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Abstract

Toll-like receptors (TLR) and the downstream adaptor protein MyD88 are considered crucial
for protective immunity during bacterial infections. Streptococcus (S.) pneumoniae is a
human respiratory pathogen and a large majority of clinical pneumococcal isolates ex-
presses an external polysaccharide capsule. We here sought to determine the role of pneu-
mococcal capsule in MyD88-mediated antibacterial defense during S. pneumonia
pneumonia. Wild type (WT) and Myd88™~ mice were inoculated intranasally with serotype

2 S. pneumoniae D39 or with an isogenic capsule locus deletion mutant (D39Acps), and
analysed for bacterial outgrowth and inflammatory responses in the lung. As compared to
WT mice, Myd88™ mice infected with D39 demonstrated a modestly impaired bacterial
clearance accompanied by decreased inflammatory responses in the lung. Strikingly, while
WT mice rapidly cleared D39Acps, Myd88”~ mice showed 10°-fold higher bacterial burdens
in their lungs and dissemination to blood 24 hours after infection. These data suggest that
the pneumococcal capsule impairs recognition of TLR ligands expressed by S. pneumoniae
and thereby partially impedes MyD88-mediated antibacterial defense.

Introduction

Streptococcus (S.) pneumoniae frequently resides in the upper respiratory tract of humans and
other related mammalian species [1]. At least 93 capsular serotypes of pneumococci exist in
humans and once colonized by a new serotype, the pneumococcus can persist for weeks or
even months without causing disease. In a subset of subjects, colonization leads to invasive
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infection, making S. pneumoniae the most common causative microorganism in community-
acquired pneumonia (CAP) [2,3]. In the United States alone, the pneumococcus is responsible
for more than half a million CAP cases each year, with a fatality rate of 5-7% [4]. Knowledge of
host defense mechanisms that influence the outcome of pneumococcal pneumonia may aid in
developing novel therapeutic strategies in an era of growing resistance of the pneumococcus
against currently available antimicrobial agents [2,3].

Toll-like receptors (TLRs) play a central role in the initiation of cellular innate immune re-
sponses by virtue of their capacity to detect pathogens at either the cell surface or in lysosomes/
endosomes [5,6]. Ten TLRs have been identified in humans and 12 in mice. Different TLRs
recognize different conserved motifs expressed by pathogens called “pathogen associated mo-
lecular patterns”. TLRs can sense several of these patterns within S. pneumoniae and thereby
contribute to the induction of an effective innate immune response. TLR2 has been implicated
as the principal TLR in the recognition of S. pneumoniae [7-9], at least in part through an in-
teraction with lipoteichoic acid, a constituent of the pneumococcal cell wall [10-12]. Nonethe-
less, TLR2 does not play a major role in containment of the infection during pneumococcal
pneumonia [8,13]. TLR4 contributes to host defense during S. pneumoniae pneumonia
through its capacity to recognize pneumolysin [14,15]. The interaction between pneumolysin
and TLR4 has been found to limit the growth of pneumococci in the nasopharynx in a model
of colonization [14,15] whereas TLR4 may also contribute to antibacterial defense during
pneumococcal infection of the lower airways [16]. Finally, TLR9, which recognizes bacterial
DNA, was found to be required to control bacterial growth and dissemination after induction
of pneumococcal pneumonia [17]. All TLRs, except TLR3, rely on myeloid differentiation pri-
mary-response protein 88 (MyD88) for signaling. In accordance with a role for TLR signaling
in host defense against pneumococcal pneumonia, MyD88 deficient (Myd88™") mice were re-
ported to show a profoundly enhanced growth of pneumococci and a strongly reduced survival
after intranasal infection with serotype 4 or 19F S. pneumoniae strains [18].

At least 93 different serotypes of S. pneumoniae have been identified based on antigenic dif-
ferences in their capsular polysaccharides. The capsule of S.prneumoniae is a major virulence
factor, as illustrated by the fact that virtually all clinical isolates contain a capsule and that non-
encapsulated pneumococcal strains are markedly less virulent in animals [19]. The pneumo-
coccal capsule provides protection against phagocytosis [19], complement-mediated immunity
[20] and opsonophagocytic killing [21]. Furthermore, the capsule markedly reduces capture of
pneumococci by neutrophil extracellular traps [22]. Moreover, the capsule also prevents en-
trapment of S. pneumoniae in airway mucus and as a consequence limits mucus-mediated
clearance [23]. The capsule potentially also interferes with innate immune responses by mask-
ing several TLR ligands associated with the pneumococcal cell wall, including lipoteichoic acid
and lipopeptides [3,19]. Therefore, we here hypothesized that the pneumococcal capsule may
impede TLR-mediated protective immunity during infection with S. pneumoniae. Hence, in
the present study we investigated the host response during pneumonia caused by the serotype
2 strain D39 and an isogenic capsule locus (cps) deletion mutant of D39 (D39Acps) [24] in both
wild type (WT) and Myd88”~ mice. Our findings reveal that the polysaccharide capsule partial-
ly protects pneumococci against MyD88-mediated immunity during pneumonia in mice.

