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Abstract

We previously demonstrated that induction of splenic cytokine and chemokine secretion in response to Streptococcus pneumoniae (Pn)
is MyD88-, but not critically TLR2-dependent, suggesting a role for additional TLRs. In this study, we investigated the role of TLR2,
TLR4, and/or TLR9 in mediating this response. We show that a single deficiency in TLR2, TLR4, or TLR9 has only modest, selective
effects on cytokine and chemokine secretion, whereas substantial defects were observed in TLR2�/� · TLR9�/� and TLR2�/� · TLR4�/�

mice, though not as severe as in MyD88�/� mice. Chloroquine, which inhibits the function of intracellular TLRs, including TLR9,
completely abrogated detectable cytokine and chemokine release in spleen cells from TLR2�/� · TLR4�/� mice, similar to what is
observed for mice deficient in MyD88. These data demonstrate significant synergy between TLR2 and both TLR4 and TLR9 for induc-
tion of the MyD88-dependent splenic cytokine and chemokine response to Pn.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Toll-like receptors (TLRs), which recognize conserved
moieties on pathogens, also known as pathogen-associated
molecular patterns, are critical mediators of innate and
adaptive immunity [1]. TLRs are type I transmembrane
proteins located at either the cell surface (TLRs 2 [with
or without TLR1 or TLR6], 4, 5, 10, and 11) or in endo-
somes (TLRs 3, 7, 8, and 9) [2–4]. Of the 11 identified
TLRs, all but TLR3 and TLR4 are completely dependent
upon the adaptor protein MyD88 for signaling [2,5–8].
TLR4 utilizes both MyD88 and another TLR adaptor pro-
tein, Trif/Ticam-1, for cell signaling, whereas TLR3-medi-
0008-8749/$ - see front matter � 2007 Elsevier Inc. All rights reserved.

doi:10.1016/j.cellimm.2007.04.003

* Corresponding author. Fax: +1 301 295 1640.
E-mail address: csnapper@usuhs.mil (C.M. Snapper).
ated signaling largely depends on Trif/Ticam-1 alone [9,10].
Upon ligand binding, MyD88 is recruited to the C-terminal
domain of the TLR, resulting in a series of phosphoryla-
tion events that leads to the subsequent release of NF-jB
into the nucleus and the transcription and production of
various cytokines and chemokines [11–13].

We and others have previously shown that MyD88�/�,
in distinct contrast to TLR2�/�, mice are markedly defec-
tive in their secretion of a number of cytokines and che-
mokines, and in their innate response to the Gram-
positive bacterium, Streptococcus pneumoniae (Pn) [14–
19]. These striking differences suggested that TLRs in
addition to TLR2 are critical for the MyD88-dependent
response. There are a number of structures expressed by
Pn that are recognized by TLRs. TLR2 has been reported
to recognize lipoteichoic acid and peptidoglycan [20,21],
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both of which are exposed at the bacterial surface,
although more recent data suggests that peptidoglycan
can also be sensed in a TLR2-independent manner by
NOD proteins [22], mannose-binding lectin [23], and
other receptors [24]. Pneumolysin, a pore-forming cyto-
plasmic cytotoxin released by Pn upon its lysis, is a ligand
for TLR4 [25]. Both TLR2 and TLR4 mediate signaling
at the cell surface of the responding cell [26]. Pn also con-
tains unmethylated CpG-containing DNA and single-
stranded RNA that could potentially bind TLR9 and
TLR7/8, respectively, in an intracellular, endosomal loca-
tion [14,26]. In this regard, inhibition of endosomal acid-
ification using agents such as chloroquine blocks TLR9-
and TLR7/8-, but not TLR2- and TLR4-mediated signal-
ing [27–29].

