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The polysaccharide capsule of Streptococcus pneumoniae inhibits phagocytic killing by innate immune mech-
anisms. Certain serotypes are associated with invasive disease while others with a nasopharyngeal carriage.
The invasiveness of serotypes may partly be explained by ability to resist deposition of complement (C3) on the
bacterial surface and consequent opsonophagocytic killing. In our previous studies, we observed that clinical
isolates of serotypes 1 and 5, which are rarely detected in asymptomatic carriage, were resistant to complement
deposition and opsonophagocytosis, whereas serotypes 6B and 23F, both common in carriage, were more
sensitive to deposition of C3 and opsonophagocytic killing. However, presence of significant variation in C3
deposition between isolates of the same serotype indicated that factors other than the capsule also affect
complement resistance. To distinguish the relative effect of the capsular serotype and other virulence factors
on C3 deposition, we compared capsule-switched mutants prepared in genetic backgrounds of pneumococcal
strains TIGR4, 603, and 618. Clinical isolates which had the same multilocus sequence type but expressed
different serotypes were also compared. We found that the serotype had a significant impact on complement
resistance and that the more resistant the strain was to complement, the higher was the concentration of
polysaccharide-specific antibodies required for opsonophagocytic killing. Comparison of strains expressing the
same capsular polysaccharides in the different genetic backgrounds and various capsular mutants of the same
strain suggests that while the genotype affects complement resistance, the serotype is the most important

determinant. Differences between serotypes were more significant than the differences between strains.

Streptococcus pneumoniae is a major global pathogen re-
sponsible for a wide range of diseases from otitis media to
pneumonia, sepsis, and meningitis. Under normal circum-
stances, pneumococcus enjoys a commensal relationship with
its host, and the frequency of invasive disease among individ-
uals colonized by the organism is very low (15). The polysac-
charide capsule is considered the major determinant of viru-
lence, because isolates that lack the capsule hardly ever cause
invasive disease. The chemical composition of the polysaccha-
ride is also important since only a few of the more than 90
known pneumococcal serotypes are responsible for the major-
ity of invasive infections (14).

The ability of nasopharyngeal carriage to progress into in-
vasive disease or the risk of invasive disease after acquisition of
the pathogen varies by serotype (4, 13). The relative contribu-
tion of the capsular type compared to other virulence factors in
pneumococcal diseases is still unclear, but the extent of viru-
lence cannot be predicted from the capsular type only. Clones
belonging to the same serotype can have different abilities to
cause invasive disease (4, 13, 43).

The complement system is an essential element of host de-
fense against pneumococci (3, 42). Activation of the comple-
ment leads to opsonization of the bacterial surface with C3
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activation products C3b and iC3b, which are recognized by
complement receptors of phagocytic cells (10, 41). The pneu-
mococcal capsule impairs clearance by preventing access of
phagocytic cells to opsonins deposited on the bacterial cell wall
(2). Several pneumococcal proteins have also been shown to
interact with complement (19). Pneumococcal surface protein
A (PspA) inhibits C3 deposition (49) by interfering with the
Clq initiation step of the classical pathway (24), which is the
dominant complement activation pathway in innate host de-
fense against pneumococci (3). Pneumolysin depletes comple-
ment by activating the classical pathway at a distance from the
bacterium (54). The pneumococcal surface protein C (PspC)
inhibits the activation of complement by, e.g., binding factor H
(7, 8), a serum protein that efficiently modulates the function
of the complement (17, 18, 38). The genetic background is
likely to affect the relative importance of a surface protein to
the complement resistance of the strain. Loss of PspC had
variable effects on C3 deposition depending largely on the
strain background and less on the serotype (55). Binding of
complement inhibitor C4b-binding protein is restricted to cer-
tain serotypes, which possess a particular PspC allele (9).
Pneumococcal histidine triad proteins may also play a role in
complement evasion (35), but the impact they have on com-
plement deposition seems to depend on the genetic back-
ground (29).

