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ABSTRACT

We have recently demonstrated that liposomes composed of phosphatidylserine (PS-liposomes) suppressed nitric oxide
and inflammatory cytokine productions following LPS stimulation in macrophages. In this study, we examined the ef-
fect of PS-liposomes on expressions of TLR-4 and MyD88, which are essential for the signal transduction in LPS
stimulation. Expression of MyD88 was suppressed when macrophages were treated with PS-liposomes, but not with
liposomes of phosphatidylcholine. No change in TLR-4 expression was observed. MyD88 suppression was restored to
the control levels when cells were pre-treated with anti-TGF-§ antibody, suggesting that TGF-f plays an important role

in down-regulation of MyD88 following PS-liposome treatment.
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1. Introduction

Apoptosis has been recognized to be of major importance
for embryonic development, tissue homeostasis, autoim-
mune disease, cancer progression, and the killing of can-
cer cells by anti-cancer drugs [1-4]. In the body, profes-
sional and non-professional phagocytes rapidly recognize
and phagocytose apoptotic cells to prevent the release of
noxious contents that could provoke inflammation and
tissue damage [5-7]. Exposure of the anionic phosphol-
ipid, phosphatidylserine (PS), in the outer leaflet of the
plasma membrane is one of the most striking and consis-
tent changes on the surface of apoptotic cells [8,9]. The
best known molecule involved in recognition by macro-
phages is PSas an “eat me signal” [9]. Furthermore, in-
teraction between macrophages and apoptotic cells re-
sults in the secretion of cytokines such as TGF-f and
IL-10, which are known as anti-inflammatory cytokines
[5-7,10,11].

TGF-f is a multifunctional cytokine that regulates
numerous physiological processes, including cell growth,
differentiation, apoptosis, adhesion, and the synthesis of
extracellular matrix proteins [12]. Engulfment of apop-
totic cells is thought not only to remove them from the
tissue but also to provide protection from local damage
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resulting from the release or discharge of pro-inflamma-
tory contents, and the immune-suppressive effect was
largely inhibited by TGF-f-neutralizing antibodies [13].
Liposomes composed of PS (PS-liposomes) can mimic
the release of cytokines to apoptotic cells, and indeed the
release of TGF-f1 from macrophages has been identified
[14]. Hoffmann ef al. have reported that PS-liposomes
inhibit immune responses in vivo through a PS-specific
receptor, and TGF-f plays a critical role in this inhibition
[15].

In our series of studies, PS-liposomes inhibited the
production of nitric oxide (NO) and tumor necrosis factor
(TNF)-a. fromthioglycollate-elicited mouse peritoneal
macrophages stimulated with LPS, and TGF-$1 is one of
the factors produced by PS-liposomes that suppresses the
productions of NO and TNF-a in macrophages [16,17].
Furthermore, we demonstrated that the PI3K/Akt path-
way and the downstream extracellular signal-regulated
kinase (ERK), a MAP kinase, signaling pathway via
PS-specific receptors are intimately involved in the pro-
duction of TGF-f1 by macrophages treated with PS-li-
posomes [18]. However, it is not yet clear how TGF-f
acts on macrophages and inhibits the secretion of NO or
TNF-o from macrophages stimulated with LPS.

In this study, we focused on Toll-like receptor (TLR) 4
and MyDS88. It is well known that the effect of LPS is
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mediated through a member of the highly conserved TLR
family, TLR4, leading to the induction of numerous
pro-inflammatory genes in most cell types, particularly
macrophages [19,20]. Furthermore, TLR adaptor protein,
MyDS88 is essential for responses against a broad range
of microbial components through TLRs [21]. Our data
indicated down-regulation of MyD88 when the cells were
treated with PS-liposomes, but no changes in TLR4 ex-
pression. This inhibitory effect of PS-liposomes was re-
stored when the cells were treated with anti-TGF-$ anti-
body, suggesting that inhibitory effects of PS-liposomes
on macrophages result in the down-regulation of MyD88
expression through TGF-$ production.

