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Previous studies suggested that PspC is important in adherence and colonization within the nasopharynx.
In this study, we conducted mutational studies to further identify the role PspC plays in the pathogenesis of
pneumococci. pspC and/or pspA was insertionally inactivated in a serotype 2 Streptococcus pneumoniae strain
and in a serotype 19 S. pneumoniae strain. In the mouse colonization model, pneumococcal strains with
mutations in pspC were significantly attenuated in their abilities to colonize. In a mouse pneumonia model,
strains with mutations in pspC were unable to infect or multiply within the lung. Using reverse transcriptase
PCR we were able to demonstrate that pspC is actively transcribed in vivo, when the bacteria are growing in
the nasal cavity and in the lungs. In the bacteremia model, a strain mutated for pspC alone behaved like the
wild type, but the absence of both pspC and pspA caused accelerated clearance of the bacteria. Intranasal
immunization with PspC with cholera toxin subunit B as an adjuvant protected against intranasal challenge.
Evidence was also obtained that revertants that spontaneously acquired PspC expression could multiply and
colonize the nasal tissue. This latter finding strongly indicates that pneumococci are actively metabolizing and
growing while in the nasopharynx.

PspC (59 to 105 kDa) is a paralog of PspA, a virulence factor
found on all pneumococci (11, 13). Both molecules contain
similar structural domains, including a coiled-coil � helix, fol-
lowed by a proline-rich region and a choline-binding domain
(11, 43). While the �-helical regions of PspA and PspC are
distinct, the proline-rich region and choline-binding domains
are indistinguishable. PspC is found on about 75% of pneu-
mococci (11, 22). The molecule is also termed CbpA and/or
SpsA based on its ability to bind choline and/or the secretory
component of immunoglobulin A (IgA), respectively (22, 33).
PspC interacts with the complement pathway through its ability
to bind complement component C3 (12) and factor H (17, 25).
It has been previously demonstrated that PspC acts as a cell
surface adhesin and plays a major role in nasopharyngeal col-
onization in an infant rat model and that it is important in
binding to cytokine-activated epithelial cells (33). It has been
proposed that pneumococci migrate across the mucosal barrier
by using the polymeric Ig (pIg) machinery and that this process
is mediated through the interaction between PspC and the pIg
receptor (pIgR).

Streptococcus pneumoniae varies spontaneously between
opaque and transparent phenotypes at frequencies of 10�3 to
10�6 per generation (38, 39). It was noted that regardless of

the phenotype injected into the mouse, the opaque phase gen-
erally predominates among the bacteria recovered from the
blood. The transparent phase is more commonly associated
with bacteria in the nasopharynx (39). This general finding of
the tropism of these different phases for carriage and bactere-
mia has been confirmed by our laboratory with several addi-
tional strains of S. pneumoniae (D. E. Briles, A. Virolainen,
and R. Fulghum, unpublished data). The difference in colony
morphology is also associated with differential protein expres-
sion (31, 38). PspC is expressed preferentially in transparent as
opposed to opaque colonies (33).

PspA, the paralog of PspC, is the protein primarily respon-
sible for binding human lactoferrin to the pneumococcal cell
surface (20, 21). Studies have also demonstrated that PspA
interferes with deposition of the complement on the surface of
the bacteria (37). PspA is a protection-eliciting immunogen.
Immunization studies with PspA have demonstrated protec-
tion against intravenous, intraperitoneal, and intranasal routes
of infection (40, 42). When mice are immunized with PspC
fragments containing proline-rich and/or choline-binding re-
gions, antibodies are elicited that cross-react with PspA and
can protect against invasive disease (11).

S. pneumoniae strain D39 and its nonencapsulated deriva-
tives are widely used in pneumococcal laboratories throughout
the world. D39 is a serotype 2 strain and is lethal for mice (3,
5). The 50% lethal dose in CBA/N mice infected intravenously
is about 10 CFU. When mutations in pspA were introduced
into D39, the 50% lethal dose was reduced by a small but
statistically significant amount (30). At a dose above the min-
imum lethal dose of both strains, the PspA-positive strain
caused rapid death significantly sooner than the corresponding
PspA-negative strain. On the other hand, when PspA was mu-
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tated in the serotype 3 strain WU2, the strain became virtually
avirulent (9, 30). WU2 does not contain the structural gene for
pspC, and no detectable PspC protein is present on Western
blots. These findings led us to speculate that perhaps PspC, a
paralog of PspA, might largely compensate for the virulence
role of PspA in strains where PspA had been genetically de-
leted. Therefore, in these studies we constructed mutants of
D39 (serotype 2) and EF3030 (serotype 19) that lacked PspA,
PspC, or both PspA and PspC.

