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earlier study (23). In addition, it has not yet been fully clarified
in which pathological conditions or in which types of disease
this protein is implicated, although available evidence suggests
that Prx-4 plays a role in ER stress and the oxidative folding of
proteins in the ER (24,25). To extend the clinical usefulness of
Prx-4, a more quantitative assay is required to determine and
compare Prx-4 levels in various mammalian tissues.

In this study, we report on the preparation of a specific
polyclonal antibody by immunization of a rabbit with a puri-
fied recombinant Prx-4, which was previously described (26).
An enzyme-linked immunosorbent assay (ELISA) was then
developed to quantitatively determine its levels in tissues and
to investigate alterations of its levels in association with certain
pathological conditions using animal models. The findings
suggest that the serum level of Prx-4 is associated with the
pathological state of the liver and may be of potential value for
monitoring oxidative stress in the liver.

Materials and methods

Cell culture. The rat cell lines used in this study were main-
tained at 37°C in RPMI-1640 (AH66 cells), Eagle's MEM
(WB-F344 and RLN-10 cells) and DMEM (RLC-16 cells), all
of which were supplemented with 5 or 10% fetal bovine serum,
streptomycin and penicillin, under an atmosphere of 5% CO,
in humidified air.

Animals. Male Wistar rats were purchased from Japan SLC
Inc. (Hamamatsu, Japan) at the age of 6 weeks, and Long-Evans
Cinnamon (LEC) rats and Sprague-Dawley (SD) rats were
obtained at the age of 18 weeks from Charles River Japan, Inc.
(Yokohama, Japan). The rats were maintained under specific
pathogen-free conditions at a constant temperature of 20-22°C
with a 12-h light/dark cycle. The Wister rats were injected with
a single dose of 50 mg/kg streptozotocin (Sigma) to induce
diabetes. In the LEC rats, serum alanine transaminase (ALT)
and aspartate transaminase (AST) activities were determined
using a transaminase assay kit (Wako Pure Chemicals) to
verify the occurrence of hepatitis. Animal handling and
care were conducted under the protocol approved by the
Institutional Animal Research Committee of Saga University.

Expression and purification of recombinant rat Prx-4.
Preparation of the recombinant Prx-4 protein was conducted
as previously described (26). The recombinant protein was
obtained from the extract of the Sf21 cells that had been
infected with a recombinant baculovirus encoding a signal
peptide-truncated form of rat Prx-4. The enzyme was purified
by two successive cation exchanges and gel filtration column
chromatographies, following polyethyleneimine precipitation.
As previously described (26), the recombinant protein was
enzymatically active and homogeneous.

Preparation and biotinylation of rabbit anti-Prx-4 IgG. A
total of 500 ug of the purified rat Prx-4 was emulsified in
Freund's complete adjuvant and injected intracutaneously into
the dorsal skin of a female rabbit. Another 500 pg of protein in
incomplete adjuvant were subcutaneously injected dorsally at
two-week intervals. Antiserum was obtained three weeks after
the final booster injection. The IgG fraction was prepared from
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the antiserum by ammonium sulfate precipitation and subse-
quent column chromatography using Protein A Sepharose
Fast Flow (GE Healthcare). Biotinylation of the antibody
was conducted using N-hydroxysuccinimide-biotin (Pierce),
according to the manufacturer's instructions.

Electrophoresis and immunoblot analysis. After the protein
samples were separated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), they were
electrophoretically transferred onto a polyvinylidene fluoride
membrane (Millipore). The membrane was blocked by treat-
ment with 1% skimmed milk in phosphate-buffered saline
(PBS) and reacted with the polyclonal rabbit antibody. After
washing, the membrane was incubated with a horseradish
peroxidase-conjugated antibody against rabbit IgG. Following
washing, the reactive protein bands were visualized using an
ECL Advance Western Blotting Detection kit (Amersham).

ELISA. The 96-well microtiter plates (Maxisorp, Nunc) were
pre-coated with rabbit polyclonal IgG against rat Prx-4. The
IgG solution was diluted in 50 mM NaHCO, (pH 9.6) to
50 pg/ml and added to the wells. The plates were incubated
overnight at 4°C and were then blocked by 1% bovine serum
albumin (BSA) after washing with PBS. A total of 50 ul of
the appropriately diluted samples were added in duplicate
to the wells of the plates, followed by incubation at room
temperature for 2 h. Biotinylated anti-rat Prx-4 rabbit IgG
was added to the plates, and the plates were then allowed
to react at room temperature for 1 h. The plates were then
incubated at room temperature for 30 min after adding horse-
radish peroxidase-conjugated streptavidin to the wells. The
plates were washed five times with PBS-Tween-20 (PBS-T)
after each step. Detection was performed using a solution of
1 mg/ml o-phenylenediamine as the substrate with 0.015%
H,0, in 0.1 M citrate-phosphate buffer (pH 5.4). The absor-
bance at 490 nm was measured using a microtiter plate reader
(Bio-Rad).

Tissue sample preparation for immunoblot analysis and
ELISA. The rats were sacrificed after appropriate periods of
time, and then the tissues were obtained and stored at -80°C
until use. The tissues were homogenized with a Dounce
homogenizer in a lysis buffer of 20 mM Tris-HCI, 150 mM
NaCl, 5 mM EDTA, 1% (v/v) Nonidet P-40, 10% (v/v) glycerol,
1 mM phenylmethylsulfonyl fluoride, 2 pg/ml aprotinin and
5 pg/ml leupeptin (pH 7.4)

Protein determination. Protein contents were determined
using a Bradford protein assay kit (Pierce). BSA was used as
the standard.

Statistical analysis. Data were analyzed using the t-test and
the results are expressed as the means + standard deviation
(SD). P<0.05 was considered to indicate a statistically signifi-
cant difference, unless otherwise stated.

Results

Antibody raised against native Prx-4 protein. In earlier
studies, specific antibodies have been prepared using an
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inactive denatured polypeptide or a synthetic polypeptide as
the antigen (21,23,27). The use of the native form of a protein
can occassionally prove more benificial for immunization. For
example, when an antibody that effectively recognizes a native
protein is desired, the latter is recommended. Thus, the enzy-
matically active recombinant Prx-4 was purified and used as
the antigen to immunize rabbits in this study. The anti-Prx-4
IgG was purified from antiserum obtained from the immu-
nized rabbits. The specificity of the antibody was verified using
immunoblot analysis of several rat tissues (Fig. 1). All samples
examined displayed identical protein bands corresponding
to a signal peptide-processed form, with the exception of
the testis; consistent with a previous study using a different
antibody which was raised against a bacterially produced
antigen (21,27). No other bands that could correspond to other
Prx isoforms with different molecular masses were detected,
thus indicating that the specificity of this antibody was suffi-
cient. The results were in accordance with data reported in
a previous study, and demonstrated that the protein levels of
Prx-4 were relatively higher in the testis, pancreas and liver.

ELISA for Prx-4 and examination of tissue distribution.
Although in a previous study, we examined tissue distribution
of Prx-4 in rats, the protein levels were roughly estimated by
immunoblot analysis (21). In order to more quantitatively esti-
mate the levels of Prx-4 in tissues, we developed an ELISA
using the aforementioned antibody. This ELISA involved
the immobilized antibody, the biotin-labeled antibody and
HRP-conjugated streptavidin, as described in detail in the
Materials and methods section. A typical calibration curve
for the standard samples is shown in Fig. 2A. As indicated,
this assay enabled us to optimally estimate the levels in the
range between 0.1 and 10 ng/ml. The re-assessment of the
tissue distribution using ELISA was essentially consistent
with the results obtained by the immunoblot analyses, as
described above, as well as in the previous study. As shown
for normal control rats in Fig. 2B, the expression of Prx-4
was significantly higher in the pancreas, liver and testis. The
higher expression of Prx-4 in the pancreas and liver may be
associated with the possible role of this protein in the oxida-
tive folding of secretory proteins in the ER.

