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Abstract

OK-432 (Picibanil), a Streptococcal immunotherapeutic agent, has been used for immunotherapy of
various cancers as a biological response modifier (BRM). However, OK-432 contains multiple
components consisting of immunotherapeutic ones and contaminants which may weaken the effects
or exert side-effects. In this study, we investigated extraction of contaminants from OK-432 using
Triton X-114 (TX-114)-water phase partitioning and examined an antitumor effect of the resulting
preparation. OK-432 was subjected to TX-114 partitioning to give residual precipitate designated as
OK-TX-ppt. OK-TX-ppt exerted no TLR2-mediated activity, but induced interleukin (IL)-6 in human
PBMC. OK-TX-ppt also induced tumor necrosis factor (TNF)-q, IL-10, IL-12, and interferon (IFN)-+y in
PBMC. Moreover, IFN-y-inducing activity of OK-TX-ppt was significantly higher and IL-10 production
was lower than that of OK-432. In tumor-bearing mice model, administration of OK-TX-ppt i.p.
extended the survival time of Meth-A-bearing mice compared to OK-432. OK-TX-ppt also increased
the levels of IL-12 and IFN-y in mouse spleen cells in vitro. These results indicated that TX-114
partitioning removed some contaminants, which attenuates the antitumor effect, from OK-432 and
increase the immunotherapeutic effects of OK-432.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

OK-432 (Picibanil) is a lyophilized preparation of low virulent
Streptococcus pyogenes strain Su treated with H,0, and
penicillin and was developed by Okamoto et al. [1]. OK-432
has been used for immunotherapeutic agent for various kind
of .malignant tumor including head and neck cancer and is
reported to be clinically effective [2-7]. OK-432 activates
the host immune system and the activities are considered to
be responsible for the antitumor effects. OK-432 stimulates
immune cells, including macrophages, T cells and natural
killer (NK) cells, and induces various cytokines such as tumor
necrosis factor (TNF)-a, interleukin (iL)-1, IL-6, IL-12, and
interferon (JIFN)-v [8—11]. Since some of the cytokines may
induce apoptosis of tumor cells and IL-12 induces develop-
ment of Th1 cells and IFN-vy production which enhances killer
cell activities, the cytokines appear to be necessary to ex-
hibit antitumor activity for OK-432.
Since OK-432 is prepared from whole bacteria, it contains
multiple components consisting of immunotherapeutic ones
and contaminants which may weaken the effects or exert
side-effects. Thus identification of the active components is
" important to clarify the mechanism of antitumor effects and
enhance the therapeutic effects. Okamoto et al. demon-
strated that OK-PSA purified from OK-432 with affinity
chromatography using monoclonal antibody TS-2, which

" recognizes an IFN-y-inducing components in 0K-432, is a
potent inducer of Thi-type cytokines and shows marked
antitumor activity, whereas OK-PTF, a TS-2-unbinding frac-
tion, induces Th2-type cytokines [12,13]. They also reported
that OK-DNA, a DNA preparation derived from OK-432,
induces Th1i-type cytokines and augments killer cell activ-
ities [14].

Toll-like receptors (TLRs) are transmembrane proteins
and act as receptors for the innate immune system [15]. An
individual TLR recognizes its own specific pathogen-associ-
ated molecular patterns (PAMP) and activates signal trans-
duction cascades to express cytokines. TLR4 in combination
with an adapter molecule MD-2 is characterized as a receptor
of a-lipopolysaccharide (LPS) in bacterial cell wall [16], TLR2
is used for a recognition of bacterial lipoprotein (17,18], and
TLR9 senses a bacterial DNA containing unmethylated CpG
motif (CpG DNA) [19].

It is well known that activation of TLRY is responsible for
induction of Thi-type response and anticancer immunity
[20]. In contrast, mechanisms of Th1/Th2 regulation via TLR2
and TLR4 have been controversial. For TLR4, it was shown
that low-level LPS induces Th2 response, whereas high-level
LPS results in Th1 response [21]. The TLR signaling pathway
was also shown to be crucial [22]. For TLR2, synthetic ligands,
Pam;CSK, and FSL-1, were reported to induce Th2 cytokines
in mice models of antigen sensitization [23,24], whereas TLR2
was shown to trigger Th1 effecter function [25]. Further,
Nucleotide-binding oligomerization domain-2 (NOD2), another
receptor for innate immune system, was shown to modulate
TLR-mediated Th1/Th2 responses [26,27].

" It was reported that some of TLRs are involved in the
immune reactions induced by OK-432. OK-PSA-induced
anticancer activity was regulated by TLR4, OK-PTF-induced
signaling was mediated by both TLR2 and TLR4 [13], and OK-

DNA stimulated immune cells via TLR9 [14]. Since OK-432.

triggers immune activation via multiple receptors, such as

TLR2, TLR4, TLR9 and probably NOD2, mechanisms of Th1/
Th2 regulation may be complicated. Among them, TLR9 and
probably TLR4 are responsible for the Thi-type response in
OK-432. However, participation of TLR2 in Th1/Th2 regula-
tion by OK-432 is unclear. Thus we decided to investigate the
effect of TLR2 ligands in OK-432 for the anticancer activity.
Recently we separated TLR2-activating fractions from Sta-
phylococcus aureus cells by Triton X-114 (TX-114)-water
phase partitioning [28]. In the present study, we, thus, de-
pleted TLR2 agonists from OK-432 by TX-114 phase partition-
ing and the residual components were subjected to
immunobiological assay in vitro and in vivo.

2. Materials and methods

2.1. Stimuli

OK-432 (Picibanit) was supplied by Chugai Pharmaceutical Company
(Tokyo, Japan) in a frozen (non-lyophilyzed) form. Since OK-432
contained salts and water soluble stabilizers and the amount of
these are over 95% of total dry weight, it was washed with water
three times to remove such materials to prepare bacterial cells
designated as OK-432w (Scheme 1). OK-432w was subjected to TX-
114-water phase partitioning [29]. Briefly, OK-432w was suspended
in phosphate buffered saline (PBS) and combined with 1/10 volume

" of 10% aqueous TX-114. The mixture was rotated at 4 °C for 1 h and

centrifuged to give supernatant and precipitated cell debris. The
debris was washed with methanol twice to obtain residual pre-
cipitate designated as OK-TX-ppt. The supernatant was centrifuged
at 37 °C to separate TX-114 phase from aqueous one. The upper
aqueous phase was treated again with TX-114. TX-114 phase
was combined and subjected to 75% methanol precipitation to
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Figure 1 IL-6-inducing activity of the preparations extracted from OK-432 in human PBMC. PBMC were obtained from healthy
volunteer (MF). PBMC were incubated with indicated concentrations of stimuti for 24 h. The levels of IL-6 in the culture
supernatants were measured by ELISA. The data represent the mean and standard deviation obtained from independent three

experiments.

remove TX-114 and give precipitate designated as OK-TX-M. The
methanolic phase was evaporated and then subjected to 90%
acetone precipitation to give a precipitate designated as OK-TX-A.
LPS derived from Escherichia coli 055:B5 were purchased from
Sigma-Aldrich (St. Louis, MO) and further purified by deoxycholate
method to deplete contaminating lipoproteins as described [30].
Synthetic FSL-1 was obtained from EMC Microcollection GmbH
(Tiibingen, Germany).
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2.2. Cytokine assay

