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Summary

The purpose of these studies was to determine the intracellular signal transduction pathways
of bacterial products in murine macrophages from lipopolysaccharide (LPS)-responder CsH/HeN
and LPS-nonresponder C;H/HeJ mice. Both LPS and synthetic lipopeptide CGP 31362 (LPP)
induced production of tumor necrosis factor o (TNF-a) in C;H/HeN macrophages. In
CsH/He] macrophages, however, TNF-a¢ was induced only by incubation with LPP. Both LPS
and LPP induced tyrosine phosphorylation on proteins with apparent molecular masses of 39,
41, and 45 kD (p35, p4l, and p45) in C;H/HeN macrophages, whereas in CsH/HeJ
macrophages, tyrosine phosphorylation was induced only by LPP. 20-h incubation with LPS
or LPP downregulated TNF-« production/secretion and tyrosine phosphorylation in CsH/HeN
macrophages induced by additional LPS or LPP. In CsH/HeJ macrophages, however, the
downregulation of TNF-«x production and tyrosine phosphorylation were observed only with
LPP. Protein kinase assays, Western blotting analyses, phenyl-Sepharose chromatography, and
immunocomplex kinase assay suggested that p45 and p39 were similar or identical to mitogen-
activated protein (MAP) kinase 1 and 2, respectively. Pretreatment of macrophages with LPS
or LPP did not change the amount of kinase proteins but inhibited the stimulation of kinase
activity by the agents. These data suggest that MAP kinases are among target proteins involved
in the transduction of LPS and LPP signals that lead to activation of murine macrophages to

produce/secrete TNF.

atural and synthetic bacterial products, such as LPS and

lipopeptide CGP 31362 (LPP)!, a synthetic analogue
of a fragment of a lipoprotein from the outer wall of gram-
negative bacteria, are potent immunoregulatory agents (1).
Either alone or in combination with IFN-y or other cytokines,
such agents activate macrophages to perform a variety of func-
tions, such as lyse tumor cells, eliminate intracellular infec-
tions, and secrete a plethora of distinct biologically active prod-
ucts, such as TNF (2, 3). The biochemical mechanisms of
macrophage activation induced by the bacterial products are
still not fully understood. Recently, activation of macrophages
by LPS has been coupled with stimulation of calcium- and
calmodulin-dependent protein kinase (4), protein kinase C
(PKC) (5), and pertussis toxin—sensitive guanine nucleo-
tide-binding proteins (G protein) (6). However, inhibition
of PKC in a macrophage cell line does not prevent LPS priming
of the cells for enhanced arachidonic acid metabolism (7),

t Abbreviations used in this paper: FBS, fetal bovine serum; LPP, lipopeptide
GGP 31362; MAP kinase, mitogen-activated protein kinase; PEM, peritoneal
exudate macrophage; PKC, protein kinase C; PTK, protein tyrosine kinase.

and many functions of LPS are not affected by treatment of
macrophages with pertussis toxin (8). Moreover, downregu-
lation of intracellular PKC does not prevent macrophages from
responding to LPS by secreting TNF and lysing some tumor
cells (9). Collectively, these data suggest that additional signal-
transducing pathways must participate in the macrophage ac-
tivation process.

In recent work from our laboratory, we concluded that
protein tyrosine kinase (PTK) activity is necessary albeit not
sufficient for LPS-induced tumoricidal activation of macro-
phages. Specifically, the data demonstrated that protein tyro-
sine phosphorylation is involved in this process (10). Activa-
tion of MAP kinases, a family of serine/threonine protein
kinases, by a variety of extracellular stimuli plays a crucial
role in cell differentiation and proliferation (11, 12). In this
study, we determined whether phosphorylation-activation
of MAP kinases is also involved in signaling pathways for
macrophage activation by bacterial products, i.., LPS and
LPP. We tested this possibility by using macrophages from
congenic LPS-responsive C;H/HeN and LPS-nonresponsive
C;H/He] mice (13, 14). Tyrosine phosphorylation at several
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proteins, activation of MAP kinases, and production/secre-
tion of TNF-or were observed in C;H/HeN macrophages
incubated with either LPS or LPP, whereas only LPP was
active in C;H/HeJ macrophages. Pretreatment of macro-
phages with LPS or LPP downregulated the phosphoryla-
tion, activation of MAP kinases, and production/secretion
of TNF-a. These findings suggest that MAP kinase activity
is involved in macrophage activation by bacterial products.

