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To identify the Toll-like receptor 2 ligand critically involved in infections with gram-positive bacteria,
lipoprotein lipase (LPL) or hydrogen peroxide (H2O2) is often used to selectively inactivate lipoproteins, and
hydrofluoric acid (HF) or platelet-activating factor–acetylhydrolase (PAF-AH) is used to selectively inactivate
lipoteichoic acid (LTA). However, the specificities of these chemical reactions are unknown. We investigated
the reaction specificities by using two synthetic lipoproteins (Pam3CSK4 and FSL-1) and LTAs from pneu-
mococci and staphylococci. Changes in the structures of the two synthetic proteins and the LTAs were
monitored by mass spectrometry, and biological activity changes were evaluated by measuring tumor necrosis
factor alpha production by mouse macrophage cells (RAW 264.7) following stimulation. PAF-AH inactivated
LTA without reducing the biological activities of Pam3CSK4 and FSL-1. Mass spectroscopy confirmed that
PAF-AH monodeacylated pneumococcal LTA but did not alter the structure of either Pam3CSK4 or FSL-1. As
expected, HF treatment reduced the biological activity of LTA by more than 80% and degraded LTA. HF
treatment not only deacylated Pam3CSK4 and FSL-1 but also reduced the activities of the lipoproteins by more
than 60%. Treatment with LPL decreased the biological activities by more than 80%. LPL also removed an acyl
chain from the LTA and reduced its activity. Our results indicate that treatment with 1% H2O2 for 6 h at 37°C
inactivates Pam3CSK4, FSL-1, and LTA by more than 80%. Although HF, LPL, and H2O2 treatments degrade
and inactivate both lipopeptides and LTA, PAF-AH selectively inactivated LTA with no effect on the biological
and structural properties of the two lipopeptides. Also, the ability of PAF-AH to reduce the inflammatory
activities of cell wall extracts from gram-positive bacteria suggests LTA to be essential in inflammatory
responses to gram-positive bacteria.

Bacterial sepsis is a leading cause of death within intensive
care units (43). Although bacterial sepsis was traditionally as-
sociated with gram-negative (Gr�) bacteria, recently, the prev-
alence of sepsis caused by gram-positive (Gr�) bacteria has
rapidly increased (2, 3, 38). In fact, in 2000, Gr� bacteria
accounted for 52% of sepsis cases whereas Gr� bacteria ac-
counted for only 37.6% (7, 31, 38). In bacterial sepsis, the
innate immune system provides both the initial immune re-
sponses and the early inflammatory responses (1, 8, 12). Early
responses to infections with Gr� and Gr� bacteria have been
shown in previous studies to involve different cytokine profiles
(9, 16, 25, 51, 54). Other studies have found that infections with
Gr� bacteria activate Toll-like receptor 4 (TLR4) primarily
with lipopolysaccharide (LPS), a membrane component of
Gr� bacteria (26, 27, 44, 53). In contrast, infections with Gr�
bacteria involve TLR2, but the nature of the key TLR2 ligand
is still controversial (34, 52, 56).

Two components of the cell walls of Gr� bacteria have been
proposed to be TLR2 ligands. One group of studies suggests
that lipoteichoic acid (LTA) is the key ligand (10, 46, 49, 57).
LTA is a polyphosphate attached to the cell membrane via a

diacyl glycolipid and is an abundant component of the enve-
lopes of Gr� bacteria (47). Highly purified LTA, as well as its
synthetic analogs, has been shown to trigger TLR2-mediated
inflammatory responses (10, 15, 20, 35). However, the biolog-
ical role of the LTA is unclear because it is difficult to purify
natural LTA without introducing contaminants or damaging
the structure of the LTA (41). Another group proposes bac-
terial lipoproteins as the critical ligand (22). Lipoproteins are
a functionally diverse class of bacterial membrane proteins
characterized by an N-terminal lipid moiety (4) and are TLR2
ligands (22–24). Although synthetic analogs of lipoproteins
were found to be potent TLR2 ligands (5, 6, 42), natural
lipoproteins are difficult to purify, and their properties are
poorly understood.