Our results indicated that a pspA-pspC double mutant of
D39 was more attenuated in a mouse sepsis model than in
either a pspA or a pspC mutant alone. Our findings provide
strong in vivo support for the growing evidence (11, 22, 33) that
PspC plays a major role at mucosal surfaces. We have also
demonstrated for the first time the importance of PspC in
pneumococcal pneumonia. We showed that pspC was tran-
scribed in vivo, consistent with the expectation that it is pro-
duced in vivo. The initial studies conducted by Rosenow et al.,
by Hammerschmidt et al., and in our laboratory suggest that
PspC may contribute to the pathogenesis of S. pneumoniae (11,
22, 23). Furthermore, our studies indicate that PspC can serve
as a mucosal immunogen and can elicit protection against
nasopharyngeal colonization.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The pneumococcal strains used in
this study are listed in Table 1. S. pneumoniae D39, a serotype 2 strain, is a
clinical isolate (3). EF3030, a serotype 19F strain, was isolated from a patient
with otitis media (2). S. pneumoniae was grown in Todd-Hewitt broth containing
0.5% yeast extract and plated on blood agar plates with 3% sheep erythrocytes
in a candle jar (Difco Laboratories, Detroit, Mich.). Tetracycline (15 �g/ml) or
erythromycin (0.3 �g/ml) was added to the blood agar plates when antibiotics
were used for the growth of S. pneumoniae. Escherichia coli was grown in
Luria-Bertani broth or agar with 50 �g of ampicillin/ml, 15 �g of tetracycline/ml,
or 300 �g of erythromycin/ml.

Mice. Six- to 12-week-old CBA/CAHN-XID/J (CBA/N) or BALB/cByJ mice
were obtained from Jackson Laboratories (Bar Harbor, Maine). CBA/N mice
lack the ability to produce antibodies to polysaccharides and lack serum anti-
bodies to the phosphocholine determinant of pneumococcal teichoic acids. Mice
were maintained in a specific-pathogen-free environment.

Cloning and insertion duplication mutagenesis. A DNA fragment from pspC
was amplified by PCR with oligonucleotides PB11 and ABW26, corresponding to
bp 461 to 480 and bp 731 to 749, respectively, in pspC from strain D39 (Table 2)
(Briles et al., unpublished). The amplified PCR product was cloned into the
pTOPO cloning vector (Invitrogen, Carlsbad, Calif.) according to the manufac-
turer’s protocol. Inserts from the pTOPO plasmid were digested with EcoRI, and
the pneumococcal DNA was subcloned into the appropriate suicide vector.

Two plasmids were used for insertion duplication mutagenesis. Both plasmids
contain an E. coli origin of replication and an antibiotic marker selectable in both
E. coli and S. pneumoniae. The plasmid pSF143 (36) contains a tetracycline
resistance gene, and pJY4164 contains an erythromycin resistance gene. The
plasmid pJY4164 is a derivative of pMU1327 that has the streptococcal origin of
replication deleted (1, 44). Neither plasmid can replicate autonomously in S.
pneumoniae, and antibiotic-resistant transformants are obtained when the plas-
mid integrates by recombination into the homologous region of the host chro-
mosome.

Pneumococcal transformations. Pneumococci were transformed as described
by Yother et al. (45), with the following modifications. Synthetically synthesized
competence factor was obtained from Zymed Laboratories (San Francisco, Cal-
if.) (23). Cultures were induced with 500 ng of competence factor/ml at 37°C for
12 min prior to the addition of purified plasmid. Mutations in pspA and pspC
were made independently, with one gene containing an antibiotic resistance
marker and the other gene containing the alternate antibiotic resistance marker.
To construct a strain that contained mutations in both PspA and PspC, genomic
DNA from the PspC-null mutant was used to transform a strain carrying the
PspA-null mutation. Transformants were selected for resistance to both eryth-
romycin and tetracycline. Lack of expression of PspA and/or PspC was confirmed
by Western blot analysis as described by Brooks-Walter et al. (11).

