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Streptococcus pneumoniae is a leading cause of gram-positive sepsis, and lipoteichoic acid (LTA) may be
important in causing gram-positive bacterial septic shock. Even though pneumococcal LTA is structurally
distinct from the LTA of other gram-positive bacteria, the immunological properties of pneumococcal LTA
have not been well characterized. We have investigated the ability of LTAs to stimulate human monocytes by
using highly pure and structurally intact preparations of pneumococcal LTA and its two structural variants.
The variants were pneumococcal LTA with only one acyl chain (LTA-1) and completely deacylated LTA
(LTA-0). The target cells used in the study were peripheral blood mononuclear cells (PBMCs) and two model
cell lines (CHO/CD14/TLR2 and CHO/CD14/TLR4) that express human CD25 protein in response to Toll-like
receptor 2 (TLR2) and TLR4 stimulation, respectively. Intact pneumococcal LTA and LTA-1 stimulated PBMC
and CHO/CD14/TLR2 cells in a dose-dependent manner but did not stimulate CHO/CD14/TLR4 cells. Pneu-
mococcal LTA was about 100-fold less potent than Staphylococcus aureus LTA in stimulating the CHO/CD14/
TLR2 cells and PBMCs. LTA-0 (or pneumococcal teichoic acid) stimulated neither CHO/CD14/TLR2 nor
CHO/CD14/TLR4 cells even at high concentrations. Excess teichoic acid, LTA-0, antibodies to phosphocholine,
or antibodies to TLR4 did not inhibit the LTA-induced TLR2 stimulation. However, antibodies to CD14, TLR1,
or TLR2 suppressed tumor necrosis factor alpha (TNF-a) production by PBMCs in response to LTA or LTA-1.
These results suggest that pneumococcal LTA with one or both acyl chains stimulates PBMCs primarily via

TLR2 with the help of CD14 and TLRI1.

Bacterial infections trigger both the adaptive and innate
branches of the immune system in the host. By recognizing the
antigens specific to a particular pathogen, the adaptive immu-
nity provides highly effective antigen-specific protection. How-
ever, it becomes relevant only during the late phase of the
infection. In contrast, innate immunity protects the host during
the early phase of infection by using germ line-encoded recep-
tors to recognize the structurally conserved molecular patterns
present in many pathogens. The two groups of molecules are
commonly called pathogen-associated molecular pattern
(PAMP) molecules and the PAMP receptors (29). In addition
to providing the initial protection to the host, innate immunity
influences the subsequent development of adaptive immunity
(24).

Accumulating evidence suggests that the Toll-like receptor
(TLR) is a key PAMP receptor. Humans have 10 TLRs, each
of which exists as a hetero- or homodimer complex on the cell
surface. Each TLR appears to recognize different PAMP mol-
ecules (45). Although various PAMP molecules and PAMP
receptors have been identified (20), the best-characterized
PAMP and PAMP receptor pair is made up of gram-negative
bacterial lipopolysaccharide (LPS) and TLR4. LPS is the en-
dotoxin mainly responsible for gram-negative bacterial septic
shock (9, 43). It is an amphiphilic molecule formed by linking
a polysaccharide molecule to lipid A (39). Upon entering the
host, LPS binds to LPS-binding proteins (LBP) in the serum
(41) and then with soluble (or membrane) CD14 in the serum
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(or cell surface) (53). The LPS in the LPS-CD14-LBP complex
is then transferred to the TLR4-MD-2 complex on the target
cells in the host (42). LPS then triggers the target cells (mac-
rophages and polymorphonuclear leukocytes), leading to acti-
vation of NF-kB and induction of cytokines (such as tumor
necrosis factor alpha [TNF-a]), proinflammatory mediators,
and cell adhesion molecules (34). The in vivo importance of
TLR4 has been shown by the increased susceptibility of TLR4-
deficient mice to gram-negative bacteria (21).

The lipoteichoic acid (LTA) of gram-positive bacteria is
considered to be analogous to the LPS of gram-negative bac-
teria and shares many of its biochemical and physiological
properties (17). Like LPS, LTA is an amphiphile that is formed
by linking a hydrophilic polyphosphate polymer to a glycolipid
(13). Its immunostimulatory potential had been controversial,
because the LTA preparations used in earlier studies were
either damaged or contaminated (16, 31). Recent studies using
highly purified preparations of Staphylococcus aureus LTA
have clearly shown that staphylococcal LTA can efficiently
stimulate monocytes via TLR2 to produce TNF-a (12). Fur-
thermore, staphylococcal LTA can synergize with peptidogly-
can (PGN) to induce septic shock and multiorgan failure in
rats (10, 25, 26, 32). These findings have supported the con-
clusion that LTA is responsible for gram-positive sepsis just as
LPS is for gram-negative sepsis (17).

