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ABSTRACT The competence regulon of pneumococcus regulates both genetic trans-
formation and virulence. However, competence induction during host infection has not
been examined. By using the serotype 2 strain D39, we transcriptionally fused the firefly
luciferase (luc) to competence-specific genes and spatiotemporally monitored the com-
petence development in a mouse model of pneumonia-derived sepsis. In contrast to the
universally reported short transient burst of competent state in vitro, the naturally devel-
oped competent state was prolonged and persistent during pneumonia-derived sepsis.
The competent state began at approximately 20 h postinfection (hpi) and facilitated sys-
temic invasion and sepsis development and progressed in different manners. In some
mice, acute pneumonia quickly led to sepsis and death, accompanied by increasing in-
tensity of the competence signal. In the remaining mice, pneumonia lasted longer, with
the competence signal decreasing at first but increasing as the infection became septic.
The concentration of pneumococcal inoculum (1 X 10° to 12X 10® CFU/mouse) and
postinfection lung bacterial burden did not appreciably impact the kinetics of compe-
tence induction. Exogenously provided competence stimulating peptide 1 (CSP1) failed
to modulate the onset kinetics of competence development in vivo. The competence
shutoff regulator DprA was highly expressed during pneumonia-derived sepsis but failed
to turn off the competent state in mice. Competent D39 bacteria propagated the com-
petence signal through cell-to-cell contact rather than the classically described quorum-
sensing mechanism. Finally, clinical pneumococcal strains of different serotypes were
also able to develop natural competence during pneumonia-derived sepsis.

KEYWORDS Streptococcus pneumoniae, competence regulon, pneumonia-derived
sepsis, SsbB, DprA

treptococcus pneumoniae (pneumococcus) is an important human pathogen that

causes otitis media, community-acquired pneumonia, bacteremia, pneumonia-derived
sepsis, and meningitis, with significant morbidity and mortality, especially in children and
elderly (1). Pneumococcus is widely known to colonize the nasopharyngeal tract (2).
Capsule is one of the most important pneumococcal virulence factors (3). In 1928, Frederick
Griffith discovered that coinoculation of a live avirulent noncapsulated (R, rough) serotype
2 pneumococcus bacteria with a heat-killed encapsulated (S, smooth) virulent serotype 2
strain bacteria would kill mice quickly, with a recovery of fully encapsulated serotype 2
pneumococci from blood (homogenous type R-S conversion) (4). Astonishingly, if either a
heat-killed serotype 1 or 3 S strain was coinoculated with a live serotype 2 R strain, it killed
some mice, with recovery of serotype 1 or 3 S colonies (heterogeneous type R-S conversion)
from dead mice (4). The aforementioned study led to the discovery of DNA as the material
responsible for genetic transformation (5).

Shortly after the first discovery of genetic transformation in vivo, competence
induction of S. pneumoniae was successfully replicated in vitro and was found to require
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complicated culture medium and conditions, including supplementation of serum
(6-8). Hypercompetent capsule-deficient pneumococcal strains derived from D39 were
preferentially selected to study various mechanisms regulating competence develop-
ment (9-11). The spontaneous competent state begins in early log phase and quickly
spreads to the whole pneumococcal population, followed by rapid shutoff (9, 12).
Competence can be induced by an “activator macromolecule” isolated from the pneumo-
coccal cell surface, which was later identified as a 17-amino-acid peptide named the
competence-stimulating peptide (CSP) (12, 13). Various mechanisms regulating the pneu-
mococcal competence induction have been revealed. When the membrane-bound
histidine-kinase ComD is activated by CSP, it phosphorylates the response regulator ComE,
which in turn, induces the expression of 24 “early” competence genes (14). Two identical
copies of “early” gene comX1 and comX2 encoding the alternative o factor ComX, which
induces more than 80 “late” competence genes, among which only 14 genes are required
for DNA uptake and recombination. The transient competent state is rapidly turned off, and
the cells become refractory to subsequent competence induction for an extended time (13,
15). The protein responsible for competence shut off was later identified to be the
ComX-regulated DNA processing protein A (DprA) (16, 17).

Recently, debates have emerged regarding whether competence induction and signal
propagation in pneumococcus are mediated through the cell-cell contact model versus the
classically described quorum sensing-based diffusive CSP. For the D39 derivative R6 strain,
it has been purported that CSP is tightly bound to the cell surface; however, for the Rx
strain, which is derived from a different lineage of D39, CSP can be detected in the culture
supernatant (13). The direct cell-cell contact sensing mechanism was examined in the
pneumococcal strain R800 (a derivative of R6) and D39 (11). The authors of that study
proposed that a subpopulation of pneumococcal cells overexpress and transmit CSP to
other cells via cell-to-cell collision and that CSP peptides were bound to its cell surface
receptor ComD (11). In contrast, another study concluded that competence induction was
growth dependent and operated on the classical quorum-sensing principle where thresh-
old accumulation of secreted diffusive CSP peptides was required (18).

The original Griffith experiment was performed by using a heat-inactivated S strain to
facilitate the transformation of live R strains to a heterogeneous serotype S strain (for
example, from serotype 2 R to serotype 3 S strain) during in vivo infection. However,
attempts to convert live S strains to a heterogeneous serotype S strain (for example, from
type 2 S to type 3 S strain) in vivo were unsuccessful (4, 19), suggesting that encapsulated
S strains are more recalcitrant to genetic transformation. Interestingly, it has been reported
that the encapsulated pneumococcal strains have an approximately 10,000,000-fold higher
transformation rate during nasopharyngeal colonization than during lung infection (20).