Materials and Methods

Reagents. Eagle’s MEM, HBSS, and fetal bovine serum (FBS)
were purchased from M. A. Bioproducts (Walkersville, MD).
Phenol-extracted Salmonella LPS, phosphotyrosine, phosphothreo-
nine, and phosphoserine were purchased from Sigma Chemicals
(St. Louis, MO). Monoclonal antiphosphotyrosine (4G10), poly-
clonal rabbit anti-MAP kinase 1 and 2 antibody, and synthetic MAP
kinase substrate containing nine amino acids were obtained from
Upstate Biotechnology, Inc. (Lake Placid, NY). Anti-MAP kinase
1.and 2 mAb (Z003) was purchased from Zymed Laboratories, Inc.
(South San Francisco, CA). PHJTdR (sp act 2 Ci/mmol), BSA,
and OVA were purchased from ICN Biomedicals, Inc. (Costa Mesa,
CA). PANSORBIN was obtained from Calbiochem-Novabiochem
(La Jolla, CA). Enhanced Chemiluminescence (ECL) Western blot-
ting detection system, horseradish peroxidase conjugated goat
anti-mouse and anti-rabbit IgG, and y-[*P]JATP (sp act >5000
Ci/mmol) were purchased from Amersham Corp. (Arlington
Heights, IL). LPP, a synthetic analogue of a fragment of a lipopro-
tein from the outer wall of gram-negative bacteria, was the gift
of Ciba-Geigy, Ltd. (Basel, Switzerland). Phenyl-Sepharose was pur-
chased from Pharmacia LKB (Piscataway, NJ).

Mice. Specific pathogen-free female C;H/HeN and C;H/He]
mice were purchased from the Animal Production Area, Frederick
Cancer Research Facility (Frederick, MD). The mice were used
when 8 wk of age. Animals were maintained in facilities approved
by the American Association for Accreditation of Laboratory An-
imal Care and in accordance with current regulations and stan-
dards of the United States Department of Agriculture, the Depart-
ment of Health and Human Services, and the National Institutes
of Health.

Collection and Cultivation of Mouse Peritoneal Exudate Macrophages
(PEM). PEM were collected by peritoneal lavage from mice given
an intraperitoneal injection of 1.5 ml of thioglycollate broth (Balti-
more Biological Laboratories, Cockeysville, MD) 4 d before har-
vest (15). The PEM were washed with Ca?* and Mg?* free PBS
and resuspended in serum-free MEM, and 10° cells in 0.2 mli
MEM were plated into 38-mm? wells of 96-well flat-bottomed
plates (Microtest I1I; Falcon Plastics, Oxnard, CA). After 90 min,
the wells were washed with Eagle’s MEM to remove nonadherent
cells. The resultant macrophage monolayer was >98% pure ac-
cording to morphologic and phagocytic criteria. These cultures were
then given supplemented medium containing macrophage activators
or other reagents as described below.

In vitro Activation of Macrophages and Production of TNE  Purified
cultures of mouse PEM were incubated at 37°C for 8-10 h with
medium containing 1 pg/ml LPS or 0.01 ug/ml LPP. For a nega-
tive control, we incubated macrophages in medium alone. After
the incubation period, the culture supernatants were collected,
filtered through a 0.2-pm filter, and added onto [*H|TdR-labeled
1929 cell monolayers (10* cells/well). The cultures were washed
and harvested 72 h later. TNF activity was calculated by the stan-
dard curves plotted with human recombinant TNF-«x and expressed

as pg/10° macrophages. Neither LPS nor LPP were toxic nor did
they increase the cytotoxic activity of TNF against the target cells.

Determination of Tyrosine Phosphorylation by Western Blot Anal-
ysis.  Macrophages were treated as indicated in the legends to the
figures. Western blotting was performed as previously described
(10, 16). The cells were washed with PBS containing 1 mM so-
dium orthovanadate, 5 mM EDTA, and scraped into lysis buffer
A (1% Triton X-100, 20 mM Tris-HCI, pH 8.0, 137 mM NaCl,
10% glycerol, 1 mM Na;VO,, 2 mM EDTA, 1 mM PMSE, 20
1M leupeptin, 0.15 U/ml aprotinin), and placed on ice for 20 min.
Triton X-100-soluble protein was separated by centrifugation,
diluted to 1 mg/ml in sample buffer (62.5 mM Tris-HC, pH 6.8,
2.3% SDS, 100 mM DTT, and 0.005% bromphenol blue), and
boiled. The proteins (15-20 pg/lane) were resolved on 10% SDS-
PAGE and transferred onto 0.45 pm nitrocellulose membranes. The
filters were blocked with 3% BSA, 1% OVA in TBS (20 mM Tris-
HC), pH 7.5, 150 mM NaCl), probed with phosphotyrosine-specific
mAb 4G10 (0.2 pug/ml), MAP kinase 1 and 2 specific mAb Z003
(0.1 pug/ml), or rabbit anti-rat MAP kinase antibody (0.2 pug/ml)
in TTBS (0.1% Tween 20 in TBS), incubated with second anti-
bodies in TTBS, and visualized by the ECL Western blotting de-
tection system.