Materials and Methods
Ethics statement

Experiments were carried out in accordance with the Dutch Experiment on Animals Act and
approved by the Animal Care and Use Committee of the University of Amsterdam (Permit
number DIX 100121).
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Mice

C57BL/6 WT mice were purchased from Harlan Sprague Dawley Inc. (Horst, The Nether-
lands) and Myd88'/ “mice [25], backcrossed 7 times to a C57BL/6 genetic background, were
generously provided by Dr. Shizuo Akira (Osaka University, Japan). All mice were bred and
housed in specific pathogen-free rooms within the animal facility of the Academic Medical
Center (Amsterdam, The Netherlands). Age (9-11 week old) and gender matched mice were
used in all experiments.

Bacteria

The S. pneumoniae strains used in this study were D39 and D39Acps, the isogenic capsule locus
(cps) deletion mutant of WT D39 [24]. Both D39 and D39Acps were grown for 3-6 hours to
mid-logarithmic phase at 37°C using Todd-Hewitt broth (Difco, Detroit, MI), supplemented
with yeast extract (0.5%). Bacteria were harvested by centrifugation at 4000 rpm, and washed
twice in sterile isotonic saline.

Experimental design

Pneumonia was induced by intranasal administration of bacteria (total volume 50 pl) under
light anaesthesia by inhalation of isoflurane (Abbott, Kent, UK) as described previously
[8,12,26]. Mice were killed 6 or 48 hours after infection with D39 pneumococci (5 x 10° colony
forming units (CFU)), and 6 or 24 hours after infection with D39Acps bacteria (10* CFU)(N =
6-8 per group at each time point). The infectious dose of D39Acps was chosen based on the
fact that lower doses are rapidly cleared from the airways by normal WT mice [27]. Lung bacte-
rial loads were determined as described earlier [8,12,26]. Briefly, mice were sacrificed and
blood and lungs were collected. Lungs were homogenized at 4°C in 5 volumes of sterile isotonic
saline with a tissue homogenizer (Biospect Products, Bartlesville, OK). Serial 10-fold dilutions
in sterile isotonic saline were made from these homogenates (and blood), and 50 ul volumes
were plated onto sheep-blood agar plates and incubated overnight at 37°C and 5% CO,.

Histology

Lungs for histology were fixed in 10% formalin and embedded in paraffin. Four pm sections
were stained with hematoxylin and eosin (HE) and analyzed by a pathologist who was blinded
for groups. To score lung inflammation and damage, the entire lung surface was analyzed with
respect to the following parameters: bronchitis, edema, interstitial inflammation, intra-alveolar
inflammation, pleuritis and endothelialitis. Each parameter was graded on a scale of 0 to 4 with
0 as ‘absent’ and 4 as ‘severe’. The total “lung inflammation score” was expressed as the sum of
the scores for each parameter, the maximum being 24. Sections were stained with FITC-labeled
anti-mouse Ly6-C/G mAb (BD Biosciences, San Jose, CA) to determine granulocyte infiltration
in the lung, as described before [27]. Ly6-C/G expression in the lung was quantified by digital
image analysis and the amount of Ly6-C/G positivity was expressed as a percentage of the total
surface area, as described [27].

Assays

Lung homogenates were prepared as described [8,12,26]. Myeloperoxidase (MPO) was mea-
sured by ELISA (HyCult, Uden, The Netherlands). Tumor necrosis factor (TNF)-a, interleukin
(IL)-1B, IL-6, macrophage inflammatory protein (MIP)-2 and cytokine-induced neutrophil
chemoattractant (KC) were measured by ELISA (R & D Systems, Abingdon, UK).
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Statistical analysis

Statistical analysis was performed with GraphPad Prism version 4.00 for Windows (GraphPad
Software, San Diego, CA). All data are given as means + SEM. Differences between groups
were analyzed using Mann-Whitney U test. P < 0.05 was considered to present a statistically
significant difference.