Along with S. aureus, Streptococcus pneumoniae is a common
etiologic agent for gram-positive sepsis (1, 37, 51). S. pneu-
moniae is also a major cause of pneumonia, otitis media, and
meningitis (50). Recently, it was shown that pneumococci ac-
tivate the innate immune system via TLR2 (54), which is crit-
ically involved in pneumococcal meningitis (11). Pneumococ-
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cal LTA is a potent inducer of acute inflammation (38) and
may be important in causing septic shock and/or other dis-
eases, perhaps by stimulating TLR2 (27), as has been shown
for staphylococcal LTA (12). However, the structures of the
LTA from S. aureus and S. pneumoniae are quite different.
Staphylococcal LTA, like other common LTAs, is composed of
a polyphosphate polymer of 20 to 50 small repeating units of
various sizes (about 130 to 320 Da) attached to a neutral
glycolipid (30). Pneumococcal LTA, on the other hand, has a
positively charged glycolipid and polyphosphate polymer that
is formed by linking 6 to 8 large repeating units with 1,299 Da
per repeating unit (3, 14). Therefore, to establish the role of
pneumococcal LTA in pneumococcal infections, we have pre-
pared highly purified pneumococcal LTAs and investigated
their ability to stimulate cells via TLRs.

MATERIALS AND METHODS

Reagents. Pneumococcal cell wall polysaccharide (C-PS [teichoic acid]) was
purchased from Statens Serum Institut (Copenhagen, Denmark). Proteinase K,
lysozyme, TEPC-15 (mouse immunoglobulin A [IgA], kappa), S. aureus PGN,
and Escherichia coli 055:B5 LPS were obtained from Sigma Chemical Co. (St.
Louis, Mo.). The E. coli LPS was repurified by phenol extraction before use (22).
Porphyromonas gingivalis 33277 LPS was prepared as previously described (23).
Mouse anti-human TLR2 (clone 2392; IgG1) and mouse anti-human CD14
(clone mem-18; IgG1) antibodies were obtained from Genentech Corp. (San
Francisco, Calif.) and Caltag Laboratories (Burlingame, Calif.), respectively.
Mouse anti-human TLR4 (clone HTA125; IgG2a), anti-human TLR1 (clone
GD2.F4; 1gG1), and all isotype-matched control antibodies (IgG1 and IgG2a)
were purchased from eBioscience (San Diego, Calif.).

Purification of pneumococcal LTA. Pneumococcal LTA was purified by the
method used by Behr et al. (3) with an additional purification step: ion-exchange
chromatography. Briefly, S. pneumoniae strain R36A was cultured overnight at
37°C in Todd-Hewitt broth (Difco, Detroit, Mich.) with 0.5% yeast extract. Cells
were pelleted, resuspended in 0.05 M sodium acetate (pH 4.0), and disrupted by
ultrasonication (Sonicator model W-220F). LTA was extracted from the lysate
with a chloroform-methanol-water (1:1:0.9) mixture, and after phase separation,
the aqueous phase containing LTA was collected. Lipid contaminants were
removed from the aqueous phase by extraction with chloroform, and residual
methanol was removed by evaporation. Then the LTA was adsorbed onto an
octyl-Sepharose CL-4B column (2.5 by 20 cm) (Sigma) equilibrated in a mixture
of 15% n-propanol and 0.05 M sodium acetate (pH 4.7). LTA was cluted from
the column with a stepwise n-propanol gradient (20, 35, and 45%), and column
fractions containing the LTA were pooled and dialyzed against water. LTA was
further purified by Q-Sepharose ion-exchange chromatography (1 by 10 cm)
(Fast Flow; Sigma), equilibrated in the 10 mM 2-amino-2-methyl-1-propanol-
HCl buffer (pH 9.5) with 30% n-propanol. LTA was eluted from the column with
a linear salt gradient (0 to 0.3 M NaCl in the equilibration buffer), and the eluate
was collected in 5-ml aliquots. Each fraction was individually dialyzed against
pyrogen-free water, evaporated under vacuum, and stored at —20°C.