Immunoprecipitation of Macrophage Extracts. Macrophages at a
density of 2 x 107 cells/100 mm plate were incubated in 5% FBS-
Eagle’s MEM or in 5% FBS-Eagle’s MEM containing 1 ug/ml of
LPS for 15 min. The monolayers were rinsed three times with PBS
and scraped into 1 ml lysis buffer A. The lysates were precleared
with PANSORBIN and incubated with 20 ug/ml of rabbit
anti-MAP kinase antibody for 4 h or 20 pug/ml antiphosphotyro-
sine mAb 4G10 for 3 h, and then with 20 ug/ml rabbit anti-mouse
IgG for another 1 h at 4°C. The immunocomplex was precipitated
with PANSORBIN, washed with a lysis buffer A and kinase assay
buffer, and then used for the MAP kinase assay.

Hydrophobic Chromatography of Macrophage Extracts. 'The meth-
ods used for hydrophobic chromatography have been desctibed in
detail (17). After stimulation with 1 ug/ml LPS for 15 min, mac-
rophages were washed once and scraped into lysis buffer B (25 mM
Tris, pH 7.5, 25 mM NaCl, 40 mM p-nitrophenyl phosphate, 2 mM
EGTA, 1 mM DTT, 0.2 mM PMSF), followed by brief sonication
and centrifugation at 18,000 ¢ for 30 min at 4°C. Ethylene glycol
(final concentration 10%) was added to the supernatant fractions,
and 1 ml of the extracts was immediately mixed with 300 ul phenyl-
Sepharose and placed on ice for 5 min. The suspensions were then
centrifuged and the supernatants removed. The phenyl-Sepharose
was then successively washed with 0.5 ml buffer B containing in-
creasing concentrations of ethylene glycol (up to 60%). The su-
pernatants were assayed for MAP kinase activity or used for Western
blotting analyses.

MAP Kinase Assay. MAP kinase activity was determined by
a published procedure (18) with some modifications. A synthetic
peptide (APRTPGGRR) was phosphorylated in a final 20-ul volume
of kinase assay buffer (12.5 mM MOPS, pH 7.2, 12.5 mM B-glycerol
phosphate, 7.5 mM MgCl;, 0.5 mM EGTA, 0.05 mM NaF,
2 mM DTT, 0.5 mM sodium vandate, and 25 pug/ml BSA) with
2 mg/ml substrate and 50 uM y[**PJATP (1,000-2,000 cpm/pmol)
for 15 min at 30°C. The reaction was stopped by the addition of
10 ul 15% TCA. After a 60-min incubation at 4°C, the precipi-
tates were removed by centrifugation, and a 20-pl aliquot of the
supernatant was spotted onto a phosphocellulose disc (model P81;
Whatman Inc., Clifton, NJ) and washed. The radioactivity as-
sociated with the substrate peptide was monitored. MAP kinase
activity was expressed as pmol/min/mg protein.
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Figure 1. Induction of protein tyrosine phosphorylation in macrophages

by LPS and LPP. Macrophages from C;H/HeN or C;H/HeJ mice were
incubated in 5% FBS-Eagle’s MEM (MED) or stimulated with LPS (1
pg/ml) or LPP (0.01 ug/ml) for 15 min. The treated cells were washed
and lysed in buffer A. The lysate was centrifuged at 14,000 rpm for 15
min at 4°C. Triton X-100-soluble proteins (15 ug/lane) were separated
on 10% SDS-PAGE, transferred to nitrocellulose, and probed with an-
tiphosphotyrosine mAb 4G10 (0.2 pg/ml). The immunoreactive bands
were detected by incubating the blots with horseradish peroxidase-con-
jugated goat anti-mouse IgG or anti-rabbit IgG, and visualized by the
ECL Western blotting detection system. This is one representative experi-
ment of three.

Results and Discussion

LPS and LPP Induce Protein Tyrosine Phosphorylation. A
15-min treatment of macrophages with LPS (1 ug/ml) or
LPP (0.01 ug/ml) induced protein tyrosine phosphorylation
at three bands of 39, 41, and 45 kD (p39, p41, and p45).
In PEM, some proteins with apparent molecular masses of
50-170 kD were constitutively phosphorylated on tyrosine.
The phosphorylation of these proteins was not significantly
altered by LPS or LPP (Fig. 1). The signal detected by mAb
4G10 was phosphotyrosine specific since it could be blocked
by 2 mM phosphotyrosine but not by phosphothreonine or
phosphoserine (data not shown). We have also recently shown
that the induction of tyrosine phosphorylation by LPS and
LPP is dose dependent and transient and can be blocked by
the PTK inhibitors genistein, herbimycin A, and tyrphostin
(10 and our unpublished data).

