on capsule-switched
mutants of TIGR4 demonstrated large differences between
serotypes (22), which indicates that the capsular serotype alone
can have a significant impact on the complement resistance of
strains.

Weinberger et al. described recently an association between
serotype prevalence in carriage and the amount of capsular
polysaccharide produced in vitro by isolates of a particular
serotype (55). The association linked capsule chemistry to the
success of the serotype as a colonizer. This observation sug-
gested that a similar correlation can be present between cap-
sule and the invasiveness of the serotype. In the present study
we compared the resistance to complement and opsonophago-
cytosis of clinical isolates of several different pneumococcal
serotypes. Each serotype was represented by multiple different
clones. Isolates from blood or cerebrospinal fluid, from sero-

types 1, 4, 5, 14, 18C, and 23F, as well as mucosal isolates from
serotypes 1, 14, and 23F, were analyzed, along with reference
strains used in the standard opsonophagocytic assay. We ana-
lyzed the results in a context of the serotype-specific severity of
invasive disease and the chemical structure of the polysaccha-
rides.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The pneumococcal isolates analyzed
in the present study are listed in Table 1. Clinical isolates of selected vaccine
serotypes were analyzed to explore potential variance within the serotypes. Pe-
diatric invasive isolates of serotypes 4, 14, 18C, and 23F collected in Finland by
National Reference Laboratory for Pneumococcus (National Institute for Health
and Welfare, Oulu, Finland) and mucosal isolates of serotypes 14 and 23F
isolated from middle ear fluid samples in the Finnish Otitis Media cohort study
(26) were selected based on previously published typing results to represent
different multilocus sequence types (MLSTs) (16). Since serotypes 1 and 5 are
uncommon in Finland isolates of these two capsular types representing different
MLSTs were selected from pneumococci isolated from Gambian children during
a vaccine trial and IPD projects in the Gambia (1, 11).

The reference strains of the multiplex opsonophagocytic killing assay
(MOPA), which were compared in the present study, were all invasive isolates
selected to carry a particular resistance marker (5, 9). Originally, the serotype 4,
14, 18C, and 19F reference strains were invasive blood isolates from the Centers
for Disease Control and Prevention, Atlanta, GA (43). The serotype 1 and 6B
strains came originally from D. Briles at the University of Alabama at Birming-
ham (9). The serotype 23F reference strain, a nasopharyngeal isolate, was nat-
urally resistant to an antibiotic, whereas the drug resistances of the other MOPA
reference strains were obtained by selective screening (5, 9).

Fresh pneumococcal cultures were used to measure C3 deposition on the
pneumococcal surface in a flow cytometric assay. Bacteria were cultured to the
early logarithmic growth phase in the Todd-Hewitt broth with 0.5% yeast extract
(THYE) supplemented with 5% fetal bovine serum as described previously (33).
Bacterial cells used in the opsonophagocytic assay were prepared exactly the
same way except that, after reaching early logarithmic phase, the cultures were
frozen slowly in 15% glycerol at �70°C and used immediately after thawing.

Serum samples used in the complement assays. Sera from eight healthy adults
who had not been immunized with any pneumococcal vaccine (normal human
sera [NHS]) were used as a source of complement in the C3 deposition assay.
Each serum was analyzed individually. Sera were (i) screened for antibodies to
the corresponding capsular polysaccharides and protein antigens PspA (families
1 and 2), PspC (CbpA), and PhtD (Table 2) as previously described (48), (ii)
aliquoted into small volumes, and (iii) stored at �70°C to preserve intact com-
plement activity. Once thawed, the serum was immediately used in the assay.

Serum samples used in the opsonophagocytic assay. The functional activity of
anticapsular antibodies on opsonophagocytosis was assessed by analyzing the
pneumococcal isolates with pooled sera obtained from infants immunized with
an 11-valent pneumococcal conjugate vaccine (59). Each serum pool was col-
lected from post-booster sera of 5 to 11 different children. The capsule type-
specific antibody concentrations of the serum pools (Table 3) were calculated
based on concentrations of the individual sera previously measured with enzyme
immunoassay (58). The ethics committee of the National Public Health Institute,
Helsinki, Finland, reviewed the protocol and approved the use of the sera in the
present study.

