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Streptococcus pneumoniae, a major cause of human disease, produces a 17-mer autoinducer peptide phero-
mone (competence-stimulating peptide [CSP]) for the control of competence for genetic transformation. Due
to previous work linking CSP to stress phenotypes, we set up an in vivo sepsis model to assay its effect on
virulence. Our data demonstrate a significant increase in the rates of survival of mice, reductions of blood S.
pneumoniae counts, and prolonged times to death for mice treated with CSP. In vitro the dose of CSP used in
the animal model produced a transitory inhibition of growth. When a mutant with a mutation in the CSP
sensor histidine kinase was assayed, no bacteriostatic phenotype was detected in vitro and no change in disease
outcome was observed in vivo. The data demonstrate that CSP, which induces in vitro a temporary growth
arrest through stimulation of its cognate histidine kinase receptor, is able to block systemic disease in mice.
This therapeutic effect is novel, in that the drug-like effect is obtained by stimulation, rather than inhibition,
of a bacterial drug target.

Despite the availability of antimicrobial drugs, Streptococcus
pneumoniae is the number one cause of bacterial pneumonia
(52) and otitis media, the most frequent cause of sepsis in
human immunodeficiency virus-infected patients (2), and the
second most frequent cause of meningitis in all age groups
(35). From the latest data, the prevalence of penicillin resis-
tance in S. pneumoniae is 18.2% and the prevalence of mac-
rolide resistance is 24.6% (31), yet about 3% of pneumococcal
isolates in the United States may be tolerant to vancomycin
and may be associated with treatment failure (51). The current
treatment guidelines for pneumococcal systemic disease (sep-
sis and meningitis) recommend penicillin, amoxicillin, or
broad-spectrum cephalosporins (if risk factors are present) and
vancomycin, possibly in combination with rifampin, if penicillin
resistance is suspected (12, 20). Even when appropriate anti-
biotic therapy is given, the overall case fatality rate for pneu-
mococcal disease remains about 20%, and the mortality rate
for pneumococcal bacteremia has remained unchanged since
the 1950s (1, 2). Following pneumococcal meningitis, the mor-
tality rate and the frequency of long-term neurological damage
in survivors are very high (6, 17) and have remained unchanged
for the last 40 years (50). These facts continue to foster the
search for novel drug targets and drugs in order to develop
novel options for the treatment of infections caused by this
pathogen (40, 64, 70).

One of the major ways in which bacteria sense environmen-
tal signals is by using two-component and phosphorelay signal

transduction systems (44, 63). Generally, two-component sys-
tems (TCSs) are composed of a sensor histidine protein kinase
that is activated by a specific environmental signal and a re-
sponse regulator that is a transcription factor. The sensor his-
tidine kinases are commonly integral membrane proteins that,
when stimulated by a specific signal, have an autokinase activ-
ity (an ATP-dependent autophosphorylation reaction on a
conserved histidine residue), which in turn determines phos-
phorylation of a conserved aspartate residue of the cognate
response regulator. The TCSs and phosphorelays have been
reported in fungi and plants but not in animals (66). In fact
histidine-aspartate signal transduction is distinct from the
serine-threonine signaling pathways used by eukaryotes. This
and several other reasons, including the finding that some
TCSs are essential and that others regulate virulence in a
variety of pathogens, make them attractive targets in the de-
velopment of antimicrobial agents (44, 63). As for other ap-
proaches in lead discovery and drug development, the screen-
ing of combinatorial libraries has led to the identification of a
variety of molecules showing in vitro inhibitory activities
against TCSs (44, 63).