We have previously found that pneumococcal isolates of
certain serotypes, such as 1 and 5, associated with invasive
disease were particularly resistant to complement deposition
and opsonophagocytic killing, while serotypes such as 6B and
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TABLE 1. Bacterial strains used in this study

Strain Serotype

MLST

Capsule genes

Reference and/or source®

(source/target)

Isogenic capsule switch mutants
TIGR4-R Rough Janus cassette 48
TIGR4-1 1 GA07694 51
TIGR4-2 2 GA03901 This study
TIGR4-3 3 GA07650 This study
TIGR4 4 Host strain 47; BAA-334, ATCC
TIGR4-4 4 TIGR4 51
TIGR4-5 5 501 51
TIGR4-6B 6B NY00216 48
TIGR4-14 14 GA02190 48
TIGR4-19F 19F GA71 48
TIGR4-23F 23F TN82328 51
603-1 1 GA02290 51
603-5 5 501 51
603-6B 6B Host strain 27
603-14 14 GA02190 51
603-19F 19F GA71 51
618-6B 6B Host strain This study
618-14 14 GA02190 This study
618-19F 19F GAT71 This study

Donors of the capsule genes
GA07694 1 TIGR4 44; clinical isolate, ABC
GA02290 1 603 44; clinical isolate, ABC
GA03901 2 TIGR4 44; clinical isolate, ABC
GA07650 3 TIGR4 44; clinical isolate, ABC
501 5 TIGR4, 603 51
NY00216 6B TIGR4 44; clinical isolate, ABC
GA02190 14 TIGR4, 603, 618 44; clinical isolate, ABC
GAT71 19F TIGR4, 603, 618 6

Clinical isolates sharing the same MLST

but different serotypes

199-19F 19F 199 13; invasive clinical isolate
199-6B 6B 199 13; invasive clinical isolate
156-14 14 156 13; invasive clinical isolate
156-9V 9V 156 13; invasive clinical isolate
156-19F 19F 156 13; invasive clinical isolate
162-14 14 162 13; invasive clinical isolate
162-9V CAY% 162 13; invasive clinical isolate
162-19F 19F 162 13; invasive clinical isolate
66-23F CAY% 66 13; invasive clinical isolate
66-9V 23F 66 13; invasive clinical isolate

“ ABC, Active Bacterial Core Surveillance of Centers for Disease Control and Prevention, Atlanta, GA. ATCC, American Type Culture Collection.

23F, associated with carriage, were more sensitive to deposi-
tion of C3 and opsonophagocytosis (30, 31). We found signif-
icant variation in the magnitude of complement deposition
between isolates expressing the same capsular serotype, sug-
gesting a role of serotype-independent factors in the outcome
of this particular interaction. In a recent study by Hyams et al.
(16) comparing C3 deposition on TIGR4 capsule-switch mu-
tants, the resistance of pneumococcus to complement-medi-
ated immunity was found to vary with the capsular serotype
independently of capsular thickness or antibody binding. In the
present study, we assessed the influence of the capsular sero-
type on complement deposition and opsonophagocytic killing
by comparing several isogenic capsule-switched mutants and
clonally related clinical isolates sharing the same sequence type
but expressing different capsular polysaccharides (natural cap-
sule switch variants of the same pneumococcal strain).

MATERIALS AND METHODS

Bacterial strains and culture conditions. Strains used in the present study are
listed in Table 1. Capsule-switched mutants in three different genetic back-
grounds were compared to each other and to the donors of the capsule genes. In
multilocus sequence typing (MLST), clones among bacterial species are identi-
fied by comparing the sequences of internal fragments of seven housekeeping
genes (26). For the present study, we selected invasive pneumococcal strains,
sharing the same MLST but representing different serotypes, isolated from
Finnish children <2 years of age by the National Reference Laboratory for
Pneumococcus (National Institute for Health and Welfare, Oulu, Finland) as a
part of ongoing national infectious disease register program.

Fresh pneumococcal cultures were used in flow cytometric assays measuring
C3 deposition on the pneumococcal surface. Bacteria were cultured in the
Todd-Hewitt broth supplemented with 0.5% yeast extract (THYE) fortified with
5% (wt/vol) fetal bovine serum (FBS) to reach the early logarithmic growth
phase. Culturing the bacteria in liquid medium has been shown to enhance
expression of genes associated with invasive disease (34), and the culture con-
ditions favored opaque colony morphology.