Results

MyD88 especially limits bacterial growth and dissemination during
pneumonia caused by non-encapsulated S. pneumoniae

To determine the impact of the pneumococcal capsule on MyD88 mediated antibacterial de-
fense, we infected WT and Myd88”" mice with either WT encapsulated D39 S. pneumoniae or
with isogenic non-encapsulated D39Acps pneumococci via the airways. After instillation of
D39 we euthanized mice 6 or 48 hours after infection for measurements of bacterial loads in
lungs and blood, seeking to obtain insight into the role of MyD88 in the early and late host re-
sponse (Fig. 1A). At both time points, Myd88” mice had higher bacterial loads in their lungs
than WT mice (P<0.05), although the differences between mouse strains were relatively
modest. MyD88 deficiency was not associated with enhanced dissemination of D39 to the
circulation (Fig. 1A). Since we previously found that WT mice cleared high D39Acps doses
within 24 hours [27], Myd88'/ “and WT mice were sacrificed 6 or 24 hours after infection with
D39Acps, again seeking to obtain information about the early and late host response (Fig. 1B).
Analysis of bacterial outgrowth in the lung showed that Myd88”" mice had a strongly dimin-
ished capacity to clear D39Acps: whereas WT mice demonstrated a >10°-fold reduction in pul-
monary bacterial loads between 6 and 24 hours after infection, the reduction in Myd88” mice
was only ~10>-fold in this time frame. At both time points the lungs of MyD88”~ mice con-
tained much higher burdens of D39Acps as compared to the lungs of WT mice (P<0.005); at
24 hours after infection the average difference was as high as 10°-fold. Importantly, dissemina-
tion of D39Acps to the circulation was only found in Myd88”" mice, not in WT mice, 24 hours
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Fig 1. Enhanced susceptibility of Myd88"‘ mice for D39 or D39Acps. (A) Bacterial loads in lung homogenates of wild type mice (WT, black bars) and
Myd88” mice (MyD88 KO, white bars) at 6 and 48 hours after infection with 5x10° CFU S. pneumoniae D39, and (B), 6 and 24 hours after infection with
1x10® CFU D39Acps. BC+ indicates the number of positive blood cultures. Data are mean + SEM. (N = 6-8 mice per group at each time point). *P<0.05,
**P<0.005, ***P<0.0005 vs WT mice.

doi:10.1371/journal.pone.0118181.9001
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after infection (P<0.005). These results indicate that MyD88 has a stronger impact on antibac-
terial defense after infection with the non-encapsulated D39Acps strain.

MyD88 mediates the early inflammatory response in the lung during
pneumonia caused by capsulated and non-encapsulated S.
pneumoniae

The induction of a brisk inflammatory response in the lungs is of great importance for contain-
ment of the infection during pneumococcal pneumonia [3,28]. To obtain insight into the
mechanism underlying the role of MyD88 in limiting bacterial growth after infection with D39
and D39Acps pneumococci, we prepared lung tissue slides from mice at different time points
after infection with either bacterial strain and analysed specific histological features characteris-
tic for bacterial pneumonia. Lung pathology developed quickly in WT mice after infection with
D39 (Fig. 2A and C), and was characterised by pleuritis, interstitial inflammation, endotheliali-
tis, bronchitis and edema. In contrast, Myd88™" mice demonstrated strongly reduced lung in-
flammation early after infection with D39 (P<0.01 vs WT mice), caused by reduced pleuritis,
interstitial inflammation, bronchitis, endothelialtis and edema (Fig. 2B-C). At 48 hours after
inoculation, the extent of lung pathology had decreased in WT mice and increased in Myd88”
mice; the difference between mouse strains was not observed anymore (Fig. 2D-F). In spite of
the strongly reduced virulence of D39Acps, this pneumococcal strain elicited a marked inflam-
matory response in the lungs of WT mice. The extent of lung inflammation was much lower in
Myd88'/ “mice at 6 hours (P<0.005 versus WT mice), caused by reduced interstitial inflamma-
tion, endothelilitis, bronchitis and edema (Fig. 2G-I). At 24 hours after infection with D39Acps,
there was no difference in lung pathology between WT and Myd88” mice (Fig. 2J-L).

In accordance with these histological data, D39 triggered an early and transient neutrophil
influx into the lungs of WT mice, as reflected by a marked increase in the number of Ly6+ cells
in tissue slides and elevated concentrations of MPO in whole lung homogenates at 6 hours
post infection, which was strongly reduced in Myd88”~ mice (Fig. 3A-D, both P<0.0005). At
48 hours after infection with D39, neutrophil counts in lungs had declined strongly in WT
mice and were not different from those in Myd88”~ mice. Similarly, Ly6-C/G staining and
MPO measurements revealed that D39Acps induced a rapid and transient influx of neutrophils
into lung tissue of WT mice at 6 after inoculation, which was not observed in Myd88”~ mice
(Fig. 3E-H, both P<0.0005). At 24 hours post D39Acps inoculation, neutrophil infiltration in
the lung had strongly decreased in WT mice; at this time point Myd88”~ mice still had fewer
Ly6+ cells in lung tissue when compared with WT mice (P<0.05).