Genomic DNA from antibiotic-resistant transformants was isolated by chlo-
roform-isoamyl alcohol extraction. DNA was digested with restriction enzymes,
and Southern hybridizations were performed essentially as described in Mc-
Daniel et al. (29), with the following modifications. (i) Hybridization was per-
formed at 42°C in hybridization buffer with 50% formamide and 2� SSC (pH
7.5) (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate). (ii) The high
stringency wash was conducted at 65°C in 0.01� SSC and 0.1% sodium dodecyl
sulfate. The full-length Rx1pspA probe consists of nucleotides 1 to 1999 of the
published Rx1pspA sequence (43). The 288-bp fragment of pspC from D39 used
to make the mutation in pspC was labeled to serve as a pspC-specific probe.
Stringency was determined by the formula tm � 81.5°C � 16.6 log M � 0.41(%
GC) � 600/n � 0.62(% formamide), where tm is the melting temperature and M
is the molar concentration of cations and n is the probe length in base pairs. By
this calculation, our high stringency wash allows a 5% mismatch. Probes were
labeled by digoxigenin with the Genius System according to the manufacturer’s
protocols (Boehringer-Mannheim, Indianapolis, Ind.).

TABLE 1. Strains used in this study

Strain Derivation Relevant phenotype Reference(s)

D39 Clinical isolate, 1914b PspA� PspC� 3
WG44.1 R�1 PspA� PspC� Emr 43
JY53 D39 PspA� PspC� Emr 43
TRE108 D39 PspA� PspC� Emr This study
TRE118 D39 PspA� PspC� Emr 20
TRE121/136a D39 PspA� PspC� Emr, Tcr 20, this study
EF3030 Clinical isolate, 1992b PspA� PspC� 2
TRE124 EF3030 PspA� PspC� Emr This study
TRE125 EF3030 PspA� PspC� Tcr This study
BG7322 Clinical isolate PspA� PspC� 8
PLN-A D39 PspA� PspC� Ply� 7

a Multiple numbers indicate independently derived mutants.
b Year of isolation.

TABLE 2. Primers used in this study

Gene Primer Sequence

pspC ABW26 5�-ACTTCTCAAAAGCTGCGTC-3�
PB10 5�-GGAATTCACAGAGAACGAGGGAAGTAC-3�
PB11 5�-CCGAATTCCGCGACAGAGAACGAGGGAAGTAC-3�

pspA LSM12 5�-CCGGATCCAGCGTCGCTATCTTAGGGGCTGGTT-3�
SKH57 5�-TCGTCATATTTCCTCTGAGC-3�

endA PB16 5�-ATTGAAGCTCCTAGTCAAGCATTGG-3�
PB17 5�-ACTTTGCCCAGGCTGTCTGAAC-3�

VOL. 70, 2002 ROLE OF PspC ON MUCOSAL SURFACES 2527



Virulence experiments. S. pneumoniae was grown to an optical density at 600
nm of 0.5. Bacterial cultures were pelleted by centrifugation and frozen in
aliquots of Todd-Hewitt broth with 10% glycerol. The bacterial count was de-
termined by thawing an aliquot, serially diluting the bacteria, and plating the
bacteria onto blood agar plates. Pneumococci used for inoculations were diluted
in lactated Ringer’s solution to the desired CFU level prior to infections.

In the mouse bacteremia model, BALB/cByJ mice were infected intravenously
with 106 CFU of bacteria in 0.2 ml of lactated Ringer’s solution. Using a 75-�l
heparinized microhematocrit capillary tube (Fisher Scientific, Pittsburgh, Pa.),
mice were bled retro-orbitally at 1 min, 1 h, and 4 h. The collected blood was
serially diluted and plated onto blood agar plates to enumerate the bacteria. The
experiment was terminated after 21 days (504 h).

Intranasal infections were performed as described by Wu et al. (41). CBA/N
mice were infected intranasally with 1 � 107 bacteria in 10 �l of lactated Ringer’s
solution. Infected mice were bled and sacrificed, and their nasal cavities were
washed with 50 �l of Ringer’s solution as previously described by Wu et al. (41).
The nasal wash was serially diluted and double-plated onto both blood agar with
gentamicin and blood agar with gentamicin and optochin.