S. pneumoniae has 13 different TCSs (36), and a variety of
reports have underlined how some of these systems are inter-
connected. In most cases an effect on the main multifactorial
phenotypes, including virulence or competence, can be evi-
denced. The magnitude of the effects varies between the strains
(5, 34) and the TCSs analyzed (36, 67) An example is the
interconnection between CiaRH (23) (SP0798-9 in The Insti-
tute for Genomic Research [TIGR] genome) (65), TCS05 in
annotation by Lange et al. (36), 494 in the work of Throup et
al. (67), MicAB (SP1226-7, TCS02, 492, and VicRKX) (19, 69),
and ComDE (SP2235-6, TCS12, and 498) (13, 18, 34, 43, 56).
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Competence for genetic transformation in S. pneumoniae is a
natural process and depends on a system of coordinated gene
regulation (10). In 1995 Morrison and coworkers (25) demon-
strated that pneumococci produce a 17-residue peptide pher-
omone that induces cells to develop competence. Competence-
stimulating peptide (CSP) coordinates the sudden and
transient appearance of competence during the exponential
growth phase in vitro. CSP is matured and exported through
the ComAB ATP-binding cassette transporter (30), and cells
sense CSP through a dedicated TCS composed of the sensor
histidine kinase, ComD, and the response regulator, ComE
(26). The genes of this TCS are cotranscribed with the CSP
precursor, encoded by the comC gene. The ComE response
regulator directly regulates the comAB and comCDE operons
and a third gene encoding an alternative comX sigma factor,
which in turn controls the rest of the pheromone quorum-
sensing regulated genes (41). A variety of reports on gene
expression profiling (serotype 2, 4, and 19F strains) in S. pneu-
moniae have focused on the specific analysis of comCDE-reg-
ulated genes (4, 13, 55, 56, 59), as this is a classical model
system for quorum sensing with an identified ligand that can be
produced synthetically. In addition to the well-known compe-
tence regulon (55, 59), about 180 genes (13, 56) have been
found to be regulated, but few, if any, virulence genes have
been found to be regulated. Some candidate genes possibly
involved in virulence and induced by CSP could be the choline
binding protein, CbpD (also termed Cbp3 or SP2201) (13, 56,
59), and CibAB (also termed orf62-orf51 or SP0124/5), a pu-
tative two-component bacteriocin (13, 56, 59). However, the
most recent of these reports (13, 56) has indirectly linked the
competence regulon to virulence by showing the down-regula-
tion of housekeeping genes (e.g., ribosomal protein genes) and
the induction of a general stress response (i.e., up-regulation of
different stress response regulons). This competence-induced
stress was shown to determine a temporary growth arrest and
stationary-phase autolysis in a mutant with a mutation in
CiaRH, a TCS involved in the exit from the competent state
(13). About 30 years ago Tomasz and Zanati (68) had already
described that CSP induces changes in surface properties of
pneumococcal cells that lead to aggregation and temporary
phenotypes, like leakage of intracellular enzymes and proto-
plast formation (60). These data have recently been reinforced
by showing that CSP determines the release of DNA and
cytoplasmic �-galactosidase from a subfraction of the pneumo-
coccal population, a process that requires major pneumococcal
autolysin (49, 62). All these reports indicate that CSP induces
a competence-derived stress and that this stress, nearly unde-
tectable as a phenotype, could, at least under some conditions,
be detrimental to bacterial cells.

The ComABCDE pheromone-sensing system (11, 67) is
similar to other peptide-pheromone quorum-sensing systems
in gram-positive bacteria, including the second pneumococcal
quorum-sensing bacteriocin-like peptide system, BlpABCRH
(also denominated SpiPRH) (15, 58); the streptococcal inva-
sion locus SilABCDE of Streptococcus pyogenes (27, 28); and
the staphylococcal accessory gene regulator AgrABCD system,
which controls virulence (16, 32, 33, 45). Among these autoin-
ducible peptide quorum-sensing systems, only the staphylococ-
cal Agr system has been linked directly to virulence by gene
expression profiling, while the pneumococcal Blp system is

reported to regulate only itself (15). In addition, no data have
yet been published for the streptococcal Sil system (27, 28),
even though both the pneumococcal BlpHR and its strepto-
coccal homologue, SilAB (11), confer phenotypes of reduced
virulence when they are mutated in a respiratory tract infection
model (67) and in a local soft tissue infection model (28),
respectively. As is also the case for the pneumococcal ComCD
(57) and BlpCH (58), the staphylococcal AgrDC autoinducer-
receptor pair shows considerable interstrain variation, which
has been shown to be the molecular basis for activation of the
agr response within the same group and inhibition of the agr
response in strains belonging to other groups (32). This char-
acteristic of the AgrD peptide and derivatives thereof has been
exploited for the treatment of local soft tissue infections in
mice (16, 32, 45). While in vivo recombinant SilCR was shown
to inhibit skin disease when it was coinjected locally in mice
(27), no attempt to use its pneumococcal homologue, BlpC, as
a therapeutic tool has been described so far.

We hypothesized that the competence-activated stress phe-
notypes may make the pneumococcal cells more vulnerable to
host defense factors. In the present work we report on the
antibacterial activity of the 17-mer peptide CSP by means of its
natural histidine kinase receptor in an in vivo model of pneu-
mococcal sepsis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All experiments were carried out with
the serotype 4 strain TIGR4 (65) and its comD-negative isogenic derivative,
FP184. In order to evaluate the growth rate of the mutant in comparison to that
of the wild type, bacterial strains were grown without selection in tryptic soy
broth (TSB; Becton Dickinson and Company) or on tryptic soy agar supple-
mented with 3% blood. The growth curve was read in a single-beam spectro-
photometer with digital wavelength and data displays (Spectronic 20D; Milton
Roy).