The stimulus-specific induction of tyrosine phosphoryla-
tion on p39, p4l, and p45 was also examined in LPS-
unresponsive CsH/HeJ macrophages. As shown in Fig. 15,
the basic pattern of protein tyrosine phosphorylation in
Cs;H/He] macrophages was similar to that in C;H/HeN
macrophages. However, in C;H/HeJ macrophages, tyrosine
phosphorylation of p39, p41, and p45 was only induced by
LPP (Fig. 1).

Pretreatment of CsH/HeN macrophages for 20 h with ei-
ther LPS (0.1 pug/ml) or LPP (0.001 pg/ml) significantly
downregulated the tyrosine phosphorylation of p39, p41, and
p45 normally induced by both LPS and LPP (Fig. 2). The
downregulation was dose dependent and could be achieved
by pretreatment with as little as 1 ng/ml LPS and 0.0001
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Figure 2. Downregulation of protein tyrosine phosphorylation by
pretreatment of LPS or LPP. Macrophages from C;H/HeN (A) or
CsH/He] (B) mice were incubated for 20 h in medium (lanes 1-3), or
medium containing 0.1 pg/ml LPS (lanes 4-6), or 0.001 ug/ml LPP (lanes
7-9). The pretreated macrophages were then stimulated for 15 min with
1 pug/ml LPS (lanes 2, 5, and 8) or 0.01 ug/m} LPP (lanes 3, 6, and 9).
The lysates were prepared and analyzed by Western blotting. Pretreatment
of LPS or LPP did not alter the level of MAP kinase protein in macro-
phages (C). CsH/HeN macrophages were incubated for 20 h in medium,
0.1 pg/ml LPS, or 0.001 ug/ml LPP. The treated cells were lysed in buffer
A. Triton X-100-soluble proteins {15 pg/lane) were separated on 10%
SDS-PAGE, transferred onto nitrocellulose, and probed with mAb against
MAP kinase 1 and 2. This is one representative experiment of three.

ng/ml LPP (data not shown). In C;H/He] macrophages,
this downregulation could only be induced by pretreatment
with LPP (Fig. 2).

The p45 and p39 Are Similar or Identical to MAP Kinase
1and 2. Since activation of MAP kinase requires tyrosine
phosphorylation (12, 19) and LPS and LPP induce tyrosine
phosphorylation of some proteins with molecular weights

Table 1. Effects of LPS or LPP Pretreatment on MAP Kinase
Activation in C;H/HeN and C;H/He] Macrophages

Stimulation
Strain
of mice  Pretreatment Medium LPS LPP
C;H/HeN Medium* 3.6 £ 0.7 54.8 + 12.4 429 + 0.2
LPS 2006 2.7+ 15 135 + 0.5
LPP 11+05 16 05 38 +0.3
C;H/He] Medium 48 05 5402 582 + 4.2
LPS 3821 1305 54=+76
LPP 3010 10=+05 2.0=+0.3

* Macrophages were incubated in medium, 0.1 pg/ml LPS, and 0.001
pg/ml LPP for 20 h.

+1 pg/ml LPS of 0.01 ug/ml LPP for 15 min. The stimulated macro-
phages were lysed in lysis buffer A. MAP kinase activity in the lysates
was determined and expressed as pmol/min/mg protein + SD from dupli-
cate assay tubes. This is one representative experiment of three.
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Figure 3. (A) Phenyl-Sepharose chromatography of MAP kinase. Mac-
rophages (2 x 107/plate) were stimulated with LPS (1 pug/ml) for 15 min,
followed by washing and lysing in buffer B. Ethylene glycol was added
to the extract at a final concentration of 10%. The extract (1 ml) was
immediately mixed with 0.3 ml phenyl-Sepharose. After unbound materials
were removed, the phenyl-Sepharose was washed with buffer B (0.5 ml
each time) containing increasing concentrations of ethylene glycol (up to
60%). The supernatants were collected by centrifugation, saved for MAP
kinase activity assay, and for Western blotting analysis with mAb against
MAP kinase 1 and 2 (inset). This is one representative experiment of three.
(B) Immunoprecipitation of MAP kinase activity. CsH/HeN macrophages
were stimulated with 1 pg/ml LPS for 15 min and lysed in buffer A. The
lysates were cleared with PANSORBIN and incubated with either 20 pug/ml
of antiphosphotyrosine mAb (4G10) for 3 h at 4°C and then 1 h incuba-
tion with rabbit anti-mouse IgG, or with 20 pug/ml of rabbit anti-MAP
kinase for 4 h. The immunocomplexes were precipitated with PANSORBIN
and washed with lysis buffer A and kinase assay buffer. The MAP kinase
activity in the immunocomplexes was determined as described in Materials
and Methods. This is one representative experiment of two.