Lung infections (35) with EF3030 and its derivatives were performed by
anesthetizing CBA/N mice with Metofane during infection. Suspensions of 40 �l
of lactated Ringer’s solution containing 5 � 106 bacteria were introduced into
the nares of the mice. After 6 days, the nasal cavity was washed as described
above and the lungs were removed from the chest cavity. The lobes of the lungs
were placed into 2 ml of Ringer’s solution in a stomacher bag, homogenized,
serially diluted, and plated. The viable counts were determined after overnight
incubation.

RT-PCR. Bacteria were collected from pooled nasal washes (strain D39, in-
tranasal infection, �103 bacteria) or from pooled nasal washes and lungs (strain
EF3030, lung infection, �5 � 104 bacteria). RNA was extracted immediately
from the samples by using the FastRNA kit Blue (Bio101, Vista, Calif.). The
RNA samples were treated with DNase I. Transcripts of the different genes were
detected by reverse transcriptase PCR (RT-PCR) with gene-specific primers
(pspC, PB10/ABW26; endA, PB16/PB17; pspA, LSM12/SKH57) listed in Table 2.
As a control for the presence of contaminating DNA, all samples were run as
duplicates and, in one set, the RT was inactivated by incubation at 95°C for 10
min before proceeding with the PCR.

Intranasal immunization. PspC from D39 (amino acids 255 to 445) was ex-
pressed as a fusion protein with a PelB leader sequence and a six-His-tagged
C-terminal extension in the pET20b expression system (Novagen, Madison,
Wis.). Expression was induced with 0.4 mM IPTG (isopropyl-	-D-thiogalactopy-
ranoside) in the expression strain E. coli BL21(DE3), and the expressed protein
was purified by affinity chromatography with nondenaturing conditions on a
nickel column according to the manufacturer’s protocol. Isolated protein was
quantitated by using a protein assay (Bio-Rad, Hercules, Calif.).

Mice were immunized intranasally once a week for 3 weeks with 2 �g of
purified PspC in 10 �l of Ringer’s solution. The first two immunizations con-
tained 4 �g of cholera toxin B subunit (CTB) (40). Three weeks after the last
immunization, mice were challenged with 6 � 106 CFU of a pneumolysin mutant
of D39 or serotype 6B strain BG7322 (7). One week later, mice were sacrificed
and their nasal cavities were washed to enumerate the number of CFU per nose.
Twenty-four hours prior to challenge, 50 �l of carbachol (100 �g/ml) was in-
jected intraperitoneally to increase salivary secretions. Using a pipette, 50 �l of
saliva was collected from the oral cavity. Mice were also bled retro-orbitally into
capillary tubes (75 �l). The blood was immediately mixed with 0.5 ml of 1%
bovine serum albumin in phosphate-buffered saline. This mixture was centri-
fuged for 5 min, and the supernatant was removed and stored at �20°C. Direct
enzyme-linked immunosorbent assays were conducted as described by Wu et al.
(40). Antibody reactivity to PspC was determined and depicted as the titer giving
33% of maximum binding by a standard curve in each assay.

RESULTS

Confirmation of mutants by Southern blot analysis. Inser-
tion duplication mutagenesis was used to construct pspC mu-
tants. An internal portion of the pspC gene was cloned into a
plasmid that encodes an antibiotic resistance marker but can-
not replicate autonomously in S. pneumoniae. During insertion
duplication mutagenesis, recombinant plasmids integrate
within the gene homologous to cloned DNA fragments (30).
Transformants were selected on the basis of resistance to an-

tibiotics (erythromycin or tetracycline), a property encoded by
the integrated plasmid.

Transformation is an inherently mutational process, and
spontaneous mutations may occur during recombination (19).
For both pspC and pspA-pspC double mutants, at least two
independent strains were made to control for secondary, un-
linked mutations that may affect the phenotype of the resulting
mutant. The plasmid used for insertion duplication mutagen-
esis was also inserted downstream of the pspC gene to take into
account the importance of a possible transcriptional unit or a
gene linked to pspC. In the case of pspC mutations, both
plasmids pSF143 and pJY4164 containing pspC inserts were
introduced separately to produce independent mutants of D39.
These strains and others used in the study are listed in Table 1.