Frozen stocks of bacterial cultures were prepared for the opsonophagocytic
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assay as described previously (30, 40), with minor modifications. Bacteria were
cultured in THYE with 5% FBS until the early logarithmic growth phase, and
culture stocks were frozen slowly in 15% glycerol at —70°C.

Construction of the isogenic capsular variants. The capsular variants of oth-
erwise isogenic strains were constructed in three different genetic backgrounds—
TIGR4 (originally of serotype 4) and 603 and 618 (both originally of serotype
6B)—by using a previously described method (48). In short, the parent strain was
rendered unencapsulated by insertion of a cassette into the capsule locus using
the transformation protocol published by Pozzi et al. (37) and the bicistronic
Janus cassette constructed by Sung et al. (46). Encapsulated mutants were gen-
erated by replacing the cassettes with a c¢ps locus from a donor strain. The
procedure was repeated three times using genomic DNA of previously con-
structed capsular variants in order to eliminate the effect of simultaneous ran-
dom recombinational replacements outside the cps locus. An exception was
made with TIGR4 serotypes 1 and 5 and 603 serotype 5 mutant, in which only
one backcross could be accomplished. Capsular serotypes were confirmed in all
new capsule variants by the Quellung reaction.

Serum samples used in the complement assays. Complement deposition on
pneumococci was measured using sera from 10 healthy adults (normal human
sera [NHS]) as the source of complement. Sera were drawn from voluntary
donors, and written informed consents were obtained. None of the subjects had
been immunized with a pneumococcal vaccine. The concentrations of existing
1gG to the corresponding capsular and protein antigens PspA (family 1 and 2),
PspC (CbpA), and PhtD were measured by using enzyme immunoassay (EIA) as
previously described (45). Each strain was also analyzed once with an agamma-
globulinemic human serum (AGS) with nondetectable antibody concentrations
to the relevant capsular antigens. Sera were divided into small volumes and
stored at —70°C to preserve intact complement activity. Once thawed the serum
was used immediately as a source of complement for the C3 deposition assay.

Serum samples used in the opsonophagocytic assay. The ability of anticapsu-
lar antibodies to enhance opsonophagocytosis was assessed by analyzing the
pneumococcal isolates with pooled sera from infants immunized in a previous
study with an 11-valent pneumococcal conjugate vaccine (53). Each serum pool
was collected from post-booster sera of 5 to 11 different children and contained
low, medium, or high concentrations of serotype-specific antibodies. The mean
capsule type-specific antibody concentrations of the serum pools were calculated
based on concentrations of the individual sera previously measured with EIA
(52).

Complement C3 deposition assay. The deposition of C3 on pneumococci was
measured with a flow cytometric assay as described previously (30). In short,
pneumococcal strains were incubated in 20% human serum with active comple-
ment components for 5 min, and bound C3 molecules (C3b and iC3b) were
detected by incubating the bacteria with fluorescein isothiocyanate-conjugated
rabbit polyclonal anti-human complement C3c¢ (Dako Immunoglobulins, Den-
mark). The data from 20,000 gated events was collected by flow cytometer
(FACSCalibur; Becton Dickinson). Geometric mean intensity of fluorescence
(GMF) was analyzed for each sample.

Opsonophagocytic assay. The functional activity of serum antibodies was mea-
sured by standard opsonophagocytic killing assay (40) using differentiated HL-60
cells (promyelotic leukemia cells, CCL240; American Type Culture Collection,
Rockville, MD), as described previously (30). Shortly thereafter, polymorpho-
nuclear cells were allowed to phagocytose bacteria in the presence of serum
pools containing anticapsular antibodies and baby rabbit complement (Peel-
Freez Biologicals/Dynal) or, as a control, complement only. Each bacterial strain
was analyzed with three different serum pools containing different concentrations
of serotype-specific antibodies. The results were interpreted as the serum dilu-
tion that resulted in 50% of bacteria being killed compared to the bacteria
present in the control well in which only complement but no antibodies was
present.

