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Bacterial lipoteichoic acid (LTA) shares a structural motif with platelet-activating factor (PAF). Both molecules
are strong inflammatory agents and have a glycerol backbone with two lipid chains at the sn-1 and sn-2 positions.
PAF is normally inactivated by PAF-acetylhydrolase (PAF-AH), a phospholipase A2 (PLA2), which removes a short
acyl group at the sn-2 position. To investigate whether PAF-AH can similarly degrade LTA, we studied the effects
of porcine PLA2, bee venom PLA2, and recombinant human PAF-AH on pneumococcal LTA (PnLTA) and
staphylococcal LTA (StLTA). After incubation with a porcine or bee venom PLA2, a large fraction of PnLTA lost 264
Da, which corresponds to the mass of the oleic acid group at the sn-2 position. After incubation with recombinant
human PAF-AH, PnLTA lost 264 Da; the reduction did not occur when PAF-AH was exposed to Pefabloc SC, an
irreversible inhibitor of the PAF-AH active site. Following PAF-AH treatment, PnLTA and StLTA were not able to
stimulate mouse RAW 264.7 cells to produce tumor necrosis factor alpha but could stimulate CHO cells expressing
human TLR2. This stimulation pattern has been observed with monoacyl PnLTA prepared by mild alkali hydrolysis
(22). Taking these data together, we conclude that PAF-AH can remove one acyl chain at the sn-2 position of LTA
and produce a monoacyl-LTA that is inactive against mouse cells.

A major component of the cell walls of gram-positive bac-
teria is lipoteichoic acid (LTA), which is a polyphosphate poly-
mer linked to a glycerol backbone with two acyl chains. The
acyl chains anchor the LTA molecule to the bacterial plasma
membrane like the acyl chains of lipopolysaccharide (LPS) of
gram-negative bacteria. Like LPS, LTA is an amphipathic mol-
ecule and an important pathogen-associated molecular pattern
that is capable of stimulating innate immunity and that is
responsible for gram-positive bacterial sepsis (10, 13, 43). For
instance, staphylococcal LTA (StLTA) has been shown to in-
duce septic shock-like changes in rats when peptidoglycan is
coadministered (6, 20, 21). Lastly, LTA stimulates Toll-like
receptor 2 (TLR2) and induces the production of various in-
flammatory molecules, including tumor necrosis factor alpha
(TNF-�), interleukin-1, and nitric oxide (10, 38, 43), as LPS
does via TLR4 (14, 41).

In addition to resembling LPS, LTA has some similarities to
platelet-activating factor (PAF), which is a potent intermediate in
the host response and which can cause symptoms that replicate
many symptoms observed during bacterial sepsis (25). Both the
LTA and the PAF molecules share a structural similarity with a
glycerol backbone, with acyl groups at the sn-1 and sn-2 posi-
tions (24). LTA may stimulate platelet-activating factor recep-
tor (PAFR) either directly or indirectly by inducing production of
endogenous PAF (24). In addition to PAFR stimulation, LTA
may be able to modulate the degradation of PAF by competitive
inhibition of PAF-acetylhydrolase (PAF-AH).

PAF degradation is primarily dependent on plasma PAF-
AH, inasmuch as plasma PAF-AH-deficient individuals have a
marked inability to clear PAF (19). PAF-AH is a phospho-

lipase A2 (PLA2) and inactivates PAF by removing the acetyl
group at the sn-2 position (3, 11, 27, 34, 37). In addition to
PAF, PAF-AH can remove acyl chains at the sn-2 position
from various glycerolipids, including diacylglycerols, triacyl-
glycerols, and acetylated alkanols (28). However, PAF-AH has
not been shown to deacylate a long acyl chain at the sn-2
position, and it is not expected to remove the long acyl chain
found in LTA. If PAF-AH can degrade LTA, however, the
finding would have a significant impact on our understanding
of the inflammatory properties of LTA. We have therefore
investigated the ability of PAF-AH to deacylate LTA.