Human blood was obtained from healthy volunteers and subjected to
Histopaque (Sigma-Aldrich) density gradient separation to prepare
human peripheral blood mononuclear cells (PBMC). Cells were placed
in 96-well plate at 2x10° cells/well and stimulated as dbove.
Eight-week-old male BALB/c mice were obtained from Kyudo
(Kumamoato, Japan). The animals received humane care in accordance
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Figure 2  NF-«B activation in Ba/«B, Ba/mTLR2, or Ba/mTLR4/mMD-2 cells induced by the preparations extracted from OK-432. The
cells were incubated with indicated concentrations 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 stimulated to non-stimulated activity.
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with our institutional guidelines and the legal requirements of Japan.
Mice spleen cells were obtained from healthy BALB/c, suspended in
RPMI1640 supplemented with 10% fetal bovine serum (FBS) (Medical &
Biological Laboratories, Nagoya, Japan), and distributed in 96-well
plate at 1x10° cells/well. Cells were stimulated with the indicated
concentrations of the test specimens in culture medium supplemented
with 10% FBS at 37 °C in humidified air containing 5% CO,. After in-
cubation, the culture supernatants were collected.

Mice were injected with 500 pg of OK-432w in 500 ul PBS i.p.,
500 ug of OK-TX-ppt in 500 pul PBS i.p., or 500 pl of PBS i.p. every
other day from day 0 to day 10. On day 11, the mice were sacrificed
and sera were collected.

The cell supernatants or sera were subjected to the cytokine assay
using an ELISA kit for secreted cytokines (R&D systems, Minneapolis,
MN). The concentration of secreted cytokines from cells were
determined using a standard curve of recombinant cytokines prepared
in each assay. Cytokine concentrations in different experimentat groups
were analyzed for statistical significance by using Welch's t test.

2.3, Luciferase assays

Ba/F3 cells stably expressing p55igkLuc, an NF-xB/DNA binding
activity-dependent luciferase reporter construct (Ba/«B), 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 provided by Prof. K. Miyake (Institute of Medical Science,
University of Tokyo, Japan). NF-xB-dependent luciferase activity in
these cells was determined as described previously [31]. Briefly, cells
were inoculated into each well of a 96-well flat bottomed plate at
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1x10° cells in 80 pl of RPMI1640 supplemented with 10% FBS, and
stimulated with the indicated concentrations of the test specimens.
After 4 h incubation at 37 °C in humidified air containing 5% CO,, 80 pt
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, Wellestey,
MA). Results are shown as relative luciferase activity, which was the
ratio of stimulated activity to non-stimulated activity, in each cell line.

2.4. Animal study using BALB/c mice bearing Meth-A
tumors

BALB/c mice were inoculated with 1x10° Meth-A cells i.p. The
animals were injected with 100 pg of OK-432w in 200 ul PBS i.p.,
100 pg of OK-TX-ppt in 200 pl PBS i.p., or 200 pl of PBS i.p. everyday
from day 1 to day 10 after the inoculation of Meth-A. Mice were
observed until 42 days after inocutation.

3. Results
3.1, Extraction of active components from OK-432

An extraction of OK-432 was performed using TX-114-water phase
partitioning (Scheme 1). The yields of OK-TX-ppt, OK-TX-M, and
OK-TX-Awere 90%, 0.1%, and 0.1% based on OK-432w, respectively.
IL-6-inducing activity of the preparations in PBMC were shown in
Fig. 1. The activities of OK-TX-ppt were slightly higher than that
of OK-432w. The preparations OK-TX-M and OK-TX-A were
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Induction of cytokines by OK-432w or OK-TX-ppt in human PBMC. PBMC were obtained from healthy volunteer (MF). PBMC

were incubated with indicated concentrations of stimuli for 24 h. The levels of cytokines in the culture supernatants were measured by
ELISA. The data represent the mean and standard deviation obtained from independent three experiments.
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Figure 4  Antitumor effect of OK-432w or OK-TX-ppt in tumor-
bearing mice. Meth-A tumor-bearing mice were administrated i.p.
with OK-432w (100 ug, gray circle) or OK-TX-ppt (100 pg, open
circle) or PBS (filled circle) everyday from day 1 to day 10 after
inoculation of Meth-A cells.

significantly active but quite lower than that of OK-432w. TLR-
mediated NF-kB activation of the preparations were demon-
strated using Ba/mTLR2, Ba/mTLR4/mMD-2, and negative control
Ba/«xB cells (Fig. 2). OK-432w exerted the TLR2-mediated activities.
The activities of OK-TX-M were negligible. The activity of OK-TX-A
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was low but significantly mediated by TLR2. In contrast, no TLR2-
mediated activity was observed in Ba/mTLR2 cells stimulated with
OK-TX-ppt. All the preparations had no TLR4-mediated activity.

3.2, Cytokine production in human PBMC stimulated with
OK-TX-ppt and OK-432w

Cytokine-inducing activities of OK-TX-ppt .were investigated
using human PBMC and compared with that of OK-432w (Fig. 3).
OK-TX-ppt induced similar amount of TNF-a as OK-432w. The
tevel of IL-12 production stimulated by OK-TX-ppt was also
comparable to that by OK-432w. Both exerted no IL-4-inducing
activity. IFN-y-inducing activity of OK-TX-ppt was significantly
higher than that of OK-432w (p<0.05) and IL-10 production by
OK-TX-ppt was lower than that of OK-432w (p<0.01).

3.3. Comparison of the antitumor effects of OK-TX-ppt
and OK-432w in Meth-A-bearing mice '

The antitumor effects of i.p. administration of OK-TX-ppt and
OK-432w were investigated using Meth-A-bearing mice (Fig. 4).
All mice (9/9) administered with PBS as a negative control died
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Induction of cytokines by OK-432w or OK-TX-ppt in mice spleen cells. Spleen cells were obtained from BALB/c. Cells were

incubated with indicated concentrations of stimuli for 24 h. The levels of cytokines in the culture supernatants were measured by
ELISA. The data represent the mean and standard deviation obtained from independent three experiments.
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Figure 6 Cytokines in the sera obtained from mice administrated with OK-432w or OK-TX-ppt. Mice were injected i.p. with OK-432w
(500 pg, gray bar) or OK-TX-ppt (500 ng, open bar) or PBS {filled bar) every other day from day O to day 10. On day 11, the mice were
sacrificed and the levels of cytokines in the sera were measured by ELISA. The data represent the mean and standard deviation

obtained from independent three experiments.

within 28 days after inoculation of Meth-A. Survival time of
Meth-A-bearing mice treated with OK-432w as a positive control
was extended, but all mice (10/10) died within 41 days. The
treatment with OK-TX-ppt further extended their survival time
compared with OK-432w, and eight of eleven mice were alive on
day 42.

3.4, Cytokine production in mice stimulated with OK-TX-ppt
and OK-432w

Cytokine production in mice spleen cells stimulated with OK-TX-
ppt and OK-432w were shown in Fig. 5. The level of TNF-a and IL-
10 production stimulated by OK-TX-ppt was equivalent to those
by OK-432w. IL-6, IL-12, and IFN-+y production by OK-TX-ppt were
significantly higher than those of OK-432w. IL-4-inducing activity
of OK-TX-ppt was almost negative, and was slightly lower than
OK-432w. Amounts of cytokines in sera of mice administered i.p.
with OK-TX-ppt and OK-432w were also analyzed (Fig. 6).
However, the values were very low and no significant differences
were observed between the groups using each three mice except
for IL-12. The amount of IL-12 induced by OK-TX-ppt appeared to
be higher than that of OK-432w (p<0.08).

4. Discussion

To date, several active components in OK-432 have been
prepared. By a standard DNA isolation method (cell lysis and
then isopropanol precipitation), OK-DNA was prepared [14].
It activated cells through TLR9. Since CpG DNA is a well
known potent inducer of Th1 polarization, OK-DNA may be a
major active component of OK-432. OK-PSA and OK-PTF were
obtained by butanol-water extraction followed by affinity
chromatography and shown to stimulate cells via TLR4 and
TLR2 [12,13]. Butanol-water method has been widely used
for the extraction of bacterial macromolecular glycoconju-
gates such as LPS and LTA [32,33]. Since Okamoto et al.
suggested that the structure of OK-PSA was similar to that of
LTA, one of the active components in OK-432 might be such
glycoconjugates [34]. On the other hand, OK-PTF was shown
to be involved in Th2 polarization. However, a principal
component in OK-PTF was not yet clarified. Therefore, we
attempted an extraction of components involved in Th2
polarization from OK-432. Previously, we demonstrated that
S. aureus butanol extract contained lipoprotein-like com-
pounds which activated cells via TLR2 [35]. Since it was also
reported that TLR2 was involved in Th2 polarization of Th

cells [23,24], such compounds in 0K-432 may affect the an-
ticancer activities via Th1 response. OK-432 was first subjected
to phenol—chloroform—petroleum ether (PCP) extraction as
described by Galanos et al. [36]. PCP soluble fraction, OK-PCP,
appeared to contain a Th2-polarizing components (unpublished
data). However, further analysis was impossible because of its
low activity and small yield. Chloroform-methanol-water
(CMW) extraction according to the method of Bligh and Dyer
[37] was also applied, but was not effective. In the present
study, we attempted to extract a TLR2-activating lipoprotein-
like compound from OK-432 by TX-114 partitioning, and found
the effectiveness to remove TLR2-mediated activity from OK-
432w. TX-114-treated residual precipitate, OK-TX-ppt, did not
exert TLR2-dependent activity in luciferase assay (Fig. 2) at all,
indicating that most of TLR2 ligands in OK-432w were extracted
by the partitioning. OK-TX-ppt still has IL-6-inducing activity in
PBMC (Fig. 1) and also induced TNF-«, {L-10, IL-12, IFN-y from
PBMC (Fig. 3), showing that active components other than TLR2
ligands were still retained in OK-TX-ppt. However, the level of
IL-10 production by OK-TX-ppt was decreased and that of IFN-y
was increased compared with those by OK-432w (Fig. 3). These
observations suggested that OK-TX-ppt is a better Th1 inducer
in PBMC than OK-432w.

Oshikawa et al. reported that a Th1 inducer, OK-PSA,
exerted an antitumor effect in tumor-bearing mice [13].
Thus we investigated the antitumor effect of OK-TX-pptin a
similar system and found that the activity of OK-TX-ppt was
quite higher than OK-432w in vivo (Fig. 4). This effect can be
considered to be caused by the increased Th1-type cytokine
production in mice cells stimulated by OK-TX-ppt (Fig. 5).
However, no significant difference was detected in amount
of cytokines in sera of mice between administered i.p. with
OK-TX-ppt and with OK-432w, except for IL-12 (Fig. 6). Since
we injected both tumor and agents to the peritoneal cavity
in the present in vivo experiment, it was suggested that the
local concentration of cytokine at lesion was important to
elicit effective anticancer activity.

Results obtained in this study suggested that removal of
TLR2 ligand from OK-432w was a possible explanation for
these Tht-polarizing effects. The TLR2 ligands extracted
may be Th2-polarizing components. OK-PTF, which induced
Th2-type cytokine, was reported to decrease antitumor-
effect in tumor-bearing mice compared with OK-PSA [13].
OK-PTF contained both TLR2 and TLR4 ligands. Since the
TLR4 ligands would be a Th1 inducer according to the results
for OK-PSA, the TLR2 ligands may be involved in -inducing
Th2-type cytokines and attenuating antitumor activity.
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However, we did not get TLR2 ligands quantitatively even in
OK-TX-A. Isolation of TLR2 ligands should be examined
further. It may also be probable that other mechanisms
were responsible for skewing the response to Th1 by OK-TX-
ppt. Treatment of OK-432 may result in a potential increase of
a content of OK-DNA-type stimuli in OK-TX-ppt, or enhance-
ment of accessibility of the stimuli to immune cells. TLR
knockout mice studies may reveal a detailed mechanism.
Although we were not able to determine the effect TLR2
ligand itself in OK-432, it was found that the removal of TLR2
ligand by TX-114 partitioning was effective for enhancement
of the anticancer function of OK-432. Since OK-432 contains
both Th1- and Th2-type cytokine inducer, separation of the
components should be important to suppress side-effects or
enhancement of anticancer activity. Our separation meth-
ods, readily applicable for the production, may help with
improvement of immunotherapeutic effects of OK-432.
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Abstract—The synthesis of immunoregulatory glycoconjugates, namely the active entity of lipopolysaccharide (LPS) from Helico-
bacter pylori was achieved. The results of biological activities of the LPS partial structures provide the structural basis for the immu-
nobiological activity, especially for the immune inhibitory activity of H. pylori LPS.

© 2007 Elsevier Ltd. All rights reserved.

Helicobacter pylori is a Gram-negative bacterium and an
etiological agent of gastroduodenal diseases such as
chronic gastritis, gastroduodenal ulcers and gastric can-
cer.!? Gram-negative bacteria are distinguished by the
presence of lipopolysaccharide (LPS) in their outer
membrane. LPS, also called an endotoxin, is a potent
immunostimulator, often causing sepsis i severe infec-
tions. However, H. pylori lipopolysaccharide (LPS)
shows very low endotoxic activity compared to other
enterobacterial preparations such as Escherichia coli
LPS.3 6 The H. pylori LPS has the characteristic lipid
A component, the structure of which is distinct from
those of the enterobacterial ones as in the following
ways: (1) the presence of fewer, but longer fatty acid res-
idues, (2) the absence of the 4/-phosphate group and (3)
the occasional presence of an ethanolamine group linked
to the glycosyl phosphate functionality.”-® We have pre-
viously synthesized H. pylori strain 206-1 lipid A, which
has tri-acyl groups and ethanolamine at the anomeric
phosphate (1b). This lipid A induced lower levels of
cytokines such as IL-18 and TNF-o upon activation of
the LPS receptor, a Toll-like receptor 4 (TLR4)/MD-2
complex,® as it was known that the activation leads
to induction of proinflammatory cytokines such as IL-

* Corresponding author. Tel.: +81 6 6850 5388; fax: +81 6 6850
5419; e-mail: koichi@chem.sci.osaka-u.ac.jp

0040-4039/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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6, IL-18 and TNF-o. On the other hand, it has been
recently reported that H. pylori LPS from other strains
has inhibitory effects on TLR4 activation.!! This dis-
crepancy in biological activities may come from the
structural heterogeneity of LPS, especially in the acyl
group distribution and in the phosphate part in lipid
A (Fig. 1, 1a—d). Synthetic study is therefore required
for elucidation of biological activity of H. pylori LPS,
since chemical synthesis can provide homogeneous
preparations.

It has been reported that the number of acyl groups is
crucial for the biological activity of lipid A.!%!* E. coli
type lipid A having hexaacyl groups has strong endo-
toxic activity, whereas a biosynthetic precursor Ia hav-
ing tetraacyl groups shows antagonistic activity in
humans.!? Triacyl lipid As also showed antagonistic
activity though the potency was low. There have been

_known some bacteria, LPS of which have significant

inhibitory activity against E. coli LPS, such as Rhodo-
bacter sphaeroides,'*'> and Rhodobacter capsulatus,'®
which have an unsaturated acy! group, and also Rhizo-
bium sin-117-1% which has pentaacyl groups of relatively
longer fatty acids and lactone structure at the anomeric
position. However, in the case of H. pylori, the LPS
shows weaker antagonistic activity, and at the same
time, shows weak proinflammatory activity. Chain



Author's personal copy

6578 Y. Fyjimoto et al. | Tetrahedron Letters 48‘(2007) 6577-6581

H
H H
HOATRY RO §

~OH
o—ﬁ\om
H
€18) (C18) (C18) (c18)
(C18) c18)
Ry=-H, Ry=-H:1a 2
Ry=-CHaoCHz-NHz, - Ro=-H: 1ib

Ry= -H, Ro= 3(R)-hydroxy-octadecyl-: 1¢
Rq= -CHaCHxNHp,
Ro= 3(R)-hydroxy-octadecyl- : 1d

Figure 1. Chemical structures of Helicobacter pylori lipid A and Kdo-
lipid A.

length of fatty acids in lipid A also influences the biolog-
ical activity. A biosynthetic precursor Ia analog having
shorter lipids (two C14 and two C10 fatty acids) showed
much weaker antagonistic activity, whereas that having
four C10 fatty acids did not show the activity.’? On the
other hand, an E. coli lipid A analogue having shorter
lipids (two C14 and four CI12 fatty ac1ds) were ca. 100
times more active than E. coli lipid A.?°

The acidic functional groups of lipid A are also crucial
for the biological activity.!>!* Monophosphoryl lipid
A analogues show much weaker activity than the
corresponding diphosphates and the analogues lacking
phosphoryl group did not show the activity. The phos-
phate groups in lipid A can be replaced with carboxy-
methyl groups without loss of the activity in the case
of E. coli lipid A and the tetraacyl biosynthetic precur-
sor.2! 2* However, in our recent studies with lipid A
analogues containing acidic amino acid residues,
immunostimulating or antagonistic activity was ob-
served depending on the anionic charges (phosphoric
acid vs carboxylic acid).?%2

As for another aspect, it has been reported that H. pylori
LPS activates TLR2.11:27.2% Some of them also indicated
that H. pylori LPS antagonizes TLR4.!1:2® Another par-
asitic bacteria, Porphyromonas gingivalis, which has sim-
ilar acylated patterns of lipid A to the one of H. pylori
though the acyl groups have branched terminus,?%-3
also showed TLR2 stimulatory and TLR4 antagonizing
activities.?® These biological activities are considered to
be associated with atherosclerosis, which is a chronic
inflammatory vascular disease and leads to cerebral
stroke and cardiac affection—most major causes of
death in industrial countries. The heterogeneity of the
lipid A structures in H. pylori LPS, however, complex-
ifies understanding the molecular basis of these biologi-
cal activities. There is also a potential issue on the

contamination of immunoreactive compounds in prepa-
rations from natural sources. We thus planned to syn-
thesize the series of the lipid A and LPS partial
structures to clarify the structural basis of the immuno-
regulatory activities.

Lipid A generally connects to the polysaccharide
domain via an acidic sugar, 3-deoxy-p-manno-2-octuro-
sonic acid (Kdo). Because H. pylori lipid A lacks a 4'-
phosphate group, the acidic group of Kdo might alter
the anionic charge and affect recognition by the LPS
receptor. In the present study, we thus synthesized the
H. pylori LPS partial structures, lipid A 1a and Kdo-
lipid A 2, which do not have ethanolamine at the
anomeric phosphate to observe the effect of Kdo and
ethanolamine in comparison with our previously synthe-
sized ethanolamine-type lipid A (Fig. 1).° Scheme 1
shows the basic strategy for lipid A synthesis. Glycosyl
domnors 4a/4b and glycosyl acceptors 5a/5b were pre-
pared from properly protected glucosamine 3a/3b,
respectively. The acyl group of the glycosyl acceptors
5a/5b was introduced before glycosylation. Glycosyl
donor, trichloroacetimidate Sa/5b, which possessed a
2-N-Troc group, was used for B-selective glycosylation
to construct the lipid A backbone. H. pylori lipid A 1a
was synthesized from disaccharide 6a with 1-O-phos-
phorylation and deprotection. Kdo-lipid A 2 was syn-
thesized by glycosylation of 6b with Kdo donor 7 and
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Scheme 1. Outline for the synthesis of Helicobacter pylori lipid A and
Kdo-lipid A. Alloc = allyloxycarbonyl, Bn = benzyl, MPM = p-meth-
oxybenzyl, TBS = r-butyldimethylsilyl, Troc = 2,2,2-trichloroethoxy-
carbonyl, TMS = trimethylsilyl.
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1-O-phosphorylation. Kdo fluoride 7 protected with
TBS groups at the 4- and 5-positions was used as a do-
nor for a-selective glycosylation, because we previously
found in our E. coli Re-LPS synthesis that a-selectivity
increased when large protective groups such as TBS
were introduced at the 4- and 5-positions.?! Benzyl-type
protecting groups were used for hydroxyl, carboxy and
phosphate functions, and the final deprotection of all
the benzyl-type protecting groups was carried out by
catalytic hydrogenolysis.

Scheme 2 shows the synthesis of lipid A 1a. Glycosyl
donor 4a and the acceptor Sa were synthesized in a
manner similar to previously published methods.’! The
glycosylation was carried out in the presence of a cata-
lytic amount of TMSOTf in THF solution at 0°C to
give disaccharide 9 in 85% yield. The Troc group at
the 2’-position of 9 was cleaved with Zn—-Cu couple in
acetic acid, and (R)-3-octadecanoyloxyoctadecanoic
acid was introduced with WSCD-HCI at 40 °C to give
6a from compound 9 in 56% yield. The Alloc group at
the 6’-position was cleaved with Pd(PPhs)s, PPh; and
ammonium formate in THF selectively in the presence
of an allyl group at l-position, and then the MPM
group was introduced at this liberated 6’-position. The
allyl group at the l-position was cleaved via isomeriza-
tion to a vinyl group with an iridivin complex and then
with iodine and water in 87% yield, and the anomeric
position was selectively phosphorylated with tetrabenzyl
pyrophosphate to give 11. Cleavage of all the benzyl-
type protecting groups in 11 by hydrogenolysis gave
the desired lipid A 1a.