At high stringency, a pspC-specific probe identified a 2.8-kb
fragment in HindIII-EcoRI-digested chromosomal DNA from
strain D39 (Fig. 1). Insertion of a nonreplicating plasmid into
the chromosome introduced a second EcoRI restriction site
from the plasmid into the pspC gene. Consequently, the DNA
fragment that hybridizes with the pspC-specific probe in
TRE108, TRE118 (mutated in pspC), and TRE136 (mutated
in both pspC and pspA) is approximately 2.0 kb, compared to
2.8 kb for nonmutated pspC from strain D39. While TRE108
carries an erythromycin resistance marker in pspC, TRE118
was mutated in pspC with plasmid pSF143 carrying a tetracy-
cline resistance marker. Thus, although both strains are mu-

FIG. 1. Southern blots of chromosomal DNA from D39 transfor-
mants. Chromosomal DNA was run in duplicate and developed with a
pspC-specific probe (A) or with a full-length pspA probe (B). The DNA
fragment containing a mutated gene is shifted in strains where the
plasmid has been inserted. An asterisk indicates the fragment contain-
ing the pspC gene.
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tated in pspC, they show differences in their restriction pat-
terns. TRE136 also carries a tetracycline resistance marker in
pspC, and therefore, it shows a restriction pattern similar to
that of TRE118 with respect to pspC. TRE136 and WG44.1,
both mutated in pspA, show an altered restriction pattern for
pspA compared to that of D39, TRE108, or TRE118 (wild type
for pspA).

Cell lysates from the insertion duplication mutants were
analyzed on Western blots. Polyclonal serum to PspC did not
detect wild-type or truncated PspC in the lysates of these
insertion duplication mutants. These mutations were found to
have no effect on growth rates in vitro (data not shown).

Intranasal carriage of pneumococci in the mouse model.
Nonanesthetized CBA/N mice were inoculated intranasally
with 10 �l containing 1 � 107 CFU of either S. pneumoniae
D39 or the isogenic strains mutated in PspC and/or PspA (Fig.
2). Four of 11 mice died after intranasal inoculation with wild-
type D39, and 6 of the 7 remaining mice were colonized intra-
nasally with D39. Following intranasal inoculation with JY53
(strain D39, mutant for PspA), 2 of the 9 mice died and the
number of CFU colonizing the nasal tissue was slightly higher
than for wild-type D39. Only 1 of the 10 mice infected with
TRE108 (strain D39, mutant for PspC) died, and carriage was
virtually absent in the remaining mice. Pneumococci were re-

covered from only 2 of the mice and only at a minimal level.
Carriage was completely eliminated with TRE121 (double mu-
tant of D39, lacking both PspA and PspC). None of the mice
infected with this mutant died. A second set of independently
generated mutants, TRE118 (lacking PspC) and TRE136
(lacking both PspA and PspC) also did not colonize the mouse
nasopharynx (log CFU 
 0.95).

Capsular serotype 19 pneumococci colonize the nasophar-
ynx at a higher level than is usually observed for D39 (D. E.
Briles and R. Fulghum, unpublished data). Mice inoculated in
the nose with wild-type strain EF3030 carried an average of
103.5 CFU per nose, whereas isogenic strains lacking PspC
showed no ability to be carried. Identical results were obtained
with each of the independent mutants. Three out of 10 mice
that were infected with the strain of EF3030 lacking PspC
(TRE125) showed some colonization in the nasopharynx, with
the nasal washes containing a few hundred bacteria. However,
the pneumococci isolated from these three mice were identi-
fied as revertants because they were antibiotic sensitive and
because their pspC gene was identical to that of the wild type
by PCR and Southern analysis (data not shown). EF3030
strains mutated in PspC that remained antibiotic resistant did
not colonize the nose. In the above experiments, as well as in
the following infection models, strains with the plasmid intro-

FIG. 2. Effect of mutation of pspA and pspC on intranasal carriage of D39. CBA/N mice were infected with 1 � 107 CFU of D39 or its isogenic
mutants. Mice were sacrificed 7 days postinfection, and their nasal cavities were washed with 50 �l of Ringer’s solution. The nasal washes were
plated to enumerate the bacteria. P values versus D39 were calculated by using the Wilcoxon two-sample rank test. S.E., standard error.
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duced downstream of pspC (controls for downstream polar
effects) behaved similarly to the wild-type strains (data not
shown).