Prx-4 levels in the tissues of streptozotocin-induced diabetic
rats. The issue of whether or not Prx-4 is implicated in diseases
of the pancreas and liver has not yet been fully investigated;
thus we examined the levels of Prx-4 in certain pathological
states using animal models. Eight-week-old Wistar rats were
treated with streptozotocin to induce severe diabetes. The
occurrence of the disease was verified by high blood sugar
levels and the production of urinary sugar. Measurements of
blood sugar indicated levels of 130+35 and 440+67 mg/dl for
the control rats and streptozotocin-treated rats, respectively
(P<0.01, t-test; n=3 for each group). The protein levels of
Prx-4 were determined by ELISA in various tissues of the
control and diabetic rats. As shown in Fig. 2B, although a
slight decrease in the Prx-4 level was observed in the liver and
pancreas, there was no statistically significant difference in all
tissues examined. The mean serum level values of the proteins
were estimated to be 1.7 and 2.2 ng/ml in normal and diabetic
rats, respectively. However, a statistical analysis indicated no
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Figure 1. Immunoblot analysis of rat tissues with anti-rat Prx-4 antibody. A
total of 50 pg of proteins from a tissue homogenate were loaded per lane in
SDS-PAGE. Data for skeletal muscle, testis and thymus (right three lanes)
are presented by a different gel from that of the other data. "Unidentified
protein band reactive for the antibody in the immunoblot, possibly due
to being denatured, but not detected in the ELISA. Prx, peroxiredoxin;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
ELISA, enzyme-linked immunosorbent assay.
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Figure 2. ELISA for rat Prx-4 and tissue distribution in normal and dia-
betic rats. (A) A linear portion of the standard ELISA curve is shown.
Superimposed is the overall standard curve for a wider range. (B) Tissue
distribution in normal and streptozotocin-induced diabetic rats. Closed
and open columns represent data for normal and diabetic rats, respectively.
ELISA, enzyme-linked immunosorbent assay; Prx, peroxiredoxin.
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Figure3. Prx-4levels and transaminase activities in LEC rats. Levels of Prx-4inthe (A) liver and (B) serum were assayed in LEC rats compared with the control SD
rats. Serum transaminase activities of (C) AST and (D) ALT were also determined in the two rat strains. Serum Prx-4 levels are significantly different between
LEC and 8D rats (P<0.01, n=5 for each group), but no statistical significance was observed for the liver Prx-4 or for serum transaminases. Prx, peroxiredoxin;
LEC, Long-Evans Cinammon; SD, Sprage-Dawley; AST, aspartate transaminase; ALT, alanine transaminase.
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Figure 4. Prx-4 levels in various cell lines derived from rat liver and effects of an oxidant and a reductant on the secretion. (A) Prx-4 contents in cells were
determined for various rat cell lines. (B) Secreted Prx-4 was estimated by evaluating the levels in the medium, and the data are expressed as the relative value to
the contents in the cells. (C and D) Effects of 0.05 mM H,0, and 5 mM N-acetyl cysteine (N-Ac-Cys) on the secretion of Prx-4 were examined in RLN-10 cells.
Prx-4 contents in cells and medium were assayed 24 h after the addition of these agents. "Significant difference compared to controls (P<0.05). Prx, perioxiredoxin.

significant difference despite a tendency toward an increase
caused by the streptozotocin treatment.

Alteration of Prx-4 levels in hepatic disease model rats.
Another animal model, which has been used for liver disease,
is the LEC rats (28). LEC rats are frequently used as a Wilson's
disease animal model for which a genetic defect was found in
the copper transporter ATPase gene, Atp7b (29,30). The rats
exhibit abnormal copper accumulation in the liver, and suffer
from the development of hepatitis and hepatocarcinogen-
esis (31). Prx-4 levels were determined in the livers and sera
of 24-week-old LEC rats. SD rats of the same age were used
as the healthy controls. The LEC rats appeared to be healthy
in this study, and did not appear to suffer from hepatitis, as
also indicated by ALT and AST assays (Fig. 3C and D). When
the serum levels of Prx-4 were determined, however, the data
indicated that the levels in the LEC rats were significantly less
than those in the normal rats (Fig. 3B). On the other hand, in
contrast to the serum levels, LEC rats demonstrated a trend

toward a higher level in the liver, compared to the controls,
although no statistically significant difference was observed
for Prx-4 levels in the liver (Fig. 3A).

Expression of Prx-4 in rat hepatic cell lines and effects of
redox stress on secretion from cells. As suggested by the lower
levels of serum Prx-4 in LEC rats, it appeared likely that the
redox state affects the release of Prx-4 from the cells since
it is well-known that an abnormal accumulation of hepatic
copper causes oxidative stress in LEC rats (32,33). Rat hepatic
cell lines were used in order to assess whether oxidative stress
alters the secretion of Prx-4. Four cell lines, AH66, WB-F344,
RLN-10 and RLC-16, were cultured for three days, and the
Prx-4 levels in the cells and medium were then separately
determined by ELISA. The expression of Prx-4 was observed
in all cell lines examined (Fig. 4A). However, the levels of the
Prx-4 protein varied in the medium, regardless of the contents
associated with the cells, suggesting that the efficiency of
secretion varies among the cell lines (Fig. 4B). Only a single



MOLECULAR MEDICINE REPORTS 6: 379-384, 2012

protein band, in which the signal peptide was cleaved off, was
observed for all cell lines in the immunoblot analyses (data not
shown), suggesting that variations in the extent of secretion are
not due to differences in the processing capability of the cells.
The difference in secretion appeared to be due to the status
or character of the cells rather than to a factor intrinsic to the
protein. As observed in RLN-10 cells, treatment with 5 mM
N-acetylcysteine for 24 h significantly increased the extent of
secretion into the medium, accompanied by a corresponding
decrease in the cells. However, the presence of 0.05 mM H,0,
did not greatly suppress the secretion of Prx-4 24 h after
addition. This discrepancy between the experiments using the
reducing and the oxidizing agent may be explained by more
intensive oxidative stress in the cells cultured under the condi-
tion of 20% O, than in the tissues where a partial pressure of
0, is expected to be lower (34-36). These results suggest that
the release of Prx-4 from cells is, at least in part, affected by
the redox state of the cells.

Discussion

In this study, we prepared a polyclonal antibody against rat
Prx-4 using a purified recombinant protein as the antigen, and
subsequently developed an immunoassay for quantitatively
determining the levels of the Prx-4 protein. An enzymatic
activity assay for thioredoxin-dependent peroxidase cannot be
used to specifically evaluate the tissue levels of Prx-4 as the
peroxidase activities of the mammalian Prx family are rela-
tively weak; much less than other typical peroxidases, such as
glutathione peroxidase. In addition, the enzymatic activity assay
does not permit the measurement of each individual member of
the Prx family. Therefore, an isoform-specific immunoassay
would be useful and desirable for such a quantification in
investigations of the role of Prx-4 in various diseases.

The development of the ELISA for Prx-4 confirmed high
levels of expression in the pancreas, liver and testis of rats.
Considering tissue mass, the total content of Prx-4 is highest
in the liver, and thus it is more likely that the supply of the
protein to the blood largely depends on the liver. As previously
described, Prx-4 appears to be highly expressed in exocrine
pancreas rather than islets (37), and another study also reported
that another Prx isoform is highly expressed in pancreatic islet
cells (38). Consistent with these findings, it would be reason-
able that no significant alteration of Prx-4 levels in the serum
would be observed in the experiments using streptozotocin-
induced diabetic rats.