Statistical methods. Geometric mean fluorescence intensities of C3 deposition
and geometric means of serum antibody concentrations required for 50% op-
sonophagocytic killing with 95% confidence intervals (CI) were calculated. Pear-
son coefficient of correlation was calculated for complement deposition and
opsonophagocytic killing using geometric means of C3 deposition and antibody
concentration. One-way analysis of variance (ANOVA) was applied for compar-
isons of isolates of the same genetic background expressing different capsular
serotypes or isolates from different genetic backgrounds isolates expressing the
same capsular serotype. One-way ANOVA was followed by Tukey’s post-hoc test
when appropriate. A Student ¢ test was used in comparison of capsule donor
strains with recipients. All statistical analyses were performed on log-trans-
formed data, and P values of <0.05 were considered to indicate a statistically
significant difference.
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FIG. 1. Complement deposition on pneumococci expressing differ-
ent capsules in the genetic background of TIGR4 (A) and 603 and 618
(B) and clinical isolates, which share the same MLST but have differ-
ent capsular serotypes (C). For a control, a random isolate was ana-
lyzed with serum diluted in EDTA, which inhibits both alternative and
classical pathways of complement activation. NHS, normal human
serum; AGS, agammaglobulinemic serum. Geometric mean intensities
of fluorescence (GMF) are shown with the 95% CI.

RESULTS

Deposition of C3 on pneumococci. Serotypes were ranked
from most resistant to most susceptible according to C3 de-
position, expressed as the geometric mean intensity of fluores-
cence (GMF) (Fig. 1). C3 deposition varied significantly be-
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tween capsular variants of the same S. pneumoniae strain. Of
the in vitro capsule-switch mutants, serotypes 1 (TIGR4-1 and
603-1) and 19F (all three strains) were among the most resis-
tant to complement (Fig. 1A and B). C3 deposition varied
significantly also between the clinical isolates with the same
MLST but of different serotype (Fig. 1C). For all of those,
serotype 19F strains were more resistant to C3 deposition than
the same MLST type isolates of any other capsule type (P <
0.001, one-way ANOVA, followed by Tukey’s post-hoc test).
Because antibody to the capsular polysaccharides in NHS
could potentially enhance complement deposition differently
on strains expressing different capsular serotypes, each strain
was analyzed once with an agammaglobulinemic serum (AGS).
In the absence of antibodies the order of resistance remained
essentially the same (Fig. 1).

Isogenic strains TIGR4, 603, and 618 expressing the same
capsule (Fig. 2A) had different susceptibilities to complement
C3 deposition (P < 0.001, one-way ANOVA), but no signifi-
cant differences were found between the genotypes when the
results obtained for the same genotype expressing the different
capsules were combined (Fig. 2B). Instead, when the results
obtained for the different strains expressing the same capsule
type were combined, the differences between the serotypes
were significant (P < 0.001). The smallest amount of comple-
ment C3 was deposited on 19F, intermediate on 14, and the
most on 6B (Fig. 2B). When the results obtained for clinical
isolates sharing the same MLST but expressing different cap-
sules were combined, the differences between MLSTs were not
significant. In contrast, among isolates with different MLSTs
expressing the same capsule, significant differences were ob-
served in C3 deposition on serotypes 14, 9V, and 19F (P <
0.001, Fig. 2C). When the isogenic capsule-switched strains
were compared to the clinical isolates used as donors of the
capsule genes, resistance to complement differed significantly
between the donor and the recipient strains (data not shown).

The unencapsulated TIGR4 isolate was predictably the most
sensitive to complement deposition. The serotype 4 variant of
TIGR4, which has gone through the same capsule-switching as
the other capsular variants did not differ from the original
TIGR4 host strain (Student’s ¢ test), indicating that the cap-
sular switch itself had not affected the complement resistance
of the serotype 4 strain (data not shown). In order to assess the
possible attenuation of the capsular variants due to successive
laboratory cultures, TIGR4 serotype 6B, 14, and 19F variants,
inoculated, and recovered a week later by nasal wash from the
nasopharynxes of mice, were analyzed for comparison. We did
not find any significant differences between the serotype 6B
and 14 mouse-passaged and laboratory cultures, whereas
slightly, but significantly less C3 was deposited on the mouse-
passaged serotype 19F culture (Student # test, data not shown).