2. Materials and Methods
2.1. Materials

Phosphatidylserine (PS) was kindly provided from H.
Holstein GmbH EtCo. KG (Tokyo, Japan) bovine brain
and cholesterol (Chol) was obtained from Sigma Co., Ltd.
(St. Louis, MO). Phosphatidylcholine (PC) from egg
yolk was purchased from Nippon Oil and Fat Co. (Tokyo,
Japan).

2.2. Preparation of Liposomes

Multilamellar liposomes composed of PS:PC:Cholesterol
= 2:1:1 (by molar ratio, PS-liposomes) and PC:Choles-
terol = 3:1 (by molar ratio, PC-liposomes) were prepared
by vortexing and passed through a membrane filter (0.45
pm; Corning Glassworks, Corning, NY) before use. Li-
posomal size and Zeta potential were measured with a
dynamic light-scattering spectrophotometer (DLS-7000,
Otsuka Electronics, Tokyo) and Nicomp 380 ZLS (PSS
Nicomp Particle Sizing System). The mean diameter and
Zeta potential of SA-liposomes were 380 nm and —25
mV, respectively.

2.3. Preparation of Macrophages

Mouse macrophage-like cell line, RAW264.7, was pur-
chased from Riken Cell Bank (Ibaraki, Japan). C;H/HeN
mice (male, 6 - 8 weeks old) were purchased from Japan
SLC Inc. (Shizuoka, Japan). Animal use and relevant
experimental procedures were approved by the Tokyo
University of Pharmacy and Life Science Committee on
the Care and Use of Laboratory Animals. C;H/HeN mice
were injected intraperitoneally with 1.0 mL of 3% thiogly-
collate (Difco Laboratory, Detroit, MI). On day 4, mur-
ine peritoneal macrophages were prepared according to
our previously described method [16].

2.4. FACS Analysis for TLR4 Expression

RAW264.7 cells and murine peritoneal macrophages (1
x 10° cells) were treated with PS-liposomes (125 pg of
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phospholipids/mL) at 37°C for 24 hr. After treatment, the
cells were washed with PBS, and then were treated
withanti-TLR4 antibody (Imgenex, San Diego, CA) at
4°C for 1 hr. After three washes with PBS, cells were
re-suspended in FITC-labeled anti-rat IgG as secondary
antibody (Imgenex, San Diego, CA) at 4°C for 1 hr. The
expression of TLR4 on the cell surface was evaluated by
flow cytometry (FACSCalibur, Becton-Dickinson).

2.5. Western Blotting

RAW264.7 and murine peritoneal macrophages (1 x 10°
cells/well) were treated with PS-liposomes (125 pg of
phospholipids/mL) or anti-PS-receptor antibody (20 pg/mL)
for given periods. Cells were then lysed as described
previously [22]. For the determination of MyD88, cell
lysates were separated by 12% SDS-PAGE, blotted on
Immobilon P membranes (Nihon Millipore, Tokyo, Ja-
pan), and analyzed usinganti-MyD88 antibody and HRP-
conjugated-anti-rabbit IgG antibody (Imgenex, San Diego,
CA, USA). Band intensity was analyzed with NIH Image
in each case [14].

2.6. Induction of Apoptotic Cells

Jurkat T cellspurchased from Riken Cell Bank (Ibaraki,
Japan) were exposed to UV irradiation at 254 nm for 5
min. The cells were cultured in RPMI 1640 with 10%
fetal calf serum (Gemini Bio-Products) for 2 h at 37°C in
5% CO,. Cell apoptosis was evaluated by determining
the externalization of phosphatidylserine (PS) by flow
cytometry (FACS Calibur, Becton Dickinson, San Jose,
CA) using TACS™ Annexin V-FITC apoptosisdetection
kits according to the manufacturer’s instructions (Biovi-
sion, Mountain View, CA), and the proportion of cells
expressing PS at the surface was generally 60%.

2.7. Detection of TGF-f1

RAW264.7 cells (5 x 10° cells/well) were treated with
PS-liposomes (125 pg of phospholipids/mL) for a speci-
fied period. TGF-f1 concentrations were determined by
ELISA using pairs of purified capture and biotinylated
detection antibodies recognizing murine TGF-f1 accord-
ing to the manufacturer’s directions (BD Biosciences).