similar to those of MAP kinases, we tested whether LPS and
LPP activated MAP kinases in macrophages. We determined
MAP kinase activity by in vitro phosphorylation of a syn-
thetic substrate peptide (APRTPGGRR) derived from bo-
vine myelin basic protein, which contains a consensus sequence
for phosphorylation by p*m# kinase (Pro-X-[Ser/Thr]-Pro)
(18). Control macrophages exhibited low levels of MAP ki-
nase activity. Treatment with LPP resulted in a significant
increase in MAP kinase activity in both CsH/HeN and
C3;H/HeJ] macrophages, whereas LPS stimulated MAP ki-
nase activity only in CsH/HeN macrophages (Table 1).
The possibility that the kinase activity detected in this
system was derived from or was a result of contamination
by PKC, cAMP- or Ca?*-calmodulin-dependent protein ki-
nases was exculded by demonstrating that 2 mM EGTA and
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various concentrations (up to 1 uM) of synthetic peptide in-
hibitor of cAMP-dependent protein kinase (20) did not alter
kinase activity (data not shown).

W also partially purified kinase activity by phenyl-Sepharose
chromatography (17, 20, 21). In the lysate extracted with lysis
buffer B, MAP kinase activity was 3125 + 124 cpm/9 pl
lysate. The phenyl-Sepharose column bound all of the kinase
activity at low ionic strengths, and the activity in the lysate
decreased to 74 + 25 cpm/9 pl sample. As shown in Fig.
3 A, the kinase activity was eluted by increasing concentra-
tions of ethylene glycol. It appeared in the eluate of buffer
B containing 25% ethylene glycol, maximal activity being
eluted by 55% ethylene glycol. In direct correlation with chro-
matographic profile of the kinase activity, MAP kinase pro-
tein was also eluted with increasing concentrations of eth-
ylene glycol as detected by Western blotting with anti-MAP
kinase mADb (Fig. 3 a). Although a similar amount of MAP
kinase protein was eluted in the lysate of untreated macro-
phages (data not shown), no MAP kinase activity was de-
tected (Fig. 3 A). Finally, the MAP kinase activity in the
extracts was immunoprecipitated by both anti-MAP kinases
and antiphosphotyrosine antibodies (Fig. 3 B).

A significant increase in MAP kinase activity was detect-
able within 5 or 10 min after macrophages were stimulated
with 0.01 ug/ml LPP or 1 pg/ml LPS, respectively (Fig. 4).
Activity increased more than 10-fold over basal level at 10-15
min and decreased thereafter, returning to basal level at 60
min. LPP was more potent than LPS in activation of MAP
kinase activity. An increase in the MAP kinase activity, de-
termined after exposure for 15 min, could be detected by treat-
ment with 10 ng/ml of LPS and 1 ng/ml LPP, respectively.
Both time course and dose-related responses were strikingly
similar to tyrosine phosphorylation induced by the same agents
(data not shown). The delayed response of macrophages to
LPS may reflect a difference in the time required for ligand
binding to its putative receptors, perhaps because LPS does
not bind directly to its receptor CD14 but rather forms a
complex with a serum protein, LPS-binding protein (LBP),
which in turn interacts with CD14 (22).

To determine whether expression of MAP kinase protein
correlates with tyrosine phosphorylation of the kinase, we
analyzed macrophage lysates extracted with buffer A by using
antiphosphotyrosine mAb and antibodies against MAP ki-
nase 1 and 2 in parallel (Fig. 5). Although tyrosyl phos-
phorylated p39, p41, and p45 were detectable only in LPS-
and LPP-treated groups as described above, the same amount
of proteins migrated at distances corresponding to MAP ki-
nase 1 (p45) and MAP kinase 2 (p39) that were detected by
both monoclonal and polyclonal anti-MAP kinase antibodies
in the extracts from medium (control), LPS-, and LPP-treated
macrophages (Fig. 5). These results indicate that MAP ki-
nases are constitutively expressed in macrophages and that
the regulation of kinase activity in macrophages most likely
occurs at posttranscriptional levels, mainly at phosphoryla-
tion and/or dephosphorylation. This is consistent with our
findings that blocking protein synthesis with cycloheximide
does not affect tyrosine phosphorylation of p39, p41, and
p45 or MAP kinase activity stimulated by LPS or LPP (data