Complement C3 deposition assay. Deposition of complement C3 on pneumo-
cocci was measured with a flow cytometric assay as described previously (33). In
short, pneumococcal strains were incubated in 20% human serum with active
complement components for 5 min and C3 molecules (C3b and iC3b) bound to
the bacteria were detected with anti-C3c-fluorescein isothiocyanate-conjugated
rabbit polyclonal anti-human complement C3c antibodies (Dako Immunoglobu-
lins, Denmark). As a negative control in each analysis, bacteria were incubated
with NHS in buffer containing 10 mM EDTA, which blocks both alternative and
classical pathways of complement activation. The geometric mean fluorescence
(GMF) intensity was analyzed for each sample by using a flow cytometer
(FACSCalibur; Becton Dickinson).

Opsonophagocytic assay. The functional activity of serum antibodies was
measured by a standard opsonophagocytic killing assay (43) using differen-
tiated HL-60 cells (promyelotic leukemia cells, CCL240; American Type
Culture Collection, Rockville, MD), as described previously (33). Soon there-
after, polymorphonuclear cells were allowed to phagocytose bacteria in the
presence of baby rabbit complement (Pell-Freez Biologicals/Dynal) and in-
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activated human serum or, as a control, complement only. The results were
interpreted as the serum dilution that resulted in 50% of bacteria being killed
compared to the bacteria present in the control well in which only comple-
ment, but no antibodies, was present. Each bacterial strain was analyzed with

three different serum pools, which contained different concentrations of
serotype-specific antibodies (Table 3).

Statistical methods. The geometric mean serum antibody concentrations re-
quired for 50% opsonophagocytic killing and the GMF intensities of C3 depo-
sition with 95% confidence intervals were analyzed. One-way analysis of variance
(ANOVA) was applied in comparisons of serotypes, followed by Tukey’s post-
hoc test when appropriate. A Student t test was used in comparison of mucosal

TABLE 1. Bacterial strains used in this study

Strain name in this study Serotype MLST Sample type Strain sourcea

MOPA1 1 ND Invasive SPEC-1 (L82006), MOPA reference strain
INV1-1 1 618 Invasive PVT0002
INV1-2 1 1331 Invasive PNI 0062
INV1-3 1 3579 Invasive PNI 0213
INV1-4 1 3574 Invasive PNI 0150
CAR1-1 1 910 Mucosal CH0089
CAR1-2 1 2084 Mucosal CH0053
CAR1-3 1 3570 Mucosal PVT 13506
MOPA4 4 ND Invasive OREP-4 (DS2382), MOPA reference strain
INV4-1 4 176 Invasive IO11147
INV4-2 4 205 Invasive IO11512
INV4-3 4 205 Invasive IO12680
MOPA5 5 ND Invasive STREP-5 (DBL5)
INV5-1 5 289 Invasive PVT0020
INV5-2 5 3313 Invasive PVT0027
INV5-3 5 3338 Invasive PVT0018
INV5-4 5 3339 Invasive PVT0026
MOPA6B 6B ND Invasive SPEC-6B (BG25-9), MOPA reference strain
MOPA14 14 ND Invasive STREP-14 (DS2214-94), MOPA reference strain
INV14-1 14 124 Invasive IO10163
INV14-2 14 700 Invasive IO626
INV14-3 14 9 Invasive IO12202
MEF14-1 14 134 Mucosal IOKOR1832-5
MEF14-2 14 156 Mucosal IOKOR2104-3
MEF14-3 14 307 Mucosal IOKOR392-1
MOPA18C 18C ND Invasive OREP-18C (GP116), MOPA reference strain
INV18C-1 18C 496 Invasive IO10148
INV18C-2 18C 1016 Invasive IO10162
INV18C-3 18C 1073 Invasive IO632
MOPA19F 19F ND Invasive SPEC-19F (DS2217-94), MOPA reference strain
MOPA23F 23F ND Mucosal EMC-23F (1212458), MOPA reference strain
INV23F-1 23F 37 Invasive IO11697
INV23F-2 23F 36 Invasive IO10783
INV23F-3 23F 440 Invasive IO10961
MEF23F-1 23F 37 Mucosal IOKOR46-1
MEF23F-2 23F 515 Mucosal IOKOR1101-8
MEF23F-3 23F 535 Mucosal IOKOR1617-3