Although a number of the TLR ligands expressed by Pn
have been identified, the collective role of the individual
TLRs in mediating early cytokine and chemokine
responses to Pn remains unknown. In this regard, we uti-
lized the Q-plex� mouse cytokine array to determine the
in vitro secretion of a panel of 16 cytokines and chemokines
from spleen cells, derived from wild-type and various TLR-
deficient mice, in response to Pn. We demonstrate, for the
first time, significant synergy between TLR2 and both
TLR4 and TLR9 for induction of the pneumococcal,
MyD88-dependent splenic cytokine and chemokine
response.

2. Materials and methods

2.1. Mice

C3H/HeJ (TLR4-mutant) and C3H/HeOuJ (wild-type),
and B6129PF2/J mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). C57BL/6 mice were pur-
chased from the National Cancer Institute (Frederick,
MD). MyD88�/� (C57BL/6 background), TLR2�/�

(B6129 background), and TLR9�/� (B6129 background)
mice were obtained from S. Akira (Osaka University,
Osaka, Japan), and bred in our facility. TLR2�/� ·
TLR9�/� mice (B6129 background) were generated in
our laboratory by crossing of TLR2�/� and TLR9�/�

mice followed by crosses of resultant F1 mice. Spleen cells
from appropriate, strain-matched wild-type controls were
used in all experiments. The above mice were maintained
in a pathogen-free environment at the Uniformed Services
University of the Health Sciences [U.S.U.H.S.] (Bethesda,
MD). TLR2�/� · TLR4�/� mice (C57BL/6 background)
were obtained from P. Matzinger (National Institutes of
Health [NIH], Bethesda, MD) and housed in a patho-
gen-free environment at the NIH. All mice were used
between 6 and 8 week of age. The experiments in this
study were conducted according to the principles set forth
in the Guide for the Care and Use of Laboratory Ani-
mals, Institute of Animal Resources, National Research
Council, Department of Health, Education, and Welfare
(NIH) 78-23.
2.2. Genotyping of mice

All mice used in these experiments were first confirmed by
genotyping. DNA was prepared from mouse tail snips. The
primers and conditions used for genotyping by PCR are as
follows: (1) MyD88, A: 5 0TGG CAT GCC TCC ATC
ATA GTT AAC C3 0; B: 5 0GTC AGA AAC AAC CAC
CAC CAT GC3 0; C: 5 0ATC GCC TTC TAT CGC CTT
CTT GAC G3 0 (94 �C for 3 min; 35 cycles of: 94 �C for
40 s, 65 �C for 40 s, and 72 �C for 50 s; and 72 �C for
10 min. The amplified products are both about 500 bp); (2)
TLR2 (B6129), A: 5 0GTT TAG TGC CTG TAT CCA
GTC AGT GCG3 0; B: 5 0AAT GGG TCA AGT CAA
CAC TTC TCT GGC3 0; C: 5 0ATC GCC TTC TAT CGC
CTT CTT GAC GAG3 0 (94 �C for 1 min; 35 cycles of:
94 �C for 30 s, 67 �C for 30 s, and 72 �C for 1 min; and
72 �C for 10 min. For detection of the mutated allele, we used
primers B and C. For the wild-type allele, we used primers A
and B. The amplified products are both about 1200 bp); (3)
TLR2 (C57BL/6), A: 5 0CAT TGA CAA CAT CAT CGA
T3 0; B: 5 0GTA GGT CTT GGT GTT CAT T3 0 (94 �C for
3 min; 12 cycles of: 94 �C for 20 s, 64 �C for 30 s, and 72 �C
for 35 s, followed by 25 cycles of: 94 �C for 20 s, 58 �C for
30 s, and 72 �C for 35 s; and 72 �C for 2 min); (4) TLR4
(HeJ), A: 5 0TGT CAG TGG TCA GTG TGA TTG3 0; B:
5 0TCA GGT CCA AGT TGC CGT TTC3 0 (94 �C for
5 min; 30 cycles of: 94 �C for 1 min, 59 �C for 30 s, and
70 �C for 1 min; and 72 �C for 2 min. The amplified product
of the wild-type allele will appear as a double band at 300–
350 bp, and that of the mutant allele will appear as a smaller
and larger band at 300 and 400 bp); (5) TLR4 (C57BL/6), A:
5 0AGG ACT GGG TGA GAA ATG3 0; B: 5 0GAT TCG
AGG CTT TTC CAT C3 0 (94 �C for 3 min; 12 cycles of:
94 �C for 20 s, 64 �C for 30 s, and 72 �C for 35 s, followed
by 25 cycles of: 94 �C for 20 s, 58 �C for 30 s, and 72 �C for
35 s; and 72 �C for 2 min); (6) TLR9, A: 5 0GAA GGT
TCT GGG CTC AAT GGT CAT GTG3 0; B: 5 0GCA
ATG GAA AGG ACT GTC CAC TTT GTG3 0; C: 5 0ATC
GCC TTC TAT CGC CTT CTT GAC GAG3 0 (94 �C for
1 min; 35 cycles of: 94 �C for 30 s, 67 �C for 30 s, and
74 �C for 1 min; and 74 �C for 10 min. For detection of
the mutated allele, we used primers B and C. For the
wild-type allele, we used primers A and B. The amplified
products are both about 1200 bp). All products were sep-
arated on a 1% agarose gel.