Structure confirmation, quantitation, and determination of purity of LTAs.
The molecular identities of the LTA were determined by matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) mass spectrometry with
Voyager DE Pro mass spectrometer (Applied Biosystems, Framingham, Mass.).
Mass spectrometry of the LTA showed three major peaks, with molecular
weights corresponding to approximately 7,270, 8,570, and 9,870 m/z units. These
peaks correspond to LTA species containing 5, 6, and 7 tetra-saccharide repeat-
ing units, with 2 phosphocholine (PC) moieties per repeating unit. The molecular
weights of these peaks did not change during the three stages of purification
(data not shown), indicating that pneumococcal LTA was not altered or de-
graded during our multistep purification procedure. The concentrations of the
LTA and its variants were determined by measuring their inorganic phosphorous
contents (2). The purity of the LTAs was determined by measuring their protein
and endotoxin contents by conventional silver staining after polyacrylamide gel
electrophoresis and by Limulus amebocyte lysate (LAL) assay (BioWhittaker,
Walkersville, Md.), respectively. DNA or RNA contamination was assessed by
measuring UV absorbption at 260 and 280 nm.

Deacylation of the pneumococcal LTA. Two variants of pneumococcal LTA
were prepared by alkali hydrolysis: partially deacylated LTA (LTA-1; monoacy-
lated) and completely deacylated LTA (LTA-0). LTA-0 was prepared by incu-
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bating the LTA in 0.1 N NaOH at 37°C for 2 h and by passing it through an
octyl-Sepharose column to remove intact LTA and partially deacylated LTA.
LTA-1 was prepared like LTA, but the Q-Sepharose ion-exchange chromatog-
raphy was performed at pH 10.5 instead of 9.5. The structures of LTA-1 and
LTA-0 were confirmed by MALDI-TOF mass spectrometry. LTA has two acyl
groups attached to the glycerol backbone; the C18:1 group is attached to the C2
position, and the C16:0 group is attached to the C1 position. Hydrolytic removal
of C18:1 or C16:0 should reduce the molecular mass by 265 or 239 Da, respec-
tively. Mass spectrometry of LTA-0 showed three major peaks similar to those
seen with LTA; however, the LTA-0 peaks were 504 m/z units lower than the
LTA peaks. LTA-1 also had three major peaks; however, the LTA-1 peaks were
about 264 m/z units lower than the LTA peaks. Furthermore, after alkali hydro-
lysis, the LTA-1 peaks lost an additional 239 m/z units. These mass spectrometric
data indicate that LTA-1 lost one acyl moiety at the C2 position and that LTA-0
lost both acyl groups.

Purification of LTA from S. aureus. Highly purified LTA was isolated from S.
aureus (ATCC 6538) by n-butanol extraction, as previously described (30).
Briefly, the cells were cultured aerobically in tryptic soy broth (Difco, Detroit,
Mich.) for 16 h at 37°C in a shaking incubator. The cells were harvested,
suspended in 0.1 M sodium citrate buffer (pH 4.7), and disintegrated by ultra-
sonication (Sonicator model W-220F). The cells were then mixed with an equal
volume of n-butanol by stirring them for 30 min at room temperature. After
centrifugation at 13,000 X g for 20 min, the aqueous phase was evaporated,
dialyzed against pyrogen-free water, and equilibrated with 0.1 M sodium acetate
buffer containing 15% n-propanol (pH 4.7). The LTA was first purified by
hydrophobic interaction chromatography on an octyl-Sepharose CL-4B (Sigma)
column (2.5 by 20 cm). The column was eluted with a stepwise n-propanol
gradient (100 ml of 20% n-propanol, 200 ml of 35% n-propanol, and 100 ml of
45% n-propanol). Then the column fractions containing LTA were pooled after
an inorganic phosphate assay, and the pool was dialyzed against water. The
LTA-containing fractions were further subjected to DEAE-Sepharose ion-ex-
change chromatography (2.5 by 9.5 cm) (Fast Flow; Sigma), equilibrated in the
0.1 M sodium acetate buffer (pH 4.7) containing 30% n-propanol. The column
was eluted with 300 ml of a linear salt gradient (0 to 1 M NaCl in the equilibra-
tion buffer), and the eluate was collected in 10-ml aliquots. The quantity of the
purified LTA was determined by inorganic phosphate assay.