Role of MyD88 in the cytokine and chemokine response in the lung
during pneumonia caused by capsulated and nonencapsulated S.
pneumoniae

Local production of cytokines and chemokines plays an eminent role in the orchestration of
the inflammatory response in the lungs during pneumococcal pneumonia [3]. We therefore
considered it of interest to examine the impact of MyD88 deficiency on the concentrations of
proinflammatory cytokines (TNF-a, IL-1B, IL-6) and CXC chemokines (KC, MIP-2) after in-
tection with D39 or D39Acps (Figs. 4 and 5). Inoculation with D39 induced a brisk cytokine
and chemokine response at 6 hours with much lower levels at 48 hours. Importantly, relative to
WT mice, Myd88” mice showed a markedly attenuated cytokine and chemokine response at

6 hours after infection with D39 (P<0.005 in all cases; Figs. 4 and 5). Strikingly, the capacity of
D39Acps to induce the production of most cytokines in the lung was rather low as compared to
D39 (Fig. 4), with pulmonary TNF-o and IL-6 levels at 6 hours after inoculation of D39Acps in
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Fig 2. Lung pathology in WT and Myd88™" mice during infection with capsulated and unencapsulated D39. Representative lung sections obtained 6 or
48 h after induction of pneumococcal pneumonia with D39 in WT (A and D) and Myd88”" mice (B and E) and 6 or 24 h after inoculation with D39Acps in WT
mice (G and J) and MyD88™ mice (H and K). Haematoxylin and eosin stainings show different levels of inflammation. Original magnification 20x. Findings
were quantified by histology scoring, as described in methods section for wild type (WT, black bars) and Myd88”- mice (MyD88 KO, white bars). Data are
mean + SEM (N = 5-8 mice per group at each time point). **P<0.005 vs WT mice.

doi:10.1371/journal.pone.0118181.g002

WT mice significantly reduced as compared to D39 (P<0.0005 in both cases). In contrast, IL-
1B concentrations were strongly elevated in WT mice, but not in Myd88”~ mice 6 hours after
inoculation of D39Acps (P<0.0005; Fig. 4D). Besides IL-1B, D39Acps also induced an early and
transient increase of MIP-2 levels in the lung of WT mice, but not in Myd88”~ mice (Fig. 5D).
The induction of KC in the lung of WT mice by D39Acps was markedly reduced as compared
to D39 (P<0.05; Fig. 5).
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Fig 3. Reduced neutrophil infiltration in the lung in Myd88 7~ mice during infection with D39 or D39Acps. Representative Ly6-C/G stainings of lung
sections obtained 6 h after induction of pneumococcal pneumonia with D39 in WT and Myd88'/' mice (A and B) and with D39Acps in WT mice and Myd88'/'
mice (E and F). Original magnification 20x. Percentage lung area with Ly6-C/G-positive neutrophils was quantified by digital image analysis as described in
methods section for wild type (WT, black bars) and Myd88™ mice (MyD88 KO, white bars)(C and G). Levels of MPQ in lung homogenates of wild type (WT,
black bars) and Myd88”- mice (MyD88 KO, white bars) inoculated with D39 at 6 and 48 hours after challenge, or inoculated with D39Acps (D and H) at 6 and
24 hours after challenge were determined by ELISA. Data are mean + SEM (N = 5-8 mice per group at each time point). *P<0.05, ***P<0.0005 vs

WT mice.

doi:10.1371/journal.pone.0118181.g003
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Discussion

The polysaccharide capsule is a major virulence factor of S.pneumoniae rendering bacteria re-
sistant to the lethal effects of complement, shielding bacteria from opsonophagocytosis and
killing, inhibiting capture by neutrophil extracellular traps and limiting mucus-mediated clear-
ance [19-23]. Studies with capsular switch mutants revealed that the capsule rather than the
genetic background influences resistance of S. pneumoniae to host immune responses and viru-
lence in mice [20,21,29]. Since TLR ligands are masked by capsular polysaccharides in certain
bacteria [30,31], we here studied the role of the pneumococcal capsule in MyD88-mediated an-
tibacterial defense against S. pneumoniae using the serotype 2 strain D39 and D39Acps. While
the present finding of enhanced bacterial growth of D39 in Myd88” mice is in accordance

with earlier results after infection with serotype 4 or 19F S. pneumoniae [18], we demonstrate
that MyD88 plays a more important role in limiting pneumococcal growth after infection

with D39Acps. Whereas Myd88”'~ mice infected with D39 displayed a modestly impaired bacte-
rial clearance, these knock-out mice showed 10°-fold higher bacterial burdens in their lungs

24 hours after infection with D39Acps as compared to WT mice. These data suggest that part of
the virulence of encapsulated pneumococci relies on the capacity of the capsule to impair rec-
ognition of TLR ligands expressed by S. pneumoniae.

