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Fig. 3. Kinetic Analyses of Low Affinity Compounds

(A) Sensorgrams, (B) dose response curve and (C) scatchard plot of QC. (D) Dose
response curves of QN, CQ, ThT, and TC.

CQ, respectively showed a similar monophasic pattern in
dose response curves, yielding K, of 1.1mM and 5.4mM
(Fig. 3D). These K, values, however, were of rough estima-
tion and might be a little underscored due to lack of the data
at concentrations of more than 1 mm. Unstable solubility of
the compounds at such high concentrations hindered further
analyses. '

On the other hand, ThT gave a linear dose—response curve
within a concentration of up to 1 mm and TC showed a bipha-
sic pattern (Fig. 3D). Therefore, the saturation levels and K,
values of these compounds could not be determined, indicat-
ing that these compounds have a very low or no affinity with
PrP121—231. Of them, TC is known to revert abnormal
physicochemical properties of PrPres in vitro,'® and interac-
tion between TC and human PrP 106—126 peptides is re-
vealed by NMR analysis.?® Their data appear to be inconsis-
tent with the data in this study. However, this discrepancy
might be attributable to the lack of a TC binding site in the
PrP121—231 used in our study.

Each sensorgram of high affinity compounds showed a
very slow dissociation phase and was individually character-
istic (Fig. 4). The structural and stoichiometric binding de-
tails of the compounds with PrP121—231 have not yet been
established, but CR or PcTS is a symmetrical molecule and
either half of the molecule has anti-prion activity (Doh-ura
K, unpublished data). Consequently, the K, value for the
compound was deduced after the data were fit to a binding
model assuming a bivalent analyte. The X, of CR was calcu-
lated to be 1.6 (M from the sensorgrams of 1, 2, 3.3 and 5 um
(¢*=20.9%2.1) (Fig. 4A). The K, of PcTS was calculated as
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Fig. 4. Kinetic Analyses of High Affinity Compounds

(A) Sensorgrams of CR at concentrations of 1, 2, 3.3 and 5 uM, and its Ky, value. (B)
Sensorgrams of PcTS at concentrations of 1, 5, 10, 50, 75 and 100 um, and its Xy, value.
(C) Sensorgrams of ThS at concentrations of 1, 2, 3 and 5 gg/ml, and its K, value could
not be calculated b of its mined structure and molecular weight.

18.1 um from the sensorgrams of 1, 5, 10, 50, 75 and 100 um
(*=28.1%2.9) (Fig. 4B). The K}, of ThS was incalculable to
an exact degree because it is presumed to be a mixture of
compounds formed by ‘methylation and sulfonation of
primulin; their structures and molecular weights have not
been determined.

Comparison between PrP Affinity and Anti-prion Ac-
tivity The ICy, value for the inhibition of PrPres formation
in ScNB cells, either previously reported or examined in this
study, was used as an anti-prion activity in this study. It was .
compared with the K or with the binding response. The lat-
ter, an index for estimating the interaction, was obtained
from the R,, value or the maximum response value at a con-
centration of 1 mm divided by the molecular weight (Table 1).

From data of all compounds except ThT, TC and ThS, sta-
tistical analyses demonstrated a significant linear correlation
between the reciprocal of binding response and the IC,,
(r=0.985, p=0.0005) (Fig. 5). This relation appeared to be
also observed in TC, but not in ThT showing the next highest
binding response to QC but no inhibition of PrPres formation
within a non-toxic dose range. However, ThT demonstrated
cell-toxicity at such a low dose as 0.05 um.

For ThS, assuming that its minimum molecular weight de-
duced from presumable structures was 520 Da, its binding re-
sponse was estimated to be 5.03 RU/Da; the IC,, was esti-
mated to be about 2 um, corresponding to about 1 tg/ml.
However, these values seem to be underestimates because
some constituents of ThS might interact with PrP121—231
or have inhibitory activity for PrPres formation. Therefore,
active constituents of ThS might be expected to inhibit
PrPres formation in ScNB cells at a submicromolar dose,
similar to the other high-affinity compounds.

Screening by SPR  Findings suggested that a compound
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Table 1. Binding Response, Dissociation Constant (X;,) and 50% PrPres Inhibition Dose in SCNB Cells (IC)
Compound Binding response? (RU/Da) K2 () IC,? (um)
Low-affinity

Quinacrine (QC) 0.25%0.00 1.1x0.1 03
0.9£0.1) @

Quinine (QN) 0.05%0.00 1.1+0.1 6.0
(1.4%0.1) an

Chloroquine (CQ) 0.07+0.01 54*1.6 4.0
(3.5%0.8) ©)]

Thioflavin T (ThT) 0.16+0.01 nd? No effect”?
(nd?)

Tetracycline (TC) 0.01%0.00 n.d.? No effect &
(n.d?)

High-affinity
Congo red (CR) 8.74+0.64 1.6+0.2X1072 1.5X1072
@
Phthalocyanine 1.82+0.06 18.1+0.2%1073 0.5
tetrasulfonate (PcTS) an
Thioflavin S (ThS) n.d.? n.d.? ca. 1 pg/ml

a) Binding response value was calculated from the R_, value divided by the molecular weight for QC, QN, CQ and CR, or from the response value at a concentration of 1 mm
divided by the molecular weight for ThT, TC and PcTS. b) K, values were determined by steady state analysis for the low-affinity compounds or by bivalent analyte model analysis
for CR and PcTS. K|, values from Scatchard plot analyses are shown in parentheses. c) IC,, values reported in the literature (reference shown in parentheses) or examined in this
study. d) n.d.: not determined because a saturation level could not be estimated. e) n.d.: not determined because its structure 2nd molecular weight were undetermined. /) Inhibi-
tion of PrPres formation was not observed up to a minimal toxic dose of 0.05 siM. g) Inhibition of PrPres formation was not observed up to a minimal toxic dose of 5.0 um.
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Fig. 5. Correlation between the Reciprocal of Binding Response and the
ICs,