Opsonophagocytic killing of pneumococci. The polysaccha-
ride-specific antibody concentration required for 50% Kkilling
of TIGR4 strains depended on the capsular serotype and sig-
nificant differences existed between serotypes (one-way
ANOVA, Fig. 3A). TIGR4 serotypes 19F, 3, and 1 required
the highest concentration of capsule antibodies for killing in
OPA. Serotype 19F was more resistant to opsonophagocytic
killing than serotypes 6B and 14 in the genetic background of
all three in vitro capsule-switched mutants (P < 0.05, one-way
ANOVA, followed by Tukey’s post-hoc test Fig. 3A and B).
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FIG. 2. Complement C3 deposition on pneumococcal strains ex-
pressing serotypes 6B, 14, and 19F in the genetic backgrounds of
TIGR4, 603, and 618 (A) and geometric means of C3 deposition on the
different isogenic genotypes or serotypes 19F, 14, and 6B, respectively
(B). Geometric mean C3 deposition on clinical isolates representing
different MLSTs or expressing different capsular serotypes, which in-
cluded at least two isolates: 19F, 9V, and 14 (C). Geometric mean
intensities of fluorescence (GMF) are shown with the 95% CIL.

Mouse-passaged TIGR4 serotypes 6B, 14, and 19F did not
differ from strains, which were not passaged (Student paired ¢
test, data not shown). The clinical isolates, which have the
same MLST but different capsular serotypes, also differed sig-
nificantly in terms of sensitivity to opsonophagocytic killing:
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FIG. 3. Anti-capsular antibody concentration required for 50% op-
sonophagocytic killing of capsule-switched mutants of TIGR4 (A) and
strains 603 and 618 (B) and clinical isolates which share the same
MLST but express different capsule types (C). Serotype 2 was analyzed
with pneumococcal reference serum lot 89-SF; all of the other strains
were analyzed with three serum pools with low, medium, and high
concentrations of antibodies to the polysaccharides. Geometric mean
concentrations with the 95% CI are shown.

serotype 19F was the most resistant in three MLST back-
grounds (Fig. 3C).

Similar concentrations of anticapsular antibodies were re-
quired for killing of isogenic strains TIGR4, 603, and 618,
which expressed the same capsular type (6B, 14, or 19F) (Fig.
4A). The concentration of antibodies required for killing the
three genotypes was also similar when the strains expressing
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FIG. 4. Opsonophagocytic killing of isogenic pneumococcal strains
expressing serotype 6B, 14, and 19F capsules in the genetic back-
grounds of TIGR4, 603, and 618 (A) and killing of the different
genotypes or serotypes 19F, 14, and 6B, respectively (B). Opsonoph-
agocytic killing of clinical isolates representing different MLSTs or
different serotypes, which included at least two isolates: 19F, 9V, and
14 (C). Geometric mean concentrations are shown with the 95% CI.

different capsules were combined (Fig. 4B). In contrast, when
the three genotypes were combined, significantly more anti-
bodies were required for killing the serotype 19F strains com-
pared to serotype 6B and 14 strains (P < 0.001, one-way
ANOVA, followed by Tukey’s post-hoc test, Fig. 4B). When
the results of clinical isolates with the same MLST were com-
bined, differences between MLSTs were not significant, but
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FIG. 5. The concentration of antibodies required for 50% op-
sonophagocytic killing was associated with complement deposition on
pneumococci. **%, P < 0.001 (Pearson correlation).

when clinical isolates with different MLSTs expressing the
same serotype were combined significant differences between
the serotypes were seen. Serotype 19F required more antibody
for opsonophagocytic killing than either 9V or 14, whereas the
concentration required for killing serotype 14 was lower than
for either 9V or 19F (P < 0.01, Fig. 4C). Compared to the
capsule donors, some of the capsule-switched mutants were
significantly more sensitive to opsonophagocytic killing (data
not shown). The concentration of anticapsular antibodies re-
quired for 50% opsonophagocytic killing correlated negatively
with C3 deposition on the pneumococcal strains (Fig. 5).

DISCUSSION

Pneumococcal serotypes and strains differ significantly in
their virulence, which results from differences in the capsular
structure, as well as in the genetic background. In our previous
study we found that the invasiveness of certain serotypes could
be associated with increased resistance to complement depo-
sition and opsonophagocytic killing (31). Analysis of several
capsule-switched mutants in the present study indicates that
exchange of the capsule can directly alter the resistance of the
strain to complement and opsonophagocytosis. However,
other virulence factors besides the capsule also contribute to
complement resistance since differences were found among the
strains expressing the same capsular serotype. Nevertheless,
particular capsules seem to increase resistance irrespective of
the genetic background.