To avoid the technical difficulties involved in purification, a
different investigational approach was developed. This approach
uses methods to selectively inactivate either LTA or lipoproteins
in bacterial culture supernatants or crude bacterial cell wall ex-
tracts (22–24, 49). LTA inactivation is usually performed with
hydrofluoric acid (HF) or platelet-activating factor–acetylhydro-
lase (PAF-AH) (23, 48, 49), which, respectively, hydrolyzes the
phosphodiester bonds in the LTA or deacylates one of its acyl
chains (17, 28, 36, 55). Lipoprotein inactivation is commonly
achieved by deacylation with a lipoprotein lipase (LPL) or by
oxidation with hydrogen peroxide (H2O2) (22, 24, 62). Despite
their wide use, the reaction selectivities of these methods have not
been evaluated. Thus, we investigated the reaction specificities of
these methods by studying the impacts of these four reactions on
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the biological properties as well as the chemical structures of LTA
and lipoprotein analogs.

MATERIALS AND METHODS

Reagents. Recombinant human plasma PAF-AH was kindly provided by ICOS
Corporation (Bothell, WA). Catalase was obtained from Worthington (Lake-
wood, NJ). Pefabloc SC (a serine protease inhibitor), 48% HF, 30% hydrogen
peroxide (H2O2), and LPL (EC 3.1.1.34) from a Pseudomonas species were
purchased from Sigma-Aldrich (St. Louis, MO). LPS of E. coli O55:B5 was
purchased from Sigma-Aldrich, and impurities were removed by further purifi-
cation, as described previously (26). A synthetic diacylated lipopeptide (FSL-1)
and a synthetic triacylated lipopeptide (Pam3CSK4) were obtained from Invivo-
Gen (San Diego, CA).

Purification of LTA. Staphylococcal and pneumococcal LTAs were prepared
using an organic solvent extraction and octyl-Sepharose chromatography
method, as described previously (13, 33, 40). Staphylococcal LTA was further
purified using a DEAE Sepharose chromatography method, as described previ-
ously (10, 40).

Bacterial strains and generation of supernatants and crude extracts. Strepto-
coccus pneumoniae (strain TIGR4) and Staphylococcus aureus (strain ATCC
6538) were obtained from the American Type Culture Collection (ATCC; Ma-
nassas, VA). A nonencapsulated pneumococcal strain (TIGR4JS) was kindly
provided by Susan K. Hollingshead (University of Alabama at Birmingham).
Bacteria were cultured in 60 ml of a chemically defined medium (58) to mid-log
phase (optical density at 600 nm, 0.3 to 0.4) and pelleted by centrifugation, and
the supernatants were filter sterilized with a 0.22-�m membrane filter and then
lyophilized. The pellets were resuspended with 20 ml of 0.05 M sodium acetate
buffer (pH 4.7) and sonicated. Twenty milliliters of n-butanol was added to each
cell wall extract, and the resulting mixtures were stirred for 30 min at 4°C. The
mixtures were then centrifuged to separate the aqueous phase from the butanol
and cell debris. The aqueous phase was dialyzed at 4°C and lyophilized.

Inactivation methods. Lyophilized, purified LTA (250 �g), lipopeptides
(Pam3CSK4 and FSL-1 [10 �g each]), LPS (10 �g), the bacterial culture super-

natants, and the butanol extracts from bacteria were incubated with 100 �l of
48% HF at 4°C for 24 h, 1% H2O2 in 1� phosphate-buffered saline (PBS) at
37°C for 6 h, 50 �g/ml LPL in 1� PBS at 37°C for 12 h, or 30 �g/ml PAF-AH at
37°C for 3 to 12 h. After incubation, the HF was removed from the reaction
mixture by lyophilization and the mixture was resuspended with the original
volume of 1� PBS. The H2O2 reaction was stopped by adding 1,000 U of catalase
(at 37°C for 1 h), and the mixture was lyophilized. The PAF-AH in the reaction
mixture was inactivated by adding 100 �M Pefabloc SC, as reported previously
(48).