For the synthesis of Kdo-lipid A, the lipid A backbone
was first prepared as shown in Scheme 3. Although we
initially tried to synthesize Kdo-lipid A from 6a, the
3/-0-MPM group was cleaved under the glycosylation
conditions using Kdo fluoride 7 in the preliminary
experiments. We, therefore, used 3-O-benzyl acceptor

a Al
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5b in subsequent procedures. The glycosyl donor 4b
and the acceptor 5b were synthesized in a manner simi-
lar to compounds 4a and 5a, respectively.’! The glycos-
ylation was carried out in the presence of a catalytic
amount of TMSOTTf in THF solution at —78 °C to give
the disaccharide 12 in 70% yield. The Troc group at the
2’-position of 12 was cleaved with Zn—Cu couple in ace-
tic acid, and (R)-3-octadecanoyloctadecanoic acid was
introduced with WSCD-HCI at 40°C to give 6b in
58% vyield from compound 12. The Alloc group at the
6’-position was cleaved with Pd(PPh;), in the presence
of PPh; and ammonium formate in THF, and then the
TES group was introduced at this position for subse-
quent glycosylation to give compound 6c.

Scheme 4 shows the preparation of Kdo fluoride 7, the
glycosyl donor for the next glycosylation, from com-
pound 13.3! In the previous study, we used (diethyl-
amino)sulphur trifluoride (DAST) for fluorination.
However, the reaction was difficult due to the high reac-
tivity of DAST and a considerable amount of glycal was
formed as a by-product. Hence, we used a new, mild
fluorination reagent, N,N-diethyl-o,a-difluoro-{rm-meth-
ylbenzyl)amine (DFMBA).>? The anomeric stereoselec-
tivity for fluorination was different for these two
compounds: 3/1 (o/B) for DAST and 1/10 (o/B) for
DFMBA. The formation of glycal 14 was suppressed
when DFMBA was used at a lower temperature.

Scheme 5 shows the glycosylation between Kdo-fluoride
7 and lipid A backbone 6¢. The reaction conditions were
examined using a variety of Lewis acids, solvents, and
molecular sieves. The molecular sieve 5A (MS5A) was
found to be effective for this reaction compared to
MS4A. Because MS5A contains calcium ions, MS5A
should trap fluoride anions to promote glycosylation.
Thus, we successfully obtained trisaccharide 8 with the
a-glycoside linkage between Kdo and lipid A, using
BF;/Et,0 and MSSA in CH,Cl, at —20 °C with a high

b.c

—_—

NH
O=(’
R

Allyt

o< o

R? !

10

e 1a
0
P(OBn),

Scheme 2. Synthesis of Helicobacter pylori lipid A. (a) TMSOTF (0.1 equiv), MS4A, THF, 0°C, 1h, 85%; (b) Zn—Cu, AcOH, rt; (c) (R)-3-
octadecanoyloxyoctadecanoic acid, WSCD-HCI, HOAt, CHCl;, 40 °C, 56% (two steps); (d) Pd(PPh;)s (1.2 equiv), PPh; (3 equiv), HCOONH,
(5 equiv), THF, rt, 2 h, 94%; (¢) MPM imidate Sn(OTY), MS4A, THF, 88%; (f) {Ir(H)(cod){(MePh,P),]PFq, then L, H,0, 87%; (g) tetrabenzyl
pytrophosphate, LIN(TMS),, THF, —78 °C, 47%; (h) H, (15kg am™?), Pd (black), THF. R': (R)-3-(4-trifluorobenzyloxy)octadecanoyl, R2: (R)-3-
octadecanoyloxyoctadecanoyl, HOAt = 1-hydroxy-7-azabenzotriazole, TMSOT{ = trimethylsilyl trifftuoromethanesulfonate, WSCD = 1-(3-dimeth-

ylaminopropyl)-3-ethylcarbodiimide hydrochloride.
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Scheme 3. Synthesis of lipid A backbone disaccharide for Helicobacter
pylori Kdo-lipid A. (a) TMSOTS (0.2 equiv), MS4A, THF, -78 °C,
1h, 80%; (b) Zn-Cu, AcOH, rt; (c) (R)-3-octadecanoyloxyoctadeca-
noic acid, WSCD-HCI, HOAt, CHCl;, 40 °C, 58% (two steps); (d)
Pd{PPh;)s, PPh;, HCOONH,, THF, 94%; (e¢) TESCI, imidazole,
CHQl,;, 88%. RY: (R)-3-benzyloxyoctadecanoyl, R*: (R)-3-octadeca-
noyloxyoctadecanoyl, TES = triethyl.
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T8s! __Reagent _ T1BSO\~ 850
88 B0 CHC g 80 TBS 0,8
13 OH 7 14

Entry Reagent Conditions  Time Yield™
1 DAST(Gequiv) -78°C 3h 83% (ou:B=3:1). 14
(7%)
5 DEMBA (2 equiv) 60°C 10 min 68% (c:p= 1:10),
AZeqi) (icrowave 50 W) 14 (12%)
. 88% (au:f=1:10),
3 DFMBA (4 equiv) -14°C 154 14 (ND)

fa] The ratio of the ¢ Bglycoside and glycat 14 was determined by the area
ratio of the PhCH,OCO signal in 'H-NMR.

Scheme 4. Fluorination of Kdo.
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Scheme 5. Synthesis of Helicobacter pylori Kdo-lipid A. (a) BF3-Et;O
(10equiv), MSSA, CHCl;, -20°C, 15h, 85%; (b) 47%
HF:CH,Cl:CH;CN = 1:5:5, 81%; (¢) (I H)(cod)(MePh,P):]PF¢, then
., H,0, 78%; (d) tetrabenzyl pyrophosphate, LiN(TMS),, THF,
~78 °C, 47%: () H> (20 kg cm™?), Pd (black), THF, 91%. R': (R})-3-
benzyloxyoctadecanoyl, R?: (R)-3-octadecanoyloxyoctadecanoyl.

yield. The stereochemistry at the anomeric position was
determined with the chemical shift of the protons at the
3'-position from 'H NMR in comparison with the
previously reported data.3! Then, the TBS groups were

removed with HF, and the allyl group at the 1-position
was cleaved via isomerization to a vinyl group with
iridium complex to give 15 in 78% yield. After selective
phosphorylation at the anomeric position with tetra-
benzyl pyrophosphate, all the benzyl-type protecting
groups were removed by hydrogenolysis to give the
desired compound 2.

The immunostimulating activities of the synthetic
H. pylori lipid A 1a and Kdo-lipid A 2 were examined
by measuring IL-6 production from human whole blood
cells (HWBC)*? (Fig. 2). Both 1a and 2 did not induce
IL-6, but showed competitive inhibition of IL-6 induc-
tion by E. coli LPS (0.5 ng/mL, O111:B4). Kdo-lipid A
2 showed more potent inhibitory activity than lipid A 1a.

These results demonstrated that the H-form tri-acylated
lipid A 1a and Kdo-lipid A 2 of H. pylori competitively
inhibit E. coli LPS immunostimulation. These results
indicated that 1a and 2 are TLR4 antagonist but not
TLR2 or TLR4 agonist. We also observed that intro-
ducing an acidic Kdo residue to lipid A enhanced this
inhibitory activity by 10-fold. The present study pro-
vides the molecular basis for antagonistic activity of
H. pylori LPS from certain strains.

It should be noted that the ethanolamine-form of lipid A
1b showed weak immunostimulating activity in our pre-
vious study.’® These results indicate that the number of
anionic charges influences the biological activity of lipid
A and LPS. Similar results were obtained from our stud-
ies with lipid A analogues containing acidic amino acid
residues as mentioned above. Depending on the anionic
charges (phosphoric acid vs carboxylic acid) in the lipid
A analogues, immunostimulating or antagonistic activ-
ity was observed.?® The present study also explains
why some strains of H. pylori LPS show weak immuno-
stimulating activity while others show antagonistic
activity. '

In conclusion, we synthesized tri-acylated lipid A 1a and
LPS partial structure 2 of H. pylori and found that both
compounds antagonize E. coli LPS immunostimulation.

141
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Figure 2. Helicobacter pylori Kdo-lipid A and lipid A competitively
inhibit IL-6 induction by E. coli LPS. Noted concentrations of Kdo-
lipid A 2a and lipid A 1a and 0.5 ng/mL of E. coli (O111:B4) LPS were
added to human whole blood cells (HWBC). Amount of IL-6
produced by HWBC was determined by ELISA. Data represent
averages of three repeated assays with standard deviations from
individual experiments.
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In future studies, we will use these H. pylori LPS com-
pounds to investigate the biological activities of LPS
and the factors that mediate host receptor. LPS
recognition.
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Abstract: Many techniques to restore cartilage defection
have been tried. However, the development is still under
way because of problems, including loosening of artificial
joint, degenerative change of compensated tissue, risk of
viral transmission via allograft/autograft, and cost of ther-
apeutic materials for repair. In the previous research, we
found that complementing cartilage defective part with car-
boxymethyl-chitin (CM-chitin)/B-tricalcium phosphate com-
posite induced regeneration of cartilage in rabbits in vivo,
and it is presumable that CM-chitin plays a key role in chon-
drogenesis causing the regeneration of cartilage. However,
the induction mechanism of chondrogenesis with CM-chitin
is still unclear. In this study, we investigated the cell
responses to CM-chitin by using peritoneal exudate cell
(PEC) in mice and found that CM-chitin induced the expres-
sion of inflammatory cytokines and growth factors, both of

which are both considered to correlate with chondrogenesis.
After intraperitoneal injection CM-chitin showed enhanced
expressions of mRNA of interleukin-1f (IL-1B), interleukin-6
(IL-6), keratinocyte-derived chemokine, tumor necrosis

" factor-a, and transforming growth factor-g1 (TGF-81) in PEC

as observed by reverse transcriptase polymerase chain reac-
tion. Productions of TGF-B1 protein were confirmed by
enzyme linked immunosorbant assay. It was also shown that
mononuclear cells in PEC were responsible for the TGF-p1
production. These results suggest that CM-chitin is an induc-
tor of inflammatory cytokines and growth factors and
may contribute to regeneration of cartilage. © 2007 Wiley
Periodicals, Inc. ] Biomed Mater Res 83A: 58-63, 2007

Key words: cartilage; chitin; inflammatory; mononuclear
cell; TGF

INTRODUCTION

In humans, cartilage has poor capacity to repair
because of its low mitotic activity and avascular
nature, and it is difficult to regenerate normal carti-
“lage at injured joint.!? Cartilage is mainly composed
of hyaline cartilage, which involves a rich extracellu-
lar matrix and water.> However, osteochondral
defects that penetrate the subchondral bone usually
heal with tissue that contains fibrous cartilage which
lacks the durability and many of the mechanical
properties of hyaline cartilage.* Several methods have
been carried out for medical treatment of cartilage;
the substitution with artificial joint, the bone marrow
permeation by subchondral drilling, and abrasion
arthroplasty were used for the treatments. However,

Correspondence to: M. Hashimoto; e-mail: hassy@eng.
kagoshima-u.acjp

© 2007 Wiley Periodicals, Inc.

these methods still have some problems, such as the
loosening of artificial joint, the regeneration of
fibrous cartilage from bone marrow spinal fluid, and
the degenerative change of compensated tissue.’

In this context, tissue-engineering techniques have
been developed for regeneration of cartilage at the
affected part. Tissue-derived biomaterials such as
cultured-autograft or allograft were used for repairs
of cartilage defect: transplantation of the tissue
showed well regeneration of cartilage tissue.® How-
ever, many problems still remain including a risk of
viral transmission via allograft or a lack of tissue for
transplantation, which can hardly be harvested from
patient body.”® Biomaterials as scaffolds constituting
the organization structure and growth factors pro-
moting cell differentiation or proliferation are also
used for induction of regeneration at defective carti-
lage.”**° The scaffold materials such as hydroxyapa-
tite’!? have been used to achieve repair small osteo-
chondral defects. However, this may not be a widely
acceptable method for complete repair- of hyaline
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cartilage.’® Additionally, the cartilage repairing ma-
terial involving the scaffolds and the growth factors
associated with chondrogenesis is too expensive for
practical treatment of all patients.

In the previous study, we found that complement-
ing the osteochondral defecting part with the
carboxymethyl-chitin (CM-chitin)/B-tricalcium phos-
phate (B-TCP) composite induced the regeneration
of cartilage in vivo of rabbits.* In the investigation,
the regeneration of articular cartilage was confirmed
with CM-chitin/B-TCP but not with B-TCP alone
at 8 weeks after implantation, presuming that CM-
chitin played a key role for the regeneration of carti-
lage. However, the induction mechanism of chondro-
genesis with CM-chitin was unclear. Chondrocyte is
known to be differentiated from bone marrow-
derived mesenchymal stem cells, by the effect of
growth factors, such as transforming growth factor
(TGF) or bone morphogenetic protein (BMP).”1%1%
Since CM-chitin contains no growth factor, this ma-
terial may stimulate surrounding cells at the region
of administration to induce those factors. Further,
it is considered that fracture-healing process is asso-
ciated with the initial inflammation caused by
inflammation cytokines and with the following chon-
drogenesis and osteogenesis.'®!” In the present study,
we investigated the expression of inflammatory cyto-
kines and growth factors induced by the peritoneal
injection of CM-chitin in mice.

MATERIALS AND METHODS

Stimuli and cells

The CM-chitin (degree of substitution for O-carboxyme-
thylation = 79 mol %, degree of deacethylation = 27 mol %)
was prepared from chitin extracted from Queen Crab
shells according to the method reported previously.® Solu-
ble-type and gel-type CM-chitins were prepared as
described,” and B-TCP granules were purchased from
Taihei Chemicals (Saitama, Japan). The levels of endotoxin
contamination were determined by Endospecy® test
according to the manufacture’s instruction.