2.3. Reagents

Lipopeptide Pam3Cys-Ser-Lys4 (Pam3Cys) and purified
lipopolysaccharide from Escherichia coli K12 strain (LPS)
were purchased from InvivoGen (San Diego, CA). Phosp-
horotriated 30-mer (CpG-ODN) (AAA AAA AAA AAA
AAC GTT AAA AAA AAA AAA) and suppressive 16-
mer (sODN) (CCT CAA GCT TGA GGG G) were synthe-
sized in the Biomedical Instrumentation Center
(U.S.U.H.S). Chloroquine was purchased from Sigma–
Aldrich (St. Louis, MO).



Fig. 1. MyD88�/� spleen cells are defective in their ability to release
innate cytokines and chemokines in vitro in response to Pn14. Cytokine
and chemokine concentrations in cell SN were measured by the Q-plex�
assay after 24 h of treatment of wild-type and MyD88�/� spleen cells
in vitro with 107 cfu/ml of Pn14. The arithmetic mean of triplicates and
SEM are shown. *p < 0.05. Data represent one of two similar experiments.
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2.4. Preparation of heat-killed Pn14

Streptococcus pneumoniae, capsular type 14 (Pn14), was
prepared as previously described [30], heat inactivated by
incubation at 60 �C for 1 h, then aliquoted at 1010 cfu/ml,
and frozen at �80 �C until their use.

2.5. Fluorescence-activated cell sorting (FACS) analysis of

splenic cells

Red blood cells (RBCs) were removed from spleen cell
suspensions using ACK lysing buffer. Cells were stained
with various combinations of the following mAbs which,
unless indicated, were obtained from BD Pharmingen
(San Diego, CA): PE-labeled anti-CD3e (clone 145-
2C11), anti-F4/80 (clone BM8, eBioscience, San Diego,
CA), anti-NK-1.1 (clone PK136), anti-CD45R/B220
(clone RA3-6B2), or anti-CD11c (Caltag, Burlingame,
CA); biotin-anti-IgM (clone R6.60.2) + FITC-streptavi-
din, FITC-anti-Thy1.2 [CD90.2] (clone 53-2.1), FITC-
anti-I-Ab (clone AF6-120.1), biotin-anti-CD49b (clone
DX5) + FITC-streptavidin, FITC-anti-CD11b (clone
M1/70). The cells were sorted electronically using an
EPICS-FACAria (Beckman Coulter, Fullerton, CA),
and the negative population of cells was collected for
in vitro stimulation.