Role of MAP Kinase in Macrophage Activation
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Figure 4. (A) Time course of MAP kinase activation in macrophages

by LPS and LPP. C;H/HeN macrophages were treated with 1 pg/ml LPS
or 0.01 ug/ml LPP for different times. The treated cells were then lysed
in buffer A. The MAP kinase activity in the extract was determined and
expressed as pmol/min/mg protein + SD from duplicate assay tubes. This
is one representative experiment of two. (B) Dose—response of MAP ki-
nase activation in macrophages by LPS and LPP. C;H/HeN macrophages
were treated for 15 min with various concentrations of LPS or LPP. The
treated cells were lysed in buffer A. MAP kinase activity in the lysates
was determined and expressed as pmol/min/mg protein + SD from dupli-
cate assay tubes. This is one representative experiment of two.

not shown). Moreover, pretreatment of macrophages with
LPS or LPP blocked MAP kinase activation but had no effect
on the expression of the MAP kinase proteins (see below).
These results are in agreement with findings in the M phase
of the Xenopus cell cycle (23). The p41 detected by an-
tiphosphotyrosine mAb could not be probed by anti-MAP
kinase antibodies (Fig. 5), and its identity is not clear. It might
be another member of the MAP kinase family that cannot
be detected by the antibodies we used or it might be a MAP
kinase activator that regulates MAP kinase activity (24).
Consistent with the observations in tyrosine phosphory-
lation, a 20-h pretreatment of macrophages from both strains
of mice with LPP (0.001 xg/ml) significantly downregulated
MAP kinase activation by LPS or LPP. Pretreatment with
LPS (0.1 ug/ml) also blocked MAP kinase activation induced
by both stimuli but was only effective in C;H/HeN mac-
rophages (Table 1). Downregulation of kinase activation has
been attributed to depletion of receptors by ligand binding
(25, 26). However, if LPS and LPP shared a receptor, then
pretreatment with LPS should have contributed to the reduc-
tion of MAP kinase activation in C;H/HeJ macrophages.
Although these macrophages do not respond to LPS, they
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Figure 5. Detection of MAP kinase protein in murine macrophages

by Western blot analysis. CsH/HeN macrophages were incubated in
medium (lane 1), stimulated for 15 min with 1 ug/ml of LPS (lane 2),
or 0.01 pg/ml of LPP (lane 3). The Triton X-100-soluble proteins (15
pg/ml) were separated on 10% SDS-PAGE, transferred onto nitrocellu-
lose, probed with 0.2 pg/ml antiphosphotyrosine mAb 4G10 (Upstate
Biotechnology, Inc.) (4, aPTY), 0.1 pg/ml anti-MAP kinase mAb Z003
(Zymed Laboratories, Inc.) (B, aMAP kinase mAb), or 0.2 pg/ml poly-
clonal anti-MAP kinase Ab (Upstate Biotechnology, Inc.) (C, aMAP ki-
nase [rabbit Ab]), and visualized by using the ECL Western blotting detec-
tion system. This is one representative experiment of two.

do express normal levels of the potential LPS receptor as
demonstrated by LPS binding (27) and immunocytochem-
istry (28). The possibility that the downregulation is due
to depletion of MAP kinase per se is also ruled out. In con-
trast with MAP kinase activity, neither the pretreatment nor
the stimulation of LPS or LPP markedly changed MAP ki-

Table 2. Effects of LPS or LPP Pretreatment on TNF
Production/Secretion by C:H/HeN and CsH/He] Macrophages

Stimulation
Strain
of mice Pretreatment  Medium LPS LPP
C;H/HeN  Medium* 2+ 4 145+ 5 169 = 25
LPS 12 +1 6 +3 51 + 18
LPP 8 +4 11 £ 3 73
C;H/He]  Medium 3+2 3+0 153 + 18
LPS 5+ 2 4+1 173+ 15
LPP 41 30 4 +1

* Macrophages were incubated in medium, 0.1 pg/ml LPS, or 0.001
ug/ml LPP for 20 h.

1 pg/ml LPS or 0.01 ug/ml LPP for 8 h. The supernatants were ad-
ded to [PH]TdR-labeled L929 cells at 1:2 dilution. Cytotoxicity was de-
termined 72 h later. The data were expressed as pg/105 macrophages +
SD from triplicate cultures. This is one representative experiment of four.