The data were from five compounds in which both binding response and IC,, were
determined. Correlation showed a slope of 0.298, an intercept of —0.156 and a correla-
tion coefficient of 0.971 (p=0.002) by simple linear regression analysis.

capable of interacting with PrP121—231 might have a po-
tency of inhibiting PrPres formation in ScNB cells. To verify
this inference, several drugs were examined for either their
binding response using the SPR method or their ICy, in
ScNB cells. Eight clinically utilized drugs—carbamazepine,
diazepam, folic acid, phenytoin, promethazine, propranolol,
testosterone, and theophylline—all of which are low molecu-
lar weight compounds capable of crossing the blood brain
barrier and share a partial structure similarity with the anti-
prion compounds already reported, were examined and com-
pared with the four anti-prion compounds (QC, QN, CQ, and
ThT) (Fig. 6A).

Diazepam, promethazine and propranolol showed a higher
binding response value than QN, which was the lowest bind-
ing response compound among the effective anti-prion com-
pounds examined in this study. Among these, promethazine
or propranolol inhibited PrPres formation in ScNB cells
(propranolol: IC,,=0.7 uM; promethazine: I1C<5.0 um).
Promethazine has already been reported to have anti-prion
activity in ScNB cells,® whereas propranolol is a novel com-
pound that inhibits PrPres formation in ScNB cells. Di-
azepam apparently did not inhibit PrPres formation within a
non-toxic dose range up to 25 um (Fig. 6B). Inhibitory activi-

A Biniding reponse (RU/Da) ICso(uM)
0.00 005 010 0.15 020 025 0.30
Quinacrine 0.3
Thioflavin T No effect
Diazepam No effect
Promethazine <5.0
Propranolol 0.7
Chloroquine 4.0
Quinine 6.0
Carbamagepine No effect
Theophylline No effect
Folic acid No effect
Testosterone No effect
Phenytoin No effoct

B Propranolol

025

Fig. 6. Screening of Anti-prion Candidates Using the SPR Assay

(A) Binding response of each sample at 100 umM, and its IC,, of PrPres formation in-
hibition in ScNB cells within a non-toxic dose range. (B) Inhibition analyses of PrPres
formation in ScNB cells grown in the presence with propranolol or diazepam. Molecu-
lar sizes in kDa are shown at the left of each panel.

ties against PrPres formation in ScNB cells were not ob-
served for other drugs that had lower binding response values
than QN.

DISCUSSION

We demonstrated that most anti-prion compounds exam-
ined in this study interacted with PrP121-—231. The binding
response of the compounds correlated with the ICy, of PrPres
formation inhibition in ScNB cells. In addition, based on this
finding, we proved that this interaction analysis using the
SPR method was useful for screening to identify new candi-
dates of anti-prion compounds. Three different in vitro
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screening assays have been reported recently. One is yeast
based,?” one uses ScN2a cells,'” and the other is based on
fluorescence correlation spectroscopy.”® These assays are
suitable for high-throughput screening of large compound li-
braries to identify novel lead molecules. The SPR method re-
ported here, which easily assayed interactions between com-
pounds and PrP molecules within less than 3 min per com-
pound, is applicable to high-throughput in vitro assay for
screening of large compound libraries if more highly per-
forming SPR machines are used. The usefulness of this
method in screening for PrP binding ligands is also reported
very recently by other researchers.?’

Two chemicals, ThT and diazepam, showed hlgh binding
response but did not inhibit PrPres formation within a non-
toxic dose range. Of them, ThT exhibited very low or no
affinity with PrP121—231 but the next highest binding re-
sponse to QC. This suggests that ThT might interact with
PrP121—231 non-specifically. For diazepam, similar non-
specific interaction with PrP121-—231 might be occurred, or
the interaction might be specific but unrelated to conversion
to PrPres. These inferences, however, remain unsupported by
other experimental results obtained here.

On the other hand, such high-affinity compounds as CR
and PcTS showed large amounts of binding to PrP121—231.
One possible interpretation for this is that the compounds
might have two or more binding sites per molecule. In fact,
structure—activity relationship analysis for these symmetrical
compounds indicates that either half of the molecule has
anti-prion activity (Doh-ura K, unpublished data), and their
sensorgrams looked very similar to those of anti-PrP anti-
bodies (data not shown). The other is that the compounds
might self-assemble to interact with the PrP molecule. It has
long been known that CR and many other bis-azo dyes self-
assemble in water solutions, and this property is proposed to
associate with binding capability.3?

Instead of the full length of mouse PrP, a carboxy-terminal
domain of mouse PrP (PrP121—231) was used in the study
because of instability of the full length PrP during the experi-
ment. This carboxy-terminal domain is the only autonomous
folding unit of PrP with a defined three-dimensional struc-
ture'®?*2% and contains epitopes recognized by a majority of
antibodies bearing anti-prion activity.>' " Taken together
with our findings suggesting that most of anti-prion com-
pounds might exert their effects by interacting with this do-
main, targeting the carboxy-terminal domain should not nec-
essarily be either inefficient or inapproprate for looking for
new anti-prion compounds.