In line with previous studies [27,32,33], loss of the capsule greatly attenuated the virulence
of D39 in WT mice. Analysis of the cytokine and chemokine responses in the lung showed that
D39, but not D39Acps pneumococci despite higher bacterial numbers, triggered the production
of TNF-o, IL-6 and KC in the lung 6 hours after infection. These findings indicate that the cap-
sule is a major factor in the early induction of cytokines at the primary site of infection with §.
pneumoniae. Although pneumococcal polysaccharides do not directly trigger TLR signaling,
the early cytokine response evoked by D39 was strongly attenuated in Myd88™~ mice. These re-
sults suggest that pneumococcal polysaccharides or components associated with polysaccha-
rides on the outmost surface of the bacterium enhance TLR dependent cytokine release elicited
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Fig 4. Reduced cytokine production in the lung of Myd88"' mice during infection with D39 or D39Acps. Lung levels of TNF-a (A and B), IL-1B (C and
D) and IL-6 (E and F) of wild type (WT, black bars) and Myd88™ mice (MyD88 KO, white bars) at 6 and 48 hours after inoculation with D39 (A/C/E) or at 6 or
24 hours post inoculation of D39Acps (B/D/F). Data are mean + SEM (N = 6—8 mice per group at each time point). *P<0.05, **P<0.005, ***P<0.0005 vs

WT mice.

doi:10.1371/journal.pone.0118181.g004

by pneumococcal TLR ligands such as lipoteichoic acid, pneumolysin and DNA. A possible
mechanism may be that capsular polysaccharides facilitate binding of pneumococci to cells
(e.g. via C-type lectin receptors) and thereby augment cytokine production. Further studies
are required to determine the role of the pneumococcal capsule in induction of distinct
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Fig 5. Reduced chemokine production in the lung of Myd88™ mice during infection with D39 or D39Acps. KC/CXCL1 (A and B) and MIP2/CCL2 (C
and D) of wild type (WT, black bars) and Myd88™ mice (MyD88 KO, white bars) at the indicated time points after inoculation with D39 (A/C) or at 6 or 24 hours
post inoculation D39Acps (B/D). Data are mean + SEM (N = 6-8 mice per group at each time point). ***P<0.0005 vs WT mice.

doi:10.1371/journal.pone.0118181.9005

inflammatory mediators in the lungs during infection with D39. In contrast to D39, D39Acps
did not induce TNF-a and IL-6, and triggered low levels of KC in the lung 6 hours after intra-
nasal infection. D39Acps inoculation, however, induced significant expression of IL-1 and
MIP-2 in a MyD88-dependent manner. The mechanism underlying the induction of cytokine
synthesis by D39Acps is unclear so far. Production of IL-1f is induced by TLR, and subsequent
activation of intracellular PRRs leads to the formation of the inflammasome required to cleave
the immature pro-form into the mature secreted form of this cytokine [34]. Activation of cyto-
solic PRRs occurs after invasion or after escape of microbes or microbial products from phago-
somes, although the exact processes leading to the activation of intracellular PRRs are still not
completely disentangled [34]. Unencapsulated pneumococci, unlike capsulated pneumococci,
are readily phagocytosed by macrophages [35,36], and phagocytosis of unencapsulated sero-
type 4 pneumococci by dendritic cells was recently found to result in a significant secretion of
IL-1B [37]. Despite low levels of TNF-0,, IL-6 and KC in the lung early after infection, D39Acps
induced profound lung inflammation like D39, as determined by semi-quantitative pathology
scores of lung tissue slides and by measuring neutrophil influx. These data suggest that IL-1§
and MIP-2 are among the driving mediators of the inflammatory response evoked by this
pneumococcal strain.

The serotype of the infecting S. pneumoniae is an important risk factor for the occurrence
of invasive disease and mortality [38]. As such, it is imperative to examine host defense
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mechanisms during infection with different pneumococcal serotypes. Previously, we and others
have shown that recognition of S. pneumoniae by TLR2, TLR4 and TLR9 contributes to the
pulmonary host defense response against serotype 2, serotype 3 and serotype 4 pneumococci
[8,12,16,17]. The findings of the present study with a serotype 2 pneumococcal strain and an
unencapsulated mutant of this strain confirm the previously reported critical role of MyD88 in
innate immunity against serotype 4 and 19F pneumococci [18]. Importantly, however, the
more prominent role of MyD88 in host defense against unencapsulated versus encapsulated se-
rotype 2 S. pneumoniae, as documented in the current study, suggests that the pneumococcal
capsule impairs recognition of TLR ligands expressed by this pathogen. This mechanism may
contribute to the well-established role of the capsule in the virulence of S. pneumoniae.

Acknowledgments

The authors would like to thank Marieke ten Brink and Joost Daalhuisen for their technical as-
sistance during animal experiments.

