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Lipoteichoic acid (LTA) is a macroamphiphile widely
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Previously, we showed that several minor macromo-
ecular glycolipids accounting for less than 5% of the
ipoteichoic acid (LTA) fraction from Enterococcus
irae ATCC 9790 possess cytokine-inducing activity,
hereas the purified LTA does not. In other words, the

mmunobiological activity of the LTA fraction re-
orted in the 1980s was not attributable to LTA itself,
ut to other glycolipids coexisting in the fraction. In
he present study, we improved the procedure of sep-
ration of the active glycolipids and evaluated their
ffects on cellular activation. The immunobiologically
ctive glycolipids were separated from the crude gly-
olipid fraction obtained by hot phenol-water extrac-
ion of the cells. The total yield of active glycolipids
as about fivefold higher than that separated by the
revious method. Interleukin-6-inducing activities of
he active glycolipids from 1,25-dihydroxy vitamin D3-
ifferentiated human monocytic leukemia cells,
HP-1, were inhibited by anti-CD14 mAbs in a dose-
ependent manner. Macrophages from Toll-like recep-
or (TLR)-2-deficient or -4-deficient mice completely
acked the ability to produce tumor necrosis factor-a
n stimulation with active glycolipids. These observa-
ions indicated that the cellular activation by the ac-
ive glycolipids from E. hirae is mediated by CD14 and
y both TLR2 and TLR4. © 2000 Academic Press

Key Words: CD14; Enterococcus; glycolipid; inflam-
atory cytokine; lipoteichoic acid; Toll-like receptor.

Abbreviations used: IL, interleukin; LBP, lipopolysaccharide bind-
ng protein; LTA, lipoteichoic acid; LPS, lipopolysaccharide; PGN,
eptidoglycan; TLR, Toll-like receptor; TNF, tumor necrosis factor;
HVD3, 1,25-dihydroxy vitamin D3.
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istributed on the cell surface of Gram-positive bacte-
ia. The structures of LTAs from various enterococcal
nd streptococcal species were studied in detail by
ischer et al. (1). In the 1980s, immunostimulating
ctivities of several LTAs such as cytokine-inducing
nd antitumor activities were reported (2–4). Since
hen, the LTA molecule itself has been believed to be
he main immunostimulatory component of Gram-
ositive bacteria. However, this may not be the case.
ukase et al. (5, 6) synthesized the fundamental struc-
ures proposed for LTAs of Enterococcus hirae. How-
ver, these synthetic compounds showed neither
ytokine-inducing nor antitumor activities (7). Re-
ently, we succeeded in separating the LTA fraction
rom E. hirae ATCC 9790 into small amounts (,5%) of
ytokine-inducing macromolecular glycolipids and an
nactive major component that accounted for over 90
t% (8). The structure of the latter inactive glycolipid
as identical to that proposed for LTA by Fischer (9).
hese results clearly indicated that the so-called LTA

s not responsible for the cytokine-inducing activity of
ram-positive bacteria. In our previous study, we eval-
ated the structure of one of the cytokine-inducing
lycolipids (10), but the essential minimal structure
esponsible for the activity has not yet been deter-
ined due mainly to the small amounts present. To

omplete their structural analysis, large amounts of
he active components are required.

Since sepsis caused by Gram-positive bacteria is a
erious problem (11), the mechanisms of activation of
mmune cells by cell-surface components of Gram-
ositive bacteria has been studied. Peptidoglycan
PGN) and LTA fractions were reported to stimulate
ytokine production in a CD14-dependent manner (12,
3). Recently, Schwandner et al. (14) demonstrated



that PGN and the LTA fraction induced human-
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erived cell activation mediated by Toll-like receptor 2
TLR2). In these studies, however, the LTA fraction, a
rude extract of bacterial cells, was used for the acti-
ation. As the LTA fraction of E. hirae consists of the
ajor, but non cytokine-inducing, LTA molecule and

ytokine-inducing minor glycolipids as described
bove, the corresponding LTA fractions from other bac-
eria may consist of similar components. Kusunoki et
l. (15, 16) reported the occurrence and partial purifi-
ation of a minor fraction from the LTA fraction of
taphylococcus aureus. They found that only the minor

raction stimulated cytokine production in the human
strocytoma cell line U373 in a CD14-dependent man-
er. They also reported that a purified LTA with no
ytokine-inducing activity bound to CD14 and antago-
ized the cytokine-inducing activity of lipopolysaccha-
ide (LPS). Our results and those reported by
usunoki indicated that the “nonpurified” LTA frac-

ion is not a suitable preparation for the study of cell
ctivation.
In this paper, we describe a modified separation
ethod for the cytokine-inducing active glycolipids

rom E. hirae and some new results regarding their
ffects on mammalian cells.