In conclusion, our study indicated that most anti-prion
compounds tested here interacted with and had an affinity for
recombinant PrP121—231. The SPR binding response to the
PrP121—231 correlated with the anti-prion activity in SCNB
cells. These observations will allow further discovery of new
classes of anti-prion compounds using the SPR assay.
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The varicella—zoster virus genome and the genes
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K - WIRHAB 7 £ )V R (varicella-zoster vi-
rus: VZV) i, H#ifG%E v 4 )V A (herpes sim-
plex virus: HSV) £ & b2 a ANV ARAT A VA
BRHUCET. 5074 WVABBEBIILL,
BETH R B IT ILER YR <, AEAEEHISERT 5.
VZV @ DNA X 1986 £, £BERFIPREI N
72750, HSV @ DNA & i3 RARBY 2 AHEAS R 72
ENd o7z in vitro, n vivo \ZBITSET A
VADWEDENEEZ DL, BRIETODLTH
REDEWENEEIIKRELEEELL LI
BEXEZELBRWV.

VZVICR HABOM R CH—DFFTET -
FraH ) FZETHASIN, BELoPnaE
o TERD, WIREEORETFHIZOFRD
HHIENRERINY. Z0LIRTIF
VORI BEREEZDLE, FOFHELD
BEESTFLANVTHEHRELIWER) DHBANIE
ThY, TOHFEMOMENEAfTOLR TS,
Fhod &, THETITHHLTWAEETF

EFDEYOBEREIZOWTEEEL 7.
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VZVHZ ) AlZe PANVRAYA NVZADOHRT
BH/MEL, A4 M ATOI AL VAOHEGD

125,000 3B E S DMK —AREDNATH 5. &
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Bt 1 @ terminal repeat long (TRL) & internal
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(TRL, IRL, UL %&b+ T L), terminal
repeat short (TRS) & internal repeat short(IRS)
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23D DNABZENEN T % TOHFEL, UL
AR AR Z Wb D1 6% LFELERW.

2. BIZFETOEY

#1EF % 22— F9 5 ORF(open reading frame)
By AoKRELY T1IER ETELESA
57 (R 2), ORF9A, ORF33.5, ORFS/L #
MzZ5ET4FEEE 2505, 4284534 bo
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Lipoteichoic acid (LTA) is a cell surface glycoconjugate of gram-positive bacteria and is reported to activate
the innate immune system. We previously reported that purified LTA obtained from Enterococcus hirae has no
immunostimulating activity, but a subfraction (Eh-AF) in an LTA fraction possesses activity. In this study, we
established a mouse monoclonal antibody neutralizing the activity of Eh-AF and investigated its inhibitory
effects. Monoclonal antibody (MAbEh1) was established by the immunization of BALB/c mice with Eh-AF,
followed by hybridoma screening based on its inhibitory effect for the production of interlenkin-6 (IL-6)
induced by Eh-AF. MABEh1 neutralized the production of IL-6 by LTA fraction from not only E. hirae but alse
Staphylococcus aureus, while it failed to block that of lipopolysaccharide, suggesting that the antibody recog-
nized a common active structure(s) in LTA fractions. Synthetic glycolipids in these LTAs did not induce
cytokine production, at least in our system. Interestingly, the antibody was found to inhibit the activity of
immunostimulating synthetic lipopeptides, Pam;CSK, and FSL-1. These results suggest that MAbEh1 neu-
tralizes the activity of lipoprotein-like compounds which is responsible for the activity of the LTA fraction of

E. hirae and S. aureus.

Lipoteichoic acid (LTA) is a macroamphiphile distributing
on the cell surfaces of gram-positive bacteria and is reported to
exhibit immunostimulatory and inflammatory activities. LTA
has been shown to have an antitumor effect (34, 36) and to
induce inflammatory cytokines, such as tumor necrosis factor
(TNF), interleukin-1 (IL-1), and IL-6 (3, 31, 33). Recent re-
search showed that such immunostimulatory activities of bac-
terial compounds were mediated by Toll-like receptor (TLR),
a type I transmembrane receptor for innate immune activation
(32). To date, more than 10 members of the TLR family have
been discovered and most of their ligands were identified:
TLR4 in combination with the adapter molecule MD-2 for
lipopolysaccharide (LPS)/lipid A, an outer membrane compo-
nent of gram-negative bacteria (21, 24); TLR9 for unmethyl-
ated CpG DNA (15); TLR3 and TLR7/8 for double- and
single-stranded RNA (1, 14); TLRS for bacterial flagellin (13);
and TLR2 subfamily (TLR1, -2, and —6) for bacterial li-
poprotein/lipopeptide (29, 30). LTA was also reported to be a
ligand of TLR2 (22).

The structures of LTAs have been well studied and pro-
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posed as a glycoconjugates generally composed of a glycolipid
anchor part, such as B-kojibiosyldiacylglycerol for Enterococcus
hirae and Streptococcus pyogenes and B-gentiobiosyldiacylglyc-
erol for Staphylococcus aureus, and a 1,3-linked poly(glycero-
phosphate) substituted by sugars and D-alanine at position 2 of
the glycerol (4). Previously, we attempted to determine a struc-
ture of the LTA responsible for these activities. Fukase et al.
prepared chemically synthetic glycoconjugates having funda-
mental structures of LTA from E. hirae and S. pyogenes and
their glycolipid anchor parts (5, 6). However, these synthetic
compounds exhibited no immunostimulating activities (28),
suggesting that the proposed structures are not responsible for
the activities. Thus, we reinvestigated the activity of LTA and
found that an LTA fraction extracted from E. hirae by using a
hot phenol (PhOH)-water method was able to be separated
into two subfractions, a small amount of cytokine-inducing
active fraction and an inactive major compound (27). Further,
we determined that the structure of the inactive compound was
identical to that of LTA (8). Those results suggested that the
contaminating minor components in LTA fraction were re-
sponsible for the immunostimulation.