In vitro mariner mutagenesis of comD. In vitro mariner mutagenesis for the
generation of mutants with mutations in comD was performed as described
previously (42). The minitransposon used for mutagenesis of comD carried the
kanamycin resistance determinant aphIII, and the pneumococcal recipient for
the genetic construct was rough serotype 2 strain R800 (42). One of the pneu-
mococcal transformants in which the comD gene was interrupted was named
R706 and was used for further work. By using primers with sequences specific for
regions external to the comCDE locus, the interrupted comD gene was amplified
from strain R706 and the PCR product was directly transformed into encapsu-
lated strain TIGR4. Transformation procedures were performed as reported
previously (9). All PCR procedures were performed with the Expand High
Fidelity kit (Roche) to reduce the risk of errors in the extension process. The
structure of the recombinant chromosomal locus was controlled in transformants
by PCR and sequencing.

Growth curve and analysis of CSP in vitro. Bacterial strain TIGR4 and its
comD mutant, FP184, from frozen stocks (mid-log-phase culture kept in 10%
glycerol at �80°C) were inoculated 1/100 in 16 ml of TSB at 37°C in a water bath.
When the strains reached an optical density at 590 nm (OD590) of 0.5, the culture
was aliquoted into three tubes of 5 ml each, and the tubes were kept in a heat
block at 37°C. For each of the two strains, one tube contained no CSP, CSP was
added to the second tube at a concentration of 100 ng/ml (1.2 �l of CSP at 400
�g/ml), and CSP was added to the third tube at a concentration of 1,000 ng/ml
(12.5 �l of CSP at 400 �g/ml). The ODs of the tubes were monitored every 5 min.
By using 100-�l aliquots of cells from the 1 ml which remained in the original
tube, the induction of competence by CSP1 and CSP2 (57) was monitored with
TIGR4 and its comD mutant, FP184, by standard transformation procedures (9).

Quantitative real-time PCR. Bacterial cells for quantitative RNA analysis
were grown to early exponential phase in separate tubes inoculated in parallel.
Six separate cultures of strain TIGR4 were performed. When the first culture
reached an OD of 0.02, CSP1 (100 ng/ml) was added to two tubes and CSP2 (100
ng/ml) was added to two other tubes, while the last two cultures served as
controls. One milliliter of cells was collected at 5 and 10 min after the addition
of CSP, and the cells were immediately chilled on ice. RNA was extracted with
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the SV Total RNA Isolation system (Promega) by use of the standard protocol
suggested by the supplier. RNA was retrotranscribed twice with random octamer
primers in a final volume of 50 �l each time. The reaction mixture consisted of
10 pmol of primers, 1.25 mM deoxynucleoside triphosphates, 200 U of Moloney
murine leukemia virus reverse transcriptase (Invitrogen), 40 U of RNase inhib-
itor (Promega), and 0.1 M dithiothreitol (Invitrogen), which were allowed to
react for 30 min at 37°C. Real-time PCR was performed in a Roche LightCycler
instrument with 1.5 �l of template, the LightCycler DNA Master SYBR Green
I reaction mixture (Roche), 2.5 mM MgCl2, and 10 pmol of primers in a final
volume of 20 �l. All PCRs were performed at 55°C as the annealing temperature.
Primers for quantification were selected to amplify a fragment of less than 200
bp. Control primers were designed on the basis of the gyrB sequence (CAGAT
CAAGAAATCAAACTCCAA and CAGCATCATCTACAGAAACTC). The
primers used for the characterization of four competence-regulated genes (13,
56) were based on the sequences of comA SP0042 (GAGACGCGAGCCATT
AAGG and GGGATCTGGATCGGCAATATGA), lytA SP1937 (GGCTGGC
AGAAGAATGACACTG and GCCGTCTGTGTGCTTCCT), comX1 SP0014
(AGGAAAGTCAGAAGCGTAGATA and GCGTTCTAGTTCTTCTTGTT),
and dprA SP1266 (AGACTACATCGGCAATGAC and GAGACTACCTGAA
CGCATC). Primers specific for the capsule locus were based on cps4A SP0346
(CAAGAGTAGCCCTACCAA and AGAAAGTGAAGCGAAGTGTTAA).
All PCRs were performed in duplicate. Relative quantification was performed by
determining the crossing point (the point at which the fluorescence of a certain
samples rises above that of the background) by the fit-to-point method indicated
in the manual of the supplier (LightCycler software; Roche). Relative gene
expression was analyzed by the 2���CT method (38).