Soluble-type CM-chitin was dissolved in PBS (10 mg/mL)
and gel-type CM-hitin and B-TCP granules were sus-
pended in PBS (10 mg/mlL). Six to 8week-old male
BALB/cN sea mice were obtained from Kyudo (Saga,
Japan). The animals received humane care in accordance
with our institutional guidelines and the legal require-
ments of Japan. Mice were injected intraperitonealy with
0.5 mL of stimulus solution or suspension. Peritoneal
exudate cells (PEC) were collected from respective mice in
each stimulation time, at 1, 2, 4, 24, or 72 h after injection.
The number of cells collected were 1-3 X 10° cells/mouse.
The PEC from mice were subjected to the extraction of
ribonucleic acid (RNA) or cultured for the detection of
secreted proteins.

59

mRNA expression

Total cellular RNA was extracted from PEC of two mice
for each treatment, using TRIzol® Reagent (Invitrogen,
Carlsbad, CA) or GenElute™ Mammalian Total RNA Kit
(Sigma-Aldrich, St. Louis, MO) according to the manufac-
turer’s procedure. Reverse transcriptase polymerase chain
reaction (RT-PCR) was performed with total RNA (<500 ng)
using RNA PCR Kit (AMV) Ver.3.0 (TaKaRa BIO, Shiga,
Japan) with sense and antisence oligonucleotide primers
specific for PB-actin,'® interleukin-18 (IL-1B),*® IL-6%
keratinocyte-derived chemokine (KC),? tumor necrosis
factor-a (TNF-a),®® macrophage-colony stimulating factor
(M-CSF),? receptor activator of NF-x B (RANKL),? inter-
feron-y (IFN-y),”® inducible NO synthase (iNOS)** cyclo-
oxygenase-2 (COX-2),” and TGF-$1.% The amount of RNA
was corrected by B-actin expression. The amplified prod-
ucts were detected by electrophorsis on a 1% agarose gel.

Growth factor assay

PEC were fractionated by the density gradient method
using Histopaque-1083/1119 (Sigma-Aldrich) to obtain
mononuclear cells (MINC) fraction. The numbers of cells
obtained were 3-7 X 10°/mouse. Total PEC collected from
one mouse or MNC from two mice were suspended in
Dulbecco’s Modified Eagles Medium (DMEM) supple-
mented with 200 pg/mL of BSA (Nacalai Tesque, Kyoto,
Japan) and plated on each well of six-well plate. The cells
were incubated for 24 h at 37°C in humidified air contain-
ing 5% CO,. After incubation, culture supernatants were
collected and analyzed for secreted TGF-B1 (R&D Systems,
Minneapolis, MN) using an enzyme linked immunosor-
bant assay (ELISA) kit according to the manufacturer’s
instruction. Data are the mean * SE of three independent
experiments. Serum TGF-Bl concentrations in different
experimental groups were analyzed for statistical signifi-
cance by using Welch's ¢-test. '

RESULTS

Stimulation of murine PEC by
soluble-type CM-chitin

It was hypothesized in our previous experiment'*
that CM-chitin gel in the CM-chitin/B-TCP compos-
ite stimulated cells located at the surroundings of
the implanting lesion to produce cytokines and/or
growth factors, and lead to promote the regeneration
of cartilage. Since CM-chitin gel is a biodegradable
material, which can be digested by lysozyme
in vivo,”’® the resulting soluble CM-chitin fragments
may act as a stimulant for the regeneration. How-
ever, it is unknown what kind of cells are involved
in the stimulation by CM-chitin. Thus, we first
investigated the stimulating effect of soluble-type
CM-chitin on cells in vivo. Soluble CM-chitin was
intraperitoneally injected to BALB/c mice and mRNA
expression in the stimulated PEC was detected by

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 1. Time-dependent expressions of mRNA for cyto-
kines in PEC treated with soluble-type CM-chitin. Results
with soluble-type CM-chitin were compared with those
with PBS. The numbers above the figures indicate elapsed
times (hour) after injection of PBS or soluble-type CM-
chitin in PEC in mice. IL-1B (a), IL-6 (b), KC (c), TNF-«
(d), M-CSF (e), RANKL (f), IFN-y (g), iNOS (h), COX-2 (i),
and TGF-B1 (j) are surveyed by RT-PCR.

RT-PCR. Expression of mRNA for inflammatory
cytokines, IL-1B, IL-6, KC, TNF-a, iNOS, and COX-2
in PEC stimulated with CM-chitin were significantly
enhanced in comparison with those with PBS as a
negative control [Fig. 1(a-i)]. Slight expression of
these cytokines were observed in PBS injected mice
at 1 h probably due to the injury of needle stick. In
contrast, sustained inflammation was observed up to
24 h in CM-chitin injected mice PEC. The levels of
endotoxin contamination was under the detection
limit (less than 100 pg/mg). These suggested that
CM-chitin was responsible for the expression of
inflammation cytokines in mice.

Expression patterns of mRNA of TGF-B1 were also
significantly different between two groups [Fig. 1()].
The expression of TGF-B1 in PBS group kept in low
level throughout the period was observed, while
that in CM-chitin group was enhanced. The produc-
tion of TGF-B1 protein was confirmed by ELISA.
The PEC harvested at 1-72 h after injection of
stimuli were cultured for the secretion of protein in
serum free medium and the secreted TGF-Bl was
analyzed (Fig. 2). The result showed that TGF-81
concentration from PEC stimulated with CM-chitin
was significantly higher than that with PBS (p < 0.01
for 24 h and p < 0.05 for 1, 4, and 48 h). TGF-1
level at 24 h was clearly higher than thatof 1 h (p <
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0.05), suggesting that TGF-B1 was secreted after
inflammation [see Fig. 1(a—d, h, i)]. :

Stimulation of murine PEC by gel-type CM-chitin

In practical medical treatments, a gel-type CM-
chitin/B-TCP composite material is used for the
repairing of articular cartilage. Thus, we next investi-
gated the effect of gel-type CM-chitin on PEC in
mice. Expression of mRNA for inflammatory cyto-
kines was enhanced up to 24 h after stimulation of
gel-type CM-chitin in a similar manner as soluble-
type CM-chitin [Fig. 3(a—e)]. TGF-B1 was also induced
by CM-chitin gel [Fig. 3(e)].

B-TCP was reported to be a stimulant for cytokine
induction.”® Expression of mRNAs of inflammatory
cytokines by the stimulation of B-TCP granules was
observed in agreement with the report. However,
the expression level by B-TCP was lower than that
by CM-chitin, especially for IL-6, KC, TNF-a, and
TGF-B1 (Fig. 3). The levels of TGF-B1 protein secre-
tion was determined (Fig. 4). Gel-type CM-chitin
induced high concentration of TGF-B1, while the
level induced by B-TCP was similar to that by
PBS. Further, TGF-B1 production stimulated by
CM-chitin/B-TCP composite is slightly lower than
CM-chitin only. These results suggested that CM-
chitin but not B-TCP is a stimulant for TGF-B1.