Apart from genetic transformation, we and others have previously shown that the
pneumococcal competence system is also important for virulence (21-25). Further-
more, by extensive deletion and genetic analysis, we identified the competent-state-
specific “late” competence genes that are required for virulence but are independent of
their DNA transformation (26-28). Therefore, there remains a great interest to further
characterize the competence-regulated virulence. However, the spatiotemporal induc-
tion of competence during host infection and its importance remain unknown. Here,
we constructed pneumococcal strains harboring competence-specific luciferase re-
porter to track the spatiotemporal dynamics of natural competence development in a
mouse model of pneumonia-derived sepsis.

RESULTS

S. pneumoniae naturally develops a prolonged and persistent competent state
during pneumonia-derived sepsis. We used the serotype 2 strain D39 to construct
the reporter strain AD2501 harboring a firefly luciferase transcriptionally fused to the
ssbB gene (D39-ssbB-luc; Fig. 1A) (29). The ssbB gene encodes a single-stranded DNA-
binding protein and is uniquely induced during competence induction and directly
protects internalized single-stranded DNA (30). ssbB is one of the most highly induced
“late” competence genes regulated by ComX (14) and therefore represents a good
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FIG 1 Provision of the CSP1 induces a transient competent state under in vitro culture conditions. (A)
Schematic drawing of the firefly luciferase gene luc transcriptionally fused to the “late” competence gene
ssbB of strain AD2501, which emits bioluminescence when pneumococcal cells enter the competent
state. (B) The D39-ssbB-luc strain (AD2501) failed to naturally enter the competent state in the THY
medium. (C) CSP1 (100 ng ml~") was added at time zero, and the bioluminescence was monitored for
480 min. The expression of ssbB peaked at 30 min and was abolished by 180 min. Results are shown as
means * the standard errors of the mean from 10 samples.

biomarker for monitoring competence induction (11, 16, 31). We tracked competence
induction by measuring the luciferase activity in AD2501. The competent state did not
naturally develop in strain AD2501 in vitro in the Todd-Hewitt broth supplemented with
5% yeast extract (THY) (Fig. 1B). After provision of 100 ng ml~' CSP1, ssbB-luc expres-
sion in AD2501 began to increase at approximately 15 min and peaked at 30 min
postexposure. The luciferase activities reduced to 10 and 2% of peak value at 2 and 3
h postexposure, respectively. The competent state failed to occur naturally for the
remainder of the culturing period (Fig. 1Q).

To track the competence induction in vivo, male adult CD-1 mice (8-week-old, 15 per
cohort) were intranasally infected with 5 X 107 CFU of strain AD2501, and competence
development was tracked spatiotemporally by using an VIS SpectrumCT imaging system.
Interestingly, pneumococcus developed natural competence during pneumonia-derived
sepsis (Fig. 2; see Fig. S1 in the supplemental material). During the first 12 h, there was
minimal to no detectable luciferase signal, suggesting either that the competent state was
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FIG 2 S. pneumoniae develops a prolonged competent state naturally during pneumonia-derived sepsis. Mice were intranasally infected with
5 X 107 CFU of the D39-ssbB-luc (AD2501) bacteria and tracked for competence induction for up to 68 hpi. Infected mice were imaged by using

an VIS SpectrumCT imaging system after subcutaneous injection of the p-luciferin potassium (100 mg kg—").
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not initiated or that its induction was below the detection limit. After approximately 20 h,
competence induction became detectable, and the kinetics of both the competent state
and disease progression diverged into three outcomes. In the first group, mice (A2, A4, A6,
A10, A11, A13, and A15) quickly progressed from pneumonia to bacteremia and sepsis,
leading to death between 34 and 44 h postinfection (hpi). The induction of the competent
state, as indicated by the luminescent signal output, increased persistently (Fig. 2). The
second group of mice (A1, A3, A5, A12, and A14) died between 59 and 70 hpi. In these mice,
the competence signal dropped or remained low before increasing substantially during the
septic stage as they were approaching death (Fig. 2). The ebb and flow of competence
signal in individually infected mice may reflect the struggle of pneumococcus to adapt and
maintain stable lung infection. Finally, in the third group, two mice (A7 and A8) showed low
to nondetectable competence induction and had much lower pneumococcus burdens in
their lungs and spleens than the bacterial burdens of all moribund mice with competent
pneumococci, reaching 108 CFU both in the lungs and spleens (see Fig. 4A and B, endpoint
CFU). To rule out that ssbB-luc could be induced by noncompetence mechanisms, we
deleted the comCDE genes in the strain AD2501 and found no ssbB-luc induction in any of
the five mice infected by the strain AD2502 (AcomCDE-ssbB-luc) through the entire time
course of the infection despite recovery of pneumococcus found in both mouse lungs and
spleens (Fig. S2). Thus, our results indicate that the temporal induction of pneumococcal
natural competence during pneumonia-derived sepsis differs drastically from the in vitro
competence induction. In contrast to the rapid on-and-off system in vitro, the in vivo
competent state is prolonged and lasted for many hours.