MATERIALS AND METHODS

Reagents. Recombinant human plasma PAF-AH was kindly provided by ICOS
Corporation (Bothell, WA). This enzyme was prepared by expressing the full-
length cDNA of human plasma PAF-AH in Escherichia coli (40). The enzyme
expressed in this way is as active as the native plasma PAF-AH enzyme and has
been used in clinical studies (12, 15). LPS of E. coli O55:B5 was purchased from
Sigma-Aldrich (St. Louis, MO), and impurities were removed by further purifi-
cation, as described previously (14). Phosphatidylcholine, bee venom phospho-
lipase A2, pancreas phospholipase A2, and Pefabloc SC were obtained from
Sigma-Aldrich. A synthetic lipoprotein (Pam3CSK4) was obtained from Invivo-
Gen (San Diego, CA).

Cell lines and bacteria. The mouse macrophage cell line RAW 264.7 (ATCC
TIB-71) was obtained from the American Type Culture Collection (Manassas,
VA), and the cells were cultured with Dulbecco’s modified Eagle’s medium
(Cellgro Mediatech, Herndon, VA) supplemented with 10% defined fetal bovine
serum (HyClone, Logan, Utah), 2 mM L-glutamine, 100 units/ml penicillin, and
100 �g/ml streptomycin at 37°C in a 5% CO2 humidified incubator. The 3E10-
TLR2 cell line, which constitutively expresses human CD14 and human TLR2,
was from D. Golenbock (Boston Medical Center, Boston, MA). The cell line
expresses CD25 on the cell surface in response to TLR2 ligands. The cells were
grown in Ham’s F-12 medium (GIBCO-BRL, Rockville, MD) supplemented
with 10% defined fetal bovine serum (HyClone), 1 mg/ml of G418 (Calbiochem,
La Jolla, CA), and 400 U/ml of hygromycin B (Calbiochem) at 37°C in a 5% CO2

humidified incubator.
Streptococcus pneumoniae strain R36A (ATCC 12214) and Staphylococcus

aureus (ATCC 6538) were used for LTA purification. R36A was grown in Todd-
Hewitt broth (Becton Dickinson, Franklin Lakes, NJ) supplemented with 0.5%
yeast extract (Becton Dickinson, Franklin Lakes, NJ) until late log phase (optical
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density at 600 nm � 0.6 to 1.0). S. aureus was cultured in tryptic soybean broth
(Becton Dickinson, Franklin Lakes, NJ) until late log phase.

Purification of lipoteichoic acid. Pneumococcal LTA (PnLTA) and StLTA were
prepared by using organic solvent extraction, octyl-Sepharose, and an ion-exchange
chromatography method, as described previously (1, 22, 30). The structure of
PnLTA was characterized by mass spectrometry. Briefly, a mixture of 1 �l of sample
and 1 �l of matrix solution (0.5 M 2,5-dihydroxybenzoic acid, 0.1% trifluoroacetic
acid in methanol) was applied to a sample plate. After the sample was dried, it was
analyzed by matrix-assisted laser desorption ionization–time of flight (MALDI-
TOF) mass spectrometry (Voyager Biospectrometry DE Pro workstation) with a
PerSeptive Biosystems (Framingham, MA) mass spectrometer in the Mass Spec-
trometry Shared Facility at the University of Alabama at Birmingham.

TLC. Five microliters of phospholipid samples was applied onto a thin-layer
chromatography (TLC) plate (5 by 20 cm; Silica Gel 60C; EMDscience, Haw-
thorne, NY). After the plate was dried, it was placed in a TLC chamber con-
taining a 65:30:5 (vol/vol/vol) mixture of chloroform-methanol-ammonia (25%)
at the bottom and the chromatography was performed for 90 min (33, 39). For
visualization of phospholipids, the TLC plates were then sprayed with 1.3%
molybdenum blue spray reagent (Sigma) (23, 31).