Lung infections in the mouse model. If mice are anesthe-
tized and infected intranasally with about 106 CFU of strain
EF3030 in 40 �l of Ringer’s solution, pneumococci are aspi-
rated into the lungs and a pneumonia-like disease develops.
The bacteria multiply in the lung tissue for over a week. Under
these conditions, EF3030 infects the lungs and colonizes the
nasal cavity but is found only transiently and in low numbers in
the blood. If anesthetized mice are infected, however, with
doses as high as 107 or more, they become septic and die within
a few days (D. E. Briles, unpublished data). Three groups of
mice were intranasally infected with EF3030 or an isogenic
strain lacking PspC. Six days after challenge, the mice were
sacrificed and the nasal wash and lung tissue were serially
diluted and plated to determine the number of bacteria. Both
of the strains bearing the pspC-null mutation were severely
hampered in their abilities to cause pulmonary infection, and
pneumococci containing an insertionally inactivated pspC gene
were not recovered in the lung tissue (Fig. 3).

Bacteremic infections in the mouse model. Previous studies
have indicated that strains lacking PspA are attenuated in
virulence and are generally cleared faster from the blood than
the corresponding wild-type strain (10, 30, 37). We wanted to
determine if the absence of PspC altered the blood clearance
of the pneumococci and the survival of the mice. When
BALB/c mice were intravenously infected with the parent
strain, D39, and its isogenic mutant, TRE108 (lacking PspC), it
was observed that TRE108 levels (in CFU) were only margin-
ally lower than those of D39 in the first 4 h (see Fig. 5a). With
respect to time to death, however, TRE108 killed significantly
more slowly than D39 (Fig. 4b). With JY53 (lacking PspA), a

trend towards a drop in CFU levels was observed after 4 h,
although these numbers were not significantly different from
those of wild-type D39 (Fig. 4a). In previous studies with
CBA/N mice, JY53 was shown to have a statistically more-
rapid clearance than D39 (30). The double knockout, TRE121,
showed greatly enhanced clearance from the blood and lower
virulence. It showed much more-rapid blood clearance than
the wild type or either of the single mutants. Five of the 10
mice had completely cleared the bacteria by 1 h. In the absence
of both PspA and PspC, there was also a statistically significant
increase in the survival time of the mice from 36.75 h to greater
than 504 h (Fig. 4b). This increase in survival time was much
greater than that seen with either of the two single mutants
with respect to time to death. The delay in death for mice
infected with TRE121 was also significantly different from that
for those infected with TRE108 (P � 0.0174), indicating a role
for PspA. However, the survival times of mice infected with
TRE121 were not significantly different from those of mice
infected with JY53 (P � 0.245). Thus, it appeared that the
pspA-pspC double mutant was less virulent than the pspA or
pspC single mutant alone.

Detection of the pspC transcript in vivo. Previously pub-
lished data (33) as well as the above-described experiments
indicated that PspC can play a role in the early stages of
infection. To determine if pspC was transcribed during nasal
colonization and pneumonia, we used RT-PCR and were able
to detect the pspC transcript in the nasal washes of mice in-
fected intranasally with strain D39 (Fig. 5a). We were also able
to detect the transcript for the gene encoding endonuclease A
(endA), a constitutive gene that served as our positive control.
However, we were unable to detect the transcript for pspA.
This result substantiates our previous finding that the absence
of pspA does not reduce the ability of the pneumococci to

FIG. 3. Effect of pspC mutations on lung infection in CBA/N mice. Groups of six anesthetized CBA/N mice were challenged intranasally with
5 � 106 CFU of wild-type EF3030 and two isogenic PspC-negative strains. Mice were sacrificed 6 days after challenge, and nasal wash, lung tissue,
and blood samples were plated on blood agar plates to determine the number of bacteria.
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colonize the nasopharynx. Thus, pspA may not be required at
this location. A similar experiment performed on samples from
the nasal washes and lungs of mice infected with EF3030
(pneumonia model) confirmed that pspC is transcribed in vivo
(Fig. 5b).

Intranasal immunization with PspC. To examine protection
against carriage, we immunized mice with PspC cloned from
strain D39. D39 is the homologous challenge strain for the
immunizing recombinant PspC. Although D39 does not carry
well in mice, it is quite invasive. The pneumolysin-negative
strain of D39, PLN-A, is less invasive (4), but as reported here,
it is much better at establishing nasal carriage than D39. For
this reason, the challenge strain used for this study is the
pneumolysin-negative mutant of D39, PLN-A.