ATERIALS AND METHODS

Preparation of crude glycolipid fraction. E. hirae ATCC 9790 was
rown as described (9). Hot phenol-water extraction of delipidated
acterial cells, RNase-DNase digestion, and reextraction with hot
henol-water were performed as described (8).

Column chromatography. An anion exchange chromatography
ith a stepwise elution was performed on a Macro-Prep High Q

olumn (3 3 30 cm, Bio-Rad, Hercules, CA). The crude glycolipid (2.6
) was dissolved in 0.1 M acetate buffer (pH 4.5) containing 35%
-propanol and applied to the column equilibrated with the same
uffer. The column was eluted with 300 ml of the same buffer
ontaining stepwise increasing concentrations of NaCl (0, 0.05, 0.1
nd 1 M) at a flow rate of 60 ml/h. An anion-exchange chromatogra-
hy with a linear gradient was performed as described (9).
Hydrophobic interaction chromatography was performed on an
ctyl-Sepharose CL-4B column (2.5 3 30 cm, Amersham-Pharmacia,
ppsala, Sweden). HQ-A (54 mg) or HQ-B (76 mg) was dissolved in
.1 M formate buffer (pH 4.5) containing 15% 1-propanol and applied
o the column equilibrated with the same buffer. The column was
luted with a linear gradient of 1-propanol (15–60%) at a flow rate of
4 ml/h. Fractions of 6 ml were collected and analyzed for phospho-
us.
Gel filtration chromatography was performed on a Sephacryl

-200 HR column (1 3 23 cm, Amersham-Pharmacia). OSA-R (29
g) or OSB-R (26 mg) was dissolved in 0.2 M formate buffer (pH 4.5)

ontaining 30% 1-propanol and applied to the column equilibrated
ith the same buffer. The column was eluted with the same buffer at
flow rate of 20 ml/h. Fractions of 4 ml were collected and analyzed

or phosphorus.

Analytical procedure. SDS–PAGE was performed as described
8). Phosphorus was analyzed according to the previous paper (8).

Biological assays. The induction of inflammatory cytokines,
nterleukin-6 (IL-6), IL-18 and tumor necrosis factor-a (TNF-a), in
,25-dihydroxy vitamin D3 (DHVD3)-differentiated human mono-
ytic leukemia cells, THP-1, and determination of their level using
165
LISA were performed as described (17). Anti-human CD14 mono-
lonal antibodies (anti-CD14 mAbs), MY-4 (Coulter, Miami, FL) and
H-M1 (Santa Cruz Biotechnology, Santa Cruz, CA), and a synthetic

ipid A precursor (compound 406) (18) were used as inhibitors.
NF-a induction in murine peritoneal macrophages was performed
s described (19). Macrophages from wild-type, TLR2-deficient
TLR22/2) and -4-deficient (TLR42/2) mice were prepared as described
19, 20). Human soluble CD14 (sCD14) was isolated according to the
ethod of Sugawara et al. (21) using a monoclonal antibody (MY-4)

ffinity column. Limulus activity was measured with Endospecy Test
Seikagaku Co., Tokyo, Japan) as described (8). In all the biological
ssay, an LPS specimen from Escherichia coli O111:B4 (Sigma Co.,
t. Louis, MO) was used as a positive control.

ESULTS

The crude glycolipid fraction was obtained from
ried E. hirae ATCC 9790 cells according to the method
escribed (8). The crude glycolipid was subjected to
nion-exchange chromatography with stepwise elution
o give HQ-A, HQ-B, HQ-C and HQ-D in yields of 10,
0, 26 and 36%, respectively. As shown in Fig. 1, IL-6-
nducing activity was found only in the low anionic
ractions, HQ-A and HQ-B. Further fractionation of
ne of the cytokine-inducing fraction, HQ-A, was per-
ormed by hydrophobic interaction chromatography.
ased on the elution profile and IL-6-inducing activity

Fig. 2a), eluates were divided into the non-cytokine-
nducing pass-through fraction (OSA-P) and the
ytokine-inducing retained fraction (OSA-R). The
ields of these fractions were 87 and 6.4%, respectively.
SA-R was then subjected to gel filtration chromatog-

aphy. Based on the elution profile (Fig. 3a), eluates
ere collected to give a glycolipid, named HGL-A,

