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LPS and MTP-PE (liposom e-encapsulated N-acetyl-
m uram yl-L-alanyl-D-isoglutamin yl-L-alanine-2-:[1 9 ,2 9 -
dipalmitoyl-s ni-glycero-3-(h ydrox y-phosphoryl-ox yl)]
etylam ide) in duce in  liver m acrophages  a  synthesis
and re lease of TNF- a , nitric  ox ide and prostanoids .
Both  agents  in duce an ex pre ss ion  of m RNA’s  encod-
ing TNF- a , in ducible nitric  ox ide  synthase (iNOS) and
cycloox ygenase (COX)-2, and of corre sponding pro-
te in s . LPS and MTP-PE induce a rapid activation of th e
ex tracellular regulated kinase  (ERK) isoenzym es-1
and –2. In hibition  of m ap kinase isoenzym es  leads  to
a decreased release of TNF- a , nitric  ox ide  and prosta-
glandin  (PG) E2 after both  agen ts . The  tran scription
factors  NF- k B and AP-1 are s trongly activated by LPS
within 30 m in utes . MTP-PE in duce s  a weak activation
of both  transcrip tion  factors  only after 5 hours .
In hibition  of NF- k B inhibits  the LPS- but not the  MTP-
PE-induced release of TNF- a , n itric ox ide and PGE2 .
PGE2 release  afte r LPS is  higher than after MTP-PE.
Ex ogenously added PGE2 inh ibits  the  activation of
m ap kinase and TNF- a release by LPS, but not by MTP-
PE. Release  of n itric  ox ide after LPS and MTP-PE is
enhanced after prior addition  of PGE2 . PGD2 is
w ithout any effect. MTP-PE, but not LPS, in duce s  a
cytotox icity of Kupffer ce lls  again st P815 tum or targe t
ce lls . Th e MTP-PE-in duced cytotox icity is  reduced by
TNF- a neutralizing an tibodies , in dicating the  involve-
m ent of TNF- a . Thus our results  suggest that the
different potencies  of LPS and MTP-PE as  imm unom o-
dulators  probably re sult from  different actions on
Kupffe r cells , re sulting in  differences  in  the  am ounts
and kin etics  of r eleased TNF- a and PGE2 , and that
PGE2 plays  an im portant regulatory role in  the action
of LPS, but not in  th e actions of MTP-PE.

Key w ords: LPS, Macrophages, Muramyl tripeptide s, Cyto-
kines, Eicosanoids

Introduction

Live r macrophages (Kupffer c ells) are macrophages
res iding in the sinusoids of the  liver. This  strategic
location makes them the  first macrophage s to come
into contact w ith nox ious mate rials that enter circula-
tion via the portal ve in. This location and the fact that
they constitute the largest pool of mac rophages in the
body attributes to them an important func tion in the
clearance of nox ious material, the removal of migrat-
ing tumor ce lls , and in the  pathophysiology of septic
shock.1

Liver macrophages have  been re ported to secre te  a
w ide array of biologically active compounds including
cytokines, prostanoids, nitric ox ide and ox ygen
radicals, w hich have  been show n to be involved in
the pathogenesis of septic  shock, and in the  cytotox-
ic ity of Kupffer c ells against tumor target c ells.1 –7

LPS and muramyl tripeptide s are components of the
outer cell membrane of most bacte ria and display most

of the  immunologic al activitie s compared w ith an
infec tion of w hole  bacte ria.8 –1 1 When administrated
i.v., LPS and liposome-encapsulated N-ace tyl-muramyl-
L-alanyl-D-isoglutaminyl-L-alanine -2-[1 9 , 2 9 dipalmitoyl-
s n-glyce ro-3 9 -(hydrox y-phosphoryl-ox yl)] e thyl-amide
(MTP-PE)3 are delive red predominantly to mac ro-
phage s, e spec ially liver macrophages.1 2,13 While  LPS
has been show n to p lay a significant role  in the
pathogenesis of gram-negative  septic shock, muramyl
tripeptides have  been demonstrated to be protec tive
against LPS-induced septicemia.14 ,15 Furthe rmore , i.v.
administered MTP-PE has been show n to induce
antitumor reactivity, probably as a re sult of macro-
phage  ac tivation,16 –1 9 and to inhibit HIV replication in
macrophage s.20