When the mice were challenged with PLN-A, the numbers
of bacteria recovered from the nasal washes of the immunized
mice were significantly lower than those from the control mice
(Fig. 6). We also challenged mice intranasally with BG7322, a
capsule-type 6B strain that has a clade B PspC (same type as
D39 and as that used by Brooks-Walter et al. [11]). The num-
ber of BG7322 pneumococci recovered in the nasal washes of
the five mice immunized with PspC was 102.26 � 0.60 (geometric
mean CFU and standard error) compared to 103.56 � 0.51 in the
control mice. The trend with BG7322 colonization was towards
protection but was not statistically significant. Saliva and serum
collected 24 h prior to challenge were analyzed to determine
the amount of IgA antibody present in mucosal secretions and
total antibody present in the serum. The serum from immu-
nized mice had an antibody (Ig) log titer of 3.03, whereas the
serum from control mice had an antibody log titer of 
1.66,

the limit of detection. We were unable to detect salivary IgA
antibody specific to PspC in either the immunized or the con-
trol mice.

DISCUSSION

These studies demonstrate that PspC is important for main-
taining the pneumococci in the ecological niche for nasal car-
riage. We have examined the effect of PspC and PspA muta-
tions in serotype 2 and serotype 19 strains. Utilizing the mouse
pneumonia, carriage, and bacteremia models, we can conclude
that PspC is a fundamental determinant in mucosal coloniza-
tion and pulmonary infection acquired through a mucosal
route.

Carriage in the nasopharynx is the first step of the disease
process. Host-cell surface carbohydrates containing N-acetyl-
galactosamine 	-1-4 galactose, N-acetylglucosamine 	-1-4
galactose, and protein structures like the platelet-activating
factor receptor, are all important in the adherence of pneu-
mococci, as has been observed with many pulmonary patho-
gens (2, 14). In vitro studies conducted by Rosenow et al. (33)
proposed that PspC is a pneumococcal adhesin. PspC was
shown to bind immobilized lacto-N-neotetraose, and the addi-
tion of lacto-N-neotetraose intranasally prevented colonization
of the nasopharynx (24, 33). Serotype 6B and serotype 2 strains
mutated in pspC were attenuated in their abilities to colonize
the nasopharynx in the infant rat model (33). These findings
are in agreement with this study showing that PspC is necessary
for optimal carriage in the adult mouse model.

Studies by Zhang et al. have indicated that pneumococci

FIG. 4. Effect of mutations in pspC and pspA in a mouse bacteremia model. Groups of five mice (BALB/cByJ) were challenged intravenously
with 1 � 106 CFU of wild-type pneumococci (D39), pspA-negative D39 (JY53), pspC-negative D39 (TRE108), and pspA- and pspC-negative D39
(TRE121). The presence of bacteria in the blood was determined at 1 min, 1 h, and 4 h (a). Subsequently, the number of hours to death was
determined in each case (b). P values versus the wild type were calculated by using the Wilcoxon two-sample rank test. Mice that did not die after
21 days (504 h) were assigned a time to death of 504 h for statistical purposes. In each graph, values that are significantly different from D39 are
indicated by asterisks.
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exploit the ability of PspC to interact with pIgR to migrate
across the mucosal barrier (46). While pIgR is highly expressed
in the nasopharynx and the upper respiratory tract, its level is
marginal in the lower respiratory tract, which is the site of
manifestation of pneumonia. It has been proposed that strains
mutant for PspC are unable to colonize the nasopharynx pri-
marily due to the lack of the PspC-pIgR interaction (46).
However, our results indicate that PspC is also important for
infection of the lungs. We eliminated the possibility that these
effects are due to another gene by utilizing at least two inde-
pendent mutants as well as by using strains where the plasmid
was introduced downstream of pspC, to account for polar mu-
tations. It is likely that PspC has to interact with a factor other
than pIgR in the lungs to maintain and propagate a successful
infection. PspC has been shown to be an important inflamma-
tory stimulus (27), and maybe it is this lack of stimulus that
abolishes the ability of a pspC mutant strain to initiate pneu-
monia.

While many of the components required for adherence and
colonization have been determined, the physiological interac-
tion of the bacteria and the host is poorly understood. Several
pneumococcal factors have been implicated to play an impor-
tant role at this stage of infection (15, 18, 28, 33, 34). However,
it has been difficult scientifically to address the growth kinetics
of bacteria in the host because colonization is a dynamic pro-
cess. Bacteria adhere to the nasopharynx and remain within
this niche unless a breach in the host defenses is present and
the bacteria are able to cause a more-invasive infection.