2.8. Statistical Analysis

Paired Student’s ¢ test was used to compare paired groups.
Aanalysis of variance (ANOVA) was used for multi-
group analysis. Values of p < 0.05 were considered to
indicate a significant difference.

3. Results and Discussion

In our previous study [14,16-18,22],we demonstrated that
PS-liposomes inhibited the productions of nitric oxide
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(NO) and inflammatory cytokine, TNF-a, frommurine
peritoneal macrophages stimulated with LPS, and TGF-f
plays an important role in this inhibitory effect. It is well
known that the effect of LPS is mediated through a
member of the highly conserved Toll-like receptor family,
TLR4, leading to the induction of numerous pro-in-
flammatory genes in most cell types, particularly macro-
phages [20]. In TLR4 signaling, stimulation of TLR4
facilitates the activation of two pathways, MyD88-de-
pendent and MyD88-independent pathways. The former
involves the early phase of nuclear factor (NF)-«B acti-
vation leading to the production of inflammatory cyto-
kines [20]. Furthermore, MyD88-deficient mice fail to
produce TNF and IL-6 when exposed to LPS [23]. In this
study, to clarify the mechanism of how TGF-f acts on
macrophages and inhibits the secretion of NO or TNF-«a
from macrophages stimulated with LPS, we focused on
TLR4 and MyD88 expressions.

3.1. Effects of PS-Liposomes on TLR4 Expression

Effects of PS-liposomes on TLR4 expression were ex-
amined in murine macrophage cell line RAW264.7 cells
and peritoneal macrophages. RAW264.7 cells were treated
with liposomes for 24 h, and then the changes in TLR4
expression were estimated by flow cytometry. As shown
in Figure 1(a), no changes were observed when
RAW264.7 cells were treated with PS-liposomes and
PC-liposomes, and the intensity of fluorescence was the
same as that of the control. In the case of murine perito-
neal macrophages, no changes in TLR4 expression were
also observed when the cells were treated with PS-lipo-
somes for 12 and 24 h (Figure 1(b)).

Das et al. reported that Leishmania infection induced
tolerance in macrophages, leading to an inability to pro-
duce of inflammatory cytokines TNF-a and IL-15 in re-
sponse to TLR stimulation with LPS. Overexpression of
TGF-g, but not IL-10, resulted in suppressedLPS-in-
duced production of TNF-a and down-regulation of
TLR4 expression in Leishmania-infected macrophages
[24]. Furthermore, Jones et al. reported that activin A,
which is also named restrictin-P, could decrease the se-
cretions of IL-14 and NO, as well as the mRNA expres-
sions of IL-1§ and iNOS, in mouse macrophage cell line
RAW264.7 cells induced by LPS [25]. In addition, ac-
tivin A could reduce the expressions of CD68 and CD14,
as well as TLR4 on RAW264.7 cells. In our previous
study [26], PS-liposomes inhibited the secretions of NO
and inflammatory cytokines frommurine peritoneal macro-
phages stimulated with LPS, but there was no change in
the expression of CD14 in peritoneal macrophages fol-
lowing PS-liposome treatment. PS-liposomes induced
macrophages to exhibit tolerance towards LPS, leading to
an inability to produceNO and inflammatory cytokines.

Copyright © 2013 SciRes.
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Figure 1. Effects of PS-liposomes on TLR4 expression in
murine peritoneal macrophages (a) and RAW264.7 cells (b).
Both cells (1 x 10° cells) were incubated with PS-liposomes
(125 pg of phospholipids/mL) or PC-liposomes (125 pg of
phospholipids/mL) for 24 h. After the incubation, cells were
washed twice with PBS, and then incubated with anti-TLR4
antibody. After three washes with PBS, cells were incubated
with FITC-labeled anti-rat IgG as second antibody, and
then subjected to flow cytometry.