Exogenously provided CSP1 has limited effect on the development of natural
competence during pneumonia-derived sepsis. The significant difference between
the pattern of competent state between in vivo versus in vitro conditions prompted us
to investigate whether providing CSP1 exogenously could activate the competent state
in vivo, and if so, whether the induction is transient (e.g., similar to in vitro pattern) or
prolonged. CD-1 mice (cohorts of 10) were infected intranasally with 1 X 108 CFU of
strain AD2501 (Fig. 3; Fig. S3). Group 1 mice (control cohort, Bx1 to Bx10) were left
untreated and entered the competent state naturally at ~20 hpi (Fig. 3A). Group 2 mice
(By1 to By10) were given CSP1 (100 ng per mouse) intranasally at 24 hpi (Fig. 3B).
Although five mice in group 2 had entered competent state by 23 hpi, provision of
CSP1 (at 24 hpi) did not induce the remaining 5 mice (By1, By2, By5, By6, and By7) to
enter the competent state immediately (within 15 to 30 min) as observed under in vitro
experimental conditions. Although mouse By7 showed a detectable competence in-
duction 2.5 h after the CSP1 treatment (at 26.5 hpi), it could have been caused by either
exogenously provided CSP1 or naturally developed competent. The remaining four
mice (By1, By2, By5, and By6) entered the competent state between 35 and 40 hpi and
eventually progressed to sepsis. These results suggest that exogenously provided CSP1
at 24 hpi failed to induce a competent state in pneumococcus. The provision of CSP1
did seem to increase the competence signal in mice By5 (nose) and By8. Furthermore,
provision of CSP1 did not alter the prolonged competent state toward a transient
competent state in vitro (e.g., By3 and By4). In the group 3 mice (Bz1 to Bz10), CSP1 was
added immediately after bacterial inoculation (0 hpi), and no competence signal was
detected within 1 hpi. However, competence signals were detected in three of five mice
(Bz1 to Bz5) at 2 hpi. After a second dose of CSP1 instillation (2 hpi), all 10 mice showed
competence induction (Fig. 3C). However, the competent state was almost turned off
in all animals by 6 hpi, indicating that the prolonged competent state was not due to
the extended stability of luciferase expressed in strain AD2501. Similar to the mouse
cohorts in Fig. 3A and B, competence could be detected and sustained beginning
around 20 hpi, with rapid (Bz1, Bz5, Bz6, Bz7, and Bz10) or slower (Bz2, Bz3, Bz4, Bz8, and
Bz9) progression to pneumonia-derived sepsis and death. These results indicate that
AD2501 bacteria in mouse lungs are not ready to enter competent state until approx-
imately 20 hpi, suggesting that a time period of adaption to the host environment is
crucial before pneumococcal bacteria can attain the naturally developed competent
state.
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FIG 3 Exogenously provided CSP1 has limited effect on the development of natural competence during pneumonia-derived sepsis. Mice were intranasally
inoculated with 108 CFU of D39-ssbB-luc (AD2501). (A) Naturally developed competent state in mice Bx1 to Bx10 in the absence of exogenously provided CSP1.
(B) Mice By1 to By10 were intranasally instilled 100 ng of CSP1 at 24 hpi. (C) Mice Bz1 to Bz10 were intranasally instilled 100 ng of CSP1 (100 ng per mouse)
at 0 and 2 hpi. Infected mice were imaged by using an IVIS SpectrumCT instrument after subcutaneous injection of the p-luciferin potassium (100 mg kg=1).
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Lung bacterial burden is not a key determinant in the development of natural
competence during pneumonia-derived sepsis. Traditional model of quorum sens-
ing is dependent on threshold accumulation of signaling molecules during growth (e.g.,
homoserine lactones at late exponential phase [CSP]) secreted by a bacterial population
(15, 18, 32, 33). Because competence induction might be correlated with the bacterial
density, we examined the number of pneumococci at the early stages of lung infection.
In this experiment, 40 CD-1 mice were intranasally inoculated with 5 X 107 CFU of
luciferase reporter strain AD2501. The first 10 mice were immediately sacrificed (within
10 min) and their lungs were homogenized. The inoculum in each mouse lung was
~2 X 107 CFU, indicating efficient delivery of AD2501 bacteria into mouse lungs (Fig.
4A, 0.1 hpi). Therefore, the variation in the time of death of AD2501 infected mice (e.g.,
Fig. 3, from 30 h to >90 h) was likely a result of differences (e.g., genetics, immune
capacity, and uneven distribution of inoculum in the lung) in individual mice.

At 12 hpi, another 10 mice were euthanized, and the pneumococcal burden in these
lungs decreased slightly although the differences were not statistically significant
compared to 0.1 hpi (Fig. 4A). At 24 hpi, 13/20 remaining mice had entered the
competent state (Fig. 4C), with an average bacterial burden of 8 X 10° CFU. In contrast,
in mouse lungs of which the AD2501 bacteria had not entered the competent state, the
average pneumococcal burden was 1 X 10 CFU. However, the difference in pneumo-
coccal burden between the two groups of animals was not statistically significant
(Student t test, P = 0.16) (Fig. 4D), despite there being a positive correlation between
luminescence output and lung CFU (Spearman r = 0.6826, P = 0.0009). It is worth
noting that the mice that had not entered the competent state at the moment of
euthanasia might have competence turned on shortly after, but we would not be able
to know. Similarly, at 24 hpi, the difference in the bacterial burden of spleens between
competent versus noncompetent mice was also statistically insignificant (Student t test,
P = 0.12) (Fig. 4E), despite there being a positive correlation between luminescence
output and spleen CFU (Spearman r = 0.8047, P < 0.0001).
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FIG 4 Pneumococcal burden does not affect the timing of naturally developed competence. Forty male CD-1
mice (7 weeks old) were inoculated with 5 X 107 CFU of D39-ssbB-luc (AD2501) intranasally. Infected mice
(n = 10) were sacrificed immediately or at 12 hpi for determination of bacterial burden in lungs (A; 0.1 hpi, 12
hpi) and spleens (B; 12 hpi). (C) At 24 hpi, competence induction were determined by IVIS imaging in the
remaining mice. After imaging, mice were euthanized and bacterial burdens in lungs (D) and spleens (E) from
competent versus noncompetent mice were compared. The total bacterial burdens from lungs and spleens
at 24 hpi were included in panels A and B, as well as the endpoint bacterial burden from lungs and spleens
in mice derived from Fig. 2. Box-and-whisker plots are shown, with whiskers indicating the minimum and
maximum values. One-way ANOVA, followed by Tukey’s multiple-comparison test, was performed to compare
statistical differences between four samples in panel A (ANOVA, P < 0.0001) and three samples in panel B
(ANOVA, P = 0.0178). An unpaired Student t test was used to compare statistical differences
between two samples in panels D (ns, P = 0.1550) and E (ns, P = 0.1223).