The ability of pneumococcal isolates to kill mice has been
found to be strongly associated with capsular type (1). The fact
that strains of the same capsular type varied in virulence indi-
cates that the genetic background also influences the virulence
of the strains. To overcome the genetic variation confounding
the assessment of the role of capsular serotype in virulence,
capsule-switched mutants expressing different serotypes in the
same genetic background have been compared in mouse mod-
els of infection (20, 21, 32). Expression of serotype 3 capsule in
the genetic background of clinical isolates of capsular types 2,
5, and 6B resulted in profound changes in virulence of the
strains originally of serotype 5 and 6B in an invasive disease
model (21). In intranasal infection of mice the disease outcome
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was more similar for a serotype 14 clinical isolate and its
capsule-switched serotype 9V variant than for two clinical se-
rotype 14 isolates, which had different genetic backgrounds
(32). The combination of the capsule and the genetic back-
ground of the pneumococcal strain was shown to be important
but vary with the site of infection in respiratory tract infections
of mice (20). Two strains expressing serotype 3 capsule sur-
vived equally well in the nasopharynx but in the lungs the
mutant of serotype 2 strain became avirulent compared to
either wild-type serotype 3 strain (20). In invasive pneumococ-
cal disease the capsular serotype is assumed to be more im-
portant than the genotype, because individual serotypes vary in
their invasive disease potential (4, 13). Serogroups 1, 4, 5, 7,
and 14 are strongly associated with invasive disease, whereas
serotype 23F is associated with carriage (5). In mucosal infec-
tions the serotype may be less important. Differences between
serotypes in the risk of progression from carriage to acute otitis
media were not as significant (12). Furthermore, carriage iso-
lates tend to be genotypically more diverse than invasive iso-
lates, whereas particular, clonal characteristics are likely to be
advantageous for invasiveness (4, 39).

Despite the importance of capsular serotype as a determi-
nant of invasiveness, clinical pneumococcal isolates belonging
to different MLSTs have been found to have different invasive
disease potentials (13). MLST 156 is the penicillin-resistant
Spain9V-3 clone, which can also express serotypes 14, 9A, or
other serogroup 19 types (28). It was derived from the peni-
cillin-susceptible strain 162, and strains 162 and 156 are be-
lieved to have essentially the same genotype (13). The MLST
156 included in the present study had a particularly high inva-
sive disease potential, whereas MLSTs 66, 199, and 162 were
not statistically associated with invasiveness (13). We found
that the isolates expressing different capsular serotypes dif-
fered significantly in their resistance to complement deposition
and opsonophagocytic killing but differences between MLSTs
were much smaller than the differences between serotypes.
Comparison of isogenic strains expressing different capsules
led to the same conclusion: a switch of the capsule to a par-
ticular serotype changed the complement resistance to the
same direction in the three genetic backgrounds. The concen-
tration of anticapsular antibodies required for opsonophago-
cytic killing was strongly dependent on the serotype but not the
genotype. The results suggest that the capsule is more impor-
tant than the genetic background for the ability of pneumo-
cocci to resist complement deposition and opsonophagocytic
killing. It is likely that other factors, such as resistance to
antimicrobial peptides or enzymes, affect the success of certain
clones to cause invasive disease.

At the early stages of colonization the capsule inhibits trap-
ping of the pathogen to the luminal mucus and clearance by
mucociliary flow (33). Unencapsulated mutants colonized na-
sal spaces at a density of 10- to 100-fold less than the encap-
sulated parent strains (33). Increased encapsulation ensures
that a portion of the bacterial population overcomes the initial
clearance mechanism and progresses to the epithelial surface
where stable colonization occurs (33). Timely regulation of
capsule expression could be more important than the thickness
of the capsule for the ability of pneumococci to colonize and
cause invasive disease. A reduced amount of capsule at the
later stage promotes colonization by exposure of adhesins and
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strengthening of the intimate contact with the epithelial cells
and subsequent uptake (11). Once invasive disease is estab-
lished, heavily encapsulated bacteria are better protected from
phagocytes (22). If clearance of pneumococci from the naso-
pharynx is mediated by T cells (25, 50), the ability of pneumo-
coccal serotypes to persist in the nasopharynx would depend
on their ability to resist killing by neutrophils (51). Heavily
encapsulated serotypes were found to be more resistant to
nonopsonic phagocytosis by neutrophils, and it was suggested
that the structure of the capsular polysaccharide would deter-
mine the success of a serotype during nasopharyngeal carriage
(51). Serotypes 19F and 23F were among the most resistant to
nonopsonic phagocytosis, which correlates with their high
prevalence in carriage, whereas serotypes 4 and 5 were more
efficiently killed (51).