Cells and culture conditions. The mouse macrophage cell line RAW 264.7
(ATCC TIB-71) was obtained from the ATCC (Manassas, VA) and was cultured
in Dulbecco’s modified Eagle’s medium (Cellgro Mediatech, Herndon, VA)
supplemented with 10% defined fetal bovine serum (HyClone, Logan, UT), 2
mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin at 37°C in a
humidified incubator with 5% CO2.

In vitro stimulation and analysis of TNF-� production. RAW 264.7 cells (2 �
105 cells/well) were cultured in 96-well plates (Costar, Corning, NY) and incu-
bated with stimulants for 24 h. Supernatants were harvested, and the amount of
mouse tumor necrosis factor alpha (TNF-�) in the culture supernatant was
determined with a commercially available sandwich-type enzyme-linked immu-
nosorbent assay using the protocol of the manufacturer (eBioscience, San
Diego, CA).

Data analysis. All of the experiments in this study were conducted at least
three times. The data shown below are representative results. Experimental
values are expressed as means � standard deviations. The statistical significance
of a difference between two means was evaluated with a one-way analysis of
variance (ANOVA) test.

RESULTS

Biochemical effects of LPL treatment. Since LPL can deac-
ylate mono-, diacyl-, or triacylglycerols (45, 60, 63) (Fig. 1),
LPL is often used to inactivate bacterial lipoproteins in culture

FIG. 1. Molecular models of pneumococcal LTA (A) and the two synthetic lipopeptides, FSL-1 (B) and Pam3CSK4 (C). Dashed lines
(numbered 1 to 4) indicate the sites of chemical reactions, which are described in the text. Numbers next to the arrowheads of the dashed lines
indicate the loss of mass (in AMU) associated with the chemical degradation.
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supernatants or crude extracts from Gr� bacteria (22, 24).
Since we found previously that PAF-AH, a phospholipase, can
inactivate LTA (48, 49), we considered that LPL may deacylate
and inactivate LTA as well. To compare the reaction specific-
ities of LPL and PAF-AH, synthetic lipopeptides (Pam3CSK4

and FSL-1) and pneumococcal LTA were incubated with LPL
(50 �g/ml) or PAF-AH (30 �g/ml) at 37°C for 12 h, as reported

previously (22, 48). The reaction products were then analyzed
by electrospray (ES) mass spectrometry or by matrix-assisted
laser desorption ionization–time of flight mass spectrometry.

ES mass spectrometry analysis of intact Pam3CSK4 (molec-
ular weight [MW] � 1,509.2) showed peaks at m/z 1,511.191
(M � H�), 755.552 (M � 2H�), and 504.381 (M � 3H�) (Fig.
2A), which corresponded to Pam3CSK4 with one, two, and

FIG. 2. Mass spectra of intact Pam3CSK4 (A), intact FSL-1 (B), Pam3CSK4 after LPL treatment (C), FSL-1 after LPL treatment (D),
Pam3CSK4 after PAF-AH treatment (E), FSL-1 after PAF-AH treatment (F), LPL-treated pneumococcal LTA (G), and PAF-AH-treated LTA
(H). For enzyme treatments, lipoproteins and LTA were incubated with LPL (50 �g/ml) for 12 h at 37°C or with PAF-AH (30 �g/ml) for 12 h at
37°C. The underlined numbers indicate AMU of the intact Pam3CSK4, intact FSL-1, or intact LTA with one, two, or three charges. The numbers
with an asterisk indicate AMU of Pam3CSK4, FSL-1, or LTA that has undergone monodeacylation. The number in parentheses in panel H
indicates the number of repeating units in the LTA molecule.
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three positive charges. As most ions have two or three charges,
the peak at m/z 1,511.191 was small. Also, this preparation of
Pam3CSK4 has a prominent peak at m/z 636.451 (M � 2H�),
which corresponds to Pam3CSK4 that has lost one acyl
chain. After LPL treatment (Fig. 2C), the three peaks at m/z
1,511.191, 755.552, and 504.381 (those representing intact
Pam3CKS4) became very small while the m/z 636.451 peak
became dominant and a new peak appeared at m/z 517.342
(M � 2H�) (Fig. 2C). The new peak corresponded to
Pam3CSK4 that had lost two acyl chains (site 3 in Fig. 1B).
These results clearly demonstrate that LPL treatment de-
grades Pam3CSK4.