To compare the total bacterial burden in lungs and spleens more broadly, we also
included the endpoint CFU of moribund mice from the Fig. 2 (data for mouse A6 were not
recorded). The results revealed that both the lung burden and the systemic spread of
pneumococcus (AD2501) started to increase at approximately 24 hpi, which temporally
coincided with the competence induction. Eventually, both the lung and spleen reached a
high pneumococcal burden of >108% CFU (Fig. 4A and B, endpoint). Collectively, these
results suggest that the initial competence induction at approximately 20 hpi is not
dependent on the number of pneumococcal cells, but rather, on adaptation to the lung
environment.

Competence induction during pneumonia-derived sepsis is largely indepen-
dent of the concentration of pneumococcal inoculum. To further examine whether
bacterial load determines the timing of initial competence development, we chal-
lenged CD-1 mice with three different doses of luciferase reporter strain AD2501 (Fig.
5; Fig. S4). Group 1 mice (Cx1 to Cx5) received 5 X 107 CFU, group 2 mice (Cy1 to Cy5)
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FIG 5 Pneumococcal inoculum levels do not significantly affect the timing of natural competence
development. Three different doses of inoculum were intranasally administered into CD-1 mice (five
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FIG 6 DprA is highly expressed but unable to shut off the competent state during pneumonia-derived sepsis. Fifteen mice
were intranasally infected with 5 X 107 CFU of D39-dprA-luc (AD2503) in which the firefly luciferase gene (/uc) was transcrip-
tionally fused to the dprA gene. DprA expression was monitored by using the IVIS SpectrumCT imaging system after

subcutaneous injection of the p-luciferin potassium (100 mg kg—").

received 5 X 10° CFU, and group 3 mice (Cz1 to Cz5) received 1 X 10° CFU. A major
observable difference among the three groups of infected mice was that those infected
with higher dose of AD2501 died slightly faster (Fig. 5A to C). However, despite the
50-fold change in the inoculum levels among the three different cohorts of mice, some
of the mice from all three groups entered the competent state at approximately 21 to
25 hpi, and most of the mice showed detectable competence induction by 28 hpi.
These results further suggest that bacterial number is not a key determinant affecting
temporal competence induction. Collectively, data in Fig. 2 and 5 suggest that the
pneumococcus needs to attain a physiological state with successful lung infection and
full adaptation to the host environment before spontaneous competence induction.

DprA is highly expressed but unable to shut off the competent state during
pneumonia-derived sepsis. The DprA protein has been reported to be critical for
turning off the competent state in vitro (16, 17). Once induced, DprA dissociates the
phosphorylated ComE dimer to interrupt the competence induction regulated by the
ComCDE positive-feedback loop (16). Under in vitro conditions, it has been reported
that DprA is highly expressed and stable (34), rendering competent pneumococcal cells
refractory to subsequent induction by CSP (35). Deletion of the dprA gene causes
elevated and prolonged expression of “late” competence genes (16, 17, 29, 34). Because
of the prolonged and persistent competent state during pneumonia-derived sepsis, we
examined whether the expression of DprA was compromised in vivo. Fifteen mice (D1
to D15) were intranasally infected with 5 X 107 CFU of the pneumococcal strain
AD2503, which harbors a luciferase gene transcriptionally fused to the dprA gene in D39
(Fig. 6; see also Fig. S5A and B). The spatiotemporal expression of DprA in AD2503 was
prolonged and persistent and mirrored that of D39-ssbB-luc (AD2501). Even toward the
endpoint, DprA was still highly expressed but unable to shut off the competent state.
Again, these results demonstrate that the spatiotemporal regulation of competence
induction and maintenance of the competent state in vivo are not a simple replica of
in vitro culture conditions.