Recently, a structure-function relationship of LTA from
Staphylococcus aureus has been reported. Morath et al. pre-
pared a purified LTA by using a butanol (BuOH)-water ex-
traction, followed by hydrophobic interaction chromatography,
and showed that the LTA itself induces cytokine production
(19). Further, those researchers synthesized an LTA counter-
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part and its glycolipid part and found that the counterpart
displayed activity similar to that of natural LTA and even
glycolipid possesses weak but distinct activity (20). From their
observations, the researchers concluded that LTA itself was a
potent immunostimulatory component in S. aureus. However,
their conclusion for S. aureus disagreed with our data for E.
hirae. One explanation for the contradictory results is an effect
of the differences in the LTA structure, e.g., kojibiosyl is the
backbone for glycolipid anchor in E. hirae LTA, whereas gen-
tiobiose is the backbone in S. aureus, and partially alanylated
oligoglucosyl is the substituent on glycerol at position 2 for E.
hirae, but p-alanyl and glucosaminyl substitutions are made in
S. aureus. This explanation may be supported by another re-
port which showed that LTA exhibited from Streptococcus
pneumoniae is 100-fold less potent than staphylococcal LTA
(7). Pneumococcal LTA has been reported to be composed
of a phosphocholine (PC)-linked tetraglycosylribitolphosphate
polymer and a triglycosyldiacylglycerol anchor (2). Differences
in extraction methods may be another possibility. Morath et al.
also mentioned the critical role of D-alanine content in an LTA
molecule from S. aureus (19), reporting that alkaline hydrolysis
of the active LTA resulted in a loss of alanine substituent in
LTA and reduced its activity. PhOH extraction of bacterial
cells also decreased alanine, but BuOH extraction prevented
alanine cleavage.

These interpretations might explain the inactivity of E. hirae
LTA but do not clarify our minor active components. There-
fore, we intended to reevaluate a principal compound respon-
sible for the activity in E. hirae. In the present study, we es-
tablished a mouse monoclonal antibody that neutralizes the
activity of an LTA fraction from E. hirae and investigated its
inhibitory effects for various bacterial stimuli.

MATERIALS AND METHODS

Bacterial compounds. Enterococcus hirae ATCC 9790 and Staphylococcus au-
reus DSM 20231 organisms were grown as previously described (27). The extrac-
tion of crude LTA fractions was performed using the BuOH-water method (19).
The crude fractions were treated with DNase and RNase to digest contaminating
nucleic acids and then subjected to hydrophobic interaction chromatography on
octyl-Sepharose CL-4B (Amersham Biosciences, Uppsala, Sweden), with a
batchwise elution using stepwise 1-propanol concentrations (15, 40, and 60%) as
described previously (8). Since LTA was eluted mainly with the 40% 1-propanol
fractions, these fractions were used as LTA fractions and designated Eh-Bu (for
E. hirae) and Sa-Bu (for S. aureus). The immunostimulatory active fractions
HGL-A, HGL-B1, and HGL-B2, previously prepared from the E. hirae LTA
fraction (9), were combined, and the resulting fraction (designated Eh-AF) was
used for immunization. Glycolipid anchors of LTA, B-kosibiosyldipalmytoylglyc-
erol for E. hirae (5) and B-gentiobiosyldipalmytoylglycerol for S. aureus (data not
shown), were synthesized. LPS from Escherichia coli O:111 was obtained from
Sigma-Aldrich (St. Louis, MO) and subjected to phenol reextraction by using
sodium deoxycholate (16). PC, phosphatidylethanolamine, and phosphatidylino-
sito] were also obtained from Sigma-Aldrich. Synthetic lipopeptides, Pam,CSK,,
0,0’-diacyl-type Pam,CSK,, FSL-1, N-monoacyl-type PamCSK,, and deacyl-type
dhCSK, were purchased from EMC Microcollections (Tibingen, Germany).
Monoclonal antibody for LTA was purchased from Biogenesis (Oxford, United
Kingdom).

Establishment of MAbEh1. A monoclonal antibody, MAbEh1, was established
according to standard methods. Briefly, BALB/c mice were immunized with
Eh-AF (0.25 mg/mouse) with Freund's complete adjuvant (Becton Dickinson,
Franklin Lakes, NJ) on days 0 and 21 and spleen cells obtained on day 24 were
fused with SP2/0-Agl4 myeloma cells. The hybridoma cells were cultured in
hypoxanthine-aminopterin-thymidine medium and subcloned by limiting dilu-
tion. Hybridoma-secreting antibody neutralizing Eh-AF activity was screened on
the basis of the inhibitory effect against the production of IL-6 in THP-1 cells
stimulated with 300 ng/m! Eh-AF, and an antibody was designated MAbEh1. The
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hybridoma was cultured in CD hybridoma medium (Invitrogen, Carlsbad, CA),
and the culture supernatant was used for the antibody stock solution. The stock
solution was then subjected to gel filtration chromatography on Bio-Gel ASm
(Bio-Rad, Hercules, CA) to give purified antibody. Isotyping of the antibody was
performed with a mouse monoclonal isotyping kit (Serotec, Oxford, United
Kingdom). Isotype control antibody was purchased from e-Bioscience (San
Diego, CA).

Cytokine assays. Human monocytic leukemnia cell line THP-1 was obtained
from the Health Science Research Resources Bank (Osaka, Japan) and cultured
in RPMI 1640 (Sigma) supplemented with 10% fetal bovine serum (FBS; MBL,
Nagoya, Japan), 50 pg/ml penicillin, and 50 pg/ml streptomycin. THP-1 was
differentiated with 10”7 M 1,25-dihydroxyvitamin D; for 3 days before use.
Human peripheral blood mononuclear cells (PBMCs) were obtained from hep-
arinized human peripheral blood collected from a healthy volunteer by density
gradient centrifugation using Histopaque-1077 (Sigma).