a The MOPA reference strains were prepared by introducing drug resistance markers to the parent strains. The names of the parent strains are given in parentheses.

TABLE 2. Antibody concentrations to pneumococcal
antigens in NHS

Antigen Geometric mean serum IgG
concn in �g/ml (95% CI)a

Capsular polysaccharide
1 ............................................................................. 0.5 (0.2–1.5)
4 ............................................................................. 0.2 (0.7–3.0)
5 ............................................................................. 0.7 (0.2–2.9)
6B .......................................................................... 0.2 (0.1–0.4)
14 ........................................................................... 1.4 (0.4–4.7)
18C ........................................................................ 0.3 (0.1–0.9)
19F......................................................................... 0.6 (0.1–2.5)
23F......................................................................... 2.8 (1.0–8.2)

Surface protein
PspC ......................................................................13 (5.0–33)
PhtD ......................................................................24 (11–49)
PspA-1................................................................... 1.8 (0.8–4.2)
PspA-2................................................................... 2.0 (1.1–3.6)

a That is, the geometric mean antibody concentrations of the antigen-specific
antibody concentrations of eight different normal human sera. The 95% confi-
dence intervals (95% CI) are given in parentheses.

TABLE 3. Serum antibody concentrations to capsular
polysaccharides in pooled sera used in the

opsonophagocytic assay

Serotype

Geometric mean IgG concn in �g/ml in
pooled sera (95% CI)a

Low Medium High

1 5.9 (3.2–11) 6.6 (5.3–8.1) 14 (11–20)
4 1.4 (0.8–2.5) 6.2 (3.4–11) 15 (11–20)
5 1.7 (1.0–2.8) 6.4 (4.6–9.0) 13 (8.5–20)
6B 1.2 (0.9–1.5) 5.8 (4.9–7.0) 15 (11–20)
14 1.3 (0.7–2.4) 5.8 (3.4–9.8) 10 (5.2–19)
18C 1.2 (0.8–1.8) 4.3 (2.5–7.5) 16 (10–26)
19F 5.2 (5.0–5.4) 7.2 (6.6–7.9) 16 (14–17)
23F 1.3 (0.7–2.4) 5.8 (3.4–9.8) 10 (5.2–19)

a That is, the geometric mean IgG concentrations in pooled sera from infants
immunized with an 11-valent pneumococcal conjugate vaccine. The 95% confi-
dence intervals (95% CI) are given in parentheses. Each pool was collected from
5 to 11 different sera.
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and invasive pneumococcal isolates within serotypes, as well as in comparison of
reference strains with the clinical isolates. Pearson coefficient of correlation was
calculated for C3 deposition and opsonophagocytic killing, as well as for C3
deposition and serum antibody concentration of the normal human sera used as
the source of complement. The serotype-specific IPD mortality expressed as an
adjusted OR estimates was compared to serotype-specific C3 deposition and the
antibody concentration required for 50% opsonophagocytic killing by calculating
Pearson correlation. The Pearson correlation was also calculated for serotype-
specific C3 deposition and the number of hydroxyl groups per polysaccharide.
Statistical analyses were performed on log-transformed data, except for the OR
estimates and the number of hydroxyl groups, which were not transformed. In all
analyses, P values of �0.05 were considered to indicate a statistically significant
difference.