nase protein accumulation in either CsH/HeN (Fig. 2 C)
or C3H/He]J (data not shown) macrophages. Taken together,
our data suggest that the downregulation occurs at stages
between receptor binding and activation of MAP kinase (24).
Correlation between MAP Kinase Activation and Induction of
TNF Production/Secretion. Macrophages from C;H/HeN or
Cs;H/HeJ mice were incubated in medium, LPS, or LPP for
20 h (pretreatment) and then stimulated with the same agents
at 10 times the dose for 8 h. TNF activity in the culture
supernatants was measured by a bioassay with L929 as target
cells (Table 2). Culture supernatants from control PEM con-
tained low levels of TNF activity. After incubation with 1
pg/ml LPS or 0.01 pg/ml LPP, CsH/HeN macrophages
secreted/produced significantly higher amounts of TNF. In
Cs;H/HeJ macrophages, similar amounts of TNF secre-
tion/production were induced only by LPP. In agreement

with tyrosine phosphorylation and MAP kinase activation,
exposure of CsH/HeN macrophages to LPS or LPP for 20 h
downregulated TNF secretion/production induced by either
LPS or LPP. Similarly, the response in C;H/HeJ macro-
phages was downregulated only by pretreatment with LPP.
These data indicate that activation of MAP kinase is directly
correlated with induction of TNF production/secretion.

In summary, we provide evidence that MAP kinases are
among the target proteins of bacterial products and that acti-
vation of MAP kinases play an important role in the interac-
tion of macrophages with bacteria and/or their products. Our
data therefore extend observations derived in 2 murine mac-
rophage tumor cell line (29). Activation of MAP kinase by
LPS and LPP may result from different mechanisms whose
exact nature is still unclear. The system described here should
be useful for such an investigation.

We thank Ms. Lola Lopez for expert help in the preparation of this manuscript.

This research was supported in part by funds from Cancer Center Support Core grant CA-16672 and
from grant R35-CA-42107 from the National Cancer Institute, National Institutes of Health.

Address correspondence to Dr. Isaiah J. Fidler, Department of Cell Biology (173), The University of Texas
M. D. Anderson Cancer Center, 1515 Holcombe Boulevard, Houston, TX 77030.

Received for publication 6 November 1992.

References

1. Fidler, 1.J. 1985. Macrophages and metastasis: a biological ap-
proach to cancer therapy. Cancer Res. 45:4714.

2. Utsugi, T, A. Nii, D. Fan, CC. Pak, Y. Denkins, P. van Hoo-
gevest, and LJ. Fidler. 1991. In situ activation of mouse mac-
rophages and therapy of spontaneous renal cell cancer metastasis
by liposomes containing the lipopeptide CGP 31362. Cancer
Immunol. Immunother. 33:285.

3. Nathan, C.F. 1987. Secretory products of macrophages. J. Clin.
Invest. 79:319.

4. Drysdale, B.-E., R.A. Yapundich, M.L. Shin, and H.H. Shin.
1987. Lipopolysaccharide-mediated macrophage activation: the
role of calcium in the generation of tumoricidal activity. . Im-
munol. 138:951.

5. Novotney, M., Z.L. Chang, H. Uchiyama, and T. Suzuki. 1991.
Protein kinase C in tumoricidal activation of mouse macro-
phage cell lines. Biochemistry. 30:5597.

6. Jakway, J.P., and A.L. DeFranco. 1986. Pertussis toxin inhibi-
tion of B cell and macrophage responses to bacterial lipopoly-
saccharide. Science (Wash.). 234:743.

7. Glaser, K.B., R. Asmis, and E.A. Dennis. 1990. Bacterial li-
popolysaccharide priming of P388D1 macrophage-like cells for
enhanced arachidonic acid metabolism. Platelet-activating factor
receptor activation and regulation of phospholipase A2. J. Biol.
Chem. 265:8658.

8. Forehand, J.R., M.J. Pabst, W.A. Phillips, and R.B. Johnston,
Jr. 1989. Lipopolysaccharide priming of human neutrophils for
an enhanced respiratory burst. Role of intracellular free cal-
cium. J. Clin. Invest. 83:74.

1076

9. Dong, Z., S. Lu, and Y. Zhang. 1989. Effects of pretreatment
with protein kinase C activators on macrophage activation for
tumor cytotoxicity, secretion of tumor necrosis factor, and its
mRNA expression. Immunobiology. 179:382.

10. Dong, Z., C.A. O'Brian, and 1J. Fidler. 1993. Activation of
tumoricidal properties in macrophages by lipopolysaccharide
and interferon gamma is mediated by tyrosine-protein kinase
activity. J. Leuk. Biol. 53:53.

11. Thomas, G. 1992. MAP kinase by any other name smells just
as sweet. Cell. 68:3.

12. Anderson, N.G,, J.L. Maller, N.K. Tonks, and TW. Sturgill.
1990. Requirement for integration of signals from two dis-
tinct phosphorylation pathways for activation of MAP kinase.
Nature (Lond.). 343:651.

13. Watson, J., K. Kelly, M. Largen, and B.A. Taylor. 1978. The
genetic mapping of a defective LPS gene in C3H/He] mice.
J. Immunol. 120:422.