The cells were plated onto 96-well microplates at 1 X 10° cells in 100 pl of
RPMI 1640 with or without 10% FBS and stimulated with the indicated dose of
the test specimens in the presence or absence of MAbEhI for 24 h. Culture
supernatants were collected and analyzed by using an enzyme-linked immunosor-
bent assay (ELISA) kit for secreted IL-6 (R&D Systems, Minneapolis, MN) accord-
ing to the manufacturer’s instruction. The concentration of secreted IL-6 from cells
was determined using a standard curve of recombinant IL-6 prepared in each assay
and presented as the means * standard deviations (SD). Inhibitory effects of FBS
and MADbEhI were statistically evaluated by using Welch’s ¢ test.

Luciferase assays. Ba/F3 cells stably expressing p55IgkLuc, an NF-kB/DNA
binding activity-dependent luciferase reporter construct (Ba/xB), murine TLR2
and the p55IgkLuc reporter construct (Ba/mTLR2), and murine TLR4/MD-2
and the p55IgkLuc reporter construct (Ba/mTLR4/mMD-2) were kindly pro-
vided by K Miyake (Institute of Medical Science, University of Tokyo, Tokyo, -
Japan). NF-kB-dependent luciferase activity in these cells was determined as
follows. Cells were inoculated onto each well of a 96-well, flat-bottomed plate at
1 X 10° cells in 80 pl of RPMI 1640 supplemented with 10% FBS and stimulated
with the indicated concentrations of the test specimens. After 4 h of incubation
at 37°C in humidified air containing 5% CO,, 80 u! of Bright-Glo luciferase assay
reagent (Promega, Madison WI) was added to each well and luminescence was
quantified with a luminometer ARVO SX multilabel counter (Perkin Elmer,
Wellesley, MA). Results are shown as relative luciferase activity, which was the
ratio of stimulated activity to nonstimulated activity in each cell line.

Immune blotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(PAGE) was performed by the Tris-glycine method using a mini-PAGE chamber
AE-6530 and an AE-8450 power supply (ATTO, Tokyo, Japan) with a 15% gel.
Materials in the gels were transferred to a nitrocellulose membrane (Bio-Rad) by
using a semidry blotter AE-6677 (ATTO). For dot blot analysis, stimulus solution
was placed on a nitrocellulose membrane and dried in the air. The membranes
were incubated with blocking solution (3% nonfat milk in Tris-buffered saline
containing 0.05% Tween 20) for 12 h at 4°C and then with 1/100 of MAbEh1
diluted in the diluent (1% nonfat milk in Tris-buffered saline containing 0.05%
Tween 20) for 2 h at room temperature. The antibody was detected by incubation
in peroxidase-labeled second antibody (KPL, Gaithersburg, MD; 1/2,000 in the
diluent) for 2 h, followed by development using ECL (Amersham Bioscience).
Luminescence was recorded with a LAS-1000 luminescence analyzer (Fuji Film,
Kanagawa, Japan).

RESULTS

Preparation of LTA fractions. We previously separated
small amounts of immunobiologically active fractions from E.
hirae LTA fractions prepared by hot PhOH-water extraction
(27). However, the structural elucidation of an essential com-
pound(s) responsible for the activity was incomplete because
of the difficulty of further purification based on its small
amount. Recently, Morath et al. reported that an LTA fraction
obtained from S. aureus by using BuOH-water extraction, fol-
lowed by hydrophobic interaction chromatography, exhibited
higher activity than that obtained by the PhOH method (19).
Thus, we prepared LTA fractions by the BuOH method. E.
hirae and S. aureus bacteria were subjected to BuOH extraction
to give crude LTA fractions in yields of 1.5 to 2.1% and 1.6 to
2.6%, respectively. The crude extracts were digested with nu-
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FIG. 1. IL-6 production in human peripheral blood mononuclear cells induced by (A) Eh-Bu, (B) Sa-Bu, (C) Eh-AF, or (D) LPS in the
presence or absence of 10% FBS. Cells were stimulated with the indicated doses of stimuli for 24 h, and IL-6 production was determined by ELISA.
The results represent the mean values (*+ SD [error bars]) obtained from three independent experiments. P values against stimulj without FBS

are indicated. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

clease and then subjected to hydrophobic interaction chroma-
tography to obtain LTA fractions Eh-Bu (15 to 28%, yield
from crude LTA fraction) and Sa-Bu (12 to 27%). Both frac-
tions induced IL-6 production in PBMCs (Fig. 1). We previ-
ously demonstrated that II-6 production in THP-1 cells stim-
ulated with the active fraction was suppressed in the presence
of FBS (9). Thus, the effect of serum was investigated, and the
activities of Eh-Bu and Sa-Bu were found to decrease in the
presence of FBS in a manner similar to that with Eh-AF, an
. active fraction previously prepared from E. hirae LTA fraction
obtained by the PhOH method (Fig. 1). All of the fractions
activated Ba/mTLR2 cells, but Ba/m*TLR4/mMD-2 and nega-
tive control Ba/kB were not activated significantly (Fig. 2),
indicating no endotoxin contamination.

Establishment of MAbEh1. We constructed an antibody that
neutralized the activity of the fractions to evaluate a principal

compound responsible for the activity. Mouse hybridoma cells-

were established by the immunization of BALB/c mice with
Eh-AF. A hybridoma-secreting monoclonal antibody was
screened for a neutralizing effect against the IL-6-inducing
activity of Eh-AF in THP-1 cells. One hybridoma was found to
secrete a neutralizing antibody named MAbEhI. The culture
supernatant of the hybridoma cells in serum-free medium was
subjected to gel filtration chromatography, and a fraction con-
taining antibody was used for the solution of MAbEh1 (1.06
mg protein/ml). The isotype of the antibody was immunoglob-
ulin M (IgM). MAbEh1 suppressed the activity of up to 1
pg/ml of Eh-AF dose dependently (Fig. 3). The antibody, in
contrast, showed no inhibitory effect on the activity of LPS
(Fig. 3). These results showed that MAbEh1 specificaily sup-
presses the activity of the components in Eh-AF.