Contribution of MNCs in cytokine
induction by CM-chitin

It is known that macrophages are critical in the
successful wound healing by particigoating in in-
flammatory and following processes.”™ Regulatory
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Figure 2. Effect of soluble-type CM-chitin on expression
of TGF-B1 in PEC. Total PEC were harvested from mice at
1, 4, 24, 48, or 72 h after administration of CM-chitin or
PBS cultured for 24 h, and their supernatants were used
for ELISA to evaluate the expression of TGF-B1. Each
value is the mean * SE of three samples. * and ** indicate
the significances at p < 0.05 and p < 0.01, respectively,
compared with PBS treated group. * indicates the signifi-
cance at p < 0.01, compared with soluble-type CM-chitin
treated group at 1 h.
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Figure 3. Time-dependent expressions of mRNA for cyto-
kines in PEC treated with soluble-type CM-chitin. Expres-
sions for solid gel type CM-chitin were compared with
those for B-TCP, which constitute the biomaterial compos-
ite with CM-chitin. The numbers at the head of figure indi-
cate elapsed times (hour) after injection of B-TCP or gel-
type CM-chitin in PEC in mice. IL-1B (a), IL-6 (b), KC (c),
TNF-a (d), and TGF-B1 (e) are surveyed by RT-PCR.

role of macro;;hages in bone wound healing was
also reported.”™ In both cases, MNC contributed to
the secretion of growth factors. Therefore, we inves-
tigated the contribution of MNC in TGF-B1 secretion.
The PEC from soluble-type CM-chitin injected mice
were subjected to a density gradient separation
using Histopaque to fractionate MNC. As shown in
Figure 5, TGF-B1 was secreted from the MNC frac-
tionated from PEC at 24 and 48 h after injection of
soluble-type CM-chitin.
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Figure 4. Effect of gel-type CM-chitin on expression of
TGF-B1 in PEC. Total PEC were harvested from mice at
24 h after administration of gel-type CM-chitin, B-TCP,
CM-chitin/B-TCP composite or PBS cultured for 24 h, and
their supernatants were used for ELISA to evaluate the
expression of TGF-Bl. Each value is the mean * SE of
three samples. ** indicate the SIgmﬁcances at p < 001
compared with B-TCP treated group. indicates the
significance at p < 0.01 compared with CM-chitin/B-TCP
composite treated group.
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Figure 5. Effect of soluble-type CM-chitin on expression
of TGE-B1 in fractionated PEC. PEC were harvested from
mice at 24 or 48 h after administration of CM-chitin or PBS
and fractionated by density gradient. The MNC fractions
were cultured for 24 h and their supernatants were used
for ELISA to evaluate the expression of TGF-Bl. Each -
value is the mean * SE of three samples. * and ** indicate
the significances at p < 0.05 and P, < 0.01, respectively,
compared with PBS treated group. * indicates the signifi-
cance at p < 0.05, compared with soluble-type CM-chitin
treated group at 24 h.

DISCUSSION

In this study we found that CM-chitin stimulated
cells to induce inflammatory cytokines, IL-18, IL-6,
KC, TNF-a, iNOS, and COX-2, in mice. Since CM-
chitin contained no detectable endotoxin, CM-chitin
is considered to be responsible for the inflammation.
IL-18 and KC expression was continued to around
24 h, probably due to the faracrine interaction of
early inflammatory genes.?*>

Some of these cytokines are considered to act as
attractants of cells. KC is a mouse homologue of
human chemokine CXCL1.** Chemokines are known
as potent attractants for leukocytes such as neutro-
phils and monocytes.®® Since macrophages are
shown to be essential for wound and bone healing,
KC might be associated with cartilage regeneration.
TNF-a is reported to facilitate bone repair process
by shmulatmg the recruitment of mesenchymal stem
cells.”” Since mesenchymal stem cells can proliferate
to chondrocytes, TNF—a may also participate in the

repair of cartilage."”

We also observed the production of TGF-B1 in
PEC induced by CM-chitin. The functions of TGF-8,
which primarily controls cell growth and differentia-
tion for chondrocyte,* were investigated previously.
It has a protective effect on the extracellular matrix
of human articular chondrocyte by stimulating tissue
inhibitor of metalloproteinases-1 (TIMP-1) expres-
sion,” or by decreasing procollagenase expression.*

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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TGF-B1 is also reported to increase the production
of the chondroitin/dermatan sulfate proteoglycan,
promoting the formation of the extracellular matrix,
which is required for chondrogenesis,® and to pro-
mote the expression of several integrins, which
mediate cell adhesion to other cells or to the extrac-
ellular matrix.***? In the culture of mesenchymal
stem cells, TGF-B1 was used to promote the chon-
drogenesis in vitro in combination with BMP-2 and/
or dexamethasone.'#>* Those results indicate that
TGF-B1 secreted in mice with CM-chitin stimulation
is a possible cause of chondrogenesis in the lesion.
Interestingly, the mRNA expression and protein pro-
duction of TGF-B1 were not observed by the stimu-
lation of B-TCP stimulation. Masuda et al. reported
that CM-chitin/B-TCP composite induced cartilage
regeneration, but B-TCP did not.’* These differences
in cartilage repair may be associated with the cyto-
kine expression profiles of CM-chitin and B-TCP.
Further, addition of B-TCP did not promote TGF-B
production by CM-chitin. These results suggested
the importance of CM-chitin in cartilage regeneration.

The cytokine expression profile of CM-chitin, tran-
sient inflammation up to 24 h, followed by TGF-81
expression (Figs. 1-3), is similar to those of wound
and fracture healing.'® In addition to that, the result
shown in Figure 4 suggests that MNC were respon-
sible for the TGF-B1 production in whole PEC. This
suggestion also coincides with the previous report
that TGF-B1 was secreted by activated MNC within
an inflammatory tissue.¥’ Thus, the mechanisms of
cartilage regeneration may be expected as follows.
Cells such as MNC or mesenchymal stem cells are
recruited from surrounding tissues, including bone
marrow and vessel, in the inflammation period,
although responsible cells for inflammation evoked
by CM-chitin have been clarified. The migrated
MNC concluded the inflammation by producing
suppression cytokines, such as TGF-81, and then the
mesenchymal stem cells proliferated to chondrocytes
to regenerate cartilage tissue. Many biodegradable
materials have been used for the regeneration of
articular cartilage, generally with the aid of growth
factor proteins.”>**! The CM-chitin based B-TCP
composite was demonstrated to repair articular carti-
lage without addition of growth factor.!* Here, we
showed that CM-chitin stimulated the induction of
growth factors in situ. This may indicate that the
composite has a dual role as a scaffold and an
inducer of growth factor.

CONCLUSION

In the present study, CM-chitin was found to stim-
ulate PEC to induce inflammatory cytokines and
TGF-B1. It was also indicated that MNCs in PEC
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were responsible for the TGF-f1 production. Al-
though we have not yet investigated if the cytokine
expression in the composite of CM-chitin implanted
lesion in vivo, it is assumed that similar cytokine
expression is involved in regeneration of cartilage.
Further researches are going on to clarify which cells
are responsible to the mechanisms of chondrogenesis
induced by CM-chitin. :
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