Cell lines and culture condition. Two NF-«B reporter cell lines (54), CHO/
CD14/TLR2 and CHO/CD14/TLR4, coexpressing CD14 and TLR2 or TLR4,
respectively, were kindly provided by Douglas Golenbock (Boston Medical Cen-
ter, Boston, Mass.). The cell lines have the gene encoding membrane CD25 with
the human E-selectin promoter, which has NF-«B binding sites. The cells were
grown in Ham’s F-12 medium (GIBCO-BRL, Rockville, Md.) supplemented
with 10% defined fetal bovine serum (HyClone, Logan, Utah), 1 mg of G418 per
ml (Calbiochem, La Jolla, Calif.), and 400 U of hygromycin B per ml (Calbio-
chem, La Jolla, Calif.) at 37°C and 5% CO,. Flow cytometry was used to
determine the expression of the genes for CD14, TLR2, and TLR4 introduced
into CHO/CD14/TLR2 and CHO/CD14/TLR4 cells (data not shown). When the
cells were 70% confluent, various stimuli (E. coli or P. gingivalis LPS and S.
aureus PGN, LTA, or LTA variants) were added. After 16 h, the cells were
washed once with phosphate-buffered saline (PBS) and detached with 2 mM
EDTA in PBS. The cells were then labeled on ice with fluorescein isothiocyanate
(FITC)-conjugated mouse anti-human CD25 (Becton Dickinson, San Diego,
Calif.), and 10* cells were analyzed on a FACSCalibur flow cytometer with
CellQuest acquisition analysis software (Becton Dickinson, San Diego, Calif.). In
some experiments, LTA was further treated with lysozyme (100 pg/ml) at 37°C
for 50 min and then heat denatured at 100°C for 10 min or treated with pro-
teinase K (100 pg/ml) at 55°C for 50 min in a buffer containing 10 mM Tris-HCI,
5 mM EDTA, and 50 mM NaCl (pH 8.0).

Stimulation of human PBMCs. Peripheral blood mononuclear cells (PBMCs)
were obtained from heparinized blood by isolating the buffy coat from the blood
and then removing contaminating erythrocytes with a Histopaque density gradi-
ent. Monocytes were isolated from the PBMCs by removing non-monocytic cells
with an indirect magnetic isolation kit (Miltenyi Biotec, Auburn, Calif.) and with
monoclonal hapten-conjugated CD3, CD7, CD19, CD45RA, CD56, and IgE
antibodies from Miltenyi Biotec. This procedure routinely resulted in >95%
pure CD14™ cells by flow cytometry.

Human monocytes were suspended in RPMI 1640 supplemented with 10%
fetal bovine serum, 50 wM 2-mercaptoethanol, 1 mM sodium pyruvate, 2 mM
L-glutamine, 20 mM HEPES, 100 U of penicillin per ml, and 100 ug of strepto-
mycin per ml. The monocyte suspension was placed in 96-well plates (200 pl per
well) and was stimulated with LTA (or its variants) for 20 h. The amount of
TNF-a in the culture supernatant was determined with a human TNF-a enzyme-
linked immunosorbent assay (ELISA) Ready-SET-Go kit (eBioscience) accord-
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FIG. 1. Pneumococcal LTA induces NF-kB-dependent CD25 ex-
pression via TLR2. CHO/CD14/TLR2 or CHO/CD14/TLR4 cells were
treated with pneumococcal LTA at the indicated concentrations (0 to
100 pg/ml) for 16 h. Cellular activation of TLR-dependent NF-kB was
determined by flow cytometry with measurement of CD25 reporter
gene expression.

ing to the manufacturer’s protocol. To assess the functional role of CD14, TLR1,
TLR2, or TLR4 in TNF-a production, cells were incubated with 10 pg of
anti-CD14, anti-TLR1, anti-TLR2, or anti-TLR4 monoclonal antibodies or iso-
type-matched control antibodies per ml for 40 min before addition of LTA (or its
variants).

RESULTS

Highly purified pneumococcal LTA stimulated TLR2 but
not TLR4. To examine the ability of pneumococcal LTA to
stimulate cells via TLR, highly pure and structurally intact
pneumococcal LTA was isolated from strain R36A. The pneu-
mococcal LTA preparation was then added to the two NF-«B
reporter cell lines (CHO/CD14/TLR2 and CHO/CD14/TLR4),
and the percentage of CD25" cells was determined by flow
cytometry after 16 h of culture. Prior to the exposure to any
stimulants, about 10 to 15% of the CHO/CD14/TLR2 or CHO/
CD14/TLR4 cells expressed detectable amounts of CD25. As
expected, E. coli LPS (1 pg/ml) induced the expression of
CD25 on CHO/CD14/TLR4 cells as did P. gingivalis LPS (1
pg/ml) on CHO/CD14/TLR2 cells (data not shown). Upon
exposure to 100 pg of pneumococcal LTA per ml, about 74%
of CHO/CD14/TLR2 cells expressed CD25 (Fig. 1). In con-
trast, the fraction of CD25" cells among CHO/CD14/TLR4
cells remained low (about 10%), even after exposure to a high
concentration of pneumococcal LTA. The slight increase at
100 pg/ml was not reproducible, but the basic pattern of re-
sponse was reproducible when the experiments were repeated
with several different preparations of pneumococcal LTA.
These results suggested that pneumococcal LTA signals TLR2
but not TLR4.