In contrast to LPS, ve ry little  is  know n about the
intrace llular signal transduc tion pathw ays of muramyl
tripeptides. Recently, we  showed that MTP-PE and LPS
induce s imilar re ac tions in liver mac rophages, like the
formation of TNF-a , nitric ox ide  and prostanoids.2 1
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Furthe rmore , w e demonstrated, that c ellular calcium
and protein kinase C isoenzymes are not involved in
the s ignal pathw ays of LPS and MTP-PE.2 1

Materials and methods

Materials

Medium RPMI 1640, new born and fetal c alf se rum are
purchased from Biochrom (Berlin, Germany); new-
born calf serum is heat-inactivated at 56°C for 30 min
[ g -32ATP] and [3H]thymidine  are  from Amersham
Buchler (Braunschw eig, Germany). P815 mouse mas-
tocytoma and mouse L929 ce lls  are  purchased from
American Type  Culture Collec tion (Rockville , USA).
Murine  rTNF-a and rat TNF-a -neutralizing antibodie s
are  from Boehringe r Mannheim (Mannheim, Ger-
many) and IC Chemikalien (Ismaning, Germany),
respective ly. BAY 11–7082 and PD 98059 are  pur-
chased from Calbiochem (Bad Soden, Germany).
Monoclonal antibodie s against COX-2 and iNOS are
purchased from Natutuec  (Frankfurt, Germany) and
Transduction Laboratories /Dianova (Hamburg, Ger-
many), re spectively. MTP-PE is  kindly provided by
Ciba-Geigy (Basel, Sw itzerland). LPS R595 fro m  Sa l-
m o ne lla  m inne s o ta is a gift from Dr Galanos (Frei-
burg, Germany). Antibodie s raised against prosta-
glandin (PG) E2 and PGD2 are gene rous gifts from Dr
Brune (Erlangen, Germany) and Dr Hayaishi (Osaka,
Japan), re spectively. RT-PCR reagents and enzymes are
from Perkin Elmer (Weite rstadt, Ge rmany). Specific
primers  (HPLC purified) are  synthesized and pur-
chased from Birsner & Grob (Denzlingen,
Ge rmany).

Cell culture

Live rs of male Wistar rats  (Charles  River, Sulzfe ld,
Ge rmany) are  removed aseptically under Nembutal
anae sthesia, and the live r macrophage s are  isolated by
a centrifugal e lutriation procedure .22 Liver mac ro-
phage s are  maintained in primary culture w ith RPMI
1640 medium containing 30% new born calf serum. All
ex pe riments are  performed w ith ce lls kept in primary
culture for 48–72 h. P815 mouse mastocytoma cells
and L929 cells are grow n in RPMI 1640 medium
containing 10% FCS.

Determination of PGE2 and PGD2

Macrophages are incubated in RPMI medium contain-
ing 10% new born calf serum w ith or w ithout LPS or
MTP-PE, and afte r the  indicated times ce ll media are
removed and centrifuged. The amount of PGE2 and
PGD2 in cell media is measured by ELISA and RIA,
respective ly, as desc ribed e lsew here .2 3

Determination of TNF- a activity

The re lease of TNF-a activity is  measured using the
L929 ce ll cytotox ic ity assay in w hich lysis  of actino-
mycin-D-treated L929 cells by TNF-a is  measured by
crystal viole t staining of survival c ells in monolayer
culture.2 4 L929 ce lls  are grow n on 96-w ell microte st
plates to the density of ~4 ´ 104 cells /w e ll. Culture
media to be  tested are added to the w ells together
w ith actinomycin (400 ng /w ell). Afte r 24 h, the super-
natants are  discharged and the re maining cells are
stained w ith 0.5% crystal violet in 25% aqueous
methanol for 10 min. The dye  is  re moved by w ashing
three times w ith 25% methanol, and 5% SDS is added
to solubilize the  adherent ce lls . Then the aborbance  is
read w ith a mic roplate reade r (Tite rtek Multiskan
Plus) at 550 nm. The absorbance  is compared w ith
that of a standard solution of murine rTNF-a . Units  of
TNF-a activity are the rec ip rocal dilution fac tor of a
sample causing 50% lysis of L929 cells. The specificity
is controlled by neutralization w ith rat TNF-a -neutral-
izing antibodie s (dilution of 1:50).

Determination of nitric oxide

Macrophages are incubated in RPMI medium contain-
ing 10% new born calf serum w ith or w ithout LPS or
MTP-PE, and afte r the  indicated times ce ll media are
removed and centrifuged. Nitric ox ide  formation is
measured as  NO2

– accumulated in the  cell media,
w hich reflec ts the re lease of nitric ox ide  from
macrophage s.3 The Grie ss reaction using 20 m l of
sulfanilamide (10 mM), 10 m l of HCl (2 M), 10 m l of
naphtyle thylenediamine dihydrochloride  (1 mM), and
150 m l of supernatant is  applied to e ach w ell of a
mic rotiter plate; the pink azo dye is quantitated by a
mic roplate reade r (Tite rtek Multiskan Plus) at 550 nm.
Standards are  prepared using NaNO2

–.