A persistent competent state is conserved in other clinical strains of S. pneu-
moniae during pneumonia-derived sepsis. To examine whether the ability to de-
velop competent state in vivo is conserved among other clinical serotypes of pneumo-
coccus, we constructed the ssbB-luc reporter in the serotype 4 strain TIGR4 (AD2504)

FIG 5 Legend (Continued)

animals per cohort). (A) Group 1, 5 X 107 CFU D39-ssbB-luc (AD2501). (B) Group 2, 5 X 10¢ CFU strain
AD2501. (C) Group 3, 1 X 10% CFU strain AD2501. Infected mice were imaged by using the IVIS
SpectrumCT instrument after subcutaneous injection of the p-luciferin potassium (100 mg kg—").
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and the serotype 3 strain 0100993 (AD2505) (21). CD-1 mice (10 per cohort) were
intranasally infected with 2 X 107 CFU of strains AD2504 (Fig. 7A; see also Fig. S5C and
D) and AD2505 (Fig. 7B; see also Fig. S5E and F), respectively. Importantly, both strains
developed natural competence during lung infection. In the AD2504-infected cohort,
8/10 mice entered the competent state (Fig. 7A). In mouse Ex1 the competent state
lasted for 17 h (35 to 52 hpi), whereas in mouse Ex3 the competent state lasted for at
least 21 h (102 to 133 hpi) (Fig. 7A). A notable feature in the AD2504-infected mice was
that natural competence seemed to develop near the endpoint and did not necessarily
begin in the lung (Fig. 7A, mice Ex7 and Ex9). For AD2505, a naturally developed
competent state was also detected during lung infection. For example, in mouse Ey2,
the competent state lasted for 13 h (25 to 38 hpi), whereas in mouse Ey10 the
competent state lasted for at least 30 h (63 to 93 hpi) (Fig. 7B). Collectively, these results
suggest that, similar to D39, both TIGR4 and 0100993 develop natural competence that
persists for a prolonged period of time during host infection.

Pneumococcus-free plasma isolated from septic-competence-positive mice
failed to induce competent state in vitro. Recently, Prudhomme et al. reported that
CSP was retained on the pneumococcal cell surface by ComD and activated compe-
tence by direct cell-to-cell contact (11), which is in agreement with earlier studies
showing that CSP is tightly bound to the cell surface of the D39-derived strain R6 (12,
13). However, the proposed model was challenged by Moreno-Gamez et al., who
reported that competence induction was dependent on a quorum-sensing mechanism
relying on the threshold accumulation of the freely diffusible CSP (18). We sought to
determine whether there were freely diffusible CSP peptides present in the blood of
systemically infected competence-positive mice (e.g., Fig. 5, mouse Cx1 at 52 hpi),
which may be the cause of the prolonged and high levels of competence during
pneumonia-derived sepsis. We predicted that such high levels of CSP should be able to
stimulate a noncompetent recipient reporter strain. We generated a ssbB-luc reporter
strain in the AdprA genetic background (AdprA-ssbB-luc, AD2506), which has height-
ened sensitivity and response to competence induction due to its inability to shut off
the competent state (29). The pneumococcal cells that secreted these CSPs were
removed from the blood samples by filtration to eliminate possible competence
transfer by cell-cell direct contact mechanism. Bacterium-free plasma samples prepared
from such mouse blood, as well as whole blood from the same animal, were serially
2-fold diluted and added to the freshly grown recipient reporter strain AD2506. Because
AD2501 was present in the whole blood recovered from the infected mice, the blood
was also serially 2-fold diluted and mixed with THY medium only as a basal lumines-
cence control (Fig. 8C). Interestingly, the pneumococcus-free plasma failed to induce
AD2506 even with only a 2-fold dilution (Fig. 8A). In contrast, when the whole blood
was mixed with the recipient reporter strain AD2506 (Fig. 8B), the bioluminescence
signal was much stronger than in the control group that without AD2506 (Fig. 8C),
suggesting that AD2506 was induced into the competent state (Fig. 8B and C). Similar
results were obtained in nine additional mice, with data from one additional mouse
shown (see Fig. S6 in the supplemental material). These results suggest the AD2501
bacteria in the blood of the infected mice have high ability to induce competence of
AD2506. In contrast, the CSP in the bacterium-free plasma, if present, was inadequate
to induce competence in AD2506. Finally, we also demonstrated that, when incubated
at 37°C for 30 min, synthetic CSP1 was degraded in mouse blood or plasma but not in
THY medium (Fig. S7). Collectively, our results suggest that competence induction in
pneumococcal strain D39 during pneumonia-derived sepsis is likely mediated through
a cell-cell contact mechanism rather than through threshold accumulation of freely
diffusible CSPs that appear to be highly susceptible to degradation.

DISCUSSION

Encapsulated pneumococcal strains enter the competent state efficiently dur-
ing pneumonia-derived sepsis. Capsule-deficient strains derived from D39, including
CP1250 and R6 and its hypercompetent lineages R800 and Rx, are the most commonly
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FIG 7 Additional clinical strains of S. pneumoniae with different serotypes develop natural competence during pneumonia-derived sepsis. CD-1 mice (10 per
cohort) were intranasally infected with 2 X 107 CFU of the serotype 4 strain TIGR4-ssbB-luc (AD2504) (A) and the serotype 3 strain 0100993-ssbB-luc (AD2505)
(B), respectively. Infected mice were imaged by using the IVIS SpectrumCT imaging system after subcutaneous injection of the p-luciferin potassium

(100 mg kg—").

used to dissect the molecular mechanisms of pneumococcal competence development
(16, 31, 36-38). To date, only a few competence studies have been performed in the
encapsulated strains such as D39 (24, 26, 39-41). In addition to the strain selection,
specially formulated complex liquid culture media optimized for transformation are
required to allow spontaneous competence development (36). For example, we found
that D39 was not able to enter the competent state spontaneously when cultured in
the nutrient-rich THY medium most widely used to cultivate pneumococci (Fig. 1) (29).
The competence-permissible C+Y medium, which contains defined amino acids, bo-
vine serum albumin (BSA), and other nutrients, was formulated based on early findings
that BSA or bodily fluids, including peritoneal washings and blood, provided better
conditions for competence induction (6-8). One potential reason is that the pneumo-
coccal cell surface protease HtrA (42), whose proteolytic activity can be detected in the
culture supernatant, is capable of degrading CSP (42) but can be blocked by BSA (42).
It is possible that the rich protein contents in bodily fluids (e.g., serum albumin) may act
like BSA in the C+Y medium to allow CSP accumulation, enabling the onset of
spontaneous competent state. Our study is the first to show that encapsulated pneu-
mococcus from various serotypes can enter the competent state efficiently during
pneumonia-derived sepsis.