Author Contributions

Conceived and designed the experiments: AFdV MCD CvtV TvdP. Performed the experi-
ments: AFAV MCD AJJL APNAdP RdB ST. Analyzed the data: AFdV MCD AJJL APNAJP SF
OJdB. Contributed reagents/materials/analysis tools: H/B PWH. Wrote the paper: AFdV MCD
CvtV TvdP.

References

1. Bogaert D, De Groot R, Hermans PW (2004) Streptococcus pneumoniae colonisation: the key to pneu-
mococcal disease. Lancet Infect Dis 4: 144—154. PMID: 14998500

2. Mandell LA, Wunderink RG, Anzueto A, Bartlett JG, Campbell GD, et al. (2007) American Thoracic So-
ciety consensus guidelines on the management of community-acquired pneumonia in adults. Clin In-
fect Dis 44 Suppl 2: S27-S72. PMID: 17278083

3. Vander Poll T, Opal SM (2009) Pathogenesis, treatment, and prevention of pneumococcal pneumonia.
Lancet 374: 1543-1556. doi: 10.1016/S0140-6736(09)61114-4 PMID: 19880020

4. Bernstein JM (1999) Treatment of community-acquired pneumonia. Chest 115: 9S—-13S. PMID:
10084453

5. KawaiT, Akira S (2011) Toll-like receptors and their crosstalk with other innate receptors in infection
and immunity. Immunity 34: 637—-650. doi: 10.1016/j.immuni.2011.05.006 PMID: 21616434

6. Beutler B (2009) Microbe sensing, positive feedback loops, and the pathogenesis of inflammatory dis-
eases. Immunol Rev 227: 248-263. doi: 10.1111/j.1600-065X.2008.00733.x PMID: 19120489

7. Yoshimura A, Lien E, Ingalls RR, Tuomanen E, Dziarski R, et al. (1999) Recognition of Gram-positive
bacterial cell wall components by the innate immune system occurs via Toll-like receptor 2. J Immunol
163: 1-5. PMID: 10384090

8. Knapp S, Wieland CW, Van 't Veer C, Takeuchi O, Akira S, et al. (2004) Toll-like receptor 2 plays a role
in the early inflammatory response to murine pneumococcal pneumonia but does not contribute to anti-
bacterial defense. J Immunol 172: 3132-3138. PMID: 14978119

9. Mogensen TH, Paludan SR, Kilian M, Ostergaard L (20086) Live Streptococcus pneumoniae, Haemo-
philus influenzae, and Neisseria meningitidis activate the inflammatory response through Toll-like re-
ceptors 2, 4, and 9 in species-specific patterns. J Leukoc Biol 80: 267-277. PMID: 16731773

10. Schroder NW, Morath S, Alexander C, Hamann L, Hartung T, et al. (2003) Lipoteichoic acid (LTA) of
Streptococcus pneumoniae and Staphylococcus aureus activates immune cells via Toll-like receptor
(TLRY)-2, lipopolysaccharide-binding protein (LBP), and CD14, whereas TLR-4 and MD-2 are not in-
volved. J Biol Chem 278: 15587—15594. PMID: 12594207

11. Han SH, Kim JH, Martin M, Michalek SM, Nahm MH (2003) Pneumococcal lipoteichoic acid (LTA) is
not as potent as staphylococcal LTA in stimulating Toll-like receptor 2. Infect Immun 71: 5541-5548.
PMID: 14500472

12. Dessing MC, Florquin S, Paton JC, Van der Poll T (2008) Toll-like receptor 2 contributes to antibacterial
defence against pneumolysin-deficient pneumococci. Cell Microbiol 10: 237-246. PMID: 17711480

PLOS ONE | DOI:10.1371/journal.pone.0118181 February 20, 2015 10/12


http://www.ncbi.nlm.nih.gov/pubmed/14998500
http://www.ncbi.nlm.nih.gov/pubmed/17278083
http://dx.doi.org/10.1016/S0140-6736(09)61114-4
http://www.ncbi.nlm.nih.gov/pubmed/19880020
http://www.ncbi.nlm.nih.gov/pubmed/10084453
http://dx.doi.org/10.1016/j.immuni.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21616434
http://dx.doi.org/10.1111/j.1600-065X.2008.00733.x
http://www.ncbi.nlm.nih.gov/pubmed/19120489
http://www.ncbi.nlm.nih.gov/pubmed/10384090
http://www.ncbi.nlm.nih.gov/pubmed/14978119
http://www.ncbi.nlm.nih.gov/pubmed/16731773
http://www.ncbi.nlm.nih.gov/pubmed/12594207
http://www.ncbi.nlm.nih.gov/pubmed/14500472
http://www.ncbi.nlm.nih.gov/pubmed/17711480

@’PLOS | ONE

Pneumococcal Capsule in MyD88-Mediated Immunity

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Dessing MC, Schouten M, Draing C, Levi M, Von Aulock S, et al. (2008) Role played by Toll-like recep-
tors 2 and 4 in lipoteichoic acid-induced lung inflammation and coagulation. J Infect Dis 197: 245-252.
doi: 10.1086/524873 PMID: 18179383