TNF-� production by RAW 264.7 cells. RAW 264.7 cells were placed in
96-well plates (Costar, Corning, NY) at 2 � 105 cells/well, and the cells were

stimulated with 50 �g/ml of PnLTA, 1 �g/ml of StLTA, 0.1 �g/ml of LPS, or 0.2
�g/ml of Pam3CSK4 for 24 h. In some cases, the stimulants were treated with
PAF-AH for 2 h at 37°C at the indicated doses, and PAF-AH was inactivated by
incubation at 65°C for 2 h or by the addition of 100 �M Pefabloc SC prior to
stimulation. The amount of TNF-� in the culture supernatant was determined by
a sandwich-type enzyme-linked immunosorbent assay with the Ready-SET-Go
kit (eBioscience, San Diego, CA), and the manufacturer’s protocol was followed.

CD25 expression by 3E10-TLR2 cells. 3E10-TLR2 cells were placed in six-well
plates (Costar) at 5 � 105 cells/well; after 24 h, when the cells were 70% confluent,
the cells were stimulated with various molecular preparations. After 16 h, the cells
were washed once with phosphate-buffered saline (PBS; pH 7.3) and detached with
2 mM EDTA in PBS. The cells were stained with fluorescein isothiocyanate-conju-
gated mouse anti-human CD25 (Becton Dickinson, San Diego, CA), and their CD25
expression was determined on a FACSCalibur flow cytometer with CellQuest ac-
quisition analysis software (Becton Dickinson, San Diego, CA).

RESULTS

PAF-AH can monodeacylate PnLTA. To investigate the ef-
fect of PAF-AH on PnLTA, we incubated PnLTA (250 �g/ml

FIG. 1. Mass spectra of PnLTA (250 �g/ml) before reaction with PAF-AH (A) and after reaction for 2 h with different concentrations of
PAF-AH (0.5, 5, and 10 �g/ml) (B, C, and D, respectively). The peak heights are shown as percent intensity, which indicates the relative percentage
of each peak height to the tallest peak height in each spectrum. The positions of various prominent peaks are shown. (E) Heights of the peaks
at 8,598 and 8,334 m/z units at various times. The x axis indicates the number of hours that LTA was incubated with PAF-AH at 37°C.
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in PBS) with various concentrations of PAF-AH (0.5, 5, 10
�g/ml) for 2 h at 37°C and examined the reaction mixture by
mass spectrometry. A previous study showed that changes in
the mass spectra can be used to monitor the structural alter-
ations of PnLTA (22). Prior to incubation with PAF-AH,
PnLTA has distinct mass spectra with three major peaks
(7,297, 8,598, and 9,900 m/z), each of which corresponded to
LTAs with five, six, and seven repeating units, respectively
(Fig. 1A). As observed previously, the major peaks had satel-
lite peaks with a 28-m/z difference (e.g., 8,571 m/z versus 8,598
m/z) (Fig. 1B), consistent with the heterogeneity in the acyl
chains (22). When PnLTA was incubated with high PAF-AH
concentrations (5 to 10 �g/ml), a new peak at 8,334 m/z be-
came dominant and the original peak at 8,598 m/z decreased
significantly (Fig. 1C) or became undetectable (Fig. 1D). The
new peak was very small but detectable when PnLTA was
incubated with a low concentration (0.5 �g/ml) of PAF-AH
(Fig. 1B). This peak was barely detectable even before any
PAF-AH treatment (Fig. 1A, arrow), probably as a result of
the chemical instability of the second acyl chain (22). The
appearance of the new peak was time dependent; about 50%
of LTA shifted in 1 h and almost 100% shifted in 6 h in the
presence of 1 �g/ml of PAF-AH (Fig. 1E). The peaks at 7,297
or 9,900 m/z also lost 264 m/z in the same patterns.