In vitro cytotoxicity assay

Macrophages are cultured on 96-w ell plates  at a
density of ~105 ce lls /w ell. P815 target cells in the
ex ponential grow th phase  are radiolabe led by a
24 h-incubation in RPMI medium w ith 10% FCS
containing 20 m Ci of [3H]thymidine /106 ce lls  in 5 ml.
Then the  ce lls are w ashed three times to remove the
radioisotope  and re suspended in culture medium to a
concentration of 105 ce lls /ml. 100 m l (104 [3H]thymi-
dine-labeled target cells) is  added to cultured macro-
phage s in a total volume of 200 m l of medium/we ll.
LPS or MTP-PE is  added to macrophages 6 h before  the
addition of target c ells. Radiolabeled targe t c ells are
also plated alone as an additional control. 48 h after
the addition of target c ells, the  supernatants  are
collected and the  radioactivity is  measured in a liquid
sc intillation counte r. Cytolysis  is c alculated as  follow s:
% cytolysis =  100 ´ (a –b ) /(c–b ), w here  a =cpm in
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supe rnatants of target c ells cocultured w ith mac ro-
phages, b=cpm in supernatants  of target cells cul-
tured alone, c=cpm in the total amount of targe t ce lls
added per w ell.

Western blot analysis

Total prote in (10 m g) is separated on 10% poly-
acrylamide gels unde r reducing conditions. Prote ins
are  transfe rred to nitrocellulose  membranes, and
nonspecific binding is blocked by incubation in PBS
containing 0.1% Tween 20 and 5% milk pow der. The
plots are probed w ith antibodie s against COX-2 and
iNOS. After ex tensive  w ashing, the  blots  are  incubated
w ith the  secondary antibodies , w ashed ex te nsively
and deve loped using the ECL Weste rn blotting dete c-
tion syste m (Amersham). For quantitativ e analysis, the
bands are scanned densitometrically.

In situ map-kinase assay

Map kinase  ac tivity is performed by an in  vitro
renaturation assay.25 ,2 6 Cells  are w ashed w ith PBS and
lysed in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
(w /v) Triton X-100, 0.1 mM Na3VO4 , 1 mM phenyl-
methylsulfonyl fluoride, 0.1 mM aprotinin, vortex ed
and centrifuged at 15000 ´ g for 30 min. The super-
natants are  matched for protein content (BioRad
prote in dye assay) and diluted to 1 mg/ml protein in
62.5 mM Tris-HCl, pH 6.8, containing 2.3% (w /v) SDS,
5 mM EDTA, 10% (v /v) glyce rol and 100 mM DTT and
heated at 86°C for 5 min be fore  SDS–PAGE. The gels
are  polymerized w ith 0.2 mg /ml mye lin basic  protein
and, after e lectrophoresis , denatured in 6 M guanidine
hydrochloride. After renaturation, the  gels are  pre-
incubated in 25 mM HEPES, pH 7.4, 2 mM 2-mercap-
toethanol, 10 mM MgCl2 , 0.1 mM Na3VO4 and 0.5 mM
EGTA at 30°C for 30 min. The  kinase re ac tion is
performed by incubation of the  gels in 25 mM HEPES,
pH 7.4, 2 mM 2-mercaptoethanol, 10 mM MgCl2,
0.1 mM Na3VO4 , 0.5 m M EGTA, 25 m M ATP and
250 m Ci [ g -32P]ATP.

Electrophoretic mobility shift assay

Dete rmination of the  DNA-binding capacity of NF-k B
and AP-1 is performed ex actly as  de sc ribed
previously.2 7