RESULTS

Capsular serotype affects resistance to deposition of C3 on
the bacteria. To investigate the role of the capsular serotype in
sensitivity to complement, we measured C3 deposition on
pneumococcal isolates using eight different NHS as the source
of complement. Serotype 6B and 19F clinical isolates analyzed
in our previous study (33) were also included in the compari-
son. Serotypes were ranked from most resistant serotype 1 to
most susceptible 6B (clinical strains) or 18C (reference strains)
according to C3 deposition, expressed as the GMF (Fig. 1).
Among clinical isolates tested (Fig. 1A), the difference be-
tween two randomly selected serotypes was always significant
unless they were next in the rank. The exceptions were a
significant difference between close in rank serotypes 1 and
18C and nonsignificant between distant serotypes 5 and 18C, 5
and 23F, and 19F and 14 (one-way ANOVA, followed by
Tukey’s post-hoc test). Within a serotype, clinical isolates of
capsular types 1, 14, 23F, and 18C varied significantly in sen-
sitivity to complement. However, there was no difference in
complement deposition between mucosal and invasive isolates
of the same serotype when tested (Student t test). The differ-
ences between reference strains (Fig. 1B) were significant be-
tween serotype 1 and all other serotypes except type 5; between
serotype 5 and serotypes 19F, 4, 6B, and 18C; between sero-
types 23F and 14 and serotypes 6B and 18C; and between
serotypes 19F and 18C (one-way ANOVA, followed by
Tukey’s post-hoc test). Compared to the clinical isolates, sig-
nificantly more C3 was deposited on the reference strains of
serotypes 4 and 18C (Student t test).

C3 deposition is associated with serum IgG to pneumococ-
cal antigens. We found an association between complement
deposition and serum IgG concentration to PspC (r � 0.31,
P � 0.01) and PspA family 2 (r � 0.27, P � 0.05, Pearson
correlation), when the results for all isolates were combined.
The associations depended on the isolate and not on the se-
rotype. IgG concentration to PspC, PhtD, or PspA family 2 in
the sera was significantly associated with increased C3 deposi-
tion on 15 of 39 isolates, and yet for most other isolates a trend
toward association between resistance to complement and IgG
concentration to one or two protein antigens was observed. A
significant correlation between C3 deposition and antibody
concentration to the corresponding capsular polysaccharide
was seen only for a few isolates, of serotypes 1, 4, and 14.

Capsular serotype affects resistance to opsonophagocytic
killing. We measured the serotype specific antibody concen-
tration required for 50% opsonophagocytic killing using
pooled sera from immunized individuals. The clinical isolates

of serotypes 1 and 5 required a significantly higher concentra-
tion of anticapsular antibodies than 23F for killing (P � 0.05,
one-way ANOVA with Tukey’s post-hoc test, Fig. 2A). Varia-
tion between clinical isolates of the same serotype in sensitivity
to opsonophagocytic killing was statistically nonsignificant
(one-way ANOVA). Unlike the complement deposition re-
sults, opsonophagocytosis of clinical serotype 6B and 19F iso-
lates analyzed in our previous study (33) could not be com-
pared to the serotypes analyzed in the present study because
different sera were used and the opsonophagocytic titers of the
two studies are not comparable. A significantly higher concen-
tration of serotype-specific anticapsular antibodies was re-
quired for killing the serotype 19F than any other reference
strain except those of serotype 1, 4, and 5 (Fig. 2B). Six times
as much antibody was required for 50% opsonophagocytic

FIG. 1. (A and B) Deposition of complement C3 on the surface
clinical pneumococcal isolates (A) and pneumococcal reference strains
used in the opsonophagocytic assay (B). C3 deposition is expressed as
the geometric mean intensity of fluorescence (GMF) with 95% confi-
dence intervals from analyses with eight different normal human sera
(NHS). The number of clinical isolates analyzed per serotype is shown
outside the bar, and the geometric mean of the GMF values is shown
inside the bar. The serotype 6B and 19F clinical isolates, indicated with
an asterisk, were analyzed in a previous study with four different
normal human sera (33).
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killing of the serotype 19F as for the serotype 6B reference
strain, a finding similar to our previous study (33). Serotype 1
and 5 reference strains required twice as much antibody as 6B,
but the difference was not statistically significant. The serotype
23F reference strain was more resistant to opsonophagocytic
killing than the serotype 23F clinical isolates (P � 0.05, Stu-
dent t test).