FIG. 1. IL-6 induction by HQ fractions, HQ-A (eluted with 0 M
aCl), -B (0.05 M), -C (0.1 M), and -D (1 M), from DHVD3-
ifferentiated THP-1 cells in the absence of serum. The DHVD3-
ifferentiated cells (1 3 106 cells/ml) were incubated in triplicate
ith test samples at 37°C for 24 h. The levels of IL-6 in the culture

upernatant were measured by ELISA. Data are means 6 SD of two
xperiments.
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uantitatively. Another cytokine-inducing fraction,
Q-B, was subjected to hydrophobic interaction chro-
atography (Fig. 2b) to give a path through (OSB-P,

4%) and retained (OSB-R, 14%) fractions. OSB-R was
hen subjected to gel filtration chromatography (Fig.
b) to give two glycolipids, named HGL-B1 (66%) and
GL-B2 (16%). The total yield of the active glycolipids
as ca. 0.1% based on dried bacterial cells.
HQ-C and HQ-D were combined and subjected to

ydrophobic interaction chromatography. The retained
raction (91% yield) was again subjected to anion-

FIG. 2. The elution profiles of HQ-A (a) and HQ-B (b) on an
ctyl-Sepharose CL-4B column (2.5 3 30 cm). The sample (HQ-A, 54
g; HQ-B, 76 mg) was dissolved in 0.1 M formate buffer (pH 4.5)

ontaining 15% 1-propanol, and applied to the column. The column
as eluted with a linear gradient of 1-propanol (15–60%) at a flow

ate of 24 ml/h. Aliquots of each fraction (6 ml) were analyzed for
hosphorus. IL-6-inducing activity of each fraction was tested using
HVD3-differentiated THP-1 cells in the absence of serum. The
HVD3-differentiated cells (1 3 106 cells/ml) were incubated in du-
licate with test samples at 37°C for 24 h. The levels of IL-6 in the
ulture supernatant were measured by ELISA. Data of IL-6 induc-
ion are means 6 SD of two experiments.

FIG. 3. The elution profiles of OSA-R (a) and OSB-R (b) on a
ephacryl S-200 HR column (1 3 25 cm). The sample (OSA-R: 29 mg,
SB-R: 26 mg) was dissolved in 0.2 M formate buffer (pH 4.5)

ontaining 30% 1-propanol, and applied to the column. The column
as eluted with the same buffer at a flow rate of 20 ml/h. Aliquots

rom each fraction (4 ml) were analyzed for phosphorus.
166
xchange chromatography with a linear gradient. Elu-
ions with high concentration of NaCl (0.6–1 M) were
ollected to give the high-anionic fraction in yield of
3%. From the similar properties in both hydrophobic
nd anion-exchange chromatographies to those of pu-
ified LTA previously determined (9), the high-anionic
raction can be thought to be purified LTA, even though
he structural characterization was only partially
one.
The Limulus activities of the purified glycolipids

HGL-A, -B1 and -B2) were at least 1027 times lower
han that of LPS. IL-6-inducing activity of the glyco-
ipids in DHVD3-differentiated THP-1 cells is shown in
ig. 4. No distinct difference in IL-6-inducing activity
mong the three glycolipids was observed. In the ab-
ence of serum, the activities of the glycolipids were
tronger than that of LPS. In the presence of serum
2% FCS), IL-6 production from the cells stimulated by
he glycolipids were slightly suppressed, whereas that
y LPS was significantly enhanced. As shown in Fig. 5,
he IL-6-inducing activity of HGL-B1 (1 mg/ml) was
nhibited by at least 1 mg/ml of the anti-CD14 mAbs

Y-4 and SH-M1. sCD14 (original concentration of
rotein was 130 mg/ml) also suppressed IL-6 produc-
ion (Fig. 6). The lipid A precursor compound 406 also
nhibited IL-6 induction over a dose of 10 mg/ml (Fig.
). HGL-B1 also stimulated IL-18 and TNF-a as well as
L-6 production by THP-1 cells, but the high-anionic
raction did not (Fig. 7). TNF-a induction by HGL-B1 in
acrophages from TLR22/2 or TLR42/2 mice was

trongly suppressed at all doses tested compared with
hose from wild-type mice (Fig. 8).