2.6. In vitro stimulation of cultured spleen cells

RBC-lysed spleen cell suspensions were cultured at a
density of 5 · 105 cells/well in 0.5 ml in 48-well tissue cul-
ture plates. After a 24 h stimulation period with various
doses of heat-inactivated Pn14 or TLR ligands, the cells
were pelleted by centrifugation for 10 min at 1200 rpm
and the supernatants were collected for measurement of
cytokine and chemokine concentrations.

2.7. Measurement of cytokine concentrations in spleen cell

culture supernatant

The Q-plex� mouse cytokine array screen (BioLegend,
San Diego, CA) was used, according to manufacturer’s
instructions, to measure the concentration of 16 cytokines
and chemokines from culture supernatant (SN). Briefly,
1:2 serial dilutions were made of the various cytokines
and chemokines of known concentration in order to gen-
erate a standard curve. Standards and samples were
added to the plate for 1 h at RT, and washed. The detec-
tion mix was added for 1 h at RT and washed. HRP-
streptavidin was added for 15 min at RT, washed, and
the substrate mix was added and the plate was read for
exposure times of 30 s to 1 min using a Fuji LAS-1000
CCD camera. Relative pixel intensity was determined
with image analysis software provided by the manufac-
turer. The minimal level of detection, in pg/ml, of the
cytokines and chemokines were as follows: IL-1a (7.8),
IL-1b (30.6), IL-2 (5.6), IL-3 (6.9), IL-4 (7.2), IL-5 (3.1),
IL-6 (8.8), IL-9 (162.5), IL-10 (30), IL-12 (0.7), MCP-1
(31.3), IFN-c (62.5), TNF-a (26.9), MIP-1a (123.8),
GM-CSF (5.6), RANTES (7.5). The concentration of
IL-6 in culture SN or sera was also measured using an
optimized standard sandwich ELISA (BD Pharmingen,
San Diego, CA). Recombinant cytokines used as stan-
dards, as well as the capture monoclonal antibodies, bio-
tinylated monoclonal antibodies used for detection and
streptavidin-alkaline phosphatase (AP) were purchased
from BD Pharmingen (San Diego, CA). Streptavidin-AP
was used in combination with p-nitrophenyl phosphate,
disodium (Sigma, St. Louis, MO) as substrate to detect
the specific binding.

2.8. Statistics

Data are expressed as the arithmetic means ± SEM of
the individual values. Significance of the differences
between groups was determined by Student’s t test.
p < 0.05 was considered statistically significant.

3. Results

3.1. Spleen cells from MyD88�/� mice are markedly

defective in secretion of multiple cytokines and chemokines in

response to Pn14 in vitro

We previously reported that mice deficient in the TLR
adaptor protein, MyD88 (MyD88�/�), are markedly defec-
tive in eliciting a number of cytokines and chemokines (i.e.
IL-1, IL-6, IL-12, IFN-c, TNF-a, MIP-1a and MCP-1) in
response to heat-inactivated Pn14 in vitro and/or in vivo

[14]. To confirm and extend these findings to additional
cytokines and chemokines, we used the ELISA-based
chemiluminescent Q-plex� mouse cytokine array screen
that allows simultaneous quantitation of 16 cytokines
and chemokines. As shown in Fig. 1, MyD88�/� mice
indeed exhibit an essentially complete and global loss in
their ability to elicit cytokine and chemokine responses to
Pn14, arguing against a significant MyD88-independent
component to the Pn14-mediated splenic response in vitro.
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3.2. Cytokine and chemokine secretion by spleen cells in

response to Pn14 in vitro is largely due to splenic

macrophages and dendritic cells

We next wished to determine which specific cell popu-
lations in the spleen were responsible for the observed
in vitro cytokine and chemokine response to Pn14. For
this purpose, we used electronic cell sorting to individu-
ally remove T cells, B cells, NK cells, DCs or macro-
phages from whole spleen cells obtained from wild-type
mice. Each cell population was identified on the basis of
dual, positive staining with two distinct mAbs as illus-
trated in Fig. 2. The various depleted spleen cell popula-
tions were then stimulated for 24 h in vitro with Pn14, and
the concentration of secreted cytokines and chemokines
was measured by the Q-plex� assay and compared to
sorted, whole spleen cells. We observed that macrophages
and dendritic cells collectively contributed to most of the
secreted cytokines and chemokines induced by Pn14
in vitro (Fig. 2). Of note, neither B cells nor T cells made
any measurable contribution to this early splenic response
to Pn14, whereas NK cells appeared to play a significant
role in induction of IL-1b and IL-2.