However, no change in TLR4 expression was observed
in this study. The reason for the discrepancy in TLR4
expressionmay be attributable to the differences of cell
type and stimuli, but the detailed mechanism is not yet
understood.

3.2. PS-Liposomes Down-Regulate MyD88
Expression

Cellular responses to LPS are mediated by TLR4 [20].
Intracellular signaling pathways through TLR4 are di-
vided into two categories: MyD88-dependent pathway
and MyD88-independent pathway [20,21]. The MyD88-
dependent pathway leads to early activation of the tran-
scription factor NF-kB and the productions of proin-
flammatory cytokines and proteins, including TNF-a and
NO synthase. On the other hand, the MyD88-indepen-
dent pathway activates interferon-regulatory factor (IRF)
-3 and involves the late phase of NF-«B activation, lead-
ing to the productions of IFN-f [20,21]. Since PS-lipo-
somes inhibited the productions of cytokines and NO
generation [16,17], we focused on the inhibitory effect of
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the liposomes on the MyD88-dependent pathway. We
first investigated down-regulation of MyD88 expression
in murine peritoneal macrophages and RAW264.7 cells
by Western blotting, and band intensity was analyzed
with NIH Image in each case. As shown in Figure 2,
MyD88 expression in each cell treated with PS-lipo-
somes was down-regulated to half of the level of the
control. Inhibitory effects of PS-liposomes on MyDS88
expression were observed in a dose-dependent manner
(Figure 3). Furthermore, the inhibitory effect was ob-
served when the cells were treated with PS-liposomes at
least for 6 h, and no noteworthy time-dependent inhibi-
tory effect was found in murine peritoneal macrophages
(Figure 4). These findings revealed that PS-liposomes
suppressed MyD88 expression in macrophages.

Exposure of PS in the outer leaflet of the plasma mem-
brane is one of the most striking and consistent changes
on the surface of apoptotic cells, and PS is known as an
“eat me signal” involved in the recognition by macro-
phages [9]. We thus examined whether apoptotic cells
could suppressed MyD88 expression in macrophages.
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Figure 2. Effects of PS-liposomes on MyD88 expression in
murine peritoneal macrophages (a) and RAW264.7 cells (b).
Both cells (1 x 10° cells) were incubated with PS-liposomes
(125 pg of phospholipids/mL) or PC-liposomes (125 pg of
phospholipids/mL) for 18 h. MyD88 expression was evalu-
ated by Western blotting. Cell lysates were separated by
12% SDS-PAGE, blotted on Immobilon P membranes, and
analyzed using ananti-MyD88 antibody and HRP-conju-
gated anti-rabbit IgG antibody. Band intensity was ana-
lyzed with NIH Image in each case.
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Figure 3. Effect of liposomal dose on MyD88 expression in
murine peritoneal macrophages (a) and RAW264.7 cells (b).
Both cells (1 x 10° cells) were incubated with various doses
of PS-liposomes for 18 h. MyD88 expression was evaluated
by Western blotting according to the METHODS described
above.
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Figure 4. Effects of incubation time on MyD88 expression in
murine peritoneal macrophages. Cells (1 x 10° cells) were
incubated with various doses of PS-liposomes for 18 h.
MyD88 expression was evaluated by Western blotting ac-
cording to the METHODS described above.

Mouse peritoneal macrophages were treated with apop-
totic Jurkat T cells, which were obtained by UV irradia-
tion at 254 nm for 5 min, and MyD88 expression was
clearly suppressed (Figure 5). Recently, several papers
have indicated that apoptotic cells participate in immune
modulations in antigen-presenting cells, macrophages
and plasmacytoid dendritic cells, and immune responses
such as cytokine production, inflammation response, and
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Figure 5. Effect of apoptotic cells on MyD88 expression in
murine peritoneal macrophages. Murine peritoneal cells (1
x 10° cells) were incubated with apoptotic Jurkat T cells (2
x 10° cells) for 18 h. After the incubation, macrophage cell
lysate was prepared, and MyD88 expression was evaluated
by Western blotting according to the METHODS described
above.