Physiological adaptation to host environment is critical for competence initi-
ation. At early stages of lung infection, the concentration of pneumococcal cells seems
to play a negligible role in competence induction. For example, the pneumococcal
burden was consistently higher (though not statistically significant) at 0.1 and 12 hpi
than at 24 hpi, a time point when the infecting pneumococcal bacteria finally enter the
competent state (Fig. 4A). These observations are further supported by the fact that
provision of two doses of CSP at 0 and 2 hpi could only stimulate a transient,
unsustainable competent state. These results suggest that pneumococcal strain D39 at
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FIG 8 Whole blood containing the competent state pneumococcal bacteria induces competence devel-
opment in noncompetent recipients. CD-1 mice (n = 10) were infected with 5 X 107 CFU of D39-ssbB-luc
(AD2501). When the competent-state pneumococci had systemically spread to the entire circulatory
system, as indicated by the IVIS SpectrumCT imaging system, whole blood was drawn from these mice.
Cell-free plasma samples were acquired by centrifuging a portion of the whole blood to pellet the host
cells, followed by passing the supernatant through a 0.22-um filter to eliminate all pneumococcal
bacteria. (A) This cell-free plasma was serially 2-fold diluted with THY medium and then mixed with the
recipient reporter strain AdprA-ssbB-luc (AD2506) for competence induction. (B and C) Pneumococcus-
containing whole blood was also serial 2-fold diluted and then mixed with THY with AdprA-ssbB-luc
(AD2506) bacteria (B) or without AD2506 (C). The induction of competence was monitored by measuring
the bioluminescence. Results are shown as means * the standard errors of the mean from three
replicates. Similar results were obtained from nine additional mice tested. One set of representative
results is shown. It is worth noting that the dense red color of blood in low-dilution groups blocked the
bioluminescence signal and therefore could not be used to directly compare results with the medium-
or high-dilution groups.

the concentrations between 10° and 108 CFU need ~20h to adapt and establish
infection before the development of natural competence. Considering the fact that
increasing the pneumococcal inoculum (e.g., from 1 X 10 CFU to 5 X 107 CFU) did not
bring forth an earlier induction of the competent state, it is likely that physiological
adaptation to the lung environment is at a higher hierarchical order that overrides the
importance of higher local density of pneumococcal cells. Nevertheless, we cannot rule
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out that more concentrated pneumococcal aggregates at individual lung microcom-
partments may independently enter the competent state. For example, we often
observed competence signal reaching high levels locally rather than evenly distributed
across the entire lung (Fig. 2, 3, and 5 are presented with adjusted scale bar, so the
feature is not obvious, but such features can be seen in Fig. 4C). These results suggest
that the freshly inoculated pneumococcus (AD2501) were not evenly dispersed, and
only some pockets of the inoculated bacteria managed to adapt to the new host
environment, avoided host killing, multiplied, and achieved the locally required density
to enter the competent state, which eventually propagated through the entire lung.

Is there an additional competence inhibitor? We notice that contrary to efficient
competence shutoff in vitro, highly expressed DprA was unable to turn off the com-
petent state in pneumonia-derived sepsis, suggesting that competence termination
during pneumonia-derived sepsis is a much more complex process. Interestingly, the
existence of additional competence inhibitors in pneumococcal culture medium was
suggested by Tomasz and Hotchkiss in the 1960s (12, 15). When added to the
competent-state pneumococci, this uncharacterized inhibitor greatly decreased the
rate of genetic transformation. It survived filtration, dialysis, and lyophilization (12). In
addition, by diluting the culture medium continuously, competence could be main-
tained at high levels, likely due to the dilution of the inhibitor (15). Evidence supporting
the existence of an additional competence inhibitor was observed by Weng et al. (17),
who observed that, despite the extended presence of ComX in a protease-deficient
pneumococcal mutant, its "late” competence gene expression still decreases (17). Weng
et al. proposed the existence of a DprA-independent factor capable of shutting down
the expression “late” competence gene even in the presence of ComX. This additional
inhibitor may be linked to extracellular factors that can be efficiently diluted in vivo
during pneumonia-derived sepsis, which is similar to the continuously diluted culture
medium used by Tomasz (15).

Cell-cell direct contact or bona fide quorum sensing? Our in vivo pneumococcal
surface-bound CSP cell-cell direct contact model of competence induction is in agreement
with earlier (12, 13) and more recent (11) studies. The cell-free plasma experiment suggests
that the freely diffusible CSP was only present in minimal amount in blood and was
ineffective in driving the noncompetent pneumococcal cells into the competent state. On
the contrary, competent-state pneumococcal cells in the blood were able to immediately
induce competence in noncompetent AdprA-ssbB-luc recipient cells (AD2506), further
supporting the cell-cell direct contact model. When bacterial numbers begin to increase
after 24 hpi, newly replicated cells are likely to carry the competence signal, which may
propagate the cell-cell contact signals and prolong the competent state. It is worth noting
that we have not attempted to identify the presence of free CSP in the lung, since there is
no good method to allow a timely recovery of the competent pneumococcus without
exerting strong mechanical force and diluting the competent bacteria.