Malley R, Henneke P, Morse SC, Cieslewicz MJ, Lipsitch M, et al. (2003) Recognition of pneumolysin
by Toll-like receptor 4 confers resistance to pneumococcal infection. Proc Natl Acad Sci USA 100:
1966—-1971. PMID: 12569171

Srivastava A, Henneke P, Visintin A, Morse SC, Martin V, et al. (2005) The apoptotic response to pneu-
molysin is Toll-like receptor 4 dependent and protects against pneumococcal disease. Infect Immun
73:6479-6487. PMID: 16177320

Branger J, Knapp S, Weijer S, Leemans JC, Pater JM, et al. (2004) Role of Toll-like receptor 4 in gram-
positive and gram-negative pneumonia in mice. Infect Immun 72: 788-794. PMID: 14742522

Albiger B, Dahlberg S, Sandgren A, Wartha F, Beiter K, et al. (2007) Toll-like receptor 9 acts at an early
stage in host defence against pneumococcal infection. Cell Microbiol 9: 633—-644. PMID: 17004992

Albiger B, Sandgren A, Katsuragi H, Meyer-Hoffert U, Beiter K, et al. (2005) Myeloid differentiation fac-
tor 88-dependent signalling controls bacterial growth during colonization and systemic pneumococcal
disease in mice. Cell Microbiol 7: 1603-1615. PMID: 16207247

Kadioglu A, Andrew PW (2004) The innate immune response to pneumococcal lung infection: the un-
told story. Trends Immunol 25: 143-149. PMID: 15036042

Hyams C, Yuste J, Bax K, Camberlein E, Weiser JN, et al. (2010) Streptococcus pneumoniae resis-
tance to complement-mediated immunity is dependent on the capsular serotype. Infect Immun 78:
716-725. doi: 10.1128/IA1.01056-09 PMID: 19948838

Melin M, Trzcinski K, Meri S, Kayhty H, Vakevainen M (2010) The capsular serotype of Streptococcus
pneumoniae is more important than the genetic background for resistance to complement. Infect
Immun 78: 5262-5270. doi: 10.1128/IA1.00740-10 PMID: 20855513

Wartha F, Beiter K, Albiger B, Fernebro J, Zychlinsky A, et al. (2007) Capsule and D-alanylated
lipoteichoic acids protect Streptococcus pneumoniae against neutrophil extracellular traps. Cell
Microbiol 9: 1162—1171. PMID: 17217430

Nelson AL, Roche AM, Gould JM, Chim K, Ratner AJ, et al. (2007) Capsule enhances pneumococcal
colonization by limiting mucus-mediated clearance. Infect Immun 75: 83-90. PMID: 17088346

Bootsma HJ, Egmont-Petersen M, Hermans PW (2007) Analysis of the in vitro transcriptional response
of human pharyngeal epithelial cells to adherent Streptococcus pneumoniae: evidence for a distinct re-
sponse to encapsulated strains. Infect Immun 75: 5489-5499. PMID: 17709418

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, et al. (1998) Targeted disruption of the MyD88
gene results in loss of IL-1- and IL-18-mediated function. Immunity 9: 143-150. PMID: 9697844

Dessing MC, Knapp S, Florquin S, de Vos AF, van der Poll T (2007) CD14 facilitates invasive respirato-
ry tract infection by Streptococcus pneumoniae. Am J Respir Crit Care Med 175: 604—611. PMID:
17185649

Lammers AJ, de Porto AP, Florquin S, de Boer OJ, Bootsma HJ, et al. (2011) Enhanced vulnerability
for Streptococcus pneumoniae sepsis during asplenia is determined by the bacterial capsule. Immuno-
biology 216: 863-870. doi: 10.1016/j.imbio.2011.02.004 PMID: 21397979

Paterson GK, Mitchell TJ (2006) Innate immunity and the pneumococcus. Microbiology 152: 285-293.
PMID: 16436416

Kelly T, Dillard JP, Yother J (1994) Effect of genetic switching of capsular type on virulence of Strepto-
coccus pneumoniae. Infect Immun 62: 1813-1819. PMID: 8168944

Wilson RP, Raffatellu M, Chessa D, Winter SE, Tukel C, et al. (2008) The Vi-capsule prevents Toll-like
receptor 4 recognition of Salmonella. Cell Microbiol 10: 876-890. PMID: 18034866

Wu MF, Yang CY, Lin TL, Wang JT, Yang FL, et al. (2009) Humoral immunity against capsule polysac-
charide protects the host from magA+ Klebsiella pneumoniae-induced lethal disease by evading Toll-
like receptor 4 signaling. Infect Immun 77:615-621. doi: 10.1128/IA1.00931-08 PMID: 19015249