3.3. Dual, but not single, deficiencies in TLR2, TLR4, and
TLR9 result in significant, but not absolute, loss of the

in vitro splenic cytokine and chemokine response to Pn14

Of the MyD88-dependent TLRs, three have particular
potential for mediating the initial recognition of Pn. Specif-
ically, TLR2 recognizes lipoteichoic acid and peptidogly-
can, TLR4 recognizes pneumolysin and TLR9 recognizes
Fig. 2. Macrophages and dendritic cells are responsible for most of the obse
Spleen cells from WT mice were stained with pairs of mAbs exhibiting the spec
subsequently removed by electronic cell sorting. The remaining cells were
concentrations in culture SN were determined using the Q-plex� assay. The ari
spleen (no depletion)’’. Data represent one of two similar experiments.
bacterial DNA containing unmethylated CpG motifs. In
order to determine whether innate cytokine and chemokine
induction by Pn is dependent upon signaling via TLR2,
TLR4, and/or TLR9, we measured Pn14-induced cytokine
and chemokine production by spleen cells from mice defi-
cient in one or two of these receptors (i.e. TLR2�/�,
C3H/HeJ (TLR4-mutant), TLR9�/�, TLR2�/� · TLR4�/�

or TLR2�/� · TLR9�/�). TLR agonists (LPS [TLR4],
Pam3Cys [TLR2], and CpG-ODN [TLR9]) were used as
controls in each experiment to functionally confirm that
mice were correctly genotyped (Fig. 3). Additionally, we
confirmed the ability of chloroquine, an inhibitor of endo-
somal acidification, to selectively block signaling via intra-
cellular TLRs (e.g. TLR9) while leaving unaffected
responses through the membrane TLRs (e.g. TLR4 and
TLR2) (Fig. 3). A single deficiency in TLR2, TLR4 or
TLR9 caused only selective and relatively modest reductions
or enhancements in cytokine and chemokine production by
Pn14-activated spleen cells, with the exception of a substan-
tial loss of IL-1b and TNF-a secretion in TLR2�/� mice
(Fig. 4, left panels). However, cytokine production was more
dramatically and globally reduced in spleen cells from
TLR2�/� · TLR4�/� and TLR2�/� · TLR9�/� mice, with
the former exhibiting a more marked defect (Fig. 4, right
panels). These data strongly suggest that distinct TLRs syn-
ergize for optimal induction of innate release of multiple
splenic cytokines and chemokines in response to Pn.

The combination of TLR2, TLR4, and an intracellular
TLR(s) recapitulate the MyD88�/� phenotype for splenic
cytokine and chemokine induction in response to Pn14.
Since the defect in splenic cytokine and chemokine
release, even in TLR2�/� · TLR4�/� mice was not as
rved cytokine induction by WT splenic cells in vitro in response to Pn14.
ificities shown in parentheses. Cells staining positively for both mAbs were
treated with 107 cfu/ml of Pn14 for 24 h and cytokine and chemokine
thmetic mean of triplicates and SEM are shown. *p < 0.05 relative to ‘‘total