Low transformation rate in bacteremia/sepsis versus high transformation rate
in nasopharyngeal colonization. Our study indicates that the competence system is
readily activated at approximately 20 to 24 hpi. Interestingly, prior studies by us (41)
and others (19, 20) have demonstrated that the frequency of genetic transformation in
the encapsulated pneumococcus during acute pneumonia or bacteremia (through
intraperitoneal injection) is very low. In contrast, the genetic transformation in the
original studies with dead encapsulated strains and capsule-deficient rough strains
occurred at a higher frequency (4, 6). Pneumococcus has a thick polysaccharide capsule
layer covering the cell surface, which can be a physical barrier for DNA uptake (20, 44,
45). However, analysis of several recently sequenced pneumococcal genomes suggests
that strains with capsules tend to have more frequent genetic exchanges within the
genome (46, 47), and recombination events increase with larger capsule size or longer
carriage duration (47), with capsules encoding the locus itself being an evolutionary hot
spot (48). These results suggest that encapsulated pneumococcal strains are more
capable of adapting and surviving longer during carriage, which allow for higher
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incidence of genetic uptake and recombination events that increase genomic diversity.
In the present study, the clinical serotype 3 strain 0100993, which is heavily encapsu-
lated, showed detectable competence induction in nasal pharyngeal colonization (e.g.,
Fig. 7B, mice Ey2, Ey3, Ey4, and Ey7). Similarly, the encapsulated serotype 2 strain D39
also showed similar patterns (e.g., Fig. 5B, mice Cy2 and Cy4).

Additional contributing factors to genetic transformation may include the availabil-
ity of donor DNA. In a previously published gene transfer study during nasopharyngeal
colonization, a mixture of 5X 106 CFU of two D39 derivatives each harboring a
different antibiotic resistance marker was delivered intranasally. At 48 h postcoloniza-
tion, a total of 1 X 10> CFU pneumococcal cells were recovered from each mouse;
8 X 103 CFU of these were recombinants (20). The reduced total recoverable bacteria
might indicate the rich availability of genomic DNA released by dead pneumococcal
cells within a more confined space. In contrast, other host compartments such as the
lung, intraperitoneal cavity, and blood circulation system are larger in volume and
therefore may reduce the availability of DNA. Finally, the ability of encapsulated
pneumococcal strains to better survive the host assault will result in smaller amounts
of donor DNA available for genetic transformation. Collectively, the aforementioned
discussion could explain the discrepancy between a highly expressed competence
system and an extremely low transformation rate in encapsulated strains (e.g., D39)
during host infection.

Competence induction facilitates pneumonia-derived sepsis. How does the com-
petent state confer an advantage to pneumococcus during pneumonia-derived sepsis?
Competence induction is energy expensive with the upregulation of approximately 100
genes (14). There has been much debate about the true benefit of this costly multifaceted
cellular process (49), among others, genomic fitness versus plasticity (50) and stress
response (51, 52). Indeed, the competence-regulated genes are among the most highly
expressed of all pneumococcal genes. However, among these, at least 70 genes are not
required for transformation (14). Natural competence system has long been implicated to
be involved in virulence (21, 53). Previous studies by our lab have shown that the
expression of competence-dependent allolytic factors, including LytA, CbpD, and CibAB,
benefits both acute pneumonia and bacteremia infections through the release of pneu-
molysin (26, 28). In addition, in vitro studies have shown that these allolytic factors
contribute to fratricide, which increases DNA availability by killing a subpopulation of
noncompetent pneumococcus (54-59). Fratricide was shown to be important for genetic
transformation inside pneumococcal biofilms (60), which has been proposed to resemble
nasopharyngeal colonization (20). However, our most recent studies have shown that
allolysis, which is a prominent phenotype in hypercompetent capsule-deficient strains R800
and CP1250, is not significant in its parental strain D39 (29), suggesting that the increased
expression of LytA, CbpD, and CibAB during the competent state contributes to virulence
in functions other than fratricide. Instead, it is more likely that the release of pneumolysin
and proinflammatory cell wall components mediated by LytA, CbpD, and CibAB during the
prolonged competent state disrupt the alveolar-capillary barrier, leading to a systemic
invasion into bloodstream, pneumonia-derived sepsis, multiorgan dysfunction, and even-
tual death in the mice (26, 61, 62).

In conclusion, we report here for the first time that during pneumonia-derived
sepsis, the naturally developed competent state is prolonged and persistent and is
recalcitrant to the shutoff mechanism mediated by DprA. The competent state facili-
tates the systemic invasion that leads to sepsis and death. Physiological adaptation of
the pneumococcus to the host environment is critical for the successful induction of the
competent state. Competent pneumococcal bacteria propagate the competence signal
through cell-to-cell contact rather than the classically described quorum-sensing mecha-
nism. Therapeutic strategies inhibiting the competence regulon, including the use of the
dominant negative competence stimulating peptides we have previously developed (27,
41, 63), may offer potential adjunctive therapeutic strategies against pneumonia-derived
sepsis caused by pneumococcus.
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MATERIALS AND METHODS

Bacterial cultures. S. pneumoniae strains D39, TIGR4, and 00100993 were cultured in the THY
medium (Becton Dickinson, Franklin Lakes, NJ). D39 cultured in the THY has tendency to form long
chains, which leads to an underestimation of the actual number of bacteria inoculated into mice. To
reduce inaccuracy, D39 was subcultured from an optical density at 600 nm (ODg,,) of 0.2 THY culture
previously started from a freshly picked single colony by spreading on the Columbia agar supplemented
with 5% sheep blood (R01217; Thermo Scientific, Waltham, MA) for 5 h. Bacteria were gently washed off
from the agar surface with saline and centrifuged at 3,000 X g for 4 min. The bacteria were then washed
twice more with sterile saline and diluted to the desired concentration for mouse infection. Microscopic
examination indicated that most bacteria were diplococci, which resembled a more natural state of
pneumococcal morphology during host infection.