14. Chedid, L., M. Parant, C. Damais, F. Parant, D. Juy, and A.
Galelli. 1976. Failure of endotoxin to increase nonspecific re-
sistance to infection of lipopolysaccharide low-responder mice.
Infect. Immun. 13:722.

15. Saiki, I., and L.]. Fidler. 1985. Synergistic activation by recom-
binant mouse interferon-gamma and muramy!l dipeptide of
tumoricidal properties in mouse macrophages. J. Immunol.
135:684.

16. Weinstein, S.L., M.R.. Gold, and A.L. DeFranco. 1991. Bac-
terial lipopolysaccharide stimulates protein tyrosine phosphory-
lation in macrophages. Proc. Natl. Acad. Sci. USA. 88:4148.

Role of MAP Kinase in Macrophage Activation



17.

18.

19.

20.

21.

22.

23.

Anderson, N.G., E. Kilgour, and TW. Sturgill. 1991. Activa-
tion of mitogen-activated protein kinase in BC;H1 muocytes
by fluoroaluminate. J. Biol. Chem. 266:10131.

Clark-Lewis, 1., J.S. Sanghera, and S.L. Pelech. 1991. Defini-
tion of a consensus sequence for peptide substrate recognition
by p44mpk, the meiosis-activated myelin basic protein kinase.
J. Biol. Chem. 266:15180.

Seger, R., N.G. Ahn, T.G. Boulton, G.D. Yancopoulos, N.
Panayotatos, E. Radziejewska, L. Ericsson, R.L. Bratlein, M.H.
Bobb, and E.G. Krebs. 1991. Microtubule-associated protein
2 kinases, ERK1 and ERK2, undergo autophosphorylation on
both tyrosine and threonine residues: implications for their
mechanism of activation. Proc. Natl. Acad. Sci. USA. 88:6142.
Glass, D.B., HC. Cheng, L. Mende-Mueller, J. Reed, and D.A.
Walsh. 1989. Primary structural determinants essential for po-
tent inhibition of cAMP-dependent protein kinase by inhibi-
tory peptides corresponding to the active portion of the heat-
stable inhibitor. J. Biol. Chem. 264:8802.

Ray, L.B,, and TW. Sturgill. 1987. Rapid stimulation by in-
sulin of a serine/threonine kinase in 3T3-L1 adipocytes that
phosphorylates microtubule-associated protein 2 in vitro. Proc.
Natl. Acad. Sci. USA. 84:1502.

Wright, $.D., R.A. Ramos, P.S. Tobias, R.J. Ulevitch, and
J.C. Mathison. 1991. CD14, a receptor for complexes of lipo-
polysaccharide (LPS) and LPS binding protein. Science (Wash.
DC). 249:1431.

Gotoh, Y., K. Moriyama, S. Matsuda, E. Okumura, T.
Kishimoto, H. Kawasaki, K. Suzuki, T. Yahara, H. Sakai, and
E. Nishida. 1991. Xenopus M phase MAP kinase: isolation

1077 Dong et al.

24.

25.

26.

27.

28.

29.

of its cDNA and activation by MPF. EMBO (Eur. Mol. Biol.
Organ.) J. 10:2661.

Matsuda, S., H. Kosako, K. Takenaka, H. Sakai, T. Akiyama,
Y. Gotoh, and E. Nishida. 1992. Xenopus MAP kinase acti-
vator: identification and function as a key intermediate in the
phosphorylation cascade. EMBO (Eur. Mol. Biol. Organ.) .
11:973.

Gilligan, A., S. Bushmeyer, and B.B. Knowles. 1992. Varia-
tion in EGF-induced EGF receptor downregulation in human
hepatoma-derived cell lines expressing different amounts of EGF
receptor. Exp. Cell Res. 200:235.

Bartsch, H.H., K. Phzenmaier, A. Hanusch, P. Scheurich, U.
Ucer, and G.A. Nagel. 1989. Sequential therapy with recom-
binant interferons gamma and alpha in patients with unfavorable
prognosis of chronic myelocytic leukemia: clinical responsive-
ness to recombinant IFN-a correlates with the degree of
receptor downregulation. Int. J. Cancer. 43:235.

Fogler, W.E., J. Talmadge, and 1.J. Fidler. 1983. The activa-
tion of tumoricidal properties in macrophages of endotoxin
responder and nonresponder mice by liposome-encapsulated
immunomodulators. J. Reticuloendothel. Soc. 33:165.

Perera, PY., T. Chen, D.C. Morrison, and S.N. Vogel. 1992.
Detection and analysis of the 8-kD lipopolysaccharide receptor
in macrophages derived from Lