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a b s t r a c t

Phospho-ceramide analog-1 (PCERA-1) has been described as a potent in vivo suppressor of the pro-
inflammatory cytokine tumor necrosis factor � (TNF�), and thus as a putative drug for the treatment of
inflammatory diseases. However, the in vivo cell target of PCERA-1 has not been identified, and its in vivo
effect on secretion of other relevant cytokines has not been reported. We have previously shown that
PCERA-1 suppresses lipopolysaccharide (LPS)-induced TNF� production in RAW264.7 macrophages in
vitro. We therefore hypothesized that PCERA-1 targets TNF� production by primary macrophages. In this
study we thus investigated the effect of PCERA-1 on LPS-induced release of TNF�, interleukin (IL)-10 and
IL-12p40, in vivo, and ex vivo. We found that PCERA-1 suppressed production of the pro-inflammatory
cytokines, TNF� and IL-12p40, and increased production of the anti-inflammatory cytokine, IL-10, in LPS-
challenged mice, and in primary peritoneal macrophages as well as bone marrow-derived macrophages
(BMDM) stimulated with LPS and interferon (IFN)-�. These activities of PCERA-1 were independent of
each other. In contrast, PCREA-1 only slightly affected TNF� production in the whole blood assay, where
LPS-induced cytokines are mainly produced by monocytes. Moreover, isolated blood monocytes were
inert to PCERA-1, but acquired responsiveness to PCERA-1 upon macrophage colony stimulating factor
(M-CSF)-induced differentiation into macrophages. Pharmacokinetic analysis in mice showed that while
the volume of distribution of PCERA-1 is low, the drug was rapidly exchanged between the peritoneum
and the systemic circulation. Together, these results suggest that sensitivity to PCERA-1 increases upon
differentiation of blood monocytes into tissue macrophages, and imply a mechanistic role for peritoneal
macrophages in the in vivo anti-inflammatory activity of PCERA-1. Finally, we show that the mechanism of
activity of PCERA-1 and prostaglandin E2 (PGE2) is distinct, and that PCERA-1 signaling is not mediated by
EP2, a PGE2 receptor which is also activated by oxidized phospholipids. The independent and reciprocal
modulation of production of TNF� and IL-12p40, vs. IL-10, suggests that PCERA-1 may be a candidate
drug for the treatment of inflammation-linked diseases.

© 2009 Elsevier B.V. All rights reserved.

Abbreviations: PCERA-1, phospho-ceramide analog-1; CERA-1, ceramide analog-
1; TLR, toll like receptor; LPS, lipopolysaccharide; TNF�, tumor necrosis factor �;
IL, interleukin; IFN, interferon; PGE2, prostaglandin E2; GPCR, G-protein coupled
receptor; RA, rheumatoid arthritis; IBD, inflammatory bowel disease; IV, intra-
venous; IP, intra-peritoneal; ED, effective dose; SEM, standard error mean; MAP,
mitogen-activated protein; NF�B, nuclear factor �B; BMDM, bone marrow-derived
macrophages; M-CSF, macrophage colony stimulating factor.

∗ Corresponding author. Tel.: +972 3 640 7192; fax: +972 3 640 7192.
E-mail address: tsaffyz@tauex.tau.ac.il (T. Zor).

1 These authors contributed equally to this work.
2 Present address: Department of Biological Chemistry and Molecular Pharmacol-

ogy, Harvard Medical School, 250 Longwood Ave., Boston, MA 02115, USA.

1. Introduction

Cytokines are regulatory proteins that are produced and released
by immune cells in response to tissue injury or infection, sensed
by a toll like receptor (TLR) [1]. While cytokines are crucial in
orchestrating an effective acute inflammatory response against
invading pathogens, their activity may also bear negative conse-
quences, as evident in chronic inflammatory autoimmune diseases
[2].

Of particular significance, the pro-inflammatory cytokine tumor
necrosis factor � (TNF�), secreted mainly by monocytes and
macrophages immediately after pathogen recognition, plays an
instrumental role in innate immunity, both directly and indirectly
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through augmentation of TLR-induced production of additional
pro-inflammatory cytokines such as interleukin (IL)-1�, IL-6, and
IL-8 [3]. However, unregulated production of TNF� plays a key
pathological role in development and progression of chronic
inflammation and autoimmune diseases such as rheumatoid arthri-
tis (RA), inflammatory bowel disease (IBD), and psoriasis [2].
Accordingly, a successful strategy for improvement of clinical symp-
toms is based on repeated administration of TNF� blockers, like
the monoclonal antibodies Infliximab and Adalimumab and the
fusion protein Ethanercept [2]. Therapeutic application of these
approved drugs is, however, hampered by the general disadvan-
tages of protein drugs, including, nonexistence of oral application,
immunogenic response, restricted distribution and high cost [3].
Considering these limitations, a small molecular weight TNF� sup-
pressor may have the benefits, while lacking the disadvantages, of
the protein drugs.

The pro-inflammatory cytokine interleukin-12 (IL-12), com-
posed of p35 and p40 subunits, is produced by macrophages and
other immune cells as a late response to TLR activation, and plays
an instrumental role in adaptive immunity, mainly by inducing Th1
responses [4]. As such, it has also been implicated in the progres-
sion of autoimmune diseases, including RA, IBD and psoriasis [5].
Accordingly, IL-12 blockade is currently being clinically tested in
treatments of some of the above inflammatory states, in particular
with patients that do not respond to TNF� blockers [6]. While this
alternative strategy is potentially promising, it should be kept in
mind that IL-12 blockers and TNF� blockers share similar protein
drug-associated disadvantages.

The p40 subunit of IL-12 is also a component of another pro-
inflammatory cytokine, IL-23 [7]. These two cytokines are essential
for the maturation and proliferation of pro-inflammatory T cells
subsets, Th1 and the newly discovered Th17, respectively [8]. Those
T-cell subsets have distinct roles in the pathogenesis of various
auto-immune diseases such as multiple sclerosis [9]. Moreover, the
exact roles of IL-12 and Th1 in the progression of several inflam-
matory diseases including RA [10], IBD [11], and psoriasis [12],
are now re-evaluated, in light of the partial overlap in molecular
composition and suggested cellular function, with IL-23 and Th17,
respectively.

The inflammatory process is followed by an anti-inflammatory
response that prevents excessive damage to the host. Impairment
of this balance can lead to disproportionate pathology or immuno-
suppression. TNF� and IL-10 are two key players in these processes,
usually acting in opposition. IL-10 suppresses TNF� production
by macrophages [13], thereby contributing to resolution of the
inflammation. In addition, IL-10 down-regulates Th1 responses
by blocking the production of several other pro-inflammatory
cytokines, including IL-12 and IFN� [14]. The necessity of these
activities for the inflammatory balance is evident in the IL-10 knock-
out mouse which spontaneously acquires IBD [15], as well in the
development of RA in human due to impaired IL-10 production [16].
In light of these findings, IL-10 administration was considered as an
alternative therapy to anti-TNF� for the treatment of RA [17], IBD
[18] and psoriasis [19].

A novel phospholipid-like drug was described by Matsui et al.
as a potent in vivo suppressor of lipopolysaccharide (LPS)-induced
TNF� secretion, while the identity of the cells responding to the
drug has remained unknown [20,21]. Further research showed
that this putative anti-inflammatory drug, named by us phospho-
ceramide analog-1 (PCERA-1, Fig. 1), when exogenously added to
LPS-stimulated macrophages of the RAW264.7 cell line, inhibits
the production of TNF� and increases the production of IL-10,
at both the mRNA and protein levels, presumably via the cAMP
pathway [22]. The main objectives of the research described here
was to determine the effect of PCERA-1 on in vivo production
of IL-12p40 and IL-10, in addition to TNF�, and to identify pri-

Fig. 1. Pharmacokinetic profile of PCERA-1. BALB/c mice (n = 8) were IV-injected
(solid circles and line) or IP-injected (open circles and dashed line) with PCERA-1
(1 mg/kg). Blood samples were serially collected into heparin at the indicated times.
PCERA-1 concentration in the plasma was measured by LC–MS/MS. The structure of
PCERA-1 is depicted.

mary cells that respond to PCERA-1 ex vivo. An additional objective
was to compare the anti-inflammatory activity of PCERA-1 and
PGE2, in particular with respect to the Gs-coupled receptor, EP2,
which has been shown to be activated by either PGE2 or oxi-
dized phospholipids [23]. We show here that PCERA-1 has a
robust in vivo anti-inflammatory activity, as it inhibits LPS-induced
TNF� and IL-12p40 production, while increasing the production
of IL-10. We found that PCERA-1 only weakly affected TNF� pro-
duction by LPS-stimulated monocytes in a whole blood assay,
and had no significant effect on isolated monocytes. In con-
trast, PCERA-1 modulated ex vivo production of TNF�, IL-12p40
and IL-10 in stimulated primary macrophages, in an independent
manner. Our results further indicate that the PCERA-1 receptor
is distinct from EP2 which is common to PGE2 and oxidized
phospholipids.

2. Materials and methods

2.1. Reagents and cell culture

Lipopolysaccharide (LPS; Escherichia coli serotype 055:B5),
AH6809 and thioglycolate were purchased from Sigma (St. Louis,
MO). Trypsin, l-glutamine, penicillin and streptomycin were pur-
chased from Biological Industries (Beit Haemek, Israel). DMEM
and FBS were purchased from Gibco (Carlsbad, CA). Bovine serum
albumin (BSA) was purchased from Amresco (Solon, OH). PGE2
was purchased from Biomol International (Plymouth Meeting, PA).
Interferon-� (IFN-�) and macrophage colony stimulating factor
(M-CSF) were purchased from PeproTech (Rocky Hill, NJ). A neu-
tralizing monoclonal anti-mouse IL-10 antibody, rat IgG isotype
control, recombinant mouse TNF� (rTNF�) and ELISA reagents
sets for TNF�, IL-10, and IL-12p40 were purchased from R&D
Systems (Minneapolis, MN). PCERA-1 and its non-phosphorylated
analog, CERA-1, were synthesized according to published proce-
dures [24,25]. PCERA-1 was dissolved in sterile PBS, while CERA-1
was initially dissolved in ethanol and then diluted in sterile PBS con-
taining 4% fatty acid-free BSA. Mouse RAW264.7 macrophage cells,
obtained from ATCC (Rockville, MD), were grown to 80–90% con-
fluence in DMEM medium supplemented with 2 mM l-glutamine,
100 U/ml penicillin and 100 �g/ml streptomycin (hereafter culture
medium) and 10% FBS, at 37 ◦C in a humidified incubator with 5%
CO2.
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2.2. RAW264.7 macrophages activation assay

RAW264.7 macrophages were maintained for 48 h prior to the
experiment in 96-well plates (0.2 ml/well), at 2 × 105 cells/well, in
culture medium supplemented with 5% FBS, at 37 ◦C in a humid-
ified incubator with 5% CO2. The cells were stimulated with LPS
(100 ng/ml) at 37 ◦C for 2 h in the presence of PCERA-1 (1 �M), PGE2
(0.1 �M) or vehicle. TNF� secretion to the medium was measured
by ELISA.

2.3. Animal care

Male BALB/c mice (8–13 weeks, 23 ± 2 g), obtained from the
animal breeding centers of Tel-Aviv University (TAU), The Scripps
Research Institute (TSRI), or Genomics institute of the Novartis
Research Foundation (GNF) were housed in a pathogen-free room
under controlled temperature (22–23 ◦C), humidity, and lighting
(12 h light–dark cycles), and were given access to food and water
ad libitum. Animal care and experimentation was carried out in
accordance with TAU, TSRI and GNF guidelines.

2.4. Pharmacokinetic (PK) studies

PCERA-1, formulated as a 0.5 mg/ml solution in sterile PBS,
was administered intravenously (IV) or intraperitoneally (IP) to
groups of 8 mice at a dose of 1.0 mg/kg. Blood samples (50 �l)
were serially drawn by retro-orbital bleeding at 2, 10, 20, 30
and 45 min after dosing in the first satellite group of 4 mice;
and at 1, 1.5, 2, 2.5 and 3 h in the second satellite group of
4 mice. Blood samples were centrifuged to obtain plasma, and
total (free and protein-bound) plasma concentrations of PCERA-1
were quantified using a liquid chromatography/mass spectrometry
(LC–MS/MS) assay. Pharmacokinetic parameters were calculated by
non-compartmental regression analysis of the mean (n = 4) plasma
concentration data using Winnonlin 4.0 software (Pharsight, Moun-
tain View, CA, USA).

2.5. In vivo cytokine production measurements

The mice received an IP injection (0.1 ml) of either PCERA-1 at
doses of up to 8 mg/kg, CERA-1 at 1 mg/kg, or saline as vehicle,
followed after 40 min by an IP injection (0.1 ml) of LPS (5 mg/kg).
Blood was obtained by cardiac puncture at 1.5 h (for TNF� and IL-10
measurements), or at 4 h (for IL-12p40 measurement), and plasma
cytokine levels were determined by ELISA. The data were expressed
as the mean ± standard error mean (SEM) of 3–4 animals per group.

2.6. Ex vivo whole blood assay

Mouse blood was drawn in via the retro-orbital plexus under
anesthesia. Whole blood was pooled together, mixed with RPMI
(20% volume) containing 10 units/ml of heparin, and aliquoted
300 �l per assay. LPS (1 �g/ml), and PCERA-1 (10 �M) or PGE2
(1 �M) were added for 5 h at 37 ◦C. The plasma was then collected
by centrifugation (1500 × g for 3 min), and secreted TNF� was mea-
sured by ELISA.

2.7. Isolation, culture, and ex vivo activation of primary mouse
monocytes

Mouse blood was drawn in via the retro-orbital plexus under
anesthesia into heparin (15 units/ml). Peripheral blood mononu-
clear cells (PBMC) were isolated by density gradient centrifugation,
using Histopaque 10831 (Sigma) according to the manufacturer’s
instructions, and washed twice with PBS. Monocytes were puri-
fied by positive selection using mouse CD11b microbeads (Miltenyi

Biotec, Bergisch Gladbach, Germany) according to the manufac-
turer’s instructions. Purity of monocytes (>98%) was verified by cell
morphology. The monocytes were washed, re-suspended in culture
medium supplemented with 10% FBS, seeded in a 96-well culture
plate (0.1 ml/well) at 5 × 104 cells/well, and stimulated with LPS
(1 �g/ml) in the presence of either PCERA-1 (10 �M), PGE2 (0.1 �M),
or vehicle at 37 ◦C for 12 h. Cytokine levels in the culture medium
were determined by ELISA.

2.8. Ex vivo differentiation of monocytes into macrophages, and
activation

Blood monocytes were isolated and purified as described above,
re-suspended in culture medium supplemented with 10% FBS, and
seeded in a 12-well plate at 0.3 × 106 cells/well in a humidified incu-
bator (37 ◦C, 5% CO2). After 24 h the medium was gently removed
and replaced with fresh culture medium supplemented with 10%
FBS and 50 ng/ml of macrophage colony stimulating factor (M-CSF).
The cells were allowed to grow and differentiate for 11 days under
these conditions while the medium was replaced every 2 days. At
day 12, when >95% of the cells acquired macrophage morphology,
the cells were removed by scraping and seeded in a 96-well culture
plate at 1 × 105 cells/well under the same conditions. At day 14 the
cells were treated with LPS (1 �g/ml) in the presence or absence
of PCERA-1 (1 �M) for 16 h. Cytokine levels in the culture medium
were then determined by ELISA.

2.9. Isolation, culture, and ex vivo activation of mouse peritoneal
macrophages

Mouse peritoneal macrophages were elicited by injection of
2 ml 4% Brewer’s thioglycollate into the peritoneal cavities of the
BALB/c mice, 5 days prior to harvest of peritoneal exudate cells.
The cells were washed, re-suspended in culture medium sup-
plemented with 10% FBS, and seeded in a 96-well culture plate
(0.2 ml/well) at 5 × 105 cells/well. Following incubation of 4 h at
37 ◦C, non-adherent cells were removed by repeated washing with
warm culture medium and the adherent cells (∼98% homogenous
by appearance) were further cultured overnight at 37 ◦C. Stimula-
tion was then performed with IFN-� (10 ng/ml) and LPS (1 �g/ml)
in the presence or absence of PCERA-1 (1 �M) at 37 ◦C for 12 h.
Cytokine levels in the culture medium were determined by ELISA.
All incubations were carried out in a humidified incubator with 5%
CO2.

2.10. Isolation and ex vivo activation of mouse bone
marrow-derived macrophages (BMDM)

BALB/c mice were sacrificed and the femoral and tibial mar-
row was flushed with sterile PBS using a 27-gage needle. Red
blood cells were removed by osmotic shock. The cells were re-
suspended in culture medium supplemented with 15% FBS and
10 ng/ml M-CSF. The cells were seeded in Petri dishes at a density
of 2.9 × 105 cells/cm2 and were incubated at 37 ◦C in a humid-
ified incubator with 5% CO2. After 1 day, adherent cells were
discarded, while non-adherent cells were re-suspended in fresh
medium and then allowed to further differentiate. On day 3,
half of the supernatant was collected, centrifuged (1000 × g for
5 min), and cells pellet was re-suspended in fresh medium and
returned to the culture dish. On day 6, the culture medium
was replaced and non-adherent cells were discarded. On day
7, the adherent cells (differentiated BMDM, ∼98% homoge-
nous by appearance) were transferred to 96-well culture plates
(0.2 ml/well), at 2 × 105 cells/well, for 1 day. Stimulation was then
performed with LPS (1 �g/ml) and IFN-� (10 ng/ml) in the presence
or absence of PCERA-1 (1 �M) at 37 ◦C for 4 h (for TNF� and IL-10
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determinations) or for 12 h (for IL-12p40 determination). Cytokine
levels in the medium were determined by ELISA.

2.11. Enzyme-linked immunosorbent assay (ELISA)

Measurements of TNF�, IL-10 and IL-12p40 levels in mice
plasma and in culture medium of peritoneal macrophages were
performed with commercially available ELISA reagents sets, accord-
ing to the manufacturer’s instructions, using a microplate reader
(Bio-Tek, Winooski, VT). The samples were stored at −80 ◦C until
used.

2.12. Statistical analysis

All the data were analyzed using Student’s t-test wherever appli-
cable. In all cases, differences of p < 0.05 were considered to be
significant. All experiments were repeated at least three times.

3. Results

3.1. Pharmacokinetic analysis of PCERA-1

To evaluate the pharmacokinetic (PK) properties of PCERA-1,
the compound was injected, IV or IP, to BALB/c mice, and the
blood plasma concentration of PCERA-1 was determined at var-
ious time points by LC–MS/MS (Fig. 1). The PK parameters were
estimated by fitting the mean plasma concentration (n = 4) against
time. PCREA-1 demonstrated low clearance (6.6 ml/(min*kg), 7%
of hepatic blood flow) and a very small volume of distribution
(0.12 l/kg, 50% higher than the blood volume), which resulted in a
short half-life of elimination of 0.6 h. The initial plasma concen-
tration after administration of the IV dose was 22 �M, while at
3 h the concentration had decreased to 50 nM. PCERA-1 was read-
ily absorbed from the peritoneum to the systemic circulation, as
nearly 90% of the IP-administered PCERA-1 shortly appeared in
the plasma (AUC = 5847 and 5228 h*nM, for IV and IP administra-
tion, respectively), with maximal plasma concentration of 4.6 �M
observed within 0.5 h of the IP injection. These results indicate that
PCERA-1 was rapidly exchanged between the peritoneum and the
systemic circulation; however, its distribution was largely limited
to the blood compartment.

3.2. In vivo activity of PCERA-1

Administration of 1.0 mg/kg PCERA-1 to LPS-challenged BALB/c
mice reduced the level of TNF� released to the serum, by up
to 75%, with an effective dose (ED)50 of approximately 0.1 mg/kg
(Fig. 2A), in accordance with Matsui et al. [24]. Similar results were
obtained with C57BL/6J and ICR mice strains (data not shown).
The effect of PCERA-1 on in vivo LPS-induced production of IL-
10 and IL-12p40 was also studied. Administration of PCERA-1
enhanced production of the anti-inflammatory cytokine IL-10, by
up to 5-fold (Fig. 2B), while it inhibited production of the p40
subunit of the pro-inflammatory cytokine IL-12, by up to 80%
(Fig. 2C). Dose-dependency was similar for modulation of the
three cytokines (Fig. 2A–C), and a higher dose had no significant
additional effect (data not shown). We have verified that CERA-
1, a non-phosphorylated derivative of PCERA-1 is inactive in vivo
(Fig. 2D). These results imply that PCERA-1 displays a robust in vivo
anti-inflammatory activity.

3.3. Differential activity of PCERA-1 in primary monocytes,
compared to macrophages

The effect of PCERA-1 on LPS-stimulated TNF� production was
also measured in an ex vivo whole blood assay. Fig. 3A shows that

Fig. 2. Dose response for the in vivo effect of PCERA-1 on cytokine production. BALB/c
mice were IP-injected with PCERA-1 at the indicated dose (A–C) or at 1 mg/kg (D),
with CERA-1—a non-phosphorylated derivative (D, 1 mg/kg), or with vehicle, 40 min
prior to IP administration of LPS (5 mg/kg). Blood was collected after 1.5 h (A, B and
D), or after 4 h (C). TNF� (A and D), IL-10 (B), and IL-12p40 (C) serum levels were
measured by ELISA. The data are expressed as mean ± standard error mean (SEM)
(n = 4). *p < 0.001 and **p < 0.03.

LPS-induced TNF� production in whole blood was only slightly
inhibited by PCERA-1. In contrast, the endogenous TNF� suppressor
PGE2, serving as a positive control, greatly suppressed TNF� pro-
duction in the whole blood assay. This experiment was repeated
several times with blood withdrawn from BALB/c, C57BL/6J and
ICR mice strains, and yielded similar results (data not shown). As
monocytes represent the major LPS-sensitive TNF� producing cells
in the blood [26], these results suggest that monocytes are largely
insensitive to PCERA-1. In order to prove this suggestion, we mea-
sured the effect of PCERA-1 on LPS-stimulated TNF� production
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by blood monocytes that were isolated and purified from all other
blood cells via positive selection using mouse CD11b microbeads.
Fig. 3B clearly shows that PCERA-1 had no significant effect on
TNF� production by the purified blood monocytes, whereas PGE2
reduced LPS-stimulated TNF� production down to background lev-
els, as it did also in the whole blood assay. In contrast, PCERA-1 and
PGE2, suppressed TNF� production by LPS-stimulated RAW264.7
macrophages to a comparable level (Fig. 3C). Therefore, these
results indicate that monocytes are only slightly, if at all, sensitive
to PCERA-1.

Considering the contrast between the sensitivity of RAW264.7
macrophages to PCERA-1, and the insensitivity of monocytes to
PCERA-1, we decided to determine whether isolated blood mono-
cytes could become sensitive to PCERA-1 following M-CSF-induced
differentiation into macrophages. Fig. 3D clearly shows that the
differentiated cells, when stimulated with LPS in the presence of
PCERA-1, produced a diminished level of the pro-inflammatory
TNF� and an elevated level of the anti-inflammatory IL-10. These
results thus indicate that macrophages acquired responsiveness to
PCERA-1 during their differentiation from the inert monocytes.

3.4. Evaluation of the putative role of the PGE2 receptor, EP2, in
PCERA-1 signaling

Suppression of LPS-induced TNF� production by LDL-derived
oxidized phospholipids [27] is mediated via the PGE2 receptor,
EP2 [23], and subsequently the second messenger cAMP [28]. As
PCERA-1, a phospholipid-like molecule (Fig. 1), is also suggested to
inhibit LPS-induced TNF� production via cAMP [22], we decided
to examine whether EP2 mediates PCERA-1 signaling. To this
end, we measured IL-10 induction by PCERA-1 in LPS-stimulated
RAW264.7 macrophages, in the presence and absence of the specific
EP2 antagonist AH6809. IL-10 induction, rather than TNF� suppres-
sion, was chosen as a probe for PCERA-1 activity, due to its higher
signal to noise ratio. PGE2 served as a positive control. We found
that while the EP2 antagonist blocked 40% of the PGE2-induced
IL-10 production, it had no measurable effect on IL-10 induction by
PCERA-1 (Fig. 4). These results thus specify that, in contrast to PGE2
and to oxidized phospholipids, PCERA-1 does not signal via EP2.

3.5. Modulation of TNF˛, IL-10 and IL-12p40 production in
primary macrophages by PCERA-1

In vitro activity of PCERA-1 was demonstrated in the RAW264.7
macrophages cell line (Fig. 3C). To better correlate between the in
vitro and in vivo effects of PCERA-1, murine peritoneal macrophages
were elicited, harvested, and incubated ex vivo with LPS and IFN-�
at 37 ◦C for 12 h in the presence or absence of PCERA-1. The lev-
els of TNF�, IL-10 and IL-12p40, secreted to the culture medium,
were measured by ELISA. This experiment was repeated in parallel,
once with the addition of a neutralizing anti-IL-10 antibody to elim-
inate suppression of TNF� and IL-12p40 production, potentially
mediated by PCERA-1-induced IL-10, and again with the addition
of rTNF� to eliminate the potential effect of PCERA-1-suppressed
TNF� level on IL-10 and IL-12p40 production. Fig. 5 shows that
PCERA-1 directly modulated the production of all three studied
cytokines in the primary culture of peritoneal macrophages. Our
data also show that in the presence or absence of PCERA-1, an �IL-
10 antibody did not affect production of IL-12p40 (Fig. 5A) or TNF�
(Fig. 5B), although it fully neutralized IL-10 (data not shown). An IgG
isotype-matched control antibody also did not change the release
of these cytokines (data not shown). Exogenous rTNF�, added to
peritoneal macrophages in large excess of the LPS-induced level,
did not significantly alter the accumulation of IL-12p40 (Fig. 5A) or
IL-10 (Fig. 5C). These results indicate that the effect of PCERA-1 on
IL-12p40 production in peritoneal macrophages does not depend

Fig. 3. Differential activity of PCERA-1 in monocytes and macrophages. (A and B)
Heparinized whole blood (A) or isolated blood monocytes (B) from BALB/c mice were
incubated at 37 ◦C for 5 h (A) or 12 h (B) with LPS (1 �g/ml) in the presence of either
PCERA-1 (10 �M), PGE2 (0.1 �M) or vehicle. TNF� release was measured by ELISA.
Each data point represents the mean ± standard deviation (S.D.) of 5 (A) or 6 (B) repli-
cates. TNF� level in the absence of LPS was 0.4 ng/ml (A) or 50 pg/ml (B). (C) Mouse
macrophage RAW264.7 cells were incubated at 37 ◦C for 2 h with LPS (100 ng/ml)
in the presence of either PCERA-1 (1 �M), PGE2 (0.1 �M) or vehicle. TNF� release
to the medium was measured by ELISA. Each data point represents the mean ± S.D.
of 6 replicates. (D) Isolated blood monocytes were differentiated into macrophages
as described in Section 2. The macrophages were then incubated at 37 ◦C for 16 hr
with LPS (1 �g/ml) in the presence or absence of PCERA-1 (1 �M). TNF� and IL-10
release was measured by ELISA. Each data point represents the mean ± S.D. of 6 repli-
cates. The cytokines were undetectable (lower than 20 pg/ml) in the absence of LPS.
*p < 0.05 and **p < 0.001.
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Fig. 4. PCERA-1 and PGE2 have distinct mechanisms of activity in RAW264.7
macrophages. Mouse macrophage RAW264.7 cells were pre-incubated with the EP2
antagonist AH6809 (30 �M, solid bars), or with vehicle (0.2% DMSO, open bars) for
15 min, prior to incubation at 37 ◦C for 2 h with LPS (100 ng/ml) in the presence of
either PCERA-1 (1 �M), PGE2 (0.1 �M) or vehicle. IL-10 release to the medium was
measured by ELISA. Each data point represents the mean ± S.D. (n = 6) of net PCERA-
1-induced or PGE2-induced IL-10 production, following reduction of IL-10 level in
the presence of LPS only (183 ± 19 pg/ml and 143 ± 22 pg/ml, in the absence and
presence of AH6809, respectively). *p < 0.002.

on its prior modulation of TNF� or IL-10 production, and that these
early effects are also independent of each other.

To further establish the discovery of macrophages as a target
cell for PCERA-1, murine bone marrow cells were harvested, dif-
ferentiated ex vivo into BMDM using M-CSF for 8 days, and then
stimulated with LPS and IFN-� for up to 12 h in the presence
or absence of PCERA-1. The levels of TNF�, IL-10 and IL-12p40,
secreted to the culture medium, were measured by ELISA. As in
peritoneal macrophages, PCERA-1 suppressed production of the
pro-inflammatory cytokines and elevated production of the anti-
inflammatory cytokine also in the primary culture of BMDM (Fig. 6).

4. Discussion

The successful application of anti-cytokine biological agents
for the treatment of various chronic inflammatory diseases, along
with the known shortcomings of protein-drugs, has stimulated the
search for novel oral anti-cytokine small-molecules. Such puta-
tive drugs include for example, inhibitors of TNF� converting
enzyme (TACE) [29], p38 mitogen-activated protein (MAP) kinase
[29], nuclear factor �B (NF�B) [30], and cAMP phosphodiesterase
4 (PDE4) [31]. PCERA-1 was described by Matsui et al. [20,21] as
a potent in vivo TNF� suppressor, but its effect on production of
cytokines other than TNF�, has not been reported. In light of the

Fig. 5. PCERA-1 independently modulates the production of IL-12p40, TNF� and
IL-10 in peritoneal macrophages. Peritoneal macrophages were incubated at 37 ◦C
for 12 h with LPS (1 �g/ml) and IFN-� (10 ng/ml), in the presence (solid bars) or
absence (open bars) of PCERA-1 (1 �M). A neutralizing monoclonal anti-IL-10 anti-
body (3 �g/ml) or recombinant TNF� (1.4 ng/ml), was added as indicated. The protein
levels of IL-12p40 (A), TNF� (B), and IL-10 (C) secreted to the culture medium
were measured by ELISA. Each data point represents the mean ± S.D. of 6 replicates.
*p < 0.01.

key opposing roles of IL-10 and IL-12 in linking innate and adaptive
immunity, as well as in the progression of inflammatory autoim-
mune diseases, we decided to study whether PCERA-1 regulates
in vivo and ex vivo production of these cytokines. We show here
that PCERA-1 was able to down-regulate the release of both pro-
inflammatory cytokines, TNF� and IL-12p40, and to up-regulate
the release of the anti-inflammatory IL-10, in LPS-challenged mice,
as well as in stimulated primary macrophages. These findings are
important for elucidation of the mechanism of action of PCERA-1.

Fig. 6. PCERA-1 modulates the production of IL-12p40, TNF� and IL-10 in bone marrow-derived macrophages (BMDM). BMDM were incubated at 37 ◦C for 4 h (A and B) or
for 12 h (C) with LPS (1 �g/ml) and IFN-� (10 ng/ml), in the presence or absence of PCERA-1 (1 �M). The protein levels of TNF� (A), IL-10 (B) and IL-12p40 (C) secreted to the
culture medium were measured by ELISA. Each data point represents the mean ± S.D. of 6 replicates. *p < 0.01.
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First, the up-regulation of IL-10 release by PCERA-1 is inconsis-
tent with either a general toxic effect or a simplified mechanism
of LPS-TLR4 signaling blockade. Additionally, time course analysis
indicated that PCERA-1 truly modulated the release of TNF� and
IL-10, rather than increased or decreased, respectively, the lag time
until their release (data not shown). We have previously reported
that PCERA-1 elevates cAMP level in RAW264.7 macrophages, and
that PKA inhibition reverses the effect of PCERA-1 on TNF� and
IL-10 production in these cells [22]. Observations in peritoneal
macrophages have indicated that cAMP suppresses production of
LPS-induced TNF� and IL-12p40 [32], and enhances production of
LPS-induced IL-10 [33]. Thus, taken together, our findings strongly
suggest that cAMP elevation by PCERA-1 accounts, at least partially,
for the observed regulation of cytokine production in peritoneal
macrophages.

IL-10 and TNF� have a reciprocal relationship. While TNF� pro-
motes the production of IL-10 [34], IL-10 inhibits the expression of
TNF� [13]. In addition, IL-10 inhibits the expression of IL-12p40 as
well [14]. We have therefore decided to determine whether TNF�
and IL-12p40 suppression by PCERA-1 is dependent on the prior
elevation of IL-10 in the mouse peritoneal macrophages. Using a
neutralizing anti-IL-10 antibody we show that the effect of PCERA-
1 on TNF� and IL-12p40 release is independent of IL-10 activity.
The lack of effect of IL-10 neutralization on LPS-induced IL-12p40
production may be explained by the low magnitude and/or kinet-
ics of IL-10 release. Similarly, addition of exogenous TNF� to the
PCERA-1-treated peritoneal macrophages, demonstrated that IL-
10 and IL-12p40 levels were modulated by PCERA-1 regardless of
the TNF� level. These results indicate that reduced TNF� and IL-
12p40 secretion and increased IL-10 production are independent
consequences of PCERA-1 treatment.

Matsui et al. have reported that while PCERA-1 potently sup-
pressed in vivo TNF� release, it failed to do so in ex vivo systems
which enclose LPS-sensitive TNF�-producing cells: whole blood
assay, PBMCs and spleen cells [35]. Thus, the identity of the PCERA-
1-sensitive cells remained unknown. Monocytes/macrophages are
considered as the major source of TNF� during LPS challenge [36].
We discovered that PCERA-1 suppressed in vitro TNF� production
in the RAW264.7 macrophage cell line. We thus hypothesized that
the in vivo activity of PCERA-1 is attributed to tissue macrophages,
rather than to monocytes present in blood. To test this hypothe-
sis, we extended our in vitro studies to ex vivo primary cultures of
mouse peritoneal and bone marrow-derived macrophages on one
hand, and on the other hand to mouse ex vivo whole blood assay.
We found that PCERA-1 considerably modulated cytokine pro-
duction in the peritoneal and bone marrow-derived macrophages,
whereas it had a fairly small effect on LPS-induced TNF� produc-
tion in blood cells. Since monocytes are the major LPS-sensitive
TNF� producing cells in the blood [26], and since differentiation to
macrophages occurs in the tissues [37], our findings suggested that
tissue macrophages, rather than monocytes, are accountable for the
in vivo effects of PCERA-1. To confirm this conclusion we examined
the effect of PCERA-1 on a primary culture of blood monocytes,
before and after their differentiation into macrophages by M-CSF.
We found that PCERA-1 was unable to affect cytokine production by
the isolated monocytes, whereas it was fully active on the differen-
tiated macrophages. These findings suggest that expression of the
PCERA-1 receptor is up-regulated as monocytes differentiate into
macrophages.

Similar TNF� suppression by PCERA-1 was observed follow-
ing its IP administration (Fig. 2) and IV administration (data not
shown), in accordance with the pharmacokinetic analysis which
demonstrated rapid transfer of PCERA-1 between the peritoneum
and the blood (Fig. 1), and very low volume of distribution (Fig. 1
and [25]). Taken together, these findings point out at peritoneal
macrophages as an in vivo active site for PCERA-1. The insensitivity

of spleen macrophage cells to PCERA-1 [35] may be explained by
their different differentiation state. Macrophages display extreme
functional and phenotypic heterogeneity, resulting from adaptation
to different tissue microenvironment [38,39]. Moreover, peritoneal
and spleen macrophages might originate from different precur-
sor cells [37]. The heterogeneity between these two macrophage
subtypes was exemplified by considerable phenotypic differences
in expression of multiple macrophage cell-surface markers [38].
We have previously found that PCERA-1 acts in an extra-cellular
manner, presumably via a cell-surface receptor [22]. It is thus
suggested that an expression of a putative PCERA-1 receptor is up-
regulated as monocytes differentiate into some, but not necessarily
all, macrophage subtypes.

LDL-derived oxidized phospholipids can also inhibit LPS-
induced TNF� production [27]. This activity was found to be
mediated by cAMP [28], partially via the PGE2 receptor, EP2 [23]. As
PCERA-1 is a phospholipid-like molecule (Fig. 1), that is suggested to
inhibit LPS-induced TNF� production via cAMP [22], the existence
of a common receptor could not be excluded. However, we showed
here that PGE2 strongly suppressed LPS-induced TNF� produc-
tion in whole blood and in isolated monocytes, whereas PCERA-1
was almost completely inactive in those systems. This diver-
gence, specifically observed in monocytes, and not in RAW264.7
macrophages, could be indicative of distinct receptors for PGE2
and PCERA-1, or could alternatively be explained by low expres-
sion of EP2, relative to other PGE2 receptor subtypes, in blood
monocytes. To distinguish between these two possibilities, we eval-
uated the sensitivity of PCERA-1 and PGE2 signaling in RAW264.7
macrophages, to the specific EP2 antagonist AH6809. The con-
trast between the effect of AH6809 on PGE2 signaling, and its lack
of effect on PCERA-1 signaling, thus indicates that the PCERA-1
receptor is distinct, rather than shared with PGE2, and other EP2
agonists.

An appropriate inflammatory response to infection depends on
a delicate balance between pro- and anti-inflammatory cytokines
secreted by immune cells such as macrophages, whereas an imbal-
ance plays an important role in the initiation and perpetuation of
autoimmune diseases [40]. Substantial progress is being made in
the medical field of cytokine-based immuno-intervention. Essen-
tially, this is implemented by neutralization of pro-inflammatory
cytokines such as TNF�, IL-12, IFN-�, IL-2, IL-6 and IL-1, or by
administration of anti-inflammatory cytokines such as IL-10, IFN-
�, transforming growth factor (TGF)-�, and IL-4 [41]. Among these
strategies, TNF� neutralization was the first therapy to be approved,
and is considered as the most effective treatment currently avail-
able for its indications [41]. However, therapeutic application of
these, as well as of the other clinically trialed cytokine-based
immuno-interventions, is hampered by the general disadvantages
of protein drugs [3], and by the inherent limitation of being
specifically directed against a single target, which is in conflict
with the complex nature of the inflammatory process. We show
here that PCERA-1 independently suppresses production of the
pro-inflammatory cytokines TNF�, and IL-12p40, and induces the
anti-inflammatory cytokine IL-10. This multi-cytokine modulat-
ing feature is expected to be advantageous over the conventional
clinical approach represented by the existing anti-TNF� therapy.
Suppression of p40 by PCERA-1 is expected to down-regulate the
activity of both IL-12 and IL-23, and in particular the maturation
and proliferation of pro-inflammatory T cells subsets, Th1 and Th17,
respectively. Thus, in addition to the suppression of innate immune
responses, carried out by macrophages, PCERA-1 is anticipated to
block also adaptive immune responses, carried out by these specific
T cells. Further study of PCERA-1 mechanism of action may lead to
development of novel anti-inflammatory drugs with exceptional
potency resulting from a long-term synergistic effect on both sides
of the inflammatory balance.
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Note added in proof

The IV pharmacokinetic data closely match those obtained also
by Matsui et al. [25].
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