Nentralizing effects of MAbEh1. We next investigated the
neutralizing effect of MAbEhI. The antibody also inhibited the
activity of Eh-Bu and Sa-Bu (Fig. 4). These results suggest that
structures of active components in Eh-Bu and Sa-Bu are com-
mon ones in LTA fractions and are similar to those in Eh-AF.
Morath et al. reported that the glycolipid anchor in S. aureus
LTA induced the production of TNF-a in human whole blood
(19). Thus, we investigated the inhibitory effect on synthetic
glycolipid anchors of E. hirae and S. aureus. However, in our
assay system, neither glycolipid stimulated IL-6 production in
human PBMCs (Fig. 5A and B). We recently showed that
lipoproteins are predominant TLR2-activating ligands in S.
aureus cell wall components (11). Thus, the inhibitory effects of
MADEhL1 on the synthetic lipopeptides Pam;CSK, and FSL-1
were studied. The activities of both synthetic counterparts were
suppressed by the addition of the antibody dose dependently
(Fig. 6A). The activities were also decreased in the presence of
serum in a manner similar to those of Eh-AF, Eh-Bu, and
Sa-Bu (Fig. 6B and C). Further, MAbEh1 bound lipopeptides
Pam,CSK,, Pam,CSK,, PamCSK,, and FSL-1 in dot blot anal-
ysis, but not other lipids (Fig. 7A). The antibody for LTA also
failed to recognize these lipopeptides (Fig. 7B). These results
suggested that MAbEh1 inhibits the activity of a compound
containing lipopeptide structure.

DISCUSSION

LPS is a potent immunostimulatory compound in gram-
negative bacteria. Although LPS is known to activate cells
through TLR4, LPSs from some bacterial species have been
reported to exhibit activity via TLR2 in addition to TLR4 (17,
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FIG. 2. NF-«xB activation in Ba/kB, Ba/mTLR2, or Ba/mTLR4/
mMD-2 cells induced by Eh-Bu (A), Sa-Bu (B), and LPS (C). Cells
were incubated with the indicated doses of stimuli for 4 h. NF-«B
activation was measured with a luciferase assay. Results are shown as
relative luciferase activity, which was determined as the ratio of stim-
ulated to nonstimulated activity. -

25, 35). Recent research proved that some of the TLR2-acti-
vating components were contaminated with small amounts of
lipoproteins (10, 18). Lipoproteins are usually extracted from
bacterial cells by surfactants such as Triton X-114 (23). LPS,
which consists of a long hydrophilic polysaccharide and a hy-
drophobic lipid A anchor, may act as a surfactant. Since LTA
is macroamphiphile, LTA may also work as a surfactant to
extract lipoproteins from bacterial cells. In fact, we previously
demonstrated that the activity of an LTA fraction, a BuOH
extract, of S. aureus was not abrogated by hydrofluoric acid
(HF) hydrolysis but by the following treatment with lipoprotein
lipase, which cleaved acyl groups essential for the activity of
lipoprotein and reduced the activity, indicating a possibility of
the existence of lipoprotein in the LTA fraction (11). This
indicated that lipoprotein but not the LTA molecule is respon-
sible for the activity of LTA fractions. In the present study, we
further confirmed the evidence of lipoprotein contamination in
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FIG. 3. Inhibitory effects of MAbBEhIL or an isotype control anti-
body on IL-6 production in human peripheral blood mononuclear cells
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cated doses of stimuli and antibody for 24 h in the absence of FBS, and
IL-6 production was determined by ELISA. The results represent the
mean values (= SD [error bars]) obtained from three independent
experiments. P values against stimuli without antibody are indicated.
*, P < 0.05; **, P < 0.01; ***, P < 0.001.

LTA fractions of E. hirae in addition to those of S. aureus.
MADBEh1, which inhibited the immunostimulating activity of -
lipopeptides Pam,CSK, and FSL-1, decreased the activity of
the LTA fractions. This showed that lipoproteins were respon-
sible for the activity of minor compounds previously separated
from the LTA fraction of E. hirae (27).

We also characterized the binding affinity of MAbEhI. Dot
blot analysis showed that the antibody binds to the lipopeptides
triacylated Pam,CSK,, diacylated Pam,CSK, and FSL-1, and
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FIG. 4. Inhibitory effects of MAbEhI1 on IL-6 production in human
peripheral blood mononuclear cells stimulated with Eh-Bu or Sa-Bu.
Cells were stimulated with the indicated doses of stimuli and antibody
for 24 h in the absence of FBS, and IL-6 production was determined by
ELISA. The results represent the mean values (+ SD {error bars]) ob-
tained from three independent experiments. P values against stimuli with-
out antibody are indicated. *, P < 0.05; #*, P < 0.01; or #**, P < 0.001.
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presented as the means * SD.

monoacylated PamCSK,, but not to deacylated dhCSK, (Fig.
7A). The antibody did not bind to LPS or diacylglyceryl lipids
PC, phosphatidylethanolamine, and phosphatidylinositol (Fig.
7A). The lipopeptides were not visualized by an LTA antibody
which bound to Eh-Bu (Fig. 7B). These results indicated that
MABENh] recognized the N-terminal lipid moiety of lipopep-
tide. Unfortunately, both dot blot and Western blotting anal-
ysis of the lipoteichoic acid fraction using MADbEh]1 failed to
visualize any compound (data not shown), although the con-
tamination of lipoprotein in the fraction was expected by the
inhibition assay. This might be caused by its low concentration

in the fraction as suggested in our previous work (11, 27) .

and/or low affinity of IgM antibody. In contrast to the specific
binding, the inhibitory effect of MAbEh1 against not only k-

poteichoic fraction but also synthetic lipopeptides was only
partial (Fig. 3, 4, and 6). One interpretation for the partial
effect may be the low affinity of IgM. We also assumed another
possibility, which was that the inaccessibility of antibody to the
N-terminal recognition center of lipoprotein was due to the
incorporation into LTA micelles. Our previous observation,
that lipoprotein lipase digestion of lipoproteins existing in the
S. aureus LTA fraction (11) or the Porphyromonas gingivalis
LPS fraction (10; our unpublished data) is unsuccessful, sup-
ported our second assumption.

Previously, we determined that LTA from E. hirae was in-
active for the innate immune system (8). We also investigated
the effect of HF degradation of the LTA fraction derived from
S. aureus (11). Since HF cleaves the phosphodiester bonds in
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FIG. 6. (A) Inhibitory effects of MAbEh1 on IL-6 production in human peripheral blood mononuclear cells stimulated with synthetic
lipopeptides Pam,CSK, (Pam3) or FSL-1. Cells were stimulated with the indicated doses of stimuli and antibody for 24 h in the absence of FBS.
(B and C) IL-6 production in human peripheral blood mononuclear cells stimulated with (B) Pam,CSK, or (C) FSL-1 in the presence or absence
of 10% FBS. IL-6 production was determined by ELISA. The results represent the mean values (= SD [error bars]) obtained from three
independent experiments. P values against stimuli without antibody or FBS are indicated. *, P < 0.05; **, P < 0.01; *»*, P < 0.001.
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FIG. 7. Dot blot analysis against lipopeptide derivatives and other
lipids with (A) MAbEh1 or (B) antibody for LTA. The indicated doses
of stimuli were blotted onto a nitrocellulose membrane. The mem-
branes were blocked with nonfat milk and incubated with MAbEh1.
The bound antibody was detected with peroxidase-labeled second an-
tibody using ECL reagents.

polyglycerophosphate, a hydrophilic part of LTA, most of the
molecular mass of LTA is decomposed into small components,
such as phosphate, glycerol, and phosphoglycerol (4). After HF
degradation, no Alcian blue-stained band was found in the
sodium dodecyl sulfate-PAGE gel, showing the complete de-
composition of LTA. The treatment, however, did not abro-
gate the activity of the LTA fraction. Further, we showed that
glycolipid parts of LTA for E. hirae and S. aureus were both
inactive (Fig. 5). These results suggest that LTA itself was not
an active molecule. However, we have not confirmed that nat-
ural LTA from S. aureus was immunobiologically inactive since
a selective deletion of lipoprotein was not achieved. It was
reported that S. aureus LTA was not separated into active and
inactive fractions by the hydrophobic interaction and anion-
exchange chromatographies which were used for the separa-
tion of E. hirae LTA (20). Direct lipoprotein lipase digestion of
the LTA fraction was not successful (11), probably because
contaminated lipoproteins may be incorporated.into LTA mi-
celles and the enzyme was not able to approach them. The
reextraction of the natural LTA from S. aureus with PhOH
containing deoxycholate, which was used for the extraction of
contaminated lipoprotein from LPS (16), was also unsuccessful
(data not shown). Since the reextraction method was also in-
effective in some cases, such as for the extraction of lipoprotein
from Porphyromonas gingivalis LPS (10, 16), it may be consid-
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ered that the micellation of lipoprotein with LTA is very tight.
Recently, we demonstrated that LTA from a lipoprotein diacyl-
glycerol transferase deletion mutant of S. aureus, which con-
tains no detectable lipoproteins (26), is 100-fold less active
than that from the wild type (12). This result indicated that
most of the activity of LTA fraction appears to be caused by
lipoproteins. The identification of active lipoprotein species -
and the determination of chemical structure of compounds
responsible for the residual activity in mutant LTA fraction are .
required for further understanding of biological activity of
LTA molecule.

In conclusion, we established a monoclonal antibody that
neutralizes the activity of natural LTA and demonstrated that
the monoclonal antibody also blocked the activity of lipopep-
tides. These results strongly suggest that MAbEhI neutralizes
the activity of lipoprotein-like compounds existing in the nat-
ural LTA fraction from E. hirae and S. aureus.
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Signals from intra-abdominal fat modulate insulin and leptin
sensitivity through different mechanisms: Neuronal
involvement in food-intake regulation
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Summary

intra-abdominal fat accumulation is involved in development of the metabolic syndrome, which is associated with insulin
and leptin resistance. We show here that ectopic expression of very low levels of uncoupling protein 1 (UCP1) in epididymal
fat (Epi) reverses both insulin and leptin resistance. UCP1 expression in Epi improved glucose tolerance and decreased food
intake in both diet-induced and genetically obese mouse models. In contrast, UCP1 expression in Epi of leptin-receptor mu-
tant mice did not alter food intake, though it signifi cgn_tly decreased blood glucose and insulin levels. Thus, hypophagia in-
duction requires a leptin signal, while the improved__insulin sensitivity appears to be leptin independent. In wild-type mice,
local-nerve dissection in the epididymis or pharmacological afferent blockade blunted the decrease in food intake, suggest-
ing that afferent-nerve signals from intra-abdominal fat tissue regulate food intake by modulating hypothalamic leptin sen-

sitivity. These novel signals are potential therapeutic targets for the metabolic syndrome.