When intact FSL-1 (MW � 1,665.0) was examined by mass
spectroscopy (Fig. 2B), it showed two prominent peaks at m/z
833.950 (M � 2H�) and 556.314 (M � 3H�), which corre-
spond to FSL-1 with two and three charges. A very small peak
at m/z 1,666.501 (M � H�) corresponds to FSL-1 with one
charge. A large peak at m/z 714.375 (M � 2H�) corresponds to
monoacyl FSL-1. The peak at m/z 470.584 was not identified.
After LPL treatment (Fig. 2D), the three peaks representing
intact FSL-1 became unrecognizable, but a new peak at m/z
595.249 became prominent. This peak corresponds to fully
deacylated FSL-1. Peaks at m/z 714.352 (M � 2H�) and
478.237 (M � 3H�) represent monoacyl FSL-1 with two and
three charges. Thus, LPL can degrade FSL-1 by removing acyl
chains. In contrast to LPL treatment, PAF-AH treatment had
no effect on the structure of Pam3CKS4 (Fig. 2E) or FSL-1
(Fig. 2F), even though the lipopeptides were treated with
PAF-AH for more than 12 h. Thus, LPL readily removed one
or two acyl chains from both lipopeptides, whereas PAF-AH
had no effect on these lipoproteins.

After 24 h of LPL treatment, pneumococcal LTA showed
minor peaks at m/z 8,567.5, 9,867.2, and 1,1167.5 and major
peaks at m/z 8,303.3, 9,603.7, and 1,0903.0 (Fig. 2G). The
minor peaks represent intact pneumococcal LTA (with six,
seven, and eight repeating units), and the major peaks repre-
sent pneumococcal LTA with only one acyl chain since the loss
of one acyl chain reduces the mass of LTA by 264 to 266
atomic mass units (AMU) (47). Minor peaks at m/z 4,935.5,
4,803.4, and 4,152.2 represent LTA ions with double charges
(Fig. 2G). In contrast, following 3 h of incubation with PAF-
AH, the PAF-AH-treated LTA showed peaks at only m/z
8,310.7, 9,613.0, and 10,919.3 (Fig. 2H). These results demon-
strate that LPL treatment converted the majority of pneumo-
coccal LTA to monoacyl LTA (33), although LPL was not as
efficient as PAF-AH. Thus, LPL degraded both LTA and li-
popeptides, whereas PAF-AH deacylated LTA but not li-
popeptides.

Biochemical effects of HF treatment. HF is considered to
inactivate LTA but not lipoproteins (23, 62) because HF pref-
erentially hydrolyzes phosphodiester bonds (17, 28, 36, 47, 55)
(sites 1 and 3 in Fig. 1A). However, we observed previously
that HF can also hydrolyze acyl linkages of pneumococcal LTA
(47) and have confirmed this in the present study. The matrix-
assisted laser desorption ionization–time of flight mass spec-
trum of intact pneumococcal LTA shows three major peaks at
approximately m/z 7,270.6, 8,570.2, and 9,870.4, which corre-
spond to LTA with five, six, and seven repeating units (47)
(Fig. 3A). Following a relatively short hydrolysis (3 h) of pneu-
mococcal LTA with 48% HF at 4°C, new peaks appeared (Fig.

3B). The peaks at m/z 3,717.4, 5,018.3, and 6,319.5 (Fig. 3B)
correspond to the LTA fragments resulting from the breakage
of the phosphodiester bonds between the repeating units (site
1 in Fig. 1A). Peaks at m/z 8,405.64 and 9,705.88 (Fig. 3B),
which show reductions equivalent to about 165 AMU com-
pared to the peaks for intact LTA, correspond to LTA that has
lost one phosphocholine residue, which has 165 AMU (site 2 in
Fig. 1A). The peaks at m/z 8,306.8 and 9,606.3 in Fig. 3B, which
show reductions equivalent to 264 AMU compared to the
peaks for intact LTA, represent the LTA fragments that lost
one acyl chain (site 3 in Fig. 1A).