Experimental mouse model of sepsis. Encapsulated strain TIGR4 and its
isogenic comD mutant, FP184, were passaged in female CD1 mice (Charles
River, Calco, Italy), as described previously (8, 9, 53). Eight-week-old animals
were allowed to settle in the animal facilities at the Università di Siena, according
to institutional guidelines, for 1 week before challenge. Passaged bacteria were
grown to an OD590 of 0.3 in TSB at 37°C, centrifuged at 1,500 � g for 20 min,
resuspended in fresh TSB with 15% glycerol, and frozen in aliquots at �70°C.
Before use, the bacteria were thawed at room temperature, harvested by cen-
trifugation, resuspended in sterile phosphate-buffered saline, and kept on ice
until inoculation. Before infection, the mice were kept under an infrared lamp
(200 W) for 2 to 3 min, and then the inoculum was injected intravenously (i.v.)
into a lateral tail vein. The inocula were delivered in a total volume of 200 �l per
mouse. Mice were regularly monitored for clinical symptoms (starry fur, hunched
appearance, and lethargy), and symptoms were recorded for 10 days (240 h).
During the course of the experiment the mice were humanely killed before they
reached a moribund state.

Sighting study. A preliminary toxicity study was carried out, as recommended
for the fixed-dose procedure (38). Doses of 105, 106, and 107 CFU of strain
TIGR4 were administered intravenously to outbred CD1 mice (n � 4). Two
groups of mice were inoculated for each bacterial dose. One group was treated
with CSP2, and one group served as an untreated control group. A dose of 1.3 �g
of CSP2 (in 200 �l injected into a lateral tail vein) was given to each mouse at
time zero and 24 h postinfection. The dose of CSP2 given at time zero was mixed
on ice and administered just prior to challenge with the bacteria. The mice were
regularly monitored for clinical symptoms for 10 days (240 h).

Main study. Doses of 106 CFU of strain TIGR4 were administered i.v. to two
groups of outbred CD1 mice (n � 20). One group was treated with CSP2, and
one group served as an untreated control group. In a separate experiment the
mice were challenged with isogenic comD-negative derivative FP184 (n � 10). As
described above, a dose of 1.3 �g of CSP2 (in 200 �l injected into a lateral tail
vein) was given to each mouse in the treatment group at time zero (in which the
dose was mixed on ice and administered just prior to challenge with the bacteria)
and 24 h postinfection. Blood was withdrawn from the cheek of each mouse
infected with TIGR4 at 6 and 48 h for analysis for the presence of bacteria in the
blood. The mice were regularly monitored for clinical symptoms for 10 days.

Statistical analysis. Differences in the times to death of the mice were statis-
tically analyzed by the Mann-Whitney-Wilcoxon test in relation to the last day at
which clinical symptoms were observed (10 days). For statistical purposes, ani-
mals still alive after 10 days were assigned a time to death of 240 h. Differences
in mouse survival times at the end of the experiment were statistically analyzed
by Fisher’s exact test. Differences in the numbers of CFU per milliliter of blood
were analyzed by Student’s t test. A P value of �0.05 was considered significant.

RESULTS

CSP-induced growth arrest in wild-type but not comD
strains of S. pneumoniae. The CSP peptide was assayed for its

effect on the growth of the TIGR4 strain in liquid medium at
100 ng/ml, the dose normally used for competence induction,
and at 1 �g/ml, the dose used in the in vivo sepsis model (see
below) (Fig. 1). Tests with aliquots of the same culture at an
OD of 0.05 without a stimulus or after the addition of 100 ng
of CSP/ml showed that CSP2 did not have any evident effect on
growth. When CSP2 was added at 1,000 ng/ml, the strain
showed a 20-min growth arrest 20 min after the addition of
CSP2 (Fig. 1). After this temporary growth arrest, cells started
to redivide, with the slope being comparable to those of the
growth curves of all other aliquots tested (Fig. 1).

In order to assay the specificity of this effect, a mutant for
the sensor histidine kinase ComD was constructed. As a first
step the comD gene was inactivated in rough strain R800 by in
vitro mariner mutagenesis. The minitransposon of the trans-
formant selected for this work was found to be inserted into
the TA dinucleotide at position 150 of the comD1 gene (the
total size of comD is 1,323 bp). To obtain an encapsulated
TIGR4 derivative for the in vivo experiments, the mutated
comD1 allele was amplified from R706 by PCR and trans-
formed into TIGR4 (which carries a comD2 allele). The comD
mutant derivative of encapsulated strain TIGR4 was named
FP184. Control experiments confirmed that, in contrast to
TIGR4, the isogenic FP184 comD mutant was, as expected, not
transformable to competence induction with either CSP1 or
CSP2 (53, 57) (data not shown). No CSP-induced growth in-
hibition was visible in comD mutant FP184, which, otherwise,

FIG. 1. Effect of CSP2 on in vitro growth of S. pneumoniae TIGR4
and its comD mutant, FP184. Bacterial strains TIGR4 and FP184
(comD negative) were inoculated 1/100 in liquid medium, and their
growth was monitored by measurement of the density of the culture.
When the culture reached an OD of 0.05, 15 ml of culture was ali-
quoted and placed in three tubes, one without CSP2 (open squares,
TIGR4; filled squares, FP184), one with 100 ng of CSP2/ml (in vitro
transforming dose) (filled triangles, TIGR4; open triangles, FP184),
and one with 1,000 ng of CSP2/ml (in vivo dose) (filled circles con-
nected by a straight line, TIGR4; open circles, FP184). The time of
addition of CSP2 to the cultures is shown by an arrow.
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showed a growth profile identical to that of the wild-type strain
(Fig. 1).

Quantitative real-time PCR was used to characterize the
impact of CSP on the transcription of a few representative
competence genes. The assay was performed 5 and 10 min
after the addition of 100 ng of either CSP1 or CSP2 per ml to
the TIGR4 strain. The data reported in Table 1 show an
induction of expression of the early competence genes comA
and comX1 only at 5 min, expression of the late competence
gene lytA at 5 and 10 min, and a significant increase in expres-
sion of the gene for putative DNA-processing protein DprA at
5 min. No significant changes in the expression pattern of the
capsule operon were detected. Irrespective of the allelic form
of the peptide used, the expression patterns of the CSP-in-
duced genes were identical (57).

Preliminary observations on the effectiveness of CSP
against pneumococcal sepsis. A preliminary toxicity study was
carried out, as recommended for the fixed-dose procedure
(38), to determine the most appropriate experimental setup
and doses needed to assess the activity of the 17-mer CSP in
pneumococcal sepsis. Three bacterial doses, ranging from 105

to 107 CFU of S. pneumoniae TIGR4, were given to CD1
outbred mice by the i.v. route to induce sepsis. The doses were
chosen on the basis of previously published work (39, 54, 64)
with mouse models of sepsis caused by other pneumococcal
strains. Preliminary data showed that the mice died within 2 to
3 days when an inoculum of 107 CFU was used, within 5 days
when an inoculum of 106 CFU was used, and within 6 days
when an inoculum of 105 CFU was used. Detailed data are not
reported, since this sighting study was designed only to provide
results indicative (but not statistically significant) for a limited
number of animals. In order to evaluate the possible effect of
CSP2 on pneumococcal virulence, mice received 1.3 �g of
CSP2 (strain TIGR4 carries the comC2 and comD2 alleles) at
time zero (mixed with bacteria) and at 24 h postinfection (25,
57, 65). By considering the volume of circulating blood (about
1.2 to 1.5 ml for each 9-week-old CD1 mouse), the in vivo
concentration of CSP2 should be about 1 �g/ml, which is about
10 times the concentration used to induce competence and half
the calculated MICs of most known TCS-inhibiting com-
pounds (44, 63). In this preliminary study in which mice were
challenged with doses of 105 and 106 CFU, the rate of survival
was increased among CSP-treated mice (six survivors among
eight challenged mice) compared to that among untreated
mice (two survivors among eight challenged mice).

CSP is therapeutic for pneumococcal sepsis. A single i.v.
dose of 106 CFU of S. pneumoniae TIGR4 was found to induce
sepsis in 50% of CD1 outbred mice within 3 days after chal-
lenge and in 60% of mice within 7 days after challenge (Fig. 2).
To investigate the possibility that the CSP peptide could be
used to inhibit pneumococcal sepsis, we administered CSP to
mice at two different time points. The first dose was given at
time zero, and the second was given at 24 h postinfection. In
both cases, the dose of CSP was 1.3 �g per mouse, which
corresponds to about 1 �g of CSP per ml of blood. This dose
is 10-fold higher than the one used for the routine induction of
competence (57). Figure 2 and Fig. 3 show the effects of CSP
on pneumococcal sepsis in our in vivo model and report sur-
vival rates and blood counts, respectively. Only four animals in
the group of CSP-treated mice developed severe sepsis, and
the overall survival rate was 16 of 20 mice (80%) (Fig. 2).
When the blood counts at 6 h after challenge were considered,
no difference between CSP-treated mice and untreated mice
could be seen. The mean bacterial count for CSP-treated mice
was 19.5 CFU/ml (standard deviation [SD], 39 CFU/ml), and
that for the untreated mice was 69 CFU/ml (SD, 162 CFU/ml).
The situation changed at 48 h (i.e., 24 h after administration of
the second dose of CSP), when the counts increased signifi-
cantly in the blood of untreated mice. The majority of mice in
the CSP-treated group (16 of 20 mice; 80%) were still blood
culture negative, whereas only 25% (5 of 20 mice) of the mice
in the untreated group were negative (mean bacterial count for
CSP-treated mice, 900 CFU/ml [SD, 2,845 CFU/ml]; mean
bacterial count for untreated mice, 116,000 CFU/ml [SD,
240,000 CFU/ml]) (Fig. 3). The data show that treatment with
CSP results in significant differences in (i) the rate of survival
at the end of the experiment (P � 0.0097; Fisher’s exact test),
(ii) the level of bacteremia at 48 h (P � 0.045; Student’s t test),
and (iii) time to death (P � 0.01; Mann-Whitney-Wilcoxon
test). Three mice which received CSP without challenge were
healthy until the end of the experiment.