Resistance to complement deposition is associated with re-
sistance to opsonophagocytic killing. We found an association
between complement deposition and opsonophagocytosis
among the clinical isolates and the reference strains (Fig. 3).
The clinical isolates most resistant to C3 deposition tended to
require a higher concentration of anticapsular antibody for
opsonophagocytic killing than the isolates least able to resist

complement deposition. Reference strains of serotypes 1 and 5
were the two most resistant to complement, but they were less
resistant to opsonophagocytosis than the serotype 19F refer-
ence strain. Serotype 19F reference strain deviates from the
trend by showing a moderate resistance to complement and yet
requiring the highest concentration of serotype-specific anti-
bodies to be opsonophagocytosed.

Resistance to complement deposition and opsonophagocy-
tosis is related to a lower mortality of IPD. Mortality following
IPD caused by different serotypes has previously been assessed
by Harboe et al. in a large population-based study by using a
multivariate logistic regression analysis and OR estimates for
the most frequent serotypes were calculated (17). We found
for serotypes analyzed in the present study a significant asso-
ciation between serotype-specific IPD mortality (adjusted 30-
day mortality OR estimates) and C3 deposition with the small-

FIG. 2. (A and B) Opsonophagocytic killing of clinical pneumococ-
cal isolates (A) and pneumococcal reference strains (B). Each strain
was analyzed with three different serum pools from children immu-
nized with a pneumococcal conjugate vaccine and the results are pre-
sented as the geometric mean anticapsular antibody concentration
(GMC) required for 50% opsonophagocytic killing with 95% confi-
dence intervals. The number of clinical isolates analyzed per serotype
is shown in parentheses.

FIG. 3. Complement C3 deposition was associated with the anti-
capsular antibody concentration required for 50% opsonophagocytic
killing of clinical isolates (A) and pneumococcal reference strains (B).
Geometric mean intensities of fluorescence (GMF) and geometric
mean anticapsular antibody concentrations are shown. *, P � 0.018
(Pearson correlation).
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est amount of C3 deposited on the serotypes with the lowest
mortality (Fig. 4A). There was also a trend between resistance
to opsonophagocytic killing and IPD severity, which was sta-
tistically significant if serotype 19F was excluded (Fig. 4B). The
serotypes with the lowest mortality required the highest con-
centration of antibodies to opsonophagocytic killing.

The polysaccharide structure is associated with serotype-
specific IPD mortality and complement deposition. We exam-
ined the rank of serotypes according to the number of carbons
required to generate a capsule polysaccharide unit published
by Weinberger et al. (55) and found for serotypes analyzed in
the present study an association between capsule synthesis
metabolic cost and serotype dependent related severity of IPD
published by Harboe et al. (17). The serotypes, which have the
least carbons per polysaccharide repeat unit, tend to cause the
most severe disease (Fig. 5A). The association was highly sig-
nificant after serotype 1 exclusion. This particular capsule type
is unique among pneumococci for its zwitterionic property of
polysaccharide (10). We examined further published structures

of capsular polysaccharides (27) in order to test whether there
is a correlation between the number of hydroxyl groups in the
polysaccharide repeat unit, known as potential targets for C3
deposition on the polysaccharide, and the susceptibility to
complement among clinical strains of a particular serotype. We
found a significant association between these two parameters.
A high number of free hydroxyl groups was associated with a
higher level of C3 deposition (Fig. 5B).