I_ntroduction

The explosive increase in obesity has become a major public
health concern in most industrialized countries (Flier, 2004;
Friedman, 2003). insulin resistance is a fundamental contributor
to the metabolic syndrome associated with type 2 diabstes,
hypertension, hyperlipidemia, and atherosclerosis. Major ad-
vancements in this field include the discoveries of adipocyte-
- derived humoral factors, such as leptin (Friedman and Halaas,
1998). Leptin conveys energy-storage information from adipose
tissue to the central nervous system, leading to food-intake
suppression. However, in patients with ordinary obesity, serum
leptin levels are increased in proportion to body fat (Considine
et al., 1996), but the responses to leptin are impaired (Heyms-
field et al., 1999), which defines a state of leptin resistance. Lep-
tin resistance also contributes to the development of obesity
and obesity-related metabolic disorders.

Fat accumulation in intra-abdominal fat tissue is involved
in development of the metabolic syndrome (Bjorntorp, 1992;
Matsuzawa et al., 1995) associated with insulin and leptin resis-
tance (Friedman, 2003). Therefore, in this study, to examine
whether the metabolic changes in intra-abdominal fat tissue af-
fect insulin and leptin resistance as well as systemic glucose
metabolism, we attempted to express uncoupling protein 1
(UCP1), which functions to dissipate energy as heat (Klingen-

berg and Huang, 1999),in epididymal fat tlssue (Ep”) in mice

“-with obesity and dlabetes

sults and dlscusswn

_C57BL/6 mice were subjected to direct injection of the UCP1

adenovirus vector into Epi (UCP1 mice) after the development
of diabetes associated with obesity in response to high-fat
chow preloading for 4 weeks. Mice given the LacZ adenovirus
were used as controls (LacZ mice). Immunoblotting detected
adenovirus-mediated UCP1 expression in Epi (see Figure S1A
in the Supplemental Data available with this article online), and
this expression was restricted to Epi (Fig. S1A). UCP1 expres-
sion in Epi was detectable on the first day after adenoviral injec-
tion and was increased on day 3 but had fallen to very low levels
by day 7 (Figure S1B). However, expression levels were far
below those of endogenous protein in BAT: on day 3, approxi-
mately 5% per unit weight protein (Figure S1B). UCP1 expres-
sion was restricted to very limited portions of the tissue (left
panel of Figure 1B). Judging from the intensity of immunostain-
ing, UCP1 expression levels in UCP1-expressing white adipo-
cytes did not reach those in brown adipocytes {right panel of
Figure 1B). UCP1-expressing adipocytes were significantly
smaller than UCP1-nonexpressing adipocytes in the same tis-
sue (Figure 1C), suggesting enhanced metabolism in the former.
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Figure 1. UCP1 expression in Epi improved glucose
A} Immunoblotting, with anti-UCP1 antibody, of Epi
extracts from LacZ and UCP1 mice on day 3 after
adenoviral administration.

B) Immunohistochemistry, with anti-UCP1 antibody;
of Epi (left panel) and BAT (right pansl) sections from
a UCP1 mouse on day 3 after adenoviral administra-
tion. These two samples were immungostained undes
the same conditions.

C) Diameters of UCP1-nonexpressing (gray bar) and
UCP1-expressing (hatched bar) adipocytes in Epi
from UCP1 mice on day 3 after adenoviral adminis-
tration.

D-J) Epididymal fat weights (D)., body weights (E),
resting oxygen consumption during fight and dark
phase (F), and metabolic parameters (G-J) of LacZ
mice (black bars) and UCP1 mice (white bars} on
day 3 after adenoviral administration. Glucose-
tolerance (G) and insulin-tolerance tests (H) were
performed on day 3. Data in (H) are expressed as

" percentages of the blood glucose levels immediately

before intraperitoneal insutin loading. Serum insufin
levels () and serum lipid parameters ([J]; left: total
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We further confirmed enhanced metabolism by adenoviral
UCP1 expression using 3T3-L1 adipocytes. UCP1 expression
decreased intracellular ATP concentrations (Figure S1C) and in-
creased levels of peroxisome proliferator-activated receptor y
coactivator (PGC) 1a and cytochrome ¢ expression (Figure S1D).
Thus, exogenous UCP1 was functionally active, resulting in in-
creased mitochondrial biosynthesis in adipocytes.

However, neither total Epi weights nor body weights differed
between LacZ and UCP1 mice on day 3 after adenoviral admin-
istration (Figures 1D and 1E). Oxygen consumption was not af-
fected by UCP1 expression in Epi during either the light or the
dark phase (Figure 1F), also reflecting the very limited UCP1 ex-
pression. Therefore, to avoid the secondary effects of body-
weight change, we analyzed metabolic parameters on day 3.
To our surprise, however, even very limited UCP1 expression
in Epi resutlted in marked changes in metabolic phenotype.

cholestero!, middle: triglyceride, right: free fatty

acids) were measured after a 10 hr fast (n = 6 per

group). Data are presented as means £ SD{n = 6
* per group). *p < 0.05 by unpaired t test.
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Glucose- and insulin-tolerance tests indicated marked im-
provements in glucose tolerance and insulin sensitivity (Figures
1G and 1H). Fasting blood glucose (Figure 1G) and insulin (Fig-
ure 11} levels were significantly lower in UCP1 mice, further con-
firming improved insulin sensitivity. In addition, serum lipid
parameters, including triglycerides and free fatty acids (Fig-
ure 1J), were also improved with UCP1 expression in Epi:
Thus, limited regional expression of UCP1 in Epi markedly im-
proved systemic insulin resistance, resulting in improvement
of diabetes and dyslipidemia.

Next, we measured serum adipocytokine levels (Figure 2A).
Adiponectin and tumor necrosis factor a levels were not signifi-
cantly altered. In contrast, serum leptin was markedly de-
creased, by 46%, with UCP1 expression in Epi. Although in-
tra-abdominal fat-tissue weights were unaltered or only very
slightly decreased in UCP1 mice (Figure 1D and Figure S1E),
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