Fig. 3. IL-6 secretion by various TLR-deficient and chloroquine-treated
WT spleen cells in response to TLR agonists in vitro. TLR agonists were
used as controls in each experiment to ensure that the mice were correctly
genotyped. LPS [TLR4] (1 lg/ml), Pam3Cys [TLR2] (Pam) (300 ng/ml) or
CpG-ODN [TLR9] (4 lg/ml) were used to stimulate spleen cells from the
indicated mice for 24 h in vitro. IL-6 concentrations were measured by
ELISA. A representative result is shown. The arithmetic mean of
triplicates and SEM are shown. *p < 0.05.
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absolute as that observed in MyD88�/� mice, we wished
to determine whether a combination of TLR2, TLR4,
and intracellular TLR(s) [e.g. TLR9] could recapitulate
the MyD88�/� phenotype. While bacterial DNA contains
Fig. 4. Spleen cells from mice with a double, but not single, deficiency in TLR2
in vitro. Cytokine and chemokine concentrations in culture SN from spleen cells
following 24 h of treatment with 107 cfu/ml of Pn14. The arithmetic mean of tr
experiments.
immunostimulatory CpG motifs that signal through
TLR9, recent reports have shown that certain oligodeoxy-
nucleotides rich in poly G or GC sequences are suppres-
sive (sODN) and interfere with this interaction [31–34].
The activity of sODN is dominant over TLR9 stimulation
by CpG-ODN [35]. However, we observed that sODN,
used at optimal doses, failed to completely block CpG-
ODN-induced cytokine and chemokine release in wild-
type cells, and had no significant effect on Pn14-induced
stimulation of spleen cells from either wild-type or
TLR2�/� · TLR4�/� mice (data not shown).

The antimalarial drug chloroquine blocks endosomal
acidification [36], a process specifically critical for produc-
tive interactions between intracellular TLRs (TLR3,
TLR7/8, and TLR9) with their respective ligands [27–29].
Treatment of spleen cells from TLR2�/� · TLR4�/� mice
with chloroquine resulted in a complete loss of the detect-
able splenic cytokine and chemokine response to Pn14
in vitro (Fig. 5), similar to what we observed using
MyD88�/� mice (Fig. 1). Of interest, whereas TLR9�/�

mice exhibited no significant defect in splenic-mediated
release (Fig. 4), chloroquine treatment induced a modest
but significant reduction in secretion of several cytokines
and chemokines from wild-type spleen cells (Fig. 5). These
data suggest a possible role of other intracellular TLRs
(e.g. TLR7 interaction with single-stranded RNA) [37,38]
in the Pn14-mediated response.
, 4, and/or 9, are defective in innate cytokine secretion in response to Pn14
obtained from the indicated mice were measured using the Q-plex� assay,

iplicates and SEM are shown. *p < 0.05. Data represent one of two similar



ig. 5. Chloroquine-treated TLR2�/� · TLR4�/�, like MyD88�/�, spleen
ells are completely defective in cytokine and chemokine release in
sponse to Pn14 in vitro. Spleen cells from WT or TLR2�/� · TLR4�/�

ice were stimulated in vitro for 24 h with 107 cfu/ml of Pn14 in the
bsence or presence of 3 lg/ml chloroquine. The arithmetic mean of
iplicates and SEM are shown. *p < 0.05 WT vs 2 · 4 with chloroquine.
ata represent one of two similar experiments.
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4. Discussion

We earlier reported that Pn induces a mixed type 1 and
type 2 cytokine response in wild-type mice in vivo [39]. Our
more extended Q-plex� cytokine analysis showing splenic
release of mediators associated with type 1 (i.e. IL-12,
IFN-c, and MIP-1a) and type 2 (i.e. IL-4, IL-5, IL-9,
and MCP-1) responses [40,41] to Pn14 is consistent with
this observation. Our previous observation that MyD88�/�

mice exhibit a profound defect in cytokine and chemokine
expression in response to heat-inactivated Pn14, whereas
TLR2�/� mice are largely similar to wild-type mice [42],
was confirmed in this more extensive analysis, and sug-
gested that additional TLRs were critically involved in
the innate immune response to this bacterium. Although
Pn is known to express ligands for TLR2 [21], TLR4
[43], and TLR9 [44], the collective role of TLRs in Pn-
induced innate cytokine and chemokine responses has
remained unknown. Utilizing mice with single or dual defi-
ciencies in these TLRs, we demonstrate significant synergy
between TLR2 and TLR4, and TLR2 and TLR9, for Pn14-
induced splenic cytokine and chemokine release. The abil-
ity of chloroquine [45], an inhibitor of signaling mediated
by intracellular TLRs (i.e. TLR3, TLR7/8, and TLR9)
[27], to completely abrogate cytokine and chemokine
release by TLR2�/� · TLR4�/� spleen cells in response
to Pn14, strongly suggests that TLR2, TLR4, and intracel-
lular TLRs (i.e. TLR9 and possibly TLR7) collectively
mediate the MyD88-dependent response in a synergistic
fashion. In control experiments, chloroquine inhibited
cytokine secretion by spleen cells in response to CpG-
ODN (TLR9), but not LPS (TLR4) or Pam3Cys (TLR2),
confirming its specificity of inhibition for intracytoplasmic,
but not membrane, TLRs. Our choice of heat-inactivated
Pn14 for these studies was to maintain consistency with
our previously published work on in vivo anti-Pn adaptive
immunity, where the use of live Pn was precluded because
of its lethal effects on the host. Although heat inactivation
might potentially destroy the activity of one or more
Pn-derived TLR ligands, such as pneumolysin, our results
nevertheless demonstrate, for the first time, that at least three
distinct TLRs (membrane and intracytoplasmic) can syner-
gize to promote the cytokine and chemokine response of
splenic macrophages and dendritic cells to Pn. Of interest,
mice lacking all TLR function (i.e. MyD88�/� · Trif�/�

double knockout) continue to exhibit normal numbers of
splenic macrophages and dendritic cells (Kasper Hoebe,
The Scripps Research Institute, La Jolla, CA, personal com-
munication), supporting a functional role of these TLRs in
the Pn-mediated spleen cell response.

The pattern of cytokine and chemokine release
from TLR9�/� spleen cells stimulated with Pn14 was essen-
tially identical to that observed using wild-type cells. The
in vitro splenic response to Pn14 was mediated largely by
macrophages and dendritic cells, which readily internalize
the bacteria. Hence, Pn14 has access to the endosomal
compartment necessary for TLR9-mediated activation by
CpG-containing DNA [46]. In contrast to our findings,
defects in cytokine production have been observed in
TLR9�/� mice in response to heat-inactivated Brucella

abortus [47], live Mycobacterium tuberculosis [48], and
heat-inactivated Propionibacterium acnes [49]. In this
regard, DNA from distinct bacterial species express differ-
ent proportions of unmethylated CpG which correlates
directly with their TLR9-dependent immunostimulatory
properties [44,50]. Relatively high concentrations of
DNA, and thus large numbers of bacteria, are necessary
to directly induce isolated TLR9-mediated effects
[44,51,52]. Of interest, the proportion of CpG-containing
DNA in M. tuberculosis (12.7%), P. acnes (9.6%) [44],
and B. abortus (9.2%) [47] is substantially higher than that
found in Pn (2.7%) [44]. This could explain the critical
impact of an isolated deficiency in TLR9 on the innate
responses to the former bacteria, in contrast to what we
observe for Pn14.

TLR2�/�, in contrast to MyD88�/� mice, elicited a
largely normal innate splenic cytokine response, although
Q-plex� analysis revealed a moderate reduction in secre-
tion of IL-1b and TNF-a. In this regard, although
TLR2�/� mice have been shown to be more susceptible
to experimental Pn meningitis, a substantial part of the
inflammatory response was found to be TLR2-independent
[16,17]. Additionally, TLR2�/� mice inoculated intrana-
sally with live Pn displayed only a modestly reduced
inflammatory response in the lungs, and normal host
immunity relative to wild-type mice, despite defective cyto-
kine production from freshly isolated TLR2�/� alveolar
macrophages [15]. TLR2 was found, however, to be
required for efficient clearance of Pn from the upper respi-
ratory tract [53]. The modest susceptibility of TLR2�/�

mice to pneumococcal infection could, in part, be second-
ary to a defect in neutrophil phagocytosis and oxidative
bactericidal activity [54]. In contrast to TLR2�/� mice,
MyD88�/� mice exhibit a more severe defect in innate
cytokine production and host defense in experimental men-
ingitis [18] and pneumonia models [19], as well as reduced
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clearance of pneumococci from the upper respiratory tract
[19]. Thus, in these models as well as in our own, TLR(s) in
addition to TLR2 appear to be important for anti-pneumo-
coccal innate immunity.

Mice deficient in TLR4 signaling (C3H/HeJ) [55], like
mice with single genetic deficiencies in TLR2 or TLR9,
exhibited an essentially normal innate splenic cytokine
and chemokine response to Pn14. Pneumolysin, a cytoplas-
mic, cytotoxic protein expressed by Pn [56] and released
upon autolysis, is a TLR4 ligand [43]. However, heat inac-
tivation destroys the cytotoxic and cytokine-inducing activ-
ity of pneumolysin [43,57], arguing against a key role for
pneumolysin in the in vitro splenic cytokine and chemokine
response in our study. Of interest, as discussed below,
spleen cells from TLR2�/� · TLR4�/�, but not TLR2�/�

or C3H/HeJ, mice exhibited a striking reduction in
secretion of cytokines and chemokines in response to
heat-inactivated Pn14, suggesting that Pn expresses a
novel, heat-resistant, TLR4 ligand in addition to the
heat-sensitive pneumolysin.

TLR2�/� · TLR4�/�, and to a lesser extent TLR2�/� ·
TLR9�/�, mice exhibited striking reductions in secretion of
splenic cytokines and chemokines in response to Pn14
in vitro, in contrast to mice deficient in only one of these
TLRs, strongly suggesting functional synergy of the dis-
tinct TLRs. Our observations are consistent with the find-
ing that TLR2 and TLR4 have differing cytoplasmic tails
that mediate distinct, although overlapping, cytokine
response patterns in macrophages [58–61] and dendritic
cells [62]. These data are in contrast to findings by Koedel
et al. in which IFN-c-primed murine macrophages from
mice with a dual deficiency in TLR2 and TLR4 signaling
elicited a normal TNF-a response to Pn [16]. Distinct
TLR ligands have indeed been shown to act synergistically
to promote release of inflammatory mediators by macro-
phages [63–65] and dendritic cells [66,67]. Consistent with
these findings, whereas TLR4 alone appears to play a dom-
inant role in macrophage release of IL-6 and TNF-a in
response to a variety of Gram-negative bacteria, concomi-
tant deficiency in both TLR2 and TLR4 resulted, synergis-
tically, in a more defective phenotype [68]. Likewise,
whereas TLR4�/�, but not TLR2�/�, mice were more sus-
ceptible to acute infection with the Gram-negative bacte-
rium, Salmonella typhimurium, TLR2�/� · TLR4�/� mice
exhibited the most defective host response [69]. Of interest,
in one study, TLR2�/� · TLR4�/� macrophages elicited
normal IL-6 and TNF-a responses to the Gram-positive
bacteria, Staphylococcus aureus [68], although another
study demonstrated reduced IL-6 and TNF-a in TLR2�/�

macrophages in response to this bacterium [70]. Synergy
between TLR2 and TLR9 [48] and between TLR2 and
TLR4 [71,72] has also been observed in the host response
to the intracellular bacterium, M. tuberculosis.

In summary, these data indicate for the first time that
innate immune cells exposed to Pn can integrate signals
through at least three distinct TLRs (both extracellular
and intracellular) to induce a rapid and synergistic cytokine
and chemokine response that plays a critical role in the
early host defense against Pn.
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