DISCUSSION

In our previous study we reported that serotypes 6B and 19F
profoundly differ in susceptibility to complement deposition
and to antibody-mediated opsonophagocytosis (33). In the
present study we have broadened the comparison to include
other clinically important capsular serotypes. We found signif-
icant differences among serotypes in their susceptibility to

FIG. 4. Complement C3 deposition (A) and concentration of anti-
capsular antibodies required for 50% opsonophagocytic killing (B) of
pneumococcal clinical isolates and reference strains was associated
with serotype-specific mortality of IPD in patients aged 5 years or older
(17). The number of strains in the overlapping symbols is shown inside
the brackets. Correlation of IPD severity with the antibody concentra-
tion required for opsonophagocytic killing was significant when sero-
type 19F reference strain was excluded. **, P � 0.01 (Pearson corre-
lation).

FIG. 5. (A) Serotype-specific mortality to IPD was associated with
the capsule structure (number of carbons per repeat unit of the poly-
saccharide) and the correlation was significant if serotype 1 was ex-
cluded. A high number of carbons tended to associate with a lower
level of C3 deposition, but the correlation was not statistically signif-
icant even if serotype 1 was excluded (data not shown). (B) The degree
of complement deposition on pneumococci was associated with the
number of hydroxyl groups in the polysaccharide repeat unit. C3 dep-
osition on reference strains and geometric mean of C3 deposition on
clinical isolates of each serotype are shown in panel B. *, P � 0.05; **,
P � 0.01 (Pearson correlation).
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complement deposition and opsonophagocytic killing. Analysis
of several pneumococcal strains suggests that isolates of pri-
mary pathogen serotypes 1, 4, 5, and 18C are better able to
resist complement deposition, which could partially explain
why these serotypes have a high invasive-disease potential (6,
16, 50). We also observed variation in C3 deposition within a
serotype, including differences between clinical and reference
strains, indicating the significance of serotype independent ge-
netic background in resistance to complement. The lack of
such differences between mucosal and invasive isolates sug-
gests that there was no priming for higher resistance to com-
plement in a serotype-independent manner.

The genetic background is likely to affect the relative impor-
tance of a surface protein to the virulence of the strain and how
antibodies to the virulence protein induce complement depo-
sition. Antibodies to protein antigens, which play a role in
complement inhibition, may enhance C3 deposition on pneu-
mococci even when the concentrations are relatively low. In a
clinical study assessing PspA as a vaccine candidate the con-
centration of serum antibodies to PspA correlated with C3
deposition on pneumococci (35). We found in our previous
study that the concentration of IgG to PspA present in normal
human sera correlated significantly with C3 deposition on se-
rotype 2, 3, and 19F isolates, but not with C3 deposition on a
serotype 4 isolate (32). In the present study we found signifi-
cant correlations between antibody concentration to PspA,
PspC, and PhtD and capsular polysaccharides 1, 4, and 14 with
complement deposition on individual pneumococcal strains.
Of these, the PspC proteins have been shown to have comple-
ment inhibitory activity via binding of the alternative pathway
inhibitor factor H (12, 23, 24), whereas the mechanism by
which PspA inhibits C3 deposition (52) is suggested to be
interference with the C1q initiation step of the classical path-
way (30). The role of PhtD in the complement resistance of
pneumococci is not clear, and it appears to depend on the
genetic background of the strain (32, 36).

Similar polarization of serotypes as observed in the ability to
resist complement deposition was seen with susceptibility to
opsonophagocytosis. A relatively high concentration of anti-
bodies was required for killing of serotype 1 and 5 isolates,
whereas very low concentrations of polysaccharide-specific an-
tibodies were sufficient to kill isolates of serotype 23F. There
was a clear association between complement deposition and
antibody concentration required for opsonophagocytosis,
which suggests that the serotypes which are more resistant to
complement require a higher concentration of capsule-specific
antibodies for opsonophagocytic killing. Although there was
significant variation within serotypes in complement deposi-
tion, the variation in sensitivity to opsonophagocytosis was
nonsignificant, suggesting that the capsule type could be more
important than the genetic background for determining resis-
tance to opsonophagocytosis. Differences between serotypes in
sensitivity to opsonophagocytosis could result from the com-
plement deposited on the bacterial surface not being equally
exposed to the phagocytes due to the different capsular struc-
tures and localization of the opsonins. Recent data suggest that
the capsule inhibits phagocytosis of encapsulated bacteria by
several mechanisms. It reduces the binding of IgG and CRP on
the bacteria, thereby inhibiting activation of the classical path-
way (21). In addition, the capsule inhibits phagocytosis medi-

ated directly by IgG and nonopsonic phagocytic receptors (21)
but also in an opsonin- and antibody-independent manner
(55).