Bacteria must also maintain some level of replication in the
nasopharynx; however, excessive growth or invasion could
cause an aggravated immune response, resulting in clearance
of the bacteria from the mucosal surface. Evidence for this
hypothesis is found in the present study. D39 carries very
poorly in mice and commonly cannot be recovered from car-
riage at all. In the present study we observed that mutations in
both pspA and ply enhanced the carriage of this strain. Both of
these genes have been previously shown to be important for in
vivo virulence of S. pneumoniae (7, 30, 37). Thus, it would
appear that reducing the invasion of the D39 pneumococci in
CBA/N mice enhanced their ability to carry in the nasal tissue.
It is therefore possible that inflammation induced by successful
invasion of deeper tissues causes a loss of carriage.

We have isolated PspC revertants from the nasal wash, in-
dicating that a small number of pneumococci, in the absence of
antibiotic pressure, have eliminated the suicide vector and
reconstituted the pspC gene. These PspC revertants then go on
to multiply and colonize the nasopharynx. These results indi-
cate that pneumococci are very metabolically active and rap-
idly divide within the nasopharynx. Our results also demon-
strate that pspC is actively transcribed when the bacteria are
growing in vivo. These findings emphasize that there is a se-
lective pressure for expression of a functional PspC in vivo.

While PspC appeared to be important for the establishment
of carriage and pneumonia, it did not appear to be an impor-
tant virulence factor during bacteremia by itself. However, the
loss of both PspA and PspC impairs the ability of the pneu-
mococci to cause bacteremia. This observation supports our
initial hypothesis that in at least some strain backgrounds, the
activities of PspA and PspC are able to complement each
other. Such synergy has been previously observed between

FIG. 5. Detection of transcripts by RT-PCR. RNA was extracted
from strain D39 in the nasal washes (a) or from strain EF3030 in the
nasal washes and lung homogenates (b) of CBA/N mice. RNA was
treated with DNase I. Transcripts were detected by RT-PCR with
gene-specific primers. Transcripts detected were for pspC, endA, and
pspA (a) and pspC (b). The plus and minus signs in panel b indicate
reactions carried out in the presence (test) or absence (control) of RT,
respectively. Similar controls were also used for the experiments whose
results are shown in panel a.
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PspC and another virulence factor, pneumolysin (6). Interest-
ingly, all three of these virulence proteins have been shown to
interact with the complement pathway. PspA interacts with the
alternate complement pathway and has anticomplementary ac-
tivity (37). PspC can bind to factor H of the alternate comple-
ment pathway (25). Pneumolysin can activate the classical
complement pathway in the absence of anti-pneumolysin an-
tibodies, thereby depleting complement locally (32). One could
thus speculate that the synergy seen between these proteins
could be because they may each be able to interfere with
complement-dependent opsonization in vivo.

It has previously been shown that PspC can elicit protection
against sepsis (11) and that a mixture of choline-binding pro-
teins including PspC can protect against carriage (33). As a
consequence of our findings that demonstrate an essential role
of PspC in carriage, it was anticipated that PspC might also
confer protective immunity. This study demonstrates that im-
munization with PspC elicited systemic mucosal antibody and
reduced the level of carriage in the nasopharynx. PspC-specific
antibody was also present in the serum. We were unable to
detect increased levels of IgA in the saliva, but these results do
not rule out a potential role for IgA antibody to PspC.

Protection against carriage will prevent pneumococcal infec-
tions and impede the distribution of the pathogen within the
population. In the case of the polysaccharide-protein conju-
gate vaccines under development, studies are still ongoing. The
data released to date, however, indicate that in some cases
antibody reactive to the capsular polysaccharide can partially
reduce carriage of specific capsular types but that the increased

carriage of capsular types not represented in the vaccine com-
pensated for this loss (16, 26).

Reduction of carriage rates of pneumococci should result in
herd immunity and provide protection against disease, even
among children who have not yet been immunized and among
immunodeficient individuals for whom a vaccine that protects
only against sepsis may be of marginal benefit. The findings of
this study suggest that PspC may be an excellent candidate for
a mucosal pneumococcal vaccine.
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