LEC rats were initially identified as a mutant rat with spon-
taneous hepatitis and hepatoma, and thereafter were considered
as a Wilson's disease model. In the liver, Prx-4 levels were
slightly higher in the LEC rats compared with the control SD
rats; however, no statistically significant difference was found,
while this trend was inverse to the levels of serum Prx-4. Thus,
it appears that the release of Prx-4 from the liver is suppressed
in LEC rats. When the LEC rats were used in experiments,
they did not display any symptoms of hepatitis, i.e., no apparent
jaundice and no increase in serum transaminase activities
(Fig. 3C and D), indicating that the lower levels of serum Prx-4
were not directly associated with inflammation. As suggested
by in vitro studies using cultured cells, however, it appears more
likely that the secretion of Prx-4 from the cells can be regulated
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or affected by the redox state. Therefore, even very mild oxida-
tive stress, which is so weak that it does not cause hepatitis,
might potentially affect the secretion of Prx-4 into the blood.

The findings from this study suggest that the serum levels
of Prx-4 are associated with the redox state of the liver, and
therefore it is possible that this protein may be utilized as a
biomarker for oxidative stress in the liver. The application
of the anti-rat Prx-4 polyclonal antibody to human cell lines
demonstrated no apparent reactivity (data not shown). The
clinical utility of diagnosing human liver diseases will await
optimizing the ELISA procedures for use in conjunction with
human samples.
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Abstract

Recognition of LPS by the toll-like receptor 4 (TLR4)/MD-2 complex is a trigger of innate immune
defense against bacterial invasion. However, excessive immune activation by this receptor complex
causes septic shock and autoimmunity. Manipulation of TLR4 signaling represents a potential
therapy that would avoid the detrimental consequences of unnecessary immune responses. In this
study, we established two novel mAbs that inhibit LPS-induced human TLR4 activation. HT52 and HT4
mAbs inhibited LPS-induced nuclear factor-xB activation in TLR4/MD-2-expressing Ba/F3-transfected
cells and cytokine production and up-regulation of CD86 in the human cell line U373 and PBMCs.
These inhibitory activities were stronger than that of HTA125 mAb, which we previously reported.
Immunofluorescent and biochemical studies using TLR4 deletion mutants revealed that HT52 and
HT4 recognized spatially distinct regions on TLR4 irrespective of MD-2 association. The HT52 and
HTA125 epitopes were localized within aa 50-190, while the HT4 epitope was formed only by the full
length of TLR4. In addition, we demonstrated that HT52 and HT4 failed to compete with LPS for
binding to TLR4/MD-2 but inhibited LPS-induced TLR4 internalization. Inhibitory activities were not
due to the interaction with the Fcy receptor CD32. Our finding that binding of mAbs to at least two
distinct regions on TLR4 inhibits LPS-dependent activation provides a novel method for manipulating

TLR4 activation and also a rationale for designing drugs targeted to TLR4.

Keywords: inhibitory mAD, innate immunity, MD-2, toli-like receptor 4

Introduction

Recognition of LPS, a cell wall component of Gram-negative
bacteria, by the TLR4/MD-2 complex is an important trigger
of innate immune defenses against bacterial invasion (1).
However, excessive immune activation by this receptor com-
plex causes multiorgan failure due to septic shock (2, 3). In
addition, TLR4 signaling has been suggested to be involved
in autoimmune disease. Mice that encode multiple copies of
the TLR4 gene show lupus-like autoimmune symptoms (4).
In autoimmune-prone mice, TLR4 deficiency suppresses the
progression of autoimmunity (5, 6). Therefore, manipulation
of TLR4 signaling represents an attractive therapy that would
avoid the deleterious consequences of unnecessary or
improper immune responses.

TLR4 is a type | transmembrane receptor that contains
repeated LRR motifs in the extracellular region and a toll/IL-
1R domain in the cytoplasmic region (7). Secretory glyco-

protein MD-2 is indispensable for TLR4 to recognize LPS
and initiate signal transduction (8). This molecule has a large
hydrophobic pocket for ligand binding and contributes to
the ligand specificity of the TLR4/MD-2 complex (9, 10).
Extensive studies on the interaction of TLR4, MD-2 and LPS
revealed the residues critical for their interaction (11-186).
Recent co-crystallographic analysis of TLR4/MD-2 (9) and
TLR4/MD2/LPS (10) complexes has provided a better under-
standing of the molecular basis of LPS recognition. The
extracellular domain of TLR4 is composed of N-terminal (aa
52-202), central (aa 203-348) and C-terminal (aa 349-582)
domains, each of which consists of LRR 1-6, 7-12 and 13-
22, respectively (7, 9, 10). TLR4 forms a stable complex with
MD-2 at the A and B patches on the concave surface of
the N-terminal and central domains (9). Five lipid chains of
the lipid A moiety of LPS are completely buried inside the
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hydrophobic pocket of MD-2 (10). An additional sixth lipid
chain partially exposed outside this pocket interacts with the
C-terminal domain of another TLR4 via hydrophobic phenylal-
anine residues (10, 13). Two phosphate groups of the lipid A
glucosamine disaccharide, which are localized outside the
pocket, also interact with positively charged residues within
the central and C-terminal domains of TLR4 and MD-2 (10,
14). The resultant structural shift of the F126 loop in the MD-
2-binding pocket causes the formation of a heterotetramer

BalF3 cells expressing :
() TLR4 TLR4/MD-2 TLR4/MD-2F

__.fﬂ‘l /\ ’nlj\ ‘frlf\

HT4

A U
A -
N e

Fig. 1. Specificity of new anti-TLR4/MD-2 mAbs. Ba/F3 cells expressing
human TLR4 alone, TLR4/MD-2 or TLR4/MD-2F were stained with the
indicated mAbs (10 ug mi~") and PE-conjugated secondary antibodies
and then analyzed by flow cytometry. UT15 was used for negative
staining. The open histogram represents staining with PE-conjugated
secondary antibody alone.

i el el b e

Table 1. Summary of human TLR4/MD-2 mAbs

complex by two TLR4 and two MD-2 molecules. This is
believed to initiate signal transduction by this complex (7, 10).

Pharmacological regulation of TLR4 activation has proved
to be problematic. Competitive binding of a small compound
in the LPS-binding pocket of MD-2 was proposed as a way
of inhibiting LPS-dependent activation of TLR4. However,
few synthetic LPS analogs with four lipid chains have been
developed (17-19). Eritoran is currently in a suspended
clinical trial. The molecular basis of their antagonism is the
inability to cause a structural shift of the F126 loop in the
MD-2-binding pocket due to the improper positioning of
phosphate groups in lipid A (7, 10). Another possible means
is blockade of the conformational change required for TLR4
signaling following LPS binding to MD-2, but the molecular
basis for this allosteric regulation has not been determined.

The HTA125 mAb established by Akashi et al. (20) has
long been used as to inhibit TLR4, while Dunn-Siegrist et al.
(21) reported a novel inhibitory anti-TLR4 mAb, 15C1, which
inhibited TLR4 by two mechanisms: binding to TLR4 and
induction of an inhibitory signal by a Fc-Fcy receptor inter-
action. However, how the binding of both 15C1 and HTA125
to TLR4 inhibits activation remains unknown. In this study,
we established a panel of mAbs against TLR4 and TLR4/
MD-2 and found that two TLR4-specific mAbs, HT52 and
HT4, had potent inhibitory activities compared with HTA125.
The epitopes of these mAbs were characterized by immuno-
fluorescence and biochemical methods and compared with
HTA125 and other nonfunctional mAbs. We found that HT52
has a specificity similar to that of HTA125, while HT4 recog-
nizes a unigue structure on TLR4. Furthermore, HT4 and
HT52 do not compete with LPS for binding to TLR4/MD-2,
whereas they inhibit LPS-induced TLR4 internalization.
Inhibition was not mediated by interaction with the Fcy
receptor CD32. Based on these findings, we suggest that
binding mAbs to at least two different regions of TLR4 inhib-
its TLR4/MD-2 activation possibly through inhibiting TLR4
internalization without competing with LPS for receptor bind-
ing. This provides valuable information in the ongoing effort
to establish a new molecular basis for the design of drugs
targeted to TLR4.

Cross-blocking against Bio-mAbs

Clone Epitope Class Function HT4 HT52 HTA125 HT17 HT26 HTS59
HT2 TLR4 1gG1 (=) (=) (- (=) (=) (- (-)
HT3 TLR4 IgG1 (=) (=) (=) (=) (=) (=) (=)
HT4 TLR4 IgG2b Inhibitory / () (-) (-) {~) (-]
HT16 TLR4 IgG1 (-) (-) (+) (+) (-) (=) (+)
HT17 TLR4/MD-2 IgG1 (-) (-) () (-} / (+) (-)
HT26 TLR4/MD-2 1gG1 =) (-) (-) (- (+) / (-)
HT41 TLR4 1gG1 (-) (=) (=) (=) (=) (=) (-)
HT52 TLR4 1gG1 Inhibitory (-) / (+) (=) (=) (-)
HT53 TLR4 IgG1 (-) (-) (-) {(-) (-) {-) (-
HT58 TLR4 IgG1 (-) (-) (+) (+) (-) (-) (+)
HT59 TLR4/MD-2 IgG1 (-) (=) (~) (=) (=) (=) /
HT60 TLR4 IgG1 (-) (-) (-) {-) (-) (=) (-)
HT68 TLR4 IgG2b (-) (-) (-) (=) (-) (=) (-)
HTA125 TLR4 IgG2a Inhibitory {-) (+) / (=) (-) (-)
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Fig. 2. Inhibitory activities of HT4 and HT52 in cytokine production. (A) Ba/F3 cells carrying human TLR4/MD-2F and NF-xB reporter genes were
stimulated with varying amounts of LPS in the presence of the indicated anti-TLR4 mAbs (10 pg mi~") (left) or stimulated with LPS (100 ngmi~')in
the presence of varying amounts of mAbs (right) for 6 h. Luciferase activity was shown as the mean = SD fold-increase against that of
nonstimulated cells in triplicate cultures. (B) U373 cells were stimulated with varying amounts of LPS in the presence of mAbs (10 pg mi~") (left)
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Fig. 2. Continued

Methods

Cells

Ba/F3 and derived transfected cells were maintained in
RPMI-1640 medium supplemented with 10% FCS, 100 U mI~’
mouse IL-3 and 50 uM B-mercaptoethanol. Mouse myeloma
SP2/0 cells (CRL-1581), the human embryonic kidney cell line
HEK293 (CRL-1573) and the human glioblastoma cell line
U373 (HTB-17) were purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA). U373,
HEK293 and derived transfected cells were maintained in
Dulbecco's modified Eagle's medium supplemented with 10%
FCS. SP2/0 cells and derived hybridoma clones were
maintained in RPMI-1640 supplemented with 10% FCS and
50 pM B-mercaptoethanol.

Reagents and antibodies

LPS from Escherichia coli ATCC 25922 was prepared as
previously described (22). Lipid A was obtained from the
Peptide Institute (Osaka, Japan). Mouse antihuman TLR4
mAb (HTA125) (20) and mouse anti-mouse TLR4 mAb
(UT15) (23) were produced in our laboratory. Other Abs
were purchased from the following companies: mouse anti-
FLAG-M2 mAb and agarose-immobilized FLAG-M2 mAb
from Sigma-Aldrich Co. (St Louis, MO, USA); rabbit anti-
GFP antibody from Invitrogen (Carlsbad, CA, USA); mouse
anti-LPS mAb WN1 222-5 from Hycult Biotechnology (Uden,
The Netherlands); alkaline phosphatase-conjugated goat
anti-mouse 1gG from American Qualex (San Clemente, CA,

TNF-a. (ng mi")

0 0.1 1 10
mAbs (ug mi)

USA); alkaline phosphatase-conjugated goat anti-rabbit IgG
from Kirkegaard and Perry Laboratories (Gaithersburg, MD,
USA); phycoerythrin (PE)-conjugated goat anti-mouse IgG
from Southern Biotechnology Associates (Birmingham, AL,
USA); FITC-conjugated CD14 and PE-conjugated CD86 from
Beckman Coulter (Brea, CA, USA) and PE-conjugated
streptavidin from BD Biosciences (San Jose, CA, USA).
Biotinylated (Bio-) antibodies were prepared using EZ-Link
NHS-LC-Biotin (Pierce, Rockford, IL, USA) according to the
manufacturer's instructions.

Establishment of stable HEK293 and Ba/F3-transfected cells
expressing human TLR4 and MD-2

Stable HEK293-transfected clones expressing human TLR4
with or without C-terminally FLAG-tagged human MD-2
(MD-2F) were prepared as follows. A pEFBOS vector con-
taining TLR4 and a pCAGGS1 vector containing MD-2F (16)
were co-transfected into HEK293 cells using lipofectamine
2000 (Invitrogen) according to the manufacturer's instruc-
tions. Following G418 selection, stable transfected clones
expressing TLR4 or TLR4/MD-2F were screened by flow
cytometry using the anti-TLR4 mAb HTA125 and anti-FLAG-
M2 mAb.

Stable Ba/F3-transfected cells expressing human TLR4 with
or without MD-2 were prepared as follows. To obtain a tag-
free human MD-2 expression vector, the full coding region of
MD-2 was amplified from a pCAGGS1 vector expressing MD-
2F (16) by PCR using 5'-cgcctcgagttggagatatigaatcATGT-
TACC-3' and 5'-ctcgcggecgcCTAATTTGAATTAGGTTGG-3'

or stimulated with LPS (100 ng mi~") in the presence of varying amounts of mAbs (right) for 6 h. (C and D) PBMCs (C) or whole blood cells (D)

were stimulated with varying amounts of lipid A for 6 h (IL-6, TNF-u) or 24

h (IL-12p40) in the presence of mAbs (10 pg mi™") (left) or stimulated

with lipid A (10 ng mI~") in the presence of varying amounts of mAbs (right). IL-6, TNF-a and IL-12p40 levels in supernatants were determined by

ELISA. Data are shown as the mean =+ SD from triplicate cultures.
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Fig. 3. Inhibitory activities of HT4 and HT52 in CD86 up-regulation Whole blood cells 1:2-diluted with RPMI medium were stimulated with lipid A
(10 ng mi~") in the presence of mAbs (10 pg mi~") for 24 h. The expression level of CD&6 on CD14" monocytes was analyzed by flow cytometry.
(Left) The open and dotted histograms represent the staining of untreated cells with PE-conjugated isotype control and CD86 mAb, respectively.
(Right) MFI of CDB6 was summarized. Data are shown as the mean * SD from triplicate staining.

primers and subcloned into pPCAGGS1 at Xhol and Notl sites.
This was co-transfected with a pCAGGS1 expression vector
containing human TLR4 (18) into Ba/F3 cells by electropora-
tion. Following G418 selection, stable clones expressing
TLR4 or TLR4/MD-2 were screened by flow cytometry using
HTA125 and HT59 (established in this study, see below)
mAbs, respectively. Ba/F3-transfected cells co-expressing
TLR4 and MD-2F were prepared as reported previously (16)
and then co-transfected with human CD14 expression vector
and pBabePuro by electroporation. After puromycin selection,
CD14 co-expressing stable clones were screened by fiow
cytometry using CD14 mAb. Full coding sequence of CD14
was subcloned into a pBluescriptkS vector (Stratagene, La
Jolla, CA, USA) from an EST clone (Accession No.
BC010507, Open Biosystems, Livermore, CA, USA) using
EcoRl and Notl sites CD14 expression vector was prepared
by subcloning Sal/Notl-digested full coding sequence into
pEFBOS vector (16) at Xhol and Notl Sites.

Establishment of mAbs against human TLR4/MD-2

TLR4~~ mice (kindly provided by Dr S. Akira, Osaka Univer-
sity) on C57BL/6 genetic background were immunized
intraperitoneally with 5 X 107 Ba/F3-transfected cells
expressing human TLR4/MD-2F as an emulsion in complete
Freund's adjuvant (Difco, Lawrence, KS, USA). Ten days
later, mice were boosted with 1.5 X 107 of the same viable

fransfected cells. Three days later, spleen cells from
immunized mice were fused with SP2/0 myeloma cells using
polyethylene glycol 1500 (Roche Applied Science, Indianapo-
lis, 1IN, USA). Following HAT selection (Invitrogen),
supernatants from hybridoma clones were screened by immu-
nofluorescence staining against TLR4/MD-2F-expressing
HEK293-transfected cells. Single clones were isolated by
repeated limiting dilution cloning. Purified mAbs were
obtained from ascitic fluids produced in SCID mice or in nude
rats by caprylic acid precipitation followed by DEAE ion
exchange chromatography. All animal experiments were done
in accordance with the Saga Medical School guidelines for
the care and treatment of animals used in experimentation.

Cell staining and flow cytometry

Cells were stained at 4°C with supernatant (1:2 dilution),
10 ug mi~" of purified mAb or 1 ug mi~" of purified Bio-mAb
in staining buffer (HBSS containing 2% FCS and 0.1% azide
for Ba/F3-derived cells and whole blood cells; PBS containing
3% FCS, 10 mM EDTA and 0.1% azide for HEK293-derived
cells). After washing three times, cells were incubated with
PE-conjugated secondary antibodies or streptavidin and
subjected to flow cytometry analysis using a FACScan or
FACScalibur (Becton Dickinson, Franklin Lakes, NJ, USA). In
case of CD14/CD86 staining of whole blood cells, cells were
stained after hemolysis.
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Fig. 4. Inhibition of cytokine production by post-incubation of HT4
and HT52 PBMCs were stimulated with lipid A (10 ng mi~") for 6 h
(IL-6, TNF-at) or 24 h (IL-12p40). Various mAbs (10 pg mi~") were
added in culture 10 min before (10’ pre, open bar) or 30 min after (30"
post, closed bar) lipid A stimulation. Cytokine levels in supernatants
were determined as in Fig. 2.

For cross-blocking immunofluorescence analysis of anti-
TLR4 or TLR4/MD-2 mAb, TLR4/MD-2-expressing Ba/F3-
transfected cells were incubated at 4°C with 10 ug mi~" of
unlabeled mAb. After 5 min, 1 pg mi~" Bio-mAb was added
and again incubated at 4°C for 15 min. After washing three
times with staining buffer, cells were incubated with PE-
conjugated streptavidin for 15 min at 4°C and analyzed by
flow cytometry.

For TLR4 internalization analysis, LPS-stimulated cells were
washed twice by staining buffer and then stained with
Bio-mAbs.

Nuclear factor-«xB reporter assay in Ba/F3-transfected cells

Ten thousand BafF3 cells expressing TLR4/MD-2F and
carrying the p55lgxBLuc nuclear factor-kB (NF-xB) reporter
gene (provided by Dr K. Miyake, Tokyo University) were

stimulated with LPS in a 96-well round-bottom plate in 100 pl
culture medium for 5 h in the presence of anti-TLR4 mAb.
Luciferase activity was measured using Steady-Glo luciferase
reagent (Promega, Madison, WI, USA) and expressed as the
fold-increase compared with nonstimulated cells.

Cytokine production by U373 cell lines, human PBMCs and
whole blood cells

U373 cells (5 x 10%) were cultured for 24 h in 500 pl culture
medium in 48-well plates and then stimulated with LPS for
6 h in the presence of the indicated amounts of anti-TLR4
mAb. PBMCs (1 x 10%) from healthy donors were stimulated
in 100 pl culture medium in a 96-well plate with lipid A for
6 h (IL-6 and TNF-a) or 24 h (IL-12p40) in the presence of
the indicated amounts of anti-TLR4 mAb. One hundred
microlitter of heparinized whole blood diluted with equal
volume of RPMI were stimulated in a 96-well plate as well.
Cytokine levels in culture supernatants and plasma were
measured using ELISA kits (IL-6, eBiosciences, San Diego,
CA, USA; TNF-o and IL-12p40, BioLegend, San Diego, CA).
Experiments using human PBMCs were performed under
the guidelines of the Ethical Committee for Research at Saga
University, Faculty of Medicine.

Establishment of stable HEK293-transfected cells expressing
C-terminally enhanced GFP-tagged human TLR4 (TLR4G)
deletion mutants

An enhanced GFP (EGFP)-tagged full-length human TLR4
expression vector was constructed using a human TLR4/pEF-
BOS vector (16), which has an Xhol site upstream of, and
a BamHI site downstream of, the TLR4 gene as cloning sites.
The Notl site is located just downstream of BamHl. The C-
terminal portion of TLR4 without a stop codon was amplified
from a pCAGGS1 vector containing the full coding sequence
of TLR4 (16) by PCR using 5'-CCAGATATCTTCACAGAGCT-
GAG-3' and 5'-tccggatccGATAGATGTTGCTTCCTGCC-3'
primers. This PCR fragment was subcloned into the human
TLR4/pEFBOS vector (16) using an EcoRV site on the TLR4
side and a BarmH! site on the vector side (both are underlined
within primer sequences). Subsequently, the full coding
sequence of EGFP was amplified from the pEGFP-N1 vector
(Clontech, Mountain View, CA, USA) by PCR using 5'-
gtcggatccATGGTGAGCAAGGGCGA-3' and 5'-gtcgeggecgcet
TTACTTGTACAGCTCGTC-3' primers and subcloned in frame
into a BamHl site and a Nofl site in the vector to express the
TLR4G molecule (TLR4G/pEFBOS).

The expression vectors for creating the TLR4G deletion
mutants were constructed as follows, cDNA fragments coding
for aa 1-49 and 1-190 of TLR4 were amplified from a TLR4/
pEFBOS vector (16) by PCR using a common sense primer,
5'-tictcaagcctcagacagtgg-3' (which anneals vector sequen-
ces upstream of TLR4 gene) and the anti-sense primers: 5'-
gaggttaacGGGGATTTTGTAGAAATTCAG-3' for aa 1-49 or
5'-cigtgttaacAATACTTTGAATCTTGTTGC-3' for aa 1-190,
respectively. These PCR products were subcloned into
TLR4G/pEFBQOS (described above) at Xhol (which is located
downstream of the common sense primer) and Hpal sites in
the TLR4 gene (underlined within primer sequences). The
resultant vectors, TLR4A50-337G/pEFBOS and TLR4A191-
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Fig. 5. Cross-blocking analysis of inhibitory mAbs. (A and B) BafFS cells expressing TLR4/MD-2 were pre-incubated (shaded histogram) or not
(dotted histogram) for 5 min with uniabeled mAbs (10 pg mi~") and stained with Bio-mAb (1 ug mi~") followed by PE-streptavidin. Bio-mAb
immunofiuorescence was analyzed by flow cytometry. The open histogram represents staining with PE-streptavidin alone.

337G/pEFBOS, express TLR4G lacking aa 50-337 (TLR4A50-
337G) and aa 191-337 (TLR4A191-337G), respectively. A
cDNA fragment coding for aa 580-839 of TLR4 was amplified
by PCR wusing the sense 5'-actgttaacGACTTTGCTTG-
TACTTGTG-3' and anti-sense 5'-tccggatccGATAGATGTTGCT-
TCCTGCC-3' primers and then subcloned into TLR4G/
pPEFBOS (described above) at an Hpal site within the TLR4
gene and a BamHl site located between TLR4 and EGFP. The
resultant construct, TLR4A340-579G/pEFBOS, expresses
TLR4G lacking aa 340-579 (TLR4A340-579G).

TLR4G deletion pEFBOS constructs were transfected into
HEK293 cells with a pBabePuro selection vector via lipofect-
amine 2000. After puromycin selection, stable transfected
clones were screened by EGFP fluorescence and flow
cytometry.

Immunoprecipitation-western blotting

Stable HEK293-transfected cells, which were 80% confluent
on a 10-cm-diameter dish, were washed twice with PBS
containing 1 mM EDTA and lysed in 1 ml of 20 mM Tris
buffer (pH 7.5) containing 150 mM NaCl, 1 mM EDTA, 1%
Triton-X100 and 1 mM PMSF at 4°C for 20 min. After centrifu-
gation at 15 000 X g for 15 min at 4°C, cell lysates were
incubated with 25 pl of HT4-, HT52- or HTA125-immobilized
protein G Sepharose (Amersham Biosciences, Piscataway,
NJ, USA) for 2 h at 4°C with gentle rotation. As a positive
control, rabbit anti-GFP polyclonal antibody directly immobi-
lized to Affi-Gel 10 (Bio-Rad, Hercules, CA, USA) was used
(24). Beads were washed three times with lysis buffer and

bound proteins were eluted by boiling in Laemmli buffer.
Eluted proteins were resolved on a 7.5% SDS-PAGE gel
and transferred to Immobilon-P membrane filters (Millipore
Co., Bedford, MA, USA). Immunoreactivity with anti-GFP
polyclonal antibody was visualized by adding alkaline
phosphatase-conjugated anti-rabbit IgG and BCIP/NBT
Color Development Substrate (Promega).

LPS-binding assay

LPS bound to TLR4/MD-2 was dstected as reported
previously (16). Briefly, 2-10 x 107 Ba/F3-transfected cells
expressing the TLR4/MD-2F/CD14/NF-xB reporter gene
(provided by Dr K. Miyake) were pre-incubated with 10 pg
mi~' HT4 or HT52 mAb for 5 min, then stimulated with LPS
for 30 min. After washing with serum-free medium, cells
were lysed in lysis buffer for 30 min at 4°C. After centrifuga-
tion at 15000 X g for 5 min, the supernatants were
incubated with FLAG-M2 mAb-immobilized agarose gels at
4°C for 2 h. Gels were washed three times with lysis buffer
and boiled in Laemmli buffer. The precipitated materials
were resolved by SDS-PAGE and probed with the anti-LPS
mAb WN1 222-5 or FLAG-M2.

Results

Establishment of antihuman TLR4/MD-2 mAbs

By immunizing TLR4~~ mice with Ba/F3 cells expressing
human TLR4/MD-2F, we obtained nearly 3000 positive wells
from four independent fusion experiments. Of these, around
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Fig. 6. Epitope analysis using a TLR4 deletion mutant. (A) Schematic description of the TLR4G deletion mutants expressed in HEK293 cells.
(B) HEK293 cells expressing TLR4G or deletion mutants were stained with Bio-mAbs (2 pg mi~") followed by PE-streptavidin (shaded histogram)
and then analyzed by flow cytometry. The open histogram represents staining without Bio-mAbs. (C) TLR4G or deletion mutants expressed in
HEK293 cells were immunoprecipitated with the mAbs indicated and subjected to WB with anti-GFP antibody. Of note, faint signal was detected
when TLR4A50-337G, not TLR4A191-337G, was precipitated by HT4 in two of two independent experiments.

70 showed positive staining against HEK293 cells express-
ing TLR4/MD-2F. After limiting dilution cloning, 22 indepen-
dent hybridoma clones were obtained and 13 of these
mAbs were successfully purified from ascitic fluids. The typi-
cal staining pattern of purified mAbs from these hybridomas

against stable TLR4 and TLR4/MD-2-transfected cells are
shown in Fig. 1. Most mAbs, like the established HTA125
mAb clone (20), showed reactivity against TLR4 irrespective
of the presence of MD-2. Addition of an FLAG tag into MD-2
molecules did not interfere with epitope recognition, which
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suggests that the epitopes for these mAbs reside on the
TLR4 chain and not on the MD-2 chain. However, three
mAbs (HT17, HT26 and HT59) reacted against TLR4/MD-2-,
but not against TLR4-expressing cells, suggesting that the
epitopes of these mAbs comprised a combinatorial structure
produced by the association of TLR4 with MD-2, In addition,
no mAbs reacted with mouse TLR4/MD-2-expressing Ba/F3
cells (data not shown). The characteristics of purified mAbs
established in this study are summarized in Table 1.

Inhibitory antihuman TLR4 mAbs

We then examined the functional activities of antihuman
TLR4/MD-2 mAbs. Supernatants from 22 independent

LPS

=) =) HT4 HTS2 LPS

IP : FLAG (MD-2F)

WB : LPS

WEB : FLAG (MD-2F)

Fig. 7. Inhibition by HT4 and HT52 is not mediated by competition for
LPS binding to TLR4/MD-2. Ba/F3-transfected cells expressing TLR4/
MD-2F/CD14 and NF-xB reparter genes were pre-incubated with HT4
or HT52 (10 pg mi~") for 5 min, then stimulated with LPS (100 ng mI~")
for 30 min. Cells were lysed and immunoprecipitated with FLAG-M2-
immobilized agarose gels. The precipitated materials were resolved
by SDS-PAGE and probed with anti-LPS mAb WNI222-5 or FLAG-M2
mAb for MD-2F as a loading control. LPS (1 ng) was run on the same
gel as a positive contral.

Inhibitory antihuman TLR4 mAbs 503

hybridoma clones were screened for agonistic and antago-
nistic activiies using reporter Ba/F3-transfected cells
carrying human TLR4/MD-2 and NF-xB reporter genes.
None of the supernatants or purified mAbs showed agonistic
activities, at up to a 1:2 dilution and 10 pg mi~", respectively
(data not shown). In contrast, the supernatants from 2 of 22
hybridomas showed inhibitory activities when added to
reporter transfected cells stimulated by LPS (data not
shown). When we tested mAbs purified from these hybrido-
mas, both HT4 and HT52 mAbs showed dose-dependent
inhibition of reporter transfected cells stimulated by varying
amounts of LPS (Fig. 2A). Inhibition by both of these mAbs
was stronger than that of HTA125 (20). Consistent with these
results, HT4 and HT52 mAbs inhibited LPS-induced IL-6 pro-
duction by the human glioblastoma cell line U373 (Fig. 2B).
In human PBMCs and whole blood cells, IL-6, TNF-o and IL-
12p40 production after stimulation with synthetic lipid A was
also blocked by the HT4 and HT52 mAbs (Fig. 2C and D).
In addition to cytokine production, we further asked for
inhibitory activities of these mAbs in up-regulation of co-
stimulatory molecule (Fig. 3). Lipid A-induced up-regulation
of CD86 in CD14™ monocytes was inhibited by the incuba-
tion with HT4 and HT52. In most cases, the HT52 and HT4
mAbs showed greater inhibition than the HTA125 mAb. Con-
sidering clinical application, we further tested the effect of
post-incubation with HT4 and HT52 on cytokine production.
We found that these mAbs show inhibitory activities even if
these were added 30 min after lipid A stimulation although
the inhibition is slightly attenuated compared with pre-
addition of mAbs (Fig. 4).

IL-6 (ng mlI")
TNF-a (ng ml)

# ¢ ) () LipidA

(0 ® () #) HT4(10pugmi)

9 ¢ 01 1 10 oCD32(ugmi)
AT10 or UT15

-
@

-
Lo

) () ) 4 (¢ (*) (#) (+) LipidA
() () HT4 HT4 HT4 HT52HT52 HT52 aTLR4 (10 ug i)
() () (- UTI5ATI0 () UT15AT10 «CD32 (10 ug mi)

25
—0—UuT15
20 |-- o] [ —@—AT10

15 f--

10 fe-eeee

IL-6 (ng mi")

(G ] +) ) (+) Lipid A

() () () (#) (+¥) HT52(10 pg mi)

(9 (9 01 1 10 oCD32(ugmi
AT10 or UT15

Fig. 8. HT4 and HT52 inhibition is not mediated by induction of an inh

IL-12p40 (ng mI*)

() B+ ) & ) ) (+) LpidA
() () HT4 HT4 HT4 HT52HT52 HT52 TLRA (10 ug mi)
() () () UTI5AT10 () UT15AT10 aCD32 (10 ug miv)

ibitory signal via Fc-Fcy receptor interaction. PBMCs were pre-incubated

with indicated concentration of anti-CD32 mAb (AT10) or isot¥pe control mAb (UT15) for 30-60 min and then stimulated with lipid A (10 ng mi™")
in the presence or absence of HT4 or HT52 mAb (10 pg ml™") for 6 h (IL-6 and TNF-a) or 24 h (IL-12p40). Cytokine levels in supernatants were

determined as in Fig. 2.
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TLR4 TLR4/MD-2

Fig. 9. HT4 and HT52 inhibit LPS-induced TLR4 internalization Ba/F3-
transfected cells expressing TLR4/MD-2F/CD14 were pre-incubated
with HT4 or HT52 (10 pg mi~") for 10 min, then stimulated with LPS
(1 ug mi™") for 2 h. After staining with Bio-HT53 (left) and Bio-HT59
(right) followed by PE-streptavidin, surface TLR4 and TLR4/MD-2
expression levels were analyzed by flow cytometry. The open and
dotted histograms represent staining of untreated cells without and
with Bio-mAbs, respectively. The shaded histogram represents Bio-
HT&3- or Bio-HT59-specific staining of cells treated with LPS and
mAbs as indicated on the right side.

LPS + HT4

Epitope analysis of inhibitory mAbs

We examined the epitopes recognized by inhibitory mAbs.
We used immunofluorescent cross-blocking analysis with
Ba/F3 cells expressing TLR4/MD-2. After pre-incubation with
unlabeled mAb, cells were stained with Bio-mAb followed
by PE-streptavidin. As shown in Fig. 5A, Bio-HT4 staining
was not cross-blocked by unlabeled HT52 and HTA125.
Unlabeled HT4 failed to inhibit the reaction of Bio-HT52 and
Bio-HTA125 with TLR4, which suggests that the structure
recognized by HT4 is spatially distinct from those recog-
nized by HT52 or HTA125. Moreover, no other mAbs, with
the exception of blocking by HT4, cross-blocked Bio-HT4
binding. This suggests that HT4 recognizes a unique
structure of TLR4. In contrast, Bio-HT52 staining was
cross-blocked by unlabeled HTA125, and unlabeled HT52
cross-blocked Bio-HTA125 staining. In addition to HT52 and
HTA125, we found that HT16 and HT58 also showed cross-
blocking of HT52 and HTA125, but not HT4, despite having
no inhibitory activity against TLR4. Notably, cross-blocking
analysis with Bio-HT17, HT26 and HT59, which recognize
the TLR4/MD-2 complex, revealed that the HT52 and
HTA125 epitopes were clearly distinguishable from those of
HT16 and HT58. As shown in Fig. 5B, HT16 and HT58
cross-blocked Bio-HT59, but not Bio-HT17 and HT26 bind-
ing, although these mAbs recognize the TLR4 chain. In con-
trast, HT52 and HTA125 did not cross-block the three
complex-type mAbs. These results indicate that the epitopes
of the inhibitory mAbs HT52 and HTA125 are closely related.
This subtle difference from HT16 and HT58 in terms of com-

petition with HT59 might assist in determining the inhibitory
activities of HT52 and HTA125.

Next, we located the epitopes using HEK293 cells
expressing TLR4 deletion mutants tagged with EGFP at the
C-terminus (Fig. 6A). TLR4A50-337G lacks both the N-
terminal and central domains in the extracellular TLR4G.
TLR4GA191-337 and TLR4A340-579G lack only the central
and C-terminal domains, respectively. As shown in Fig. 6B,
HT52 reacted to cells with all TLR4 deletion mutants, except
for TLR4A50-337G. Since HT52 recognized TLR4A191-
337G, its epitope must lie between aa 50 and 190 of TLR4.
In addition, HTA125 showed a similar staining pattern to
HT52, suggesting that its epitope is proximal to that of
HT52. In contrast, HT4 reacted only to cells expressing
a complete TLR4 molecule. HT4 staining was negative for
cells expressing any other deletion mutant. This indicates
that the HT4 epitope differs from those of HT52 and
HTA125. This is consistent with the findings of the cross-
blocking experiments. The HT4 epitope may thus be com-
posed of discontinuous sequences and is expressed only
on the complete TLR4 molecule. )

The lack of positive TLR4A50-337G staining by our mAbs,
including HT52 and HTA125 (Fig. 6B, data not shown), was
not due to poor expression of the constructs since these cells
were EGFP-positive (data not shown). However, the negative
staining may have been due to a lack of cell surface translo-
cation. To verify the immunofluorescence results, we per-
formed immunoprecipitation (IP)-western  blotting  (WB)
experiments using the deletion mutants (Fig. 6C). After the ly-
sis, TLR4G deletion mutants were immunoprecipitated with
HT52- or HTA125-coupled beads and then subjected to WB
with anti-GFP antibody. HT52 and HTA125 precipitated
full-length TLR4G, TLR4A191-337G and TLR4A340-579G.
However, both mAbs did not precipitate TLR4A50-337G
mutants. A signal was detected from TLR4A50-337G when [P
was performed with anti-GFP antibody. These results suggest
that the HT52 and HTA125 epitope is located within aa 50—
190 of TLR4. Consistent with immunofluocrescence results,
HT4 failed to precipitate any deletion mutants except for
full-length TLR4G.

HT4 and HT52 inhibition is not mediated by competition for
LPS binding to TLR4/MD-2 or by induction of an inhibitory
signal via Fc-Fcy receptor interaction

One possible mechanism of mAb inhibition of LPS-induced
TLR4 activation is competition for LPS binding to MD-2.
Therefore, we examined whether HT4 and HT52 compete
with LPS (Fig. 7). Ba/F3 cells expressing TLR4/MD-2F were
pre-incubated with either HT52 or HT4 mAb, followed by
incubation with LPS. Co-precipitation of LPS with TLR4/MD-
2F was examined by IP with FLAG mAb followed by WB with
anti-LPS mAb. No reduction in LPS co-precipitation resulted
from pre-incubation with HT4 or HT52, suggesting that
competition for LPS binding to TLR4/MD-2 is not a mecha-
nism of HT4 and HT52 inhibition.