The difference in sensitivity to complement deposition is not
likely to be the only factor to explain the different susceptibil-
ities of the serotypes to opsonophagocytic killing. Despite
moderate resistance to complement deposition, a very high
concentration of serotype-specific antibodies was found here
and previously (33) to be required for opsonophagocytosis of
serotype 19F strains, suggesting inferior functional properties
of antibodies. The data from clinical trials demonstrate a cor-
relation of serotype-specific vaccine efficacy with opsonoph-
agocytic activity of the antibodies (14, 46). The antibody con-
centration required for 50% opsonophagocytic killing depends
on the capsular serotype and up to five times higher antibody
concentrations have been reported to be required for killing
serotype 19F compared to 6B (14, 33, 43, 46, 59). The 7-valent
pneumococcal conjugate vaccine has been reported to effi-
ciently protect against IPD caused by the serotypes included in
the vaccine formula (4, 28, 34, 56). However, a case-control
study in the United States suggests less efficient protection
against serotype 19F (57). In the Gambia the efficacy of the
9-valent vaccine was significant against IPD caused by sero-
types 5, 14, and 23F, whereas despite good immunogenicity the
vaccine appeared to lack protection against serotype 1 (11, 44).
The efficacy of conjugate vaccines against pneumococcal AOM
was good against 6B and 23F but poor against 19F (15, 25),
although the antibody concentrations after vaccination were
the lowest for 6B and 23F and highest for 19F (13, 25). Lower
efficacies against AOM caused by 19F have been reported in
other studies as well (4, 38). Serotype 1 isolates analyzed in the
present study and the serotype 19F isolates in our previous
study (33) required high concentrations of capsule specific
antibodies for opsonophagocytosis, which is in concordance
with their less optimal vaccine efficacies. However, in the
Gambia the conjugate vaccine offered a good protection
against IPD caused serotype 5 (44), and yet in our study it
required the highest concentration of capsule antibodies for
killing in the opsonophagocytic assay.

We found an association between our results of serotype
specific differences in susceptibility to C3 deposition and op-
sonophagocytic killing and the serotype-specific estimates for
mortality due to IPD published by Harboe et al. (17), suggest-
ing that the primary pathogens, which are associated with a
lower mortality than the opportunistic serotypes, are more
resistant to C3 deposition and require a higher concentration
of capsule antibodies for opsonophagocytic killing. This could
indicate that the primary pathogens, which are able to cause
disease in healthy individuals and have a high potential to
cause invasive disease (6, 7, 45, 49), are better able to resist
host immunity than the opportunistic serotypes. The opportu-
nistic serotypes commonly cause disease in immunocompro-
mised patients, which could explain their association with more
severe disease (17, 49). However, when the bias of underlying
disease was eliminated, clones of primary pathogen serotypes
were observed to cause a milder disease than clones belonging
to the less invasive groups (49). Clones of the opportunistic
serotypes also caused a more robust proinflammatory cytokine
response in mice (49). Differences between serotypes in their
ability to activate innate immune responses may contribute to
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disease severity, as well as bacterial clearance. The serotypes
which are able to persist in the respiratory mucosa of healthy
individuals are crucial for the survival and spread of the bac-
terium. The part of the capsular genome that regulates capsu-
lar expression has recently been found to fall into two highly
divergent sequence clans, which interestingly seem to be asso-
ciated with either serotypes common in carriage (such as se-
rogroup 6 and serotype 23F) or invasive disease (1, 4, 5, 7F,
and 14) (53). In an attempt to explain the dichotomy, it was
speculated that the capsule expression of the more virulent
clan could either be increased or more efficiently regulated
through phase variation, which would provide an advantage for
colonization (53).