Magee AD, Yother J (2001) Requirement for capsule in colonization by Streptococcus pneumoniae. In-
fect Immun 69: 3755-3761. PMID: 11349040

Morona JK, Miller DC, Morona R, Paton JC (2004) The effect that mutations in the conserved capsular
polysaccharide biosynthesis genes cpsA, cpsB, and cpsD have on virulence of Streptococcus pneumo-
niae. J Infect Dis 189: 1905-1913. PMID: 15122528

Coll RC, O'Neill LA (2010) New insights into the regulation of signalling by toll-like receptors and nod-
like receptors. J Innate Immun 2:406—421. doi: 10.1159/000315469 PMID: 20505309

Koppe U, Hogner K, Doehn JM, Muller HC, Witzenrath M, et al. (2012) Streptococcus pneumoniae
stimulates a STING- and IFN regulatory factor 3-dependent type | IFN production in macrophages,

PLOS ONE | DOI:10.1371/journal.pone.0118181

February 20, 2015 11/12


http://dx.doi.org/10.1086/524873
http://www.ncbi.nlm.nih.gov/pubmed/18179383
http://www.ncbi.nlm.nih.gov/pubmed/12569171
http://www.ncbi.nlm.nih.gov/pubmed/16177320
http://www.ncbi.nlm.nih.gov/pubmed/14742522
http://www.ncbi.nlm.nih.gov/pubmed/17004992
http://www.ncbi.nlm.nih.gov/pubmed/16207247
http://www.ncbi.nlm.nih.gov/pubmed/15036042
http://dx.doi.org/10.1128/IAI.01056-09
http://www.ncbi.nlm.nih.gov/pubmed/19948838
http://dx.doi.org/10.1128/IAI.00740-10
http://www.ncbi.nlm.nih.gov/pubmed/20855513
http://www.ncbi.nlm.nih.gov/pubmed/17217430
http://www.ncbi.nlm.nih.gov/pubmed/17088346
http://www.ncbi.nlm.nih.gov/pubmed/17709418
http://www.ncbi.nlm.nih.gov/pubmed/9697844
http://www.ncbi.nlm.nih.gov/pubmed/17185649
http://dx.doi.org/10.1016/j.imbio.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21397979
http://www.ncbi.nlm.nih.gov/pubmed/16436416
http://www.ncbi.nlm.nih.gov/pubmed/8168944
http://www.ncbi.nlm.nih.gov/pubmed/18034866
http://dx.doi.org/10.1128/IAI.00931-08
http://www.ncbi.nlm.nih.gov/pubmed/19015249
http://www.ncbi.nlm.nih.gov/pubmed/11349040
http://www.ncbi.nlm.nih.gov/pubmed/15122528
http://dx.doi.org/10.1159/000315469
http://www.ncbi.nlm.nih.gov/pubmed/20505309

el e
@PLOS | ONE Pneumococcal Capsule in MyD88-Mediated Immunity

which regulates RANTES production in macrophages, cocultured alveolar epithelial cells, and mouse
lungs. J Immunol 188:811-817. doi: 10.4049/jimmunol.1004143 PMID: 22156592

36. Ribes S, EbertS, Regen T, Agarwal A, Tauber SC, et al. (2010) Toll-like receptor stimulation enhances
phagocytosis and intracellular killing of nonencapsulated and encapsulated Streptococcus pneumo-
niae by murine microglia. Infect Immun 78: 865-871. doi: 10.1128/IA1.01110-09 PMID: 19933834

37. Littmann M, Albiger B, Frentzen A, Normark S, Henriques-Normark B, et al. (2009) Streptococcus
pneumoniae evades human dendritic cell surveillance by pneumolysin expression. EMBO Mol Med 1:
211-222. doi: 10.1002/emmm.200900025 PMID: 20049723

38. Weinberger DM, Harboe ZB, Sanders EA, Ndiritu M, Klugman KP, et al. (2010) Association of serotype
with risk of death due to pneumococcal pneumonia: a meta-analysis. Clin Infect Dis 51: 692—-699. doi:
10.1086/655828 PMID: 20715907

PLOS ONE | DOI:10.1371/journal.pone.0118181 February 20, 2015 12/12


http://dx.doi.org/10.4049/jimmunol.1004143
http://www.ncbi.nlm.nih.gov/pubmed/22156592
http://dx.doi.org/10.1128/IAI.01110-09
http://www.ncbi.nlm.nih.gov/pubmed/19933834
http://dx.doi.org/10.1002/emmm.200900025
http://www.ncbi.nlm.nih.gov/pubmed/20049723
http://dx.doi.org/10.1086/655828
http://www.ncbi.nlm.nih.gov/pubmed/20715907


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