To determine if HF can deacylate and/or degrade lipopro-
teins, two synthetic lipopeptides (Pam3CSK4 and FSL-1) were
treated with 48% HF for 24 h, with the reaction products being
analyzed by ES mass spectrometry. Prior to the HF reaction,
Pam3CSK4 (MW � 1,509.6) had peaks at m/z 1,511.139 (M �
H�), 755.548 (M � 2H�), 504.039 (M � 3H�), and 636.446
(M � 2H�) (Fig. 2A). The mass spectrum of HF-treated
Pam3CSK4 did not show these three peaks. Instead, it showed
many new peaks representing ions with lower MWs. Two large
peaks at m/z 636.458 (M � 2H�) and 517.347 (M � 2H�)
correspond to Pam3CSK4 with two acyl chains and one acyl
chain (Fig. 3C). Although we did not fully identify other new
peaks, such as those at m/z 716.421 (M � 2H�) and 676.435
(M � 2H�), the mass spectrometry analysis clearly showed
that the HF treatment degraded Pam3CKS4 (Fig. 3C).

The mass spectrum of the lipopeptide FSL-1 had peaks at
m/z 1,666.501 (M � H�), 833.950 (M � 2H�), and 556.313
(M � 3H�), which correspond to FSL-1 with one, two, and
three charges (Fig. 2C). Also, another peak at m/z 714.375
(M � 2H�) corresponds to monoacylated FSL-1 with two
charges, which is normally found among FSL-1 preparations
like Pam3CSK4. After the HF reaction, the three peaks corre-
sponding to the intact FSL-1 disappeared completely but many
new peaks appeared. The peaks at m/z 714.386 (M � 2H�) and
595.285 (M � 2H�) correspond to monoacylated and deacyl-
ated FSL-1 (Fig. 3D). Although we did not identify other new
peaks (e.g., peaks at m/z 635.258, 478.246, and 420.738), our
data clearly show that HF treatment degrades FSL-1 (Fig. 3D).

Biological effects of various treatments. After studying the
effects of chemical treatments on the molecular structures of
the stimulants, we directly investigated the effects of chemical
treatments on the biological properties of the stimulants. We
treated the four stimulants (i.e., two LTA preparations, FSL-1,
and Pam3CSK4) with one of the four treatment agents (PAF-
AH, LPL, HF, and H2O2), stimulated RAW 264.7 cells with
either untreated or treated stimulants, and measured the levels
of TNF-� production. The PAF-AH treatment reduced the
activities of Pam3CSK4, FSL-1, and LPS by less than 10%, but
it reduced the inflammatory activities of both LTAs by over
85% (Fig. 4A). Thus, PAF-AH specifically inactivates LTA,
but not LPS or lipoproteins, as described previously (48, 49).
These findings also support the contention that our LTA prep-
arations are clean and not contaminated with LPS or lipopro-
teins.

In contrast to PAF-AH treatment, LPL treatment reduced
the inflammatory potencies of both LTAs by more than 70%,
that of Pam3CSK4 almost completely (by over 95%), and that
of FSL-1 by about 70% (Fig. 4B), while the treatment did not
affect the activity of LPS (Fig. 4B). Similarly, HF treatment

1190 SEO AND NAHM CLIN. VACCINE IMMUNOL.



reduced the biological potencies of both LTAs and of the two
lipopeptides by more than 80% (Fig. 4C). HF-treated LPS
retained almost all of its inflammatory activities (Fig. 4C). In
addition to these inactivation methods, we also tested a newly
developed lipoprotein inactivation method, H2O2 treatment,
which oxidates lipoproteins to make them inactive. H2O2 treat-
ment reduced the inflammatory properties of both lipopep-
tides by over 80% (Fig. 4D), which is in agreement with pre-
vious findings (62). It also reduced the bioactivities of both
LTA preparations (Fig. 4D). Thus, LPL, HF, and H2O2 treat-
ments, unlike PAF-AH treatment, inactivated both LTAs and
lipoproteins.

LTA is a critical PAMP in the culture supernatant and
crude extract. Cell wall extracts with prepared butanol are
widely used to purify LTA (13, 14, 33, 40, 46). Recent studies
have shown that the active pathogen-associated molecular pat-
terns (PAMPs) in crude butanol extract are lipoproteins rather
than LTA (22, 23). Since PAF-AH is found to selectively in-
activate LTA but not lipoproteins, we used it to investigate the
nature of PAMPs in the crude butanol extracts. As expected,
untreated supernatants and extracts dramatically increased
TNF-� production (Fig. 5) and PAF-AH treatment inactivated
the early culture supernatants from S. pneumoniae and S. au-
reus by more than 95% (Fig. 5A and B) (49). Following the

PAF-AH treatment, the crude butanol extract from S. aureus
lost more than 90% of its potency, whereas the pneumococcal
extract lost only 50% of its potency (Fig. 5D and C). While our
findings do not exclude the presence of factors that may syn-
ergistically enhance the potency of LTA in the extracts, they do
indicate that LTA is a critically necessary PAMP in the extracts
of these two Gr� bacteria. In the case of pneumococci, there
may be another critical PAMP in addition to LTA.

DISCUSSION

Chemical treatments of bacteria with HF, H2O2, LPL, or
PAF-AH are often used to inactivate PAMPs (22–24, 48, 62).
HF and PAF-AH methods were introduced to inactivate LTA,
and LPL and H2O2 have been used to inactivate lipoproteins.
Despite the wide usage of these methods (22–24, 62), the
reaction specificities have not previously been systematically
evaluated. Therefore, in the present study, we assessed the
impacts of the chemical reactions on two bacterial lipoproteins
and two LTAs by analyzing the chemical structures and bio-
logical activities (TNF-� production) of the reaction products.
We provide evidence that PAF-AH selectively and efficiently
inactivates LTA without inactivating lipoproteins (Fig. 2E, 2F,
and 4A) and that the other three inactivation agents are non-

FIG. 3. Mass spectra of intact pneumococcal LTA (A), HF-treated LTA (B), HF-treated Pam3CSK4 (C), and HF-treated FSL-1 (D). LTA was
treated with 48% HF at 4°C for only 3 h. Lipoproteins were treated with HF for 24 h. The underlined numbers indicate AMU of intact LTA, and
the numbers in parentheses in panel A indicate the number of repeating units in the LTA molecule. Numbers labeled “a” indicate AMU of the
LTA that lost one phosphocholine group. Numbers labeled “b” or “�” indicate AMU of LTA or lipoproteins that lost one acyl chain.

VOL. 16, 2009 LTA AND BACTERIAL LIPOPROTEIN INACTIVATION METHODS 1191



specific and render both lipoproteins and LTAs inactive (Fig.
2, 3, and 4). Studies of nitric oxide production provided results
equivalent to TNF-� results (data not shown).

Our present study is limited since we could not directly
investigate lipoproteins isolated from Gr� bacteria but used
model lipoproteins instead. Nevertheless, FSL-1 is a synthetic
lipopeptide representing an actual mycoplasma lipoprotein
(molecular mass, 44 kDa) (50). Also, Pam3CSK4 has been
extensively used for studies of its interaction with TLR, includ-
ing crystallographic studies (29). Another limitation is that we
evaluated the specificities of the reaction conditions that are
currently used. One may find in the future that a new reaction
condition (e.g., a new buffer, temperature, or pH) provides the
desired reaction specificity. Nevertheless, our findings empha-
size the need to evaluate the specificities of the inactivation
methods, especially by analyzing molecular structures. Al-
though our present study does not show the biochemical effect
of H2O2 on LTAs, H2O2 treatment dramatically reduced the
inflammatory potencies of both LTAs (Fig. 4D). Thus, the
H2O2 method cannot be used to selectively inactivate lipopro-

teins from Gr� bacteria either. Furthermore, our findings
strongly suggest that previous conclusions based on the pre-
sumed specificities of the reactions must be reexamined.