Since PAF-AH is a PLA2, it is likely that the acyl chain at
position sn-2 is removed. Indeed, the mass difference between
the old and the new peaks (264 m/z) is consistent with the loss
of an oleic acid (Fig. 1C). To further confirm that the acyl
chain at position sn-2 was removed, we treated PnLTA with
two additional PLA2 enzymes (porcine pancreas and bee
venom PLA2) and examined the reaction products with a
MALDI-TOF mass spectrometer (Fig. 2) (44). Untreated
PnLTA showed the three major peaks, as before, although the
peak position shifted down by about 10 m/z units compared to

that shown in Fig. 1. PnLTA (250 �g/ml) was incubated with
PLA2 (50 �g/ml) in a buffer (160 mM HEPES [pH 7.4] and 10
mM CaCl2) for 24 or 48 h (17). Although the enzyme reaction
with these PLA2 enzymes was inefficient compared to that with
PAF-AH, the two PLA2 enzyme treatments produced new
peaks with 264 to 267 mass units less than those of the original
peaks (8,591 versus 8,324 m/z in Fig. 2C and 8,589 versus 8,325
m/z in Fig. 2D), as PAF-AH treatment did (Fig. 1B). A peak
with 7,006 m/z was found only in porcine-pancreas-treated
LTA (Fig. 2C). This peak corresponds to porcine pancreas
PLA2 with two charges (2). These findings lend further sup-
port to the concept that PAF-AH removed the acyl chain at the
sn-2 position of PnLTA.

PAF-AH does not deacylate 1,2-dipalmitoyl-phosphatidyl-
choline (DPPC) or lipoprotein. PAF-AH is known to remove
only short acyl chains, yet we observed deacylation of a long
acyl chain from PnLTA. Therefore, we reexamined our prep-
aration of PAF-AH for its ability to deacylate DPPC. As was
done for PnLTA, DPPC (250 �g/ml) was incubated with 10
�g/ml of PAF-AH at RT for 6 h, and the reaction mixture was
analyzed by TLC. By TLC, monoacyl phosphatidylcholine (Fig.
3A) can easily be distinguished from diacyl phosphatidylcho-
line (Fig. 3A) by the differences in their mobilities (Fig. 3A).
The reaction mixture did not show any monoacyl phosphati-
dylcholine. Thus, our preparation of PAF-AH does not deac-
ylate the long acyl chain associated with DPPC.

Bacterial lipoproteins have important pathogen-associated
molecular patterns, and they have two acyl chains on a cysteine
backbone (4). To investigate whether PAF-AH can deacylate
these acyl chains, we incubated a synthetic lipoprotein,
Pam3CSK4, with PAF-AH as we did for LTA. We examined
the alterations in the molecular structure by mass spectrome-
try. Two major peaks at 1,518 and 1,540 m/z correspond to
Pam3CSK4 and its sodium salt, respectively (18). Unlike what

FIG. 2. Mass spectra of PnLTA (250 �g/ml) before any reaction (A) and after reaction with 10 �g/ml of PAF-AH for 3 h at 37°C (B), porcine
pancreas PLA2 for 48 h at 37°C (C), and bee venom PLA2 for 48 h at room temperature (D). The molecular weight of porcine pancreas PLA2
is about 14,000 (2), and the peak at 7,006 m/z observed in panel C corresponds to the porcine PLA2 with two charge units.
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was observed for LTA, we did not observe any changes in the
molecular structure following the PAF-AH treatment (Fig.
3B). Thus, PAF-AH does not deacylate Pam3CSK4 and is
unlikely able to deacylate bacterial lipoproteins.

PAF-AH can be inactivated by heat or by addition of serine
protease inhibitors. The enzymatically active site of PAF-AH
responsible for PAF deacylation can be neutralized by heating
at 65°C (7) or by treatment with Pefabloc SC (100 �M) (8), a

serine protease inhibitor. To investigate whether the active site
of PAF-AH is responsible for deacylating LTA as well as PAF,
we investigated whether heating or Pefabloc SC treatment can
inactivate PAF-AH’s activity on the deacylation of PnLTA.
When PnLTA was incubated with PAF-AH at 37°C for 2 h, the
major peak shifted from 8,598 m/z (Fig. 4A) to 8,336 m/z (Fig.
4B), as expected. Similar changes were observed for other
peaks. However, such a change was not observed when

FIG. 3. (A) Thin-layer chromatogram of DPPC (lane 1), lyso-DPPC (lane 2), DPPC incubated with PBS (lane 3), and DPPC incubated with
PBS containing PAF-AH (10 �g/ml) (lane 4). DPPC and lyso-DPPC are labeled L-PtCho and lyso-PtCho, respectively. The concentration of DPPC
or lyso-DPPC was 250 �g/ml, and the incubation time was 6 h. (B) Mass spectra of a synthetic bacterial lipoprotein (Pam3CSK4, 250 �g/ml) before
(top panel) and after (bottom panel) a reaction with 10 �g/ml of PAF-AH for 6 h at 37°C. The two major peaks correspond to Pam3CSK4 (at 1,518
m/z) and its sodium salt (at 1,540 m/z) (18).