T cell differentiation were changed [27-30]. In these
phenomena, apoptotic cells could not directly interact
with macrophages or dendritic cells, and soluble factors
including TGF-f are required in their immunomodula-
toryfunctions.

3.3. Involvement of TGF-f in MyD88
Down-Regulation

TGF-p is implicated as an important regulator of almost
all major cell behaviors and activities, such as prolifera-
tion, adhesion, motility, apoptosis, and differentiation
[12]. Which of these are affected and how they are regu-
lated in response to TGF-f depend entirely on the cell
type and the cell state in which the TGF-f signals are
received. Many researchers reported that phagocytes can
engage PS exposed on apoptotic cells through multiple
distinct receptors, such as Tim-4, Stabilin-2, MER, BAII,
and integrin a,f; [9,25,31]. Uptake of apoptotic cell-
sthroughthese receptors leads macrophages to produce
TGF-p [9,27]. Therefore, we evaluated the production of
TGF-f in RAW264.7 cells following PS-treatment. As
shown in Figure 6, secretion of TGF-f began at 3 h and
reached a plateau at 9 h after the treatment of the cells
with PS-liposomes. Our previous report indicated that the
secretion of TGF-f was also observed in murine perito-
neal macrophages [14]. To clarify whether TGF-g is in-
volved in the MyD88 suppression, the effect of anti-
TGF-p antibody on the MyD88 expression was evaluated
by ELISA. As shown in Figure 7, the band intensity sup-
pressed by PS-liposomes was restored to the control level
when RAW264.7 cells were pre-treated with anti-TGF-f
antibody. These findings suggested that TGF-f, which is
produced by PS-liposome treatment, was involved in the
suppression of MyD88 expression in macrophages. TGF-
p plays a fundamental role in regulation of cell growth,
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Figure 6. TGF-# production from RAW264.7 cells after
stimulation with PS-liposomes. RAW264.7 cells (5 x 10°
cells) were treated with PS-liposomes (125 pg of phosphol-
ipids/mL) for the indicated times. Supernatant was col-
lected and TGF-f protein concentrations were evaluated by
ELISA as described in METHODS. The values are mean +
SD of triplicate results from three independent experi-
ments.
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Figure 7. Effect of anti-TGF-£ antibody on MyD88 expres-
sion in RAW264.7 cells. RAW264.7 cells (1 x 10° cells) were
pre-treated with anti-TGF-# antibody for 2 h, and then
incubated with PS-liposomes (125 pg of phospholipids/mL)
for 18 h. Cell lysate was prepared and subjected to Western
blotting as mentioned above.

and intense interest was focused on understanding the
molecular details of the signaling pathway. Recently,
Naiki et al. reported that TGF-f facilitates ubiquitination
and proteasomal degradation of MyD88 and thereby at-
tenuates MyD88-dependent signaling by decreasing cel-
lular levels of MyD88 protein [32]. Ubiquitination and
proteasomal degradation of MyD88 might be involved in
the down-regulation induced by PS-liposomes. TLRs and
MyDS88 are central to the host response to bacterial in-
fections such as Mycobacterium tuberculosis. In host
defense against M. tuberculosis infection, lethal inflam-
mation was observed in TGF-f-null mice, and uncon-
trolled inflammation may result directly from lack of
inhibition of TLR signaling and sustained induction of
pro-inflammatory gene targets [32]. PS-liposomes, which
have the ability to suppress the production of inflamma-
tory cytokines, may be a candidate for anti-inflammation
treatment.

PP



Down Regulation of MyD88 in Macrophages Treated with Liposomes Composed of Phosphatidylserine 253

In conclusion, we examined the effect of PS-liposomes
on expressions of TLR-4 and MyD88, which are essential
for the signal transduction in LPS stimulation. MyD88
expression was suppressed when macrophages were
treated with PS-liposomes; however, no change in TLR-4
expression was observed. MyD88 suppression was re-
stored to the control levels when cells were pre-treated
with anti-TGF-f antibody, suggesting that TGF-§ plays
an important role in the down-regulation of MyD88 fol-
lowing PS-liposome treatment.
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