The prevalence of a serotype in nasopharyngeal carriage
seems to be determined by the metabolic cost the bacteria are
investing in a capsule (55). The serotypes with a less complex
and thus energy efficient structure (less carbons per polysac-
charide repeat unit) were associated with a higher prevalence
in carriage (55). We found that the number of carbons is also
related to the serotype-specific mortality of IPD, which sug-
gests that the serotypes which have a low number of carbons
per repeat unit are associated with a high mortality. Serotypes
4 and 5, which have a high invasive disease potential but low
mortality (49), had the highest number of carbons and the
opposite was seen for serotypes 19F and 6B. Serotype 1, which
was associated with the lowest mortality, deviated from the
trend. The strong negative correlation between severity of IPD
and metabolic cost of capsular polysaccharide unit synthesis
could suggest that the metabolic cost of capsule production
alone has a significant impact on the outcome of IPD, with
serotypes of less metabolically costly capsule causing more
severe disease. Interestingly, we also found that the ability of
serotypes to restrict C3 deposition was associated with mortal-
ity of IPD, which suggests that the serotypes associated with a
higher mortality (the opportunistic pathogens) are more sen-
sitive to complement than the serotypes, which are associated
with invasiveness but which cause a less severe disease.

Differences in the capsular polysaccharide structures (27)
could partly explain the differences in complement deposition
observed between serotypes. We found a significant associa-
tion between C3 deposition and the number of free hydroxyl
groups per polysaccharide repeat unit. Serotypes 1 and 5,
which were the most resistant to C3 opsonization and op-
sonophagocytosis, have a smaller number of available targets
(-OH or -NH2 groups) for C3b to make ester or amide link-
ages. The importance of acetyl groups to the antigenicity of
pneumococcal polysaccharides was reported in a previous
study in which the functional activity of antibodies was evalu-
ated using an opsonophagocytic assay (41). It was shown that
the target of vaccine induced antibodies was linked to an O-
acetyl group present in the monosaccharide residues of sero-
type 15B and that these antibodies were not cross-reactive
against serotype 15C, whose capsular polysaccharide is other-
wise identical but not acetylated (41). In the repeating sugar
units of serotype 1 there are 6 hydroxyls, three of which are in
acidic carboxyls. There are two amino groups, one of which is
acetylated. The sugar unit of serotype 5 has seven hydroxyl
groups and three amino groups, all of which are acetylated. In
contrast, serotypes 6B, 18C, and 23F have a high number of
free hydroxyls (11 in serotype 6B, 15 in serotype 18C, and 11 in

23F). None of the hydroxyl groups of these three serotypes are
in carboxylic acids and there is no acetylation. A low number
of available targets for complement deposition and presence of
acetyl groups in the amino and carboxyl groups of the sugars of
the capsule polysaccharide seems to be advantageous to resist-
ing recognition by innate immune mechanisms.

The results of the present study suggest that the serotype-
dependent differences in resistance to complement deposition
could explain why certain serotypes are able to efficiently resist
the host innate immunity and act as primary pathogens. We
also found that these serotypes require a high concentration of
serotype-specific antibodies for opsonophagocytic killing. It is
possible that the capsules of serotypes with a high invasive
potential reduce the sensitivity of the serotype to opsonoph-
agocytosis by efficiently restricting complement deposition on
the pneumococcal surface. In contrast, low concentrations of
polysaccharide-specific antibodies were sufficient for killing se-
rotype of low invasive potential which also were less resistant
to complement. We also identified exceptions from this gen-
eral rule. Even though the complement resistance of serotype
19F was similar to serotypes of low invasive potential, isolates
of this capsular type required concentration of anticapsular
antibodies for killing higher than isolates of invasive serotypes
1 and 5, which suggest that the functionality of the antibodies
to 19F may be inferior. It is clear from these data as well as
from clinical studies that the threshold level for protection of
vaccine induced anticapsular antibodies cannot be expected to
be the same for all serotypes.
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