Construction of pneumococcal firefly luciferase reporter strains. Pneumococcal firefly luciferase
reporter strains were generated as previously described (29). Briefly, a pEVP3-derived plasmid (64)
containing firefly luciferase (pEVP3-/uc) was inserted with an amplicon of ssbB gene through BamHI/Kpnl
digestion and ligation. The resultant plasmid, pEVP3-luc-ssbB, was transformed into the recipient
pneumococcal strains D39, TIGR4, and 0100994 by selecting for chloramphenicol-resistant transformants
(29).

Construction of D39-dprA-luc reporter strain AD2503. Plasmid pEVP3-luc-dprA was generated by
using an amplicon of the dprA gene (forward primer, 5'-CGGGGTACCCCAATCAACAGATTTTGAAAGTTCT;
reverse primer, 5'-CGCGGATCCGATTTTTTCTTAGAATTCTAGCTTAGGTC) through BamHI/Kpnl digestion
and ligation. The amplicon was transformed into pneumococcal strain D39 to create the D39-dprA-luc
(AD2503) by selecting for chloramphenicol-resistant transformants (29).

Construction of AcomCDE-ssbB-luc reporter strain AD2502. Genomic DNA of the AcomCDE strain
AD2064 (65) was extracted and used to transform the strain AD2501 by selecting for transformants that
were doubly resistant to kanamycin and chloramphenicol. The intact ssbB-luc reporter in strain AD2501
was verified by PCR and DNA sequencing.

Ethics statement. Mouse studies were performed in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols
were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of lllinois
at Urbana-Champaign (protocol 18135).

Mouse infection. Male CD-1 mice (7 to 8 weeks old) were anesthetized with isoflurane and
intranasally administered 60 ul of pneumococcal inoculum. The inoculum levels were determined by
serial dilution plating onto THY agar plates. At designated times or once moribund, the mice were
euthanized, and their lungs or spleens were harvested, homogenized, and enumerated for pneumococ-
cal burden.

In vivo imaging. Infected mice were anesthetized with 3% isoflurane in an induction chamber and
subcutaneously administered 100 mg kg—' (body weight) of p-luciferin potassium (LUCK; GoldBio, St.
Louis, MO) dissolved in DPBS (21031CV; Corning, Corning, NY) for 5 min before imaging. Anesthetized
mice were imaged with the IVIS SpectrumCT imaging system (Perkin-EImer, Waltham, MA). Luminescence
images were acquired using the following settings: binning factor of 8, f number of 1, field of view at 25.4,
and a luminescent exposure time of 60 s. Images were analyzed by Living Image software (Perkin-Elmer).

In vitro luciferase assays. Pneumococcal strains harboring competence-regulated firefly luciferase
(luc) reporters were cultured in 96-well plate at 37°C in a Wallac Victor 2 multilabel counter (Perkin-Elmer).
p-Luciferin potassium (GoldBio) was added to the culture to a final concentration of 0.65 mM. The
OD,,s (to measure pneumococcal growth) and the luminescence output were both simultaneously
measured. To induce competence, CSP1 was added to the culture medium to a final concentration of
100 ng ml—".

Competence induction in whole blood and pneumococcus-free plasma isolated from mice with
pneumonia-derived sepsis. Mice infected with AD2501 were monitored for competence induction
using an IVIS SpectrumCT instrument. When the acute lung infection had progressed into the septic
stage where competent pneumococcal cells had systemically spread, whole blood was drawn from each
mouse (n = 10) into a heparinized tube (Becton Dickinson) with shaking. Blood samples were immedi-
ately processed. A portion of whole blood was set aside for later dilution, while the remaining portion
was first centrifuged at 1,000 X g for 5 min to remove eukaryotic cells, and then the upper-level plasma
fraction was centrifuged at 12,000 X g for 5 min to further pellet pneumococcal bacteria. Pneumococcus-
free plasma was obtained by centrifugation through a 0.22-um filter (Costar 8160; Corning) at 12,000 X g
for 5 min. Whole blood (containing pneumococcus) and the pneumococcus-free plasma were serial
2-fold diluted in the THY medium. Then, 100-ul portions of each sample (diluted or undiluted) were
mixed with equal volumes of THY medium (containing 1.3 mM p-luciferin potassium) with or without the
recipient reporter strain (AdprA-ssbB-luc; AD2506). Strain AD2506 was cultured in THY medium and used
when the density reached an ODg,, of 0.1 to 0.3, with no further dilution. The luminescence signal was
recorded.

Statistical analyses. Quantitative data were expressed as means * the standard deviations. Statis-
tical significance values were compared using the GraphPad Prism statistical software package. Statistical
differences among the group were determined by using the one-way analysis of variance (ANOVA),
followed by Tukey's multiple-comparison test. Statistical differences when comparing between two
samples within each group were determined by an unpaired Student t test. A significant difference was
considered to be a P value of <0.05. Correlation analysis was performed using the nonparametric
Spearman method.
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