Impurities in the LTA preparation are not responsible for
stimulation. Even though we have used multiple independent
steps for purification, it is possible that our LTA preparations
have a minor impurity. A potential explanation for the low
potency is that the observed stimulatory activity is mediated
not by pneumococcal LTA but by a minor contaminant in the
preparation. We have therefore carefully examined our prep-
arations for contaminants. Contamination by DNA and RNA
was not demonstrable inasmuch as our concentrated pneumo-
coccal LTA preparations (1 mg/ml) displayed no significant

COMPARISON OF PNEUMOCOCCAL AND STAPHYLOCOCCAL LTA 5543

UV absorption at 260 and 280 nm. Protein contamination was
assessed by polyacrylamide gel electrophoresis and silver stain-
ing. The silver staining was capable of visualizing 4 ng of
ovalbumin per lane but revealed no bands, even when 30 g of
LTA was loaded per lane (Fig. 2A). These data demonstrate
that our LTA preparation contained less than 0.01% (wt/wt)
protein. Furthermore, boiling or treatment with proteinase K
or lysozyme did not reduce the ability of our LTA to signal
through TLR2 (Fig. 2B). These results strongly suggested the
absence of lipoprotein in our LTA preparation.

Since LPS is ubiquitous and can stimulate cells via TLR2
(23, 52), our pneumococcal LTA was also investigated for LPS
contaminants. Studies with a LAL assay suggested that our
pneumococcal LTA preparations have less than 5 pg of endo-
toxin per mg of LTA. Furthermore, the TLR2-stimulatory ac-
tivity of our sample is resistant to polymyxin B (Fig. 2C),
whereas 50 pg of polymyxin B per ml completely blocked the
biological activity of E. coli LPS (0.001 to 1 wg/ml) in TLR4
stimulation (Fig. 2D). All of these studies taken together sug-
gest that our observation is not due to contaminant molecules.

Pneumococcal LTA induces modest production of TNF-a by
human PBMC:s. Since the pneumococcal LTA appeared to be
less potent in stimulating TLR2 than S. aureus LTA based on
published reports (40), we directly compared the potency of
both LTAs by using the NF-kB reporter cell line responsive to
TLR2 (Fig. 3A). The fraction of CD25" cells increased from
about 12% to about 50% after being exposed to 1 pg of the
staphylococcal LTA per ml. The fraction of CD25" cells did
not increase any further, even when the amount of staphylo-
coccal LTA was increased up to 50 wg/ml. In contrast, when
the cells were exposed to pneumococcal LTA, the fraction of
CD25™" cells gradually increased with increasing concentration
of pneumococcal LTA. The CD25" cell fraction remained at
the background level when the cells were exposed to 1 wg of
pneumococcal LTA per ml, became about 20% at 10 wg/ml,
and reached about 40% at 50 pg/ml.

To determine if the difference in response to the two LTAs
was related to the use of CHO cell lines, we stimulated PBMCs
with LTAs from both bacteria and determined the resulting
production of TNF-a (Fig. 3B). A large amount of TNF-«a
(1,000 pg/ml) was induced with 1 pg of staphylococcal LTA per
ml, and when the amount of the LTA increased to 100 pg/ml,
TNF-a production increased only slightly. In contrast, when
the PBMCs were stimulated with pneumococcal LTA, only a
modest amount of TNF-a was induced, even with high con-
centrations of pneumococcal LTA. For instance, only 75 pg of
TNF-a per ml was induced with 10 pg of pneumococcal LTA
per ml, and only 350 pg of TNF-a per ml was induced with 100
pg of LTA per ml. Thus, pneumococcal LTA is 100-fold less
potent than staphylococcal LTA. As a control, the PBMCs
were also stimulated with LPS from P. gingivalis and E. coli,
which are well-known TLR2- and TLR4-stimulating agents,
respectively (12, 23, 49). Our PBMC stimulation system was
normally responsive, since the PBMCs produced a large (and
expected) amount (640 pg/ml) of TNF-a in response to P.
gingivalis LPS (1 pg/ml) and an even larger amount (10,000
pg/ml) in response to E. coli LPS (1 pg/ml).

To investigate if the pneumococcal LTA and staphylococcal
LTA differ in their requirements for stimulation of TLR, we
examined the need for CD14 and TLR1, which were shown to
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FIG. 2. TLR2 stimulation by the pneumococcal LTA is not from impurities in the LTA preparation. (A) Thirty micrograms of pneumococcal
LTA was subjected to 15% polyacrylamide gel electrophoresis (PAGE) followed by silver staining. Ovalbumin (OVA) was used as a protein standard.
(B) Ten micrograms of pneumococcal LTA or LTA treated with heat, proteinase K, or lysozyme was added to CHO/CD14/TLR2 cells, and then the cells
were incubated for 16 h. The cells were stained with FITC-labeled anti-CD25 monoclonal antibody and subjected to flow cytometric analysis for the
expression of the NF-kB-dependent reporter gene CD25. (C) CHO/CD14/TLR2 cells were incubated with pneumococcal LTA (10 or 50 pg/ml)
in the presence (w/) or absence (w/0) of polymyxin B (50 pg/ml) for 16 h, and the TLR2-dependent NF-«B activation was determined by flow cytometric
analysis of CD25. (D) CHO/CD14/TLR4 cells were incubated with reextracted LPS of E. coli E055:B5 (0.001 to 1 pg/ml) in the presence or absence
of polymyxin B (50 pg/ml) for 16 h, and TLR4-dependent NF-kB activation was determined by flow cytometric analysis of CD25 expression.

be important for efficient signaling by TLR2 (36, 47, 48) (Fig. 4). antibodies to CD14, TLR1, or TLR2 significantly reduced the
Antibodies to CD14, TLR1, or TLR2 (but not those to TLR4 or staphylococcal LTA-induced production of TNF-a. Taken to-
isotype-matched control antibodies) reduced the TNF-a produc- gether, both types of LTA share several additional receptor mol-
tion by PBMCs in response to pneumococcal LTA. Similarly, ecules required for the stimulation of PBMCs.
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FIG. 3. Pneumococcal LTA is less potent than staphylococcal LTA. (A) CHO/CD14/TLR2 cells were treated with LTA from S. aureus (solid
circles) or LTA from S. prneumoniae (open squares) for 16 h. At the end of the incubation period, TLR2-dependent NF-«kB activation was
determined by flow cytometric analysis of CD25. (B) Human PBMCs were treated with the indicated amount of staphylococcal LTA (solid circle),
pneumococcal LTA (open square), or 1 pg of P. gingivalis (open circles) or E. coli E055:B5 LPS (solid squares) per ml for 15 h. Cell-free culture
media were collected and assayed for TNF-a by sandwich ELISA.
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FIG. 4. Monoclonal antibodies to CD14, TLR1, or TLR2 inhibited
the LTA-induced TNF-a production in human PBMCs. Human
PBMCs were treated with anti-TLR1, anti-TLR2, anti-TLR4, or anti-
CD14 antibody for 40 min prior to stimulation with 30 pg of pneumo-
coccal LTA per ml (A) or 1 pg of staphylococcal LTA per ml (B) for
20 h. The levels of TNF-a were determined by sandwich ELISA. Data
are expressed as means = standard deviations. *, **, and ***, P < 0.05,
<0.01, and <0.001, respectively. Statistical significance between groups
was evaluated by analysis of variance.

An acyl chain is essential in TLR2 stimulation by the pneu-
mococcal LTA. Pneumococcal LTA expresses PC and can bind
other receptors such as platelet-activating factor receptor
(PAFR) (8). To examine if PC moiety of the pneumococcal
LTA is important in stimulating the cells, we next examined
the molecular moieties necessary for the stimulation. For these
studies, two LTA variants were produced: LTA-1 with only one
acyl chain and LTA-0 with no acyl chains. LTA-1 stimulated
the TLR2-sensitive cell line as well as LTA, but LTA-0 did not
stimulate the TLR2-sensitive cell line at all (Fig. 5A). Also,
pneumococcal teichoic acid, which is almost identical to LTA-0
in structure (15), did not elicit any significant stimulation of
cells via TLR2 or TLR4 (Fig. SA and B). Furthermore, a large
amount (100 pg/ml) of C-PS or LTA-0 was unable to inhibit
the stimulation of CHO/CD14/TLR2 cells by a relatively small
amount of LTA (10 pg/ml) (Fig. 5C and D). Moreover, a
PC-specific antibody, TEPC-15 (50 wg/ml), did not inhibit
LTA-induced stimulation of cells via TLR2 (Fig. 5SE). These
results demonstrate that the stimulation of CHO/CD14/TLR2
cells by the pneumococcal LTA requires at least one acyl chain,
but the polyphosphate region may not be critical.
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Pneumococcal LTA-1 requires CD14, TLR1, and TLR2 to
stimulate PBMCs. To determine whether LTA molecules with
different numbers of acyl chains require different stimulation
conditions, we stimulated human PBMCs with LTA, LTA-1, or
LTA-0 in the presence of blocking antibodies against CD14,
TLR1, TLR2, or TLR4. As expected, PBMCs readily produced
TNF-a in response to LTA or LTA-1, but not LTA-0. The
anti-CD14, anti-TLR1, or anti-TLR2 antibodies significantly
(P < 0.001) inhibited TNF-« secretion by PBMCs stimulated
with LTA. The same antibodies also significantly (P < 0.05)
inhibited LTA-1 activation of cells (Fig. 6). To the contrary,
pretreatment with anti-TLR4 antibody (Fig. 6) or with irrele-
vant isotype control antibodies (data not shown) had no effect
on TNF-a production by LTA- or LTA-1-stimulated PBMCs.
These results indicate that stimulation of PBMCs by LTA or
LTA-1 requires CD14, TLR1, and TLR2 but not TLR4.

DISCUSSION

Because the pneumococcal cell wall elicits strong inflamma-
tory responses, pneumococcal cell wall components, including
LTA, have been examined for their ability to elicit inflamma-
tory cytokines. One study found that pneumococcal LTA was
not so efficient in inducing TNF-a production but was highly
efficient in inducing interleukin-1 (IL-1) production (38). In
contrast, another study reported that pneumococcal LTA did
not induce production of the two cytokines, even at 50 pg/ml
(4). In yet another study, pneumococcal LTA was about 10-
fold less potent than staphylococcal LTA in inducing (IL-12)
p40 gene expression (6). The discrepancies among these pre-
vious studies could be due to contaminants or molecular deg-
radations of the LTA preparations used for the studies, be-
cause several recent studies have clearly shown that even
minor contaminants (or degradations) can profoundly influ-
ence the biological properties of an LTA preparation (16, 31).

In this study, we used highly purified and intact preparations
of pneumococcal LTA to show that pneumococcal LTA is
about 100-fold less potent than staphylococcal LTA in stimu-
lating human PBMCs to produce TNF-a. The acyl chain of
LTA is an important part of this mechanism, since PBMCs
could be stimulated with partially deacylated LTA but not with
completely deacylated LTA. The stimulation of PBMCs by
pneumococcal LTA as well as staphylococcal LTA appears to
occur primarily via TLR2/TLR1 with the help of CD14, inas-
much as the stimulation could be suppressed with antibodies to
TLR2, CD14, or TLR1 but not with antibodies to TLR4 or
C-PS. Involvement of TLR6 could not be tested, because the
reagent was not available for our study.

It is very unlikely that our observations were due to contam-
inants, since our pneumococcal LTA preparations were highly
purified. Nevertheless, we have further excluded this possibility
by making a concerted effort to detect the presence of specific
biologically active contaminants in our LTA preparations. En-
dotoxin contamination was unlikely, because we did not detect
its presence by LAL test, because the activity that we observed
was resistant to polymyxin B, and because the endotoxin con-
taminants, if present, would probably have stimulated TLR4.
Macrophage stimulation by staphylococcal PGN is TLR1 in-
dependent (48). While we need to investigate the TLR1 re-
quirement with pneumococcal PGN, the stimulation of our
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pneumococcal LTA is TLR1 dependent. Consequently, pneu-
mococcal PGN may not be responsible for our observation.
Lipoprotein contamination was also unlikely, because the ac-
tivity that we observed was resistant to proteinase K treatment
and heating at 100°C. Finally, monoacyl LTA was also as stim-
ulatory as native (diacyl) LTA. Since monoacyl LTA was pu-
rified under conditions different from those used to purify the
native LTA, it is unlikely that both preparations of pneumo-
coccal LTA have the same biologically active contaminant.
Recently, Schroder et al. reported that their preparation of
pneumococcal LTA requires TLR2, just as we have observed
(40). In contrast, however, their preparation of pneumococcal
LTA was as potent as staphylococcal LTA in stimulating cyto-
kine production. At present, several explanations are possible
for this difference. First, the difference may be in the assay
system. The difference could be subtle, since the overall effi-
ciency of stimulating the target cells by LPS depends on the
cooperation of many molecules, including albumin (18). Sec-
ond, the pneumococcal LTAs used in the two studies were
isolated from two different strains and may have different
structures inasmuch as microheterogeneity among pneumo-
coccal LTAs exists. Pneumococcal LTA may have only one PC
in every repeating unit instead of two (55). In addition, some
repeating units have no PC moieties, and pneumococcal strains
differ in the number of such PC-free units (unpublished infor-
mation). Third, the difference may still be due to contaminants
or molecular degradations. It is important to investigate these
issues, because staphylococci and pneumococci are the two

leading causes of gram-positive septic shock and because LTA
may be important in the pathogenesis of septic shock.
Whatever the explanation may turn out to be, we believe
that the LTA from each gram-positive bacterium may have
many different inflammatory properties and should be assessed
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FIG. 6. Pneumococcal LTA and LTA-1 require CD14, TLR1, and
TLR2 for TNF-a production in human PBMCs. Human PBMCs were
treated with anti-TLR1, anti-TLR2, anti-TLR4, or anti-CD14 antibody
for 40 min prior to stimulation with 30 wg of pneumococcal LTA and
its variants per ml for 20 h. The levels of TNF-a were determined by
sandwich ELISA. Data are expressed as means * standard deviations.
#, %% and ***, P < 0.05, <0.01, and <0.001, respectively. Statistical
significance between groups was evaluated by analysis of variance.
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individually. Such differences were clearly shown with LPS
from gram-negative bacteria. For instance, LPS from most
gram-negative bacterial species interacts with TLR4, but LPS
from P. gingivalis (23) and leptospira (52) interacts with TLR2.
LPS from Neisseria meningitidis may even stimulate both TLR2
and TLR4 (35). LPS from Rhodobacter capsulatus is inhibitory
for TLR4 activity (28). Furthermore, unlike other LTAs, pneu-
mococcal LTA can provide an additional inflammatory signal
via PAFR with its PC moiety. Several studies have suggested
that this is a significant stimulation pathway (5, 7, 8). Since
PAFR is more abundantly expressed on activated cells, pneu-
mococcal LTA may provide inflammatory stimulation via TLR
at the early phase and then via PAFR at the late phase.

Our studies revealed that TLR1 is an important coreceptor
for pneumococcal LTA. This is not surprising, because TLR1
or TLRG is frequently a coreceptor for TLR2. What is surpris-
ing is that LTA-1 also required TLR1 and was equally as
functional as the normal LTA in inducing TNF-a production.
This was unexpected, because the number of acyl groups often
influences the coreceptors or the cellular products. A myco-
plasmal lipopeptide with two acyl groups (MALP-2) requires
TLR6, whereas MALP-2 with an additional palmitoyl group
does not (33, 46). When one acyl group is removed from
MALP-2, the lipoprotein becomes about 100 times less potent
than the native MALP-2 in stimulating murine macrophages to
secrete nitric oxide (33). Another example is found with En-
terococcus hirae, which produces two types of LTA: one with
two acyl chains and another with four acyl chains. Tetra-acyl
LTA is more potent than diacyl-LTA in inducing the produc-
tion of cytokines such as IL-6, TNF-«, and gamma interferon
(44). Thus, despite our findings, we are further investigating
the two pneumococcal LTA preparations for potential differ-
ences in their biological properties (e.g., NO synthesis).

Pneumococcal LTA has been shown to be highly immuno-
genic and is more immunogenic than pneumococcal teichoic
acid (19). It is possible that pneumococcal LTA may be more
immunogenic than simple pneumococcal teichoic acid because
LTA may stimulate dendritic cells via TLR. The stimulated
dendritic cells may then facilitate the B cells to produce anti-
bodies. For this situation, even relatively inefficient stimulation
of dendritic cells by the LTA may be sufficient, because rela-
tively large amounts of LTA would be present at the immuni-
zation site. Further understanding of how pneumococcal LTA
stimulates the immune system may help the development of a
vaccine that can elicit antibodies against bacterial capsular
polysaccharides.
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