In addition to these chemical inactivation methods, evidence
from genetic studies supports the contention that lipoproteins
are the dominant TLR2 ligand in infections with Gr� bacteria
(21, 23, 24, 37). The genetic studies are based on the observa-
tions made with the bacteria lacking the gene for lipoprotein
diacylglycerol transferase (lgt), which is the critical enzyme for
producing lipoproteins. The lgt-deficient bacteria express no
lipoproteins on their membranes and induce much less inflam-
matory activity than do wild-type bacteria (18, 24, 37). How-
ever, inasmuch as lipoproteins may be involved in LTA bio-
synthesis, the lgt-deficient bacteria may produce LTA with an
abnormal structure and subnormal biological potency. Thus,
one should examine the structure of LTA from lgt-deficient
Gr� bacteria to be certain that inactive LTA is not produced
by lgt-deficient bacteria.

Although our study does not exclude the presence of un-
usual inflammatory agents in select bacterial fractions, we pro-

FIG. 4. TNF-� production by RAW 264.7 cells in response to stimulation by pneumococcal LTA (PnLTA), staphylococcal LTA (StLTA),
Pam3CSK4 (Pam3), FSL-1, or LPS before (black bars) and after (white bars) treatment with 30 �g/ml of PAF-AH for 3 h at 37°C, 50 �g/ml of LPL
for 12 h at 37°C, 48% HF for 24 h at 4°C, or 1% H2O2 for 6 h at 37°C. Numbers at the bottom indicate the concentrations (in micrograms per
milliliter) of stimulants used in the experiments. Bars indicate the means of results for triplicate wells in a representative experiment. Error bars
indicate standard deviations. Statistical significance was calculated using one-way ANOVA: ��, P � 0.01; ���, P � 0.001; no asterisks, P 	 0.05.
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vide evidence suggesting that LTA is a critically necessary
PAMP in unfractionated extracts from Gr� bacteria. Never-
theless, the potency of purified LTA is significantly less than
that of the purified LPS. We have previously reported that
other bacterial factors may enhance the inflammatory potency
of LTA. It is well known that LTA can synergize with pepti-
doglycan (19) and with muramyl dipeptide (32), which are both
known to stimulate nucleotide-binding oligomerization do-
main-containing receptors. Furthermore, it has been shown
previously that LTA (unlike LPS) can induce septic shock in
animal models only in the presence of peptidoglycan (30).
Also, the results of a recent study suggested a synergistic factor
independent of nucleotide-binding oligomerization domain-
containing receptors (24). Another study showed that lipopro-
teins and glycosphingolipids have the ability to enhance LTA-
mediated inflammation by some unknown mechanism (39).
The mechanism may involve altered presentation of LTA mol-
ecules since the presentation of LTA molecules has been
shown to be important (11). Thus, in actual infections with
Gr� bacteria, several additional bacterial molecules may syn-
ergize with LTA to greatly increase its inflammatory potential.

Because of the increasing prevalence of sepsis caused by
Gr� bacteria, there is a great need for a new therapeutic
approach for treatment. For instance, antibodies to LTA are
currently being investigated as a basis for the treatment of
infections with Gr� bacteria (61). Others have proposed sul-
fonylamide compounds as therapeutic agents, since sulfonyl-
amide may selectively inactivate LTA without inactivating li-
poproteins (59). These new approaches may be less fruitful if
LTA is not critically involved in infections with Gr� bacteria.
In the present study, we demonstrate that LTA is critically
necessary for the butanol extracts to be inflammatory. This
finding is consistent with the results from studies of synthetic
LTA analogs (10) and extends our previous results regarding
the critical importance of LTA in bacterial culture superna-
tants (49). The findings from these studies, taken together,
provide additional evidence that LTA inactivation may be a
valid therapeutic approach.
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