FIG. 4. Mass spectra of PnLTA before (A) and after reaction with 5 �g/ml of PAF-AH for 2 h (B, C, and D). PAF-AH was inactivated by
incubating it at 65°C for 2 h (C) or by incubating it with 100 �M of Pefabloc SC for 2 h at 37°C (D).
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FIG. 5. TNF-� production by mouse cells (left panels) and CD25 expression by human cells (right panels) in response to 50 �g/ml of PnLTA
(A and B), 3 �g/ml of StLTA (C and D), 0.2 �g/ml of Pam3CSK4 (E and F), and 0.1 �g/ml of LPS (G and H). To examine the effect of Pefabloc
SC itself, cells were stimulated with various stimulants (I and J): 50 �g/ml of PnLTA, 3 �g/ml of StLTA, 0.2 �g/ml of Pam3CSK4, and 0.1 �g/ml
of LPS in the presence (black bars) or absence (white bars) of 100 �� of Pefabloc SC. Mouse cells (RAW 264.7) were stimulated for 48 h, and
the TNF-� level was determined by enzyme-linked immunosorbent assay. 3E10-TLR2 cells were stimulated for 16 h, and CD25 expression was
determined by flow cytometry. The stimulants were treated with PAF-AH for 2 h at 37°C at the indicated doses and were incubated at 65°C for
2 h or with 100 �M of Pefabloc SC before stimulation.
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PAF-AH was preincubated at 65°C for 2 h (Fig. 4C) or was
incubated with 100 �M Pefabloc SC for 2 h at 37°C (Fig. 4D).
Thus, the active site of PAF-AH used for PnLTA is likely
identical to the active site used for PAF.

PAF-AH treatment alters the functionality of LTA from
PnLTA and StLTA. We have previously noted that a controlled
mild alkali hydrolysis produces monodeacylated PnLTA that
can stimulate human cells but not mouse cells (22). To deter-
mine if the PAF-AH-treated PnLTA behaves similarly, PnLTA
was incubated with different concentrations of PAF-AH for 2 h
at 37°C and treated with Pefabloc SC (100 �M) to stop the
PAF-AH activity. Pefabloc SC was not removed from the re-
action mixture because it does not affect TNF-� or CD25
production by target cells (Fig. 5I and J). We stimulated mouse
RAW 264.7 cells and human 3E10-TLR2 cells with the reac-
tion mixtures for 24 h. PAF-AH-treated PnLTA did not induce
RAW 264.7 cells to produce TNF-� (Fig. 5A) but induced
CD25 expression by 3E10-TLR2 cells (Fig. 5B). Completely
deacylated PnLTA did not stimulate either human or mouse
cells (data not shown).

Unlike PnLTA, the StLTA structure cannot be monitored
by mass spectrometry. We considered that PAF-AH may mo-
nodeacylate StLTA and that the resulting monoacyl StLTA
stimulates human cells but not mouse cells like PnLTA does.
To investigate whether PAF-AH also monodeacylates StLTA,
we incubated highly purified StLTA with PAF-AH and exam-
ined the biological properties of the resulting StLTA. As hy-
pothesized, StLTA treated with PAF-AH was able to stimulate
human cells (Fig. 5D) but not mouse cells (Fig. 5C), although
untreated StLTA stimulated both mouse and human cells (Fig.
5C and D, respectively). Completely deacylated StLTA pro-
duced by alkali hydrolysis did not stimulate either human and
mouse cells (data not shown). PAF-AH treatment did not alter
the capacity of another TLR2 ligand, Pam3CSK4 (200 ng/ml),
or a TLR4 agonist, lipopolysaccharide (100 ng/ml), to stimu-
late human or mouse cells (Fig. 5E to H); and low concentra-
tions of Pam3CSK4 (20 ng/ml) and LPS (10 ng/ml) were also
not altered by PAF-AH treatment (data not shown). Consid-
ering these data together, deacylation is specific for LTA and
PAF-AH can monodeacylate not only PnLTA but also StLTA.

DISCUSSION

Here we demonstrate that PAF-AH can remove an acyl
chain from PnLTA in a time- and concentration-dependent
manner, apparently using the enzymatic site used for PAF.
PAF-AH removed the acyl chain at the sn-2 position, as shown
by the size of the mass loss and also because two other PLA2
enzymes produced the same mass loss. Furthermore, PAF-AH
appears to be able to deacylate StLTA as well as PnLTA, since
PAF-AH treatment endows both LTAs with the characteristic
functional pattern of monoacyl LTA (22): activity against hu-
man cells but inactivity against mouse cells. The deacylation
appears to be specific for LTA, since PAF-AH did not remove
acyl chains from DPPC or Pam3CSK4, a model bacterial li-
poprotein.

PAF-AH has been shown to remove only short (four- to
six-carbon) acyl chains at the sn-2 position (35), although it can
remove a slightly longer acyl chain if carboxylic or aldehydic
groups are present at the � site (36). Since LTA has a very long

acyl chain (18 carbons) at the sn-2 position and lacks carboxylic
or aldehydic groups at the � end, our finding was therefore
totally unexpected. PAF-AH, unlike other PLA2 enzymes, re-
acts on substrates in solution but not those in micelles (28).
Perhaps PAF-AH can deacylate LTA, since a large portion of
LTA exists as free molecules in solution due to a large hydro-
philic repeating unit at the sn-3 position.

Inactivation of PAF has been considered to be the physio-
logical role of PAF-AH, but its physiological role may now
include degradation of LTAs from various gram-positive bac-
terial species. In support of this idea, we have observed that
culture supernatants of several gram-positive bacterial species
such as Streptococcus mutans and group B streptococcus be-
come unable to stimulate RAW 264.7 cells to produce TNF-�
following PAF-AH treatment (data not shown). Since we used
1 to 10 �g/ml for PAF-AH treatments and normal blood levels
of PAF-AH are about 1 �g/ml (32), blood should have enough
PAF-AH to inactivate biologically relevant amounts of LTA.
Indeed, plasma lipoproteins, which harbor PAF-AH in plasma
(28), have been shown to inactivate LTA in the presence of
lipopolysaccharide binding protein (9).

The importance of PAF in experimental sepsis is clearly
established. Injection of PAF can cause many symptoms asso-
ciated with sepsis (45). PAF levels are elevated and PAF-AH
levels decrease during clinical sepsis (32). PAF-AH was there-
fore considered a pharmacologic agent for reducing PAF and
treating bacterial sepsis. Recent clinical trials of PAF-AH,
however, did not show clear clinical benefits (32). We have
shown here that PAF-AH monodeacylates LTA, which is
shown to be important in an experimental model of gram-
positive bacterial sepsis in animals (20). Since about half of the
cases of bacterial sepsis are due to gram-positive bacteria (5,
16), one should consider deacylation of LTA to be another
pharmacological action of PAF-AH.

PAF-AH appears to use the same enzymatic site to deacyl-
ate PAF and LTA. Thus, LTA, if it is present at a high con-
centration, may interfere with the ability of PAF-AH to deac-
tivate PAF. LTA may be present in body fluids at high
concentrations for several reasons. LTA is easily shed from
bacteria, and early bacterial cultures in vitro can achieve LTA
concentrations of 1 �g/ml (1 �M) (42). Antibiotics such as
penicillin can kill a large number of bacteria and release their
LTAs as a burst (26, 29). Furthermore, bacteria and their
LTAs are confined to a small anatomic area during meningeal
or middle-ear infections. It would be interesting to study
whether LTA can function as a competitive inhibitor of PAF-
AH-inactivating PAF in these clinical situations.
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