Although nonopsonic phagocytic receptors can mediate
phagocytosis directly (51), neutrophil phagocytosis is mark-
edly increased by opsonization of pneumococcus with com-
plement (56). Complement deposition on TIGR4 mutants
expressing different serotypes correlated with neutrophil
phagocytosis in the presence of complement, but differences
in phagocytosis between strains were abolished when the
bacteria were not opsonized with complement (16). We
found that complement deposition on pneumococci corre-
lates with the anticapsular antibody concentration required
for opsonophagocytic killing: the serotypes that were least
resistant to C3 deposition required the lowest concentration
of capsule antibodies. TIGR4 serotypes 4 and 7F have pre-
viously been reported to be more resistant to C3 deposition
than serotypes 6A and 23F (16), whereas in the present
study TIGR4 serotype 4 was less resistant than 23F. Since
the mutants of these two studies were constructed indepen-
dently, the source of the TIGR4 parent strain (serotype 4)
could affect the results. Laboratory strains purchased from
different sources could have accumulated different muta-
tions as has been observed for D39 and its derivatives (23).
It is also possible that the methodologies applied and sera
used as a source of complement could result in differences
between the studies.

The clinical isolates analyzed here were more resistant to
complement deposition and opsonophagocytosis than the
capsule-switched mutants, which could result from attenua-
tion and reduced expression of the capsule or other viru-
lence factors in the laboratory strains compared to the clin-
ical isolates. Passage in the mouse nasopharynx increased
the resistance of the serotype 19F but not serotype 6B or 14
variants of TIGR4. Another reason why the clinical isolates
are more resistant could be that the genetic background of
the isolates is adapted to a particular serotype. In our pre-
vious study we found that serotype 5 clinical isolates were
relatively resistant to complement and required a high con-
centration of polysaccharide-specific antibodies for op-
sonophagocytic killing (31). The serotype 5 capsule-
switched mutants of the present study, prepared in the
genetic backgrounds of TIGR4 and 603, were less resistant
to complement in comparison with many other serotypes
expressed in the same genetic background. The invasive
disease potential of serotype 4 has been reported to be high
compared to other serotypes (4, 13). However, the exceed-
ingly high estimation of the invasive disease potential of
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serotype 4 was based on a total of six cases, four of which
had the same MLST, 205 (4). Serotype 4 invasive isolates in
the previous study (three isolates, two of which MLST 205)
were more resistant to complement deposition than sero-
types 14 and 23F, whereas the serotype 4 reference strain
used in the standard opsonophagocytic assay was signifi-
cantly more sensitive to complement than the clinical iso-
lates (31). In the present study the serotype 4 TIGR4 strain
was inferior to all other capsule-switched mutants. The in-
vasiveness of serotype 4 clinical isolates could depend on a
particular genotype, which is beneficial for invasiveness,
rather than the capsular serotype per se. TIGR4 was origi-
nally isolated from meningitis, and although it is able to
cause meningitis in mice, its yield in blood was low in con-
trast to serotype 2 D39, which attains high titers in blood
after challenge (36). This could indicate that the invasive-
ness of the TIGR4 strain is not as high as it is for serotype
4 clinical isolates from invasive disease. Successful combi-
nations of the capsule and virulence proteins may have
coevolved to optimal sets of genes in virulent strains. The
same set of proteins may work differently with various cap-
sular types, which could explain why the capsule switch did
not always result in the same outcome as expected from
clinical isolates. In populations immunized with a pneumo-
coccal conjugate vaccine the severity of replacement disease
could depend on the preexisting serotypes and the geno-
types of capsule-switched clones.
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