ISCUSSION

In our previous studies (8–10), separation of the
ytokine-inducing glycolipids was performed as fol-
ows: (i) the crude glycolipid fraction obtained from
acterial cells by hot phenol-water extraction was sub-

FIG. 4. IL-6 induction by the glycolipids of E. hirae from DHVD3-
ifferentiated THP-1 cells in the absence (a) or presence (b) of 2%
etal calf serum (FCS). The DHVD3-differentiated cells (1 3 106

ells/ml) were incubated in triplicate with test samples in the ab-
ence or presence of 2% FCS at 37°C for 24 h. The levels of IL-6 in the
ulture supernatant were measured by ELISA. Data are means 6
D of two experiments.
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ected to hydrophobic interaction chromatography to
ive the LTA fraction; (ii) the LTA fraction was then
ubjected to anion-exchange chromatography to give a
ytokine-inducing fraction and purified LTA; (iii) the
ytokine-inducing fraction was again subjected to hy-
rophobic interaction chromatography to give
ytokine-inducing glycolipids. The first step of the
bove protocol corresponds to the procedure described
or the separation of LTA itself (22). The bioactive
lycolipids were found to have much weaker anionic
roperties than LTA. Since a considerable amount of
ioactive glycolipids seems to be lost during the first
solation step by hydrophobic interaction chromatogra-

FIG. 5. Inhibitory effects of anti-CD14 mAbs, MY-4 and SH-M1,
nd a lipid A precursor compound 406 on IL-6 induction of HGL-B1
rom DHVD3-differentiated THP-1 cells in the absence of serum. The
HVD3-differentiated cells (1.3 3 106 cells/ml) were incubated in

riplicate with the mixtures of HGL-B1 and inhibitor at 37°C for
4 h. The levels of IL-6 in the culture supernatant were measured by
LISA. Data are means 6 SD of three experiments.

FIG. 6. Inhibitory effects of sCD14 on IL-6 induction of HGL-B1
rom DHVD3-differentiated THP-1 cells in the absence of serum. The
riginal concentration of sCD14 was 130 mg/ml. The DHVD3-
ifferentiated cells (1.3 3 106 cells/ml) were incubated in triplicate
ith the mixture of HGL-B1 and inhibitor at 37°C for 24 h. The

evels of IL-6 in the culture supernatant were measured by ELISA.
ata are means 6 SD of three experiments.
167
hy, this step was omitted in the present study: the
rude glycolipid fraction was directly subjected to
nion-exchange chromatography with a stepwise elu-
ion. As shown in Fig. 1, the IL-6-inducing activity was
nly present in the low-anionic fractions, HQ-A (0 M
aCl) and -B (0.05 M NaCl). HQ-A and -B were then

ubjected to hydrophobic interaction chromatography
eparately to give low-anionic and high-hydrophobic
L-6-inducing glycolipid fractions, OSA-R and OSB-R,
espectively. By this modified separation method, the
ractions were obtained in a yield about fivefold higher
han those separated previously.

OSA-R and OSB-R contained glycolipids with wide
olecular weight range (6000–15000 for OSA-R and

000–17000 for OSB-R, estimated by SDS–PAGE)
hich may be attributable to the diversity of lipids and
ifferences in numbers of repeating units and carbohy-
rate components. To separate the glycolipids on the
asis of its molecular weight, gel filtration column
hromatography was performed. OSA-R was eluted as
broad but single peak (Fig. 3a, named as HGL-A).

FIG. 7. Cytokine induction by HGL-B1 and the high-anionic
raction from DHVD3-differentiated THP-1 cells in the absence of
erum. The DHVD3-differentiated cells (1.3 3 106 cells/ml) were
ncubated in triplicate with test samples at 37°C for 24 h. The levels
f cytokines in the culture supernatant were measured by ELISA.
ata are means 6 SD of two experiments.

FIG. 8. TNF-a induction by HGL-B1 from murine macrophages.
eritoneal macrophages (5 3 104 cells/well) from wild-type, TLR22/2

r TLR42/2 mice were incubated in duplicate with HGL-B1 for 24 h.
he levels of TNF-a were measured by ELISA. Data are means 6 SD
f two experiments.
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hy procedure of different principle, the sample was
onsidered to contain a single kind of glycolipid which
as hydrophobically and ionically homogeneous.
SB-R was eluted as a broad peak with tailing on the

olumn and divided to HGL-B1 and HGL-B2 (Fig. 3b).
hough the molecular weight ranges of HGL-B1 and
GL-B2 were slightly different, they were considered

o be fundamentally homologous.
The cytokine-inducing activities of the glycolipids

HGL-A, -B1 and -B2) were tested in human monocytic
eukemia cells, THP-1, after differentiation by DHVD3

17). In these cells, the IL-6-inducing activities of the
lycolipids were almost equivalent to that of LPS (Fig.
a). The observed IL-6-inducing activities of the glyco-
ipids were at least 108 times higher than those of
ossible contaminating LPS based on the comparison
f their Limulus activity. Therefore, the IL-6-inducing
ctivities were concluded to be inherent characteristics
f the glycolipids themselves. Because no distinct dif-
erences in the IL-6-inducing activities and their chem-
cal composition (data not shown) among the three
lycolipids were observed, HGL-B1 was used as a typ-
cal glycolipid for the further biological experiment.