Dunn-Siegrist et al. (21) demonstrated potent inhibition by
antihuman TLR4 mAb 15C1. This inhibition was mediated by
an antigen-antibody interaction and a concomitant induction
of inhibitory signaling via Fc-Fcy receptor lIA (CD32)

€107 ‘o7 1udy uo ueyoyso | nyedecr edeq e Ao sfewmolpioixo wiwiuy diy Woiy papeoIuAOCT



interaction on target cells. Inhibitory activity was blocked by
pre-incubation with CD32 blocking mAb AT10. Therefore,
we investigated the impact of AT10 on the inhibitory activi-
ties of our mAbs to reveal the contribution of CD32. As
shown in Fig. 8, pre-incubation of PBMCs with AT10 did not
ameliorate the inhibition of either lipid A-induced IL-6, TNF-a
or IL-12p40 production by HT52 and HT4, which indicates
that Fcy receptor-mediated suppressive signaling is not the
primary mechanism of HT4 and HT52 inhibition. This is also
supported by our observation that U373 cells, whose IL-6
production was inhibited by the mAbs, do not express
CD32, as determined by flow cytometry (data not shown).

HT4 and HT52 block TLR4 internalization induced by LPS

Another possible mechanism is inhibition of LPS-induced
TLR4 internalization. To test this possibility, Ba/F3 cells
expressing TLR4/MD-2F were pre-incubated with either
HT52 or HT4 mAb prior to 2 h of LPS stimulation and then
stained with Bio-HT53 or Bio-HT59, which recognize TLR4
chain and TLR4/MD-2 complex. Expectedly, surface TLR4
level was decreased by LPS stimulation, and its decrease
was clearly prevented by HT4 and HT52 (Fig. 9). Incubation
with mAbs alone did not interfere the staining with Bio-HT53
and Bio-HT59, which indicates that inhibition of TLR4 inter-
nalization is not due to epitope overlapping with HT4 and
HT52. These results suggest that inhibition of TLR4 internali-
zation is at lease in part a mechanism of inhibitory activities
of HT4 and HT52.

Discussion

In this study, we developed antihuman TLR4 mAbs (HT4
and HT52) that potently inhibit the LPS-induced NF-xB acti-
vation of Ba/F3-transfected cells expressing TLR4/MD-2.
They inhibited inflammatory cytokine production in U373
cells stimulated by LPS and in PBMCs and whole blood
cells stimulated by lipid A. CD86 up-regulation was also
blocked in CD14" monocytes. The specificity of these
mAbs, as revealed by cells transfected with TLR4 and
TLR4/MD-2, indicated that both epitopes are mapped on
the TLR4 chain, irrespective of the presence of MD-2.
Precise epitope characterization of these mAbs and
HTA125 by immunofluorescence and biochemical techni-
ques using TLR4 deletion mutants showed that the epito-
pes of HT52 and HTA125 are located in a different region
than that recognized by HT4. Epitopes recognized by
HT52 mAb and HTA125 mAb reside between aa 50 and
190 of TLR4 molecule because these mAbs did not recog-
nize a TLR4A50-337G deletion mutant but recognized both
TLR4A191-337G and TLR4A340-579G mutants in both flow
cytometric and biochemical analysis. The HT4 mAb
epitope could be formed by discontinuous sequences of
the TLR4 molecule because none of the deletion mutants
reacted to HT4 in FACS analysis. Biochemical analysis of
HT4 epitope showed a relatively weak signal correspond-
ing to the expected size of TLR4A50-337G deletion mutant.
This could result from the fact that partial sequences of
HT4 epitope locate outside of this deleted portion and HT4
mAb weakly recognized such incomplete sequences.
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Dunn-Siegrist et al. (21) reported a unigue mAb, 15C1,
which neutralizes LPS-stimulated activation of human
PBEMCs and cell lines in an Fcy receptor-associated manner.
They demonstrated that the 15C1 epitope resides in the
second portion (aa 288-375) of the C-terminal domain of
TLR4. This is clearly different from those of HT52 and HT4.
HT52 was reactive to TLR4A191-337G and TLR4A340-
579G. The HT4 epitope is present only on naive TLR4. Like
HT52 and HT4, 15C1 demonstrated stronger inhibitory
activity compared with HTA125. However, the mechanism
underlying inhibition by 15C1 differs from that of our
inhibitory mAbs because the activity of 15C1 is partially
mediated by the Fcy receptor.

Inhibition by HT52 and HT4 could not be due to blocking
of LPS binding because a pull-down assay revealed that
these mAbs did not compete with LPS for binding to TLR4/
MD-2. Rather, the binding of inhibitory mAbs to TLR4 might
confer a conformation that is refractory to the LPS-induced
conformation change required for signaling. Amino acids
50-190 map to the concave surface of the N-terminal
domain of extracellular TLR4. This region contains the
A patch for the constitutive association of TLR4 with MD-2 (9)
but is not directly involved in hydrophilic or hydrophobic inter-
actions with LPS/MD-2 (10). According to co-crystallography,
repositioning of the F126 loop in the MD-2-binding pocket
enables the formation of a dimerization interface (10). The C-
terminal domain of TLR4 is bent by 10° between the central
and C-terminal domains (10). Therefore, the hindrance that
resulted from the binding of HT52 and HT4 might have
rendered TLR4/MD-2 refractory to either the induction of an
active conformational change, such as TLR4 bending or the
formation of a dimerization interface. Actually, several small
compounds with the ability to inhibit TLR4 dimerization have
been reported to inhibit murine TLR4 activation (25, 26). As
another possible mechanism, we demonstrated the inhibition
of LPS-induced TLR4 internalization by HT4 and HT52
mAbs. It has been reported that TLR4 signal originates
both from cell surface and from endosome after internaliza-
tion (27, 28). These suggest that inhibition of internalization
is a part of mechanism of HT4 and HT52 inhibition. Of
course, further investigation is required to uncover overall
molecular mechanism, in particular, in terms of TLR4
dimerization.

The presence of multiple sites for inhibition by mAb has
an important implication for manipulating TLR4 signaling.
Combinatorial use of several reagents that recognize spa-
tially different regions of TLR4 may result in more potent inhi-
bition of LPS stimulation due to collaborative effects. Indeed,
concomitant use of HT52 and HT4 was more strongly inhibi-
tory of LPS-induced TLR4 activation than by either mAb
alone (data not shown). In addition, combination with LPS
analogs that compete with LPS for binding may inhibit TLR4
activation at multiple steps, i.e. LPS binding, the resulting
conformational change and internalization. To our surprise,
addition of HT4 or HT52 30 min after LPS stimulation was still
inhibitory for cytokine production by PBMCs. Although the
mechanisms for this are totally unclear, it could be possible
that these inhibitory mAbs might transmit inhibitory signals
by inducing nonidentified conformational changes of TLR4
after binding to their epitopes. Anyway, inhibitory effects
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exerted by these mAbs after cells are activated could have
a potential clinical benefit for treatment of patients with sep-
sis and several autoimmune inflammatory diseases.

In conclusion, we revealed the presence of at least two
potential sites on TLR4 that regulate LPS-induced activation.
Further analysis of the TLR4 structures that are recognized
by these inhibitory mAbs would provide fundamental infor-
mation for developing a novel strategy to manipulate TLR4
activation and a molecular basis for designing TLR4-
targeted drugs. We also hope that HT52 and HT4 are useful
for developing clinically applicable inhibitory TLR4 mAbs.
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