RT-PCR studies

RNA from macrophage s is prepared ac cording to
Chomzynski and Sacchi.28 In brief, 1–2 ´ 106 macro-
phage s are  frozen in liquid nitrogen, taken up in
guanidinium thiocyanante and ex trac ted w ith ac id-
ified phenol/chloroform. After c entrifugation, RNA is
prec ipitated from the  aqueous phase  w ith isopropa-
nol. The  pellet is  washed once w ith 80% ethanol and
then taken up in 10 m l H2O. The total amount of RNA
is determined spec trophotometrically and reve rse

transc ribed (22°C/10 min–42°C/60 min–95°C/5 min/
4°C, Perkin Elmer PCR System 2400) using recombi-
nant moloney murine leukemia virus reverse tran-
sc riptase (2.5 units / m l) in 500 mM KCl, 100 mM
Tris–HCl, pH 8.3, 5 m M MgCl2 , 2.5 m M random
hex amers, 1 unit / m l RNAse  inhibitor, 2.5 m M of each
dATP, dCTP, dGTP, dTTP and approx imately 0.5 mg
RNA in a total volume of 10 m l. For PCR analysis, a
maste r mix  is prepared containing buffer (500 mM
KCl, 100 mM Tris –HCl, pH 8.3), MgCl2 (final concen-
tration 1 mM) and AmpliTaq DNA Polymerase (final
concentration 1.25 units /50 m l). For single PCR analy-
sis , 35 m l of master mix  solution, 5 m l of spec ific
primers  and 10 m l of re ve rse-transcribed ce llular RNA
are  added. To compare  the  levels of mRNA in cells
tre ated for different times w ithout or w ith LPS or
MTP-PE, b -actin is chosen to standardize  the  diffe re nt
samples . mRNA levels encoding b -actin did not
change upon tre atment of macrophage s w ith LPS or
MTP-PE (data not show n). In pre vious ex periments,
using diffe rent amounts of RNA and diffe rent amplifi-
cation cycle s, the amount of RNA for the diffe re nt
PCR reactions w as then chosen so that the  amount of
specific amplified products incre ased roughly loga-
rithmically be tw een 25 and 35 cycles. Final PCR
conditions are  as followed (Pe rkin Elmer PCR System
2400):

b -actin [1 ng cDNA, 0.5 m M primer

(CTCCTTAATGTCACGCACGATTTC/
GTGGGGCGCCCCAGGCACCA) ,

94°C/5 min, 52°C /5 min–72°C/2 min–94°C/1 min
(30 cycles)–52°C/2 min–72°C/10 min–4°C];
TNF-a [100 ng cDNA, 0.5 m M primer

(ATGAGCACAGAAAGCATGATC/
CAGAGCAATGACTCCAAAGTA),

94°C/5 min, 52°C/5 min–72°C/2 min–94°C/1 min–
52°C/2 min (30 cycles)–72°C/10 min–4°C];
COX-1 [10 ng cDNA, 0.5 m M primer

(TGCATGTGGCTGTGGAGTTCATCAA/
CACTAAGACAGACCCGTCTTCTCCA),

94°C/5 min, 65°C /5 min–72°C/2 min–94°C/1 min–
65°C/2 min (30 cycles)–72°C/10 min–4°C];
COX-2 [100 ng cDNA, 0.5 m M primer

(ACTCACTCAGTTTGTTGAGTCATTC/
TTTGATTAGTACTGTAGGGTTAATG),

94°C/5 min, 55°C/5 min–72°C/2 min–94°C/1 min–
55°C/2 min (30 cycles)–72°C/10 min–4°C];
iNOS [100 ng cDNA, 500 ng primer

(GCTTGCCCCTGGAAGTTTCTC/
CCGACCTGATGTTGCCACTGT),

94°C/5 min, 65°C/5 min–72°C/2 min–94°C/1 min–
65°C/2 min (30 cycle s)–72°C/10 min–4°C]. 10 m l of
the PCR reaction are loaded onto a 1.5% agarose  gel.
The bands ( b -ac tin: 610 bp, TNF-a : 710 bp, COX-2:
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583 bp, iNOS: 818 bp) are  visualized on a transillumi-
nator afte r ethidium bromide staining and, for semi-
quantitative  analysis , scanned densitometrically
(E.A.S.Y. RH, Herolab, Germany). To compare  mRNA
ex pre ssion in ce lls  treated different times w ith or
w ithout LPS or MTP-PE, corresponding mRNA levels
are  first calculated as ex pre ssion compared to b -ac tin
mRNA, the re sulting values of control ce lls  are  se t to
1 and levels of mRNA in LPS- and MTP-PE-treated cells
are  ex pressed as ‘fold of control ce lls’.

Results

Release of TNF- a , nitric oxide and
prostaglandins

LPS and MTP-PE induce  a synthe sis and re lease of
TNF-a , nitric ox ide  and prostanoids in mac rophages
(Fig. 1). LPS induce s a rapid and transient ac cumulation
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FIG. 1. Effect of LPS and MTP-PE on the release of TNF- a ,
nitric oxide, PGE2 and PGD2 . Macrophages are incubated for
the indicated times in RPMI medium containing 10% new-
born calf serum with LPS (open symbols, 500 ng/ml) or with
MTP-PE (closed symbols, 25 m g/ml). At indicated time points,
accumulation of TNF- a activity (A), nitric oxide (B), PGE2 (C,
circles), and PGD2 (C, triangles) in cell media is determined
as described in Materials and Methods. Values represent
means ± SD of four experiments.

FIG. 2. RT-PCR analysis of mRNA isolated from unstimulated
macrophages. Macrophages are cultured for 72 h in RPMI
medium containing 10% newborn calf serum. RNA is
isolated and RT-PCR analysis is performed as described in
Materials and Methods. Marker, f X174/Hae III (1353, 1078,
872, 603, 310 bp). A representative set of experiments is
shown which is reproduced at least six times.

FIG. 3. Effect of LPS and MTP-PE on the accumulation of
mRNA encoding TNF- a , iNOS and COX-2. Macrophages are
incubated for the indicated times in RPMI medium contain-
ing 10% newborn calf serum with LPS (open circles, 500 ng/
ml) or with MTP-PE (closed circles, 25 m g/ml). At indicated
time points, RNA is isolated and RT-PCR analysis is per-
formed as described in Materials and Methods. Values
represent means ± SD of four experiments.



of TNF-a , MTP-PE-induced TNF-a re lease  show s a lag
phase  of about 6 h, and inc reases  the re afte r up to 48 h
(Fig. 1A). The re lease  of nitric ox ide (Fig. 1B) and PGD2

(Fig. 1C) is almost identical for both agents. The  re lease
of PGE2 after LPS is higher than after MTP-PE (Fig. 1C).

mRNA and protein levels

In order to investigate  at w hich levels LPS and MTP-PE
induce the  formation of TNF-a , nitric ox ide and
prostanoids, corre sponding mRNA and prote in levels
are  de termined by RT-PCR and Western blot analysis,
respective ly. Figure  2 show s that unstimulated mac ro-
phage s contain ve ry small amounts of mRNAs encod-
ing TNF-a , iNOS and COX-2. mRNAs encoding b -ac tin
and COX-1 are  ex pressed at much higher levels (Fig.
2). LPS induce s a rapid and transie nt accumulation of
TNF-a mRNA w ith a max imum at about 1.5 h (Fig.
3A). In contrast, TNF-a mRNA after MTP-PE becomes
dete ctable only after a lag phase of about 4 h. Both,

LPS and MTP-PE induce  a rapid accumulation of iNOS
mRNA (Fig. 3B). The leve l of iNOS mRNA afte r LPS
peaks at about 4 h, and decline s thereafter. In
contrast, MTP-PE induces an incre ase of iNOS mRNA
up to 12 h, w hich remains thereafter e levated at this
level. COX-2 mRNA incre ases rapidly to similar levels
after the  addition of LPS and MTP-PE (Fig. 3C). Resting
macrophage s show  no dete ctable amounts of iNOS
and COX-2 protein (Fig. 4). Addition of LPS and MTP-
PE induce an ex pre ssion of both prote ins, w hich
becomes detectable at first after 6–8 h. LPS induce s a
higher ex pre ssion of iNOS protein (24 h), COX-2
prote in is  higher ex pressed after MTP-PE.

Activation of ERK-1 and –2

Recently w e demonstrated that calcium and prote in
kinase C isoenzymes are not involved in the actions of
LPS and MTP-PE in mac rophages.2 1 Here w e show
(Fig. 5), that both agents  induce a rapid ac tivation of
the map kinase  isoenzymes ex tracellular regulated
kinase (ERK)-1 and ERK-2.

Activation of NF- k B and AP-1

LPS induces a rapid activation of the transcription
factors NF-k B and AP-1 (Fig. 6). No ac tivation of both
transc ription factors at this e arly time-point is se en
w ith MTP-PE. Activation of NF-k B and AP-1 by MTP-PE
becomes dete ctable only after a lag phase of about
5 h, and is w eake r pronounced than w ith LPS.

Effect of inhibitors of ERK-1, -2 and NF- k B on
the release of TNF- a , nitric oxide and PGE2

Inhibition of the  map kinase  isoenzymes ERK-1 and
ERK-2 by PD 9805929 le ads to a dec re ased re lease of
TNF-a , nitric  ox ide and PGE2 (Table 1). TNF- a re lease
after LPS and MTP-PE, and PGE2 re lease  afte r MTP-PE is
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Table 1. Effect of PD 98059 and BAY 11–7082 on the release of
TNF- a , nitric oxide and PGE2

a

Treatment TNF- a Nitric oxide
(% of control cells)

PGE2

LPS 100 100 100
+PD 98059 2 ± 4 28 ± 9 37 ± 7
+BAY 11–7082 1 ± 2 4 ± 5 40 ± 11

MTP-PE 100 100 100
+PD 98059 1 ± 2 69 ± 12 1 ± 2
+BAY 11–7082 111 ± 2 128 ± 29 159 ± 38

aMacrophages (48 h) are incubated in RPMI medium containing 10%
newborn calf serum in the absence or presence of PD 90859 (10 m M,
4 h) or BAY 11–7082 (10 m M, 1 h). Thereafter, LPS (500 ng/ml) or MTP-
PE (25 mg/ml) is added. TNF- a is measured 4 h after LPS and 24 h after
MTP-PE; NO2

– and PGE2 are measured 24 h after LPS and MTP-PE in
cell media as described in Materials and Methods. Values represent
means±SD of four to seven experiments.

FIG. 4. Western blot analysis of iNOS and COX-2. Macro-
phages are incubated in RPMI medium containing 10%
newborn calf serum without (C), with LPS (500 ng/ml) or with
MTP-PE (25 m g/ml). At indicated time points, protein is
isolated and Western blot analysis is performed as described
in Materials and Methods. A representative set of experi-
ments is shown, which is reproduced at least three times.

FIG. 5. Effect of LPS, MTP-PE and PGE2 on map kinase
isoenzymes ERK-1 and ERK-2. Macrophages are incubated in
Hanks’ solution without or with PGE2 (1 m M) as indicated.
After 10min, vehicle (C), LPS (500 ng/ml) or MTP-PE
(25 m g/ml) is added for another 10 min. Thereafter, cells are
lysed, subjected to SDS–PAGE, and an ‘in gel kinase assay’ is
performed as described in Materials and Methods. The
position of the map kinase isoenzymes ERK-1 and ERK-2 is
indicated. A representative set of experiments is shown,
which is reproduced at least three times. PGE2 alone is
without any effect.



comple te ly inhibited by PD 98059. The re lease of nitric
ox ide afte r LPS and MTP-PE, and of PGE2 after MTP-PE,
is inhibited by PD 98059 by about 70%, 30% and 60%,
respective ly (Table 1). Inhibition of the  transcription
factor NF-k B by BAY 11–70823 0 has no e ffec t on the
MTP-PE-induced re lease of TNF-a , nitric ox ide  and
PGE2 (Table  1). How eve r, the LPS-induced re lease of
TNF-a and nitric ox ide  is complete ly inhibited by BAY
11–7082. The  re lease  of PGE2 after LPS is inhibited by
BAY 11–7082 by about 60% (Table  1).

Effect of PGE2 and PGD2

PGE2 , ex ogenously added to macrophage s, inhibits
TNF-a re lease by LPS but not by MTP-PE (Table 2). In

contrast, the re lease  of nitric  ox ide after LPS and MTP-
PE is  enhanced by prior addition of PGE2 . PGD2 is
w ithout any effec t (Table  2). In orde r to investigate at
w hich level PGE2 ex erts its ac tion, the  effect of
ex ogenously added PGE2 on the  ac tivation of map
kinase isoenzymes ERK-1 and ERK-2 is  determined.
PGE2 has  no effec t on the  MTP-PE-induced activation
of ERK-1 and ERK-2 (Fig. 6). How eve r, map kinase
activation by LPS is complete ly suppressed.

Effect of LPS and MTP-PE on the cytotoxicity of
macrophages

MTP-PE but not LPS activate s macrophages to cyto-
tox ic ity against P815 tumor targe t ce lls (Fig. 7).
Addition of neutralizing antibodie s against TNF-a
reduced the cytotox ic  e ffec t of MTP-PE by about 75%,
indicating that TNF-a is  involved in the cytotox ic
reaction.

Discussion

Here w e  show  that LPS and MTP-PE induce  a re le ase
of TNF-a , nitric ox ide , PGE2 and PGD2 in mac ro-
phage s. Both agents inc rease mRNA’s encoding TNF-a ,
iNOS and COX-2 indicating their ac tion at the
transc riptional level. We  demonstrated recently that
macrophage s do not ex pre ss constitutive NOS,3 1

w hich suggests that the  observed re lease  of nitric
ox ide after LPS and MTP-PE is c atalysed by iNOS. The
formation of prostanoids afte r LPS is probably due to
the enhanced ex pre ssion of COX-2 (Fig. 3C) and an
enhanced ex press ion of cytosolic phospholipase A2 .3 1

Sinc e MTP-PE has  no e ffec t on cytosolic phospholi-
pase A2 ,31 prostanoid re lease after MTP-PE seems to
be triggered only by the  enhanced ex pression of COX-
2. We could also demonstrate re cently that LPS and
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FIG. 6. Activation of NF- k B and AP-1. Macrophages are
incubated in Hanks’ solution without (C), with LPS (500 ng/
ml), or with MTP-PE (25 m g/ml) for the indicated times.
Thereafter, cells are extracted and DNA binding activity to
NF- k B and AP-1 is monitored in electrophoretic mobility shift
assays as described in Materials and Methods. A representa-
tive set of experiments is shown, which is reproduced at
least three times.

FIG. 7. Effect of LPS and MTP-PE on cytotoxicity of macro-
phages against P815 tumor target cells. Macrophages (48 h
in primary culture) are incubated for 6 h in RPMI medium
containing 10% newborn calf serum without (C), with LPS
(500 ng/ml) or with MTP-PE (25 m g/ml). Thereafter, P815
target cells, and TNF- a neutralizing antibodies (Ab, 10 m l), as
indicated, are added. 48 h later, cytolysis is determined as
described in Materials and Methods. Values represent means
± SD of five experiments.

Table 2. Effect of PGE2 and PGD2 on LPS- and MTP-PE-
induced accumulation of TNF- a activity and NO2

– a

Treatment TNF- a activity
(Units ´ 10– 2/106 cells)

Nitric oxide
(NO2

–, nmol/106 cells)

None n.d. n.d.

LPS 20 ± 8 28 ± 11
+PGE2 1 ± 3 86 ± 9
+PGD2 22 ± 6 31 ± 7

MTP-PE 8 ± 3 26 ± 7
+PGE2 10 ± 5 79 ± 10
+PGD2 7 ± 4 24 ± 11

aMacrophages (48 h) are incubated in RPMI medium containing 10%
newborn calf serum without (None), with PGE2 (1 m M) or with PGD2
(1 m M). 15 min later, LPS (500 ng/ml) or MTP-PE (25 m g/ml) is added.
TNF- a is measured 4 h after LPS and 24 h after MTP-PE; NO2

– is
measured 24 h after LPS and MTP-PE in cell media as described in
Materials and Methods. n.d., not detectable. Values represent means
± SD of four experiments.



MTP-PE have  no e ffec t on COX-1 leve ls, and that the
constitutive nitric ox ide synthase  and sec retory phos-
holipase A2s are  not ex pressed in these ce lls .31

While  the re lease of nitric ox ide and PGD2 is almost
identical for both immunomodulators , the formation
of TNF-a and PGE2 after LPS and MTP-PE is different.
(1) Accumulation of TNF-a mRNA and TNF-a activity
after LPS is  transie nt, a sustained re lease of TNF-a is
induced by MTP-PE. The finding, that PGE2 inhibits
TNF-a re lease after LPS, but not after MTP-PE (Table
2), indicate s that the mechanisms underlying TNF-a
formation are different for both immunomodulators.
It has been show n re cently that the  inhibition of the
LPS-induced TNF-a re lease by PGE2 can be mimicked
by cAMP,4 suggesting that intrace llular cAMP mediates
the e ffec t of PGE2 . (2) PGE2 re lease  afte r LPS is higher
than after MTP-PE. It has been suggested re cently that
the high PGE2 formation afte r LPS might be due  to an
activation of the  PGE2 synthase.3 2,3 3

We demonstrated re cently that both immunomodu-
lators  do not induce  an ac tivation of the  ‘phosphatidyl
inositol cycle ’, of prote in kinase  C isoenzymes or a
change of the intracellular calc ium concentration.2 1

Here, we  show  that LPS and MTP-PE induce a rapid
activation of the  map kinase  isoenzymes ERK-1 and
ERK-2. Inhibition of map kinase  by PD 98059
comple te ly suppresses  TNF- a re lease after LPS and
MTP-PE, and PGE2 re lease  after MTP-PE. Re lease of
nitric  ox ide and PGE2 afte r LPS are  partially inhibited
by PD 98059. These  data indicate that ac tivation of
the map kinase  isoenzymes ERK-1 and ERK-2 is  an

essential s tep  for TNF-a re lease by LPS and MTP-PE,
and for PGE2 formation by MTP-PE. Nitric  ox ide
re lease , and PGE2 formation by LPS seem only to be
partially mediated by map kinase . In addition, w e
demonstrate  here , that the  transc ription factors NF-k B
and AP-1 are  ac tivated by LPS. Ac tivation of both
transc ription fac tors by LPS is obse rved already after
30 min, and persists  for more  than 24 h.2 7 The
activation of NF-k B and AP-1 by MTP-PE is much
w eake r pronounced, and becomes de tec table  only
after 5 h. Since mRNAs encoding TNF-a , iNOS and
COX-2 are ex pre ssed at much earlier time-points , it is
very unlikely that NF-k B and AP-1 are involved in
these  actions of MTP-PE. This  conclusion is supported
by the  finding that BAY 11–7072, an inhibitor for NF-
k B, has  no effect on MTP-PE-induced re sponse s. BAY
11–7072 complete ly suppresses the  re lease  of TNF-a
and nitric ox ide by LPS, and inhibits  PGE2 re lease  by
LPS by 60%, indicating an involvement of NF-k B in
these  ac tions of LPS.

The  LPS- but not the MTP-PE-induced re le sase of
TNF-a is specifically inhibited by PGE2 . In contrast,
nitric  ox ide re lease  by LPS and MTP-PE is enhanced
by PGE2 . PGE2 has been show n earlie r to ex ert its
suppressing e ffec t on TNF-a re lease by LPS at the
transc riptional leve l.4 How eve r, PGE2 doe s not affec t
the activation of NF-k B or AP-1 by LPS.27 Here w e
show, that PGE2 inhibits  map kinase activation by LPS,
but not by MTP-PE. This indicate s that the  mecha-
nisms of LPS and MTP-PE leading to ac tivation of map
kinase are  different.

Activa tion  of res iden t ma c rophages  by  LPS and muramy l tripeptide s
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FIG. 8. Tentative scheme for the actions of LPS (A), MTP-PE (B) and PGE2 in macrophages.



MTP-PE, but not LPS, induces a cytotox ic ity of
macrophage s against tumor target c ells . The  MTP-PE
induced cytotox ic ity is  reduced by TNF-a neutralizing
antibodie s, indicating that TNF-a is involved in the
cytotox ic  action. The lack of cytotox ic ity after LPS
might be due  to the  transient re lease of TNF-a , in
contrast to the sustained ac cumulation of TNF-a after
MTP-PE. These findings are  in line  w ith the fact, that
MTP-PE, w hen administered i.v., induces an antitumor
reactivity in animal models.1 6 – 20 Recently, it has be en
proposed that the cytotox ic ity of mac rophages
against the adenomacarc inoma line  MCA26 is medi-
ated by TNF-a , and not by nitric ox ide .34 Our data
support the se findings, s ince  LPS and MTP-PE induce
an identical re le ase of nitric ox ide , but differ in their
cytotox ic  potenc ies.

Based on the  results  presented here , we  propose
the follow ing scheme for the re gulatory role  of PGE2

in the ac tion mechanisms of LPS and MTP-PE in
macrophage s (Fig. 8). LPS (Fig. 8A) ac tivates rapidly
the map kinase  isoenzymes ERK-1 and ERK-2 and the
transc ription factors  NF-k B and AP-1, w hich results in
a synthesis and re lease  of nitric ox ide , TNF-a and
PGE2 . PGE2 re duces in a negative  feedback loop the
activation of ERK-1 and ERK-2, nitric ox ide  re lease  is
enhanced, TNF-a formation is suppressed, cytotox-
ic ity against tumor targe t c ells is low. MTP-PE
activates  rapidly map kinase isoenzymes ERK-1 and
ERK-2, but not the transcription factors NF-k B and AP-
1. Activation of yet unknow n transc ription fac tors
results  in a synthe sis and re lease  of nitric  ox ide, TNF-a
and PGE2 . PGE2 has no inhibitory effect on the map
kinase isoenzymes ERK-1 and ERK-2, TNF-a re lease is
not suppressed, and the  macrophages show  a high
cytotox ic ity against tumor targe t cells. Furthe r ex peri-
ments have to be carried out to e luc idate  in de tail the
molecular mechanisms of the  re gulatory function of
PGE2 . These ex periments inc lude the inve stigation of
othe r kinase s and other transc ription fac tors,35 – 3 8,
w hich have  been demonstrated in other cells to be
involved in the ac tion of LPS, and in the formation of
TNF-a , nitric  ox ide  and e icosanoids.
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