No therapeutic effect of CSP could be evidenced when the
mice were challenged with comD histidine kinase sensor mu-
tant FP184. In this challenge experiment, most mice died, with
no statistically significant difference between the untreated

FIG. 2. Effect of treatment with CSP2 on pneumococcal sepsis.
Two groups of CD1 outbred mice (n � 20) were injected i.v. with 106

CFU of wild-type strain TIGR4. While one group served as untreated
controls (filled squares), the other group (open squares) was treated
i.v. with CSP2 at 1.3 �g per mouse (corresponding to about 1 �g/ml of
blood) at time zero and 24 h after challenge (both of which are
indicated by arrows).

TABLE 1. Real-time PCR quantification of mRNA after addition
of CSP1 and CSP2a

Gene (strain)

Fold increase (SD) at the indicated times after addition
of:

CSP1 CSP2

5 min 10 min 5 min 10 min

comA (SP0042) 4.25 (1.24) 1.50 (0.28) 3.05 (0.75) 1.31 (0.15)
comX1 (SP0014) 5.04 (0.82) 1.52 (0.19) 3.87 (1.46) 1.46 (0.01)
lytA (SP1937) 6.32 (1.40) 10.63 (0.31) 3.42 (0.03) 10.48 (1.86)
dprA (SP1266) 13.64 (5.31) 3.72 (0.02) 5.42 (1.34) 2.96 (0.60)
cps4A (SP0346) 1.74 (0.97) 1.64 (0.45) 1.22 (0.16) 1.48 (0.74)

a All experiments were carried out in duplicate, as were the PCRs. Relative
gene expression was analysed by the 2���CT method (38).
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mice and the CSP-treated mice (20 of 20 mice and 19 of 20
mice in the two groups, respectively, died). The reduced rate of
survival of mice challenged with FP184 compared with the rate
of survival of mice challenged with strain TIGR4 was not
significant. On the other hand, when the effects of CSP treat-
ment on the difference in the rates of survival between mice
challenged with comD mutant FP184 and mice challenged with
wild-type strain TIGR4 were compared, the difference was
highly significant (P � 0.0001).

DISCUSSION

Despite the availability of antimicrobial drugs, treatment of
infections due to S. pneumoniae remains a major problem.
Even if in vitro data and work with animal models indicate that
drugs are highly efficient in killing the pneumococcus, the
overall mortality rate of about 20% and the frequency of long-
term damage postinfection (hearing loss, cognitive impair-
ment, learning deficiency, and other neurological sequelae) in
human disease is very high and has remained unchanged for
the last 40 years (1, 6, 17, 22, 46, 50, 52). The difficulty of
finding efficient treatment alternatives continues to foster the
search for novel narrow-spectrum or even species-specific drug

targets and drugs in order to develop novel treatment options
for infections caused by this pathogen. Industrial genome-
based drug discovery programs generally focus on the detec-
tion of essential steps in metabolic pathways for small-mole-
cule-drug development. An example of this strategy is the work
that identified the mevalonate pathway as a potential antibac-
terial target (70). Other approaches report successful treat-
ment of infections caused by pneumococci with monoclonal
antibodies; for example, previous work has exploited antibod-
ies against the surface protein PspA (64). An alternative recent
approach describes the successful use of lytic phage enzymes
for both topical and systemic treatments (39, 40).

Competence for genetic transformation in S. pneumoniae is
the main characteristic that renders this pathogenic organism
an interesting tool for scientists since the description of trans-
formation by Griffith in 1928 and the discovery of pneumococ-
cus DNA by Avery and coworkers in 1944 (3). Until now, most
work on transformation focused on the mechanisms governing
the horizontal gene transfer ability of the pneumococcus (11,
25, 26, 30, 67). Less attention was paid to the CSP-induced
competence-accompanying phenomena, which is not obviously
gene exchange related, and to changes in surface structures
(68), temporary leakage of intracellular enzymes (60), proto-
plast formation (60), autolysis (49, 62), growth arrest and sub-
sequent stationary-phase autolysis (13), and induction of a
generalized stress response (13, 56). In this context the in-
creased autolysis induced by the LytA amidase could also have
a direct impact on virulence through involvement in the release
of pneumolysin and other inflammatory compounds, such as
teichoic and lipoteichoic acids (48). Recently, the consider-
ation of all these phenotypes led to the formulation of the
hypothesis that the competence regulatory system could be the
S. pneumoniae substitute for the SOS system and that CSP
could act as an alarmone (10, 13, 42). The observation that
stress regulons are induced after CSP addition (13, 56) fits this
interpretation. Almost 30 years ago, Seto and Tomasz (60) had
already stated that the subtle damage conferred to the pneu-
mococcus through CSP could, under appropriate conditions,
be exaggerated and could become detrimental to the pneumo-
coccal cells.

In the present work, we analyzed the effect of CSP on the
virulence of S. pneumoniae in an in vivo model of acute sys-
temic disease. All work was carried out with the serotype 4
strain TIGR4 (65), which carries a comC2 allele that encodes
CSP2 (57). A model of sepsis (by the i.v. route) was set up to
enable the direct inoculation of CSP into an infected organ
and/or anatomical district (the blood). Other animal models of
pneumococcal infection that are available, like the model of
pneumonia and sepsis after intranasal inoculation or the model
of sepsis after intraperitoneal inoculation, do not allow this
type of study, and the involvement of host components in the
meningitis model (29, 46, 47) may hide beneficial antipneumo-
coccal therapeutic effects. Animal models of disease are de-
pendent both on the infecting pneumococcal strain and on the
genetic background of the mice (7, 14, 21, 54). We carried out
a sighting study in order to identify the appropriate inoculum
of strain TIGR4 that was able to induce sepsis in at least half
of the outbred CD1 mice but that did not cause fulminant
disease. That preliminary work indicated that an inoculum of
107 CFU per mouse generates fulminant disease with a fatal

FIG. 3. Bacterial counts in blood of mice challenged i.v. with pneu-
mococci. The counts in the blood of individual mice were obtained by
bleeding the animals from the cheek at 6 and 48 h after challenge. Data
refer to the two groups of mice challenged with TIGR4, one of which
received no treatment (solid squares) and one of which was treated
with CSP at 0 and 24 h (open squares). (A) Samples taken at 6 h
postinfection; (B) samples taken at 48 h postinfection. The detection
limit of 10 CFU/ml is shown by dashed lines.
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outcome within 2 to 3 days, while inocula of 106 and 105 CFU
cause severe symptoms of pneumococcal sepsis after 4 to 5
days. This clinical picture was confirmed by the findings from
the main study (20 mice per group), in which severe sepsis
developed within 2 to 3 days in about 50% of mice upon
challenge with 106 CFU of S. pneumoniae TIGR4. This ap-
peared to be a normal picture of pneumococcal sepsis and is
consistent with the low counts in blood 6 h after administration
of the inoculum. The low counts are indicative of the ability of
the spleen to clear or control the majority of the inoculated
pneumococci.

In order to analyze the effect of CSP on S. pneumoniae in a
systemic model of infection, we treated mice with CSP2 both at
time zero (coinoculation of CSP2 and bacteria) and at 24 h
postinfection. Both challenge and treatment were carried out
by the i.v. route. The dose of 1 �g of CSP2 per ml of blood that
we chose was 10 times higher than the concentration normally
used for the induction of competence (25, 57), but it was lower
than that used locally in the staphylococcal skin infection
model (5 to 10 �g) (45) and was also lower than the MICs of
most known TCS inhibitors for gram-positive bacteria that
have been reported (63). The treatment of strain TIGR4 with
1 �g of CSP2 per ml in vitro induced a temporary inhibition of
growth 20 min after the addition of CSP2. The timing of this
CSP-induced phenomenon shows a striking similarity to the
data on CSP-induced competence (from 10 to 30 min, with a
sharp decline after 20 min) (56), the leakage of enzymes (which
is maximal after 10 to 15 min) (60), the induction of protoplast
formation (after 10 to 30 min) (60), and the temporary growth
arrest (at about 18 min in ciaR mutants) (13). It is likely that all
these temporary effects are directly or indirectly due to gener-
alized stress induced by competence. Data on quantification of
the expression of some selected CSP-controlled genes by real-
time PCR for strain TIGR4 were similar to the data reported
for D39 derivatives (13, 55), which thus provides no defined
hint as to the reason for a bacteriostatic phenotype. A pecu-
liarity of strain TIGR4 is its ability to respond to both CSP1
and CSP2 peptides, a fact already reported for other strains
(57). The overall impact of this bacteriostatic effect on pneu-
mococcal fitness in the host was assayed in a mouse sepsis
model. The significant reduction in bacterial counts in blood,
the significantly improved rate of survival at the end of the
experiment, and the significant increase in the time to death
observed in our mouse sepsis model after treatment with CSP2
are fully consistent with this interpretation. The improvements
in these three parameters demonstrate that administration of
CSP2 has a therapeutic effect against systemic pneumococcal
disease. Abolition of this therapeutic effect in mice challenged
with an isogenic comD mutant (strain FP184) demonstrated
that the effect of CSP2 was due to its specific interaction with
the ComD sensor, histidine kinase. This observation was con-
sistent with the disappearance of the in vitro growth-inhibiting
effect of CSP2 on this mutant strain. The difference in disease
severity and outcome was even more evident (highly statisti-
cally significant) when the outcomes for CSP2-treated mice
challenged with wild-type cells and mice challenged with comD
mutant FP184 were compared. The fact that disease due to
FP184 was more severe than disease due to wild-type pneu-
mococci may need further attention, since this finding differs
from those presented by other investigators (4, 24, 37), but it

could well correlate to the finding that stimulation of this TCS
by CSP2 reduced the virulence of our strain in our experimen-
tal setup. The significant impact of CSP treatment on disease
outcome may be explained by the observation that under stan-
dard conditions the competence-induced growth inhibition
might be essentially undetectable (13), while it may become
prominent when it is combined with genetic alterations (13) or
additional stress factors (60). This general competence-
induced stress would thus not allow the bacteria to cope with
additional loads imposed by host factors. In this case both the
reduced growth and the reduced resistance to host factors
could account for the more efficient clearance of bacteria by
the host.

Quorum-sensing peptide pheromones have already been
used in murine models of local soft tissue infection. In chal-
lenge experiments with S. pyogenes, local treatment (at the
time of inoculation with bacteria) with the synthetic peptide
SilCR (up to 50 �g) protected mice against necrotic skin ul-
cers. This effect was suggested to be due to the SilCR-depen-
dent inhibition of proteolytic activity on the murine interleukin
8 homologue needed for macrophage recruitment (27, 28). In
the more extensively studied staphylococcal model (33), the
autoinducing peptides contain a thiolactone structure (45) and
more than one allelic form is known, which enable investiga-
tors to define subgroups of Staphylococcus aureus (32). The
peptides produced by one subgroup inhibit the expression of
agr in strains belonging to other subgroups (32). Cross-inhibi-
tion of virulence gene expression by local treatment (at the
time of inoculation with bacteria) with the autoinducer peptide
protected mice from subcutaneous abscesses due to S. aureus
(32, 45). Thus, in Staphylococcus the therapeutic effect is due to
the inhibition of a virulence-inducing system, while in the
pneumococcus the therapeutic effect would most likely be due
to the activation of a stress-inducing TCS (i.e., up-regulation of
stress genes and down-regulation of ribosomal genes, leading
directly or indirectly to enzyme leakage, autolysis, and growth
arrest).

TCS transduction systems have been proposed as novel tar-
gets for antimicrobial therapy for a variety of reasons, includ-
ing the absence of these histidine-aspartate signal transduction
systems in animals and the possibility that multiple targets
could be inhibited by a single drug, which would enhance
antibacterial potency and reduce the probability of resistance
development (44, 63). The general strategy used to identify
novel drugs and to design leads and drugs generally follows the
rule which requires identification of essential targets and se-
lection for target-inhibiting compounds. This rule was followed
in all studies that have reported on novel compounds active
against TCSs (44, 63). The present work with CSP2 is concep-
tually new and proposes the reverse mechanism for a thera-
peutic intervention against disease, namely, the activation of a
not obviously virulence-related TCS, which by itself is not
essential. It is evident that the direct clinical application of
CSP2 may have some limitations, including the high degree of
mutability of autoinducer loci (61) (although this has not been
established for S. pneumoniae), the possible genetic instability
of nonessential targets, and/or the risk of induction of in-
creased in vivo gene exchange by transformation. However,
these rather long-term risks should be weighed against the
short-term therapeutic benefit. Because of the need for acces-
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sory therapeutic tools to cure pneumococcal disease, the use of
CSP (or any CSP-derived product) in adjunct therapy, in ad-
dition to standard antibiotic therapy, may be one of the main
directions for future development of the data reported here. In
conclusion, our approach not only demonstrates the possibility
that peptides can be used as therapeutic molecules for the
inhibition of systemic bacterial disease but also proposes the
induction of a TCS as a conceptually novel mechanism for the
treatment of pneumococcal sepsis.
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