HGL-B1 also stimulated production of other inflam-
atory cytokines (Fig. 7). IL-18- and TNF-a-inducing

ctivities of HGL-B1 were nearly equivalent to those of
PS. On the contrary, the high anionic fraction, which
orresponds to purified LTA, did not stimulate produc-
ion of any inflammatory cytokines. These results in-
icated that the glycolipids from E. hirae act as an
nnate immune system stimulator.

The cellular activation induced by LPS is mediated
y LPS-binding protein (LBP), CD14 and the TLR fam-
ly. LBP in the serum binds to LPS and the LBP-LPS
omplex is recognized by CD14 (23), which may act as
helper or introducer to a signal transducing receptor

24). The TLR family was recently identified as a can-
idate for the signal transducing receptor of LPS (25,
6). Thus, the participation of these proteins in the
ellular activation induced by HGL-B1 was examined.
n the presence of serum (Fig. 4b), the activity of
GL-B1 was slightly suppressed, whereas that of LPS
as strongly enhanced probably because of an effect of
BP. This suggested that LBP or LBP-like binding
roteins are not involved in the cellular activation by
GL-B1. The weak suppressive effect of serum might
e explained that some serum factors such as antibod-
es or lectins bind to HGL-B1 and inhibit further bind-
ng to the relevant factors. Anti-CD14 mAbs, MY-4 and
H-M1, inhibited IL-6 induction dose-dependently

Fig. 5). Addition of sCD14 also decreased IL-6 induc-
ion (fig. 6). These results indicated that cellular acti-
ation by HGL-B1 is mediated by CD14. This coincides
ith the results reported by Kusunoki et al. (15, 16),

ndicating that a minor fraction separated from the
TA fraction of S. aureus activates the human astro-
168
ipid A precursor compound 406, an antagonist of LPS
n human cells (27, 28), also inhibited the IL-6 induc-
ion by HGL-B1 at higher dose (Fig. 5). No cytotoxic
ffect was observed at all by the addition of compound
06. Although the mechanism responsible for this in-
ibition is not clear, HGL-B1 and LPS may share the
ame receptor protein, CD14.
The participation of TLRs was examined using peri-

oneal macrophages from TLR22/2 or TLR42/2 mice (19,
0). In mice, TNF-a induction by LPS was reported to
e mediated only by TLR4 (20). In contrast, no TNF-a
nduction was observed by HGL-B1 stimulation in

acrophages of TLR22/2 or TLR42/2 mice up to a dose
f 100 mg/ml (Fig. 6). These observations indicated that
he cellular activation by the glycolipids from E. hirae
s mediated not only by TLR4 but also by TLR2
hrough a partially common but distinct pathway from
hat by LPS.

Several research groups reported a relationship be-
ween TLR family and cell components of Gram-
ositive bacteria in mice. Medwedev et al. (29) reported
hat LPS-hyporesponsive C3H/HeJ mice, which have a
ingle amino acid mutation in the cytosolic domain of
LR4 (30), respond normally to stimulation with prep-
rations from group B streptococci type III. Underhill
t al. (31) reported that murine RAW 264.7-derived
ells expressing a dominant negative mutant TLR2 did
ot respond to heat-killed S. aureus, but those express-

ng a dominant negative mutant TLR4 responded nor-
ally. Takeuchi et al. (20) reported that macrophages

f TLR42/2 mice were stimulated by S. aureus PGN,
hereas those of TLR22/2 mice were not. These obser-
ations suggested that cellular activation by some of
he components from Gram-positive bacteria (mainly
GN) is mediated only by TLR2 and not by TLR4. This
ay not be discrepant with the present results, since

o PGN was present in our glycolipid preparations.
In contrast, Takeuchi et al. (20) reported that com-
ercially available LTA fractions stimulated cytokine

roduction in macrophages of TLR22/2 mice, but not in
LR42/2 mice. Schwandner et al. (14) also reported that
ctivation of NF-kB not only by LTA fractions from S.
ureus and Bacillus subtilis but also LPS in human
mbryonic kidney HEK293 cells was dependent on the
xpression of human TLR2, but not TLR4. These result
eemed to be contradictory to those of the present
tudy, but the effects of contamination by other com-
onents must be taken into consideration because they
sed a “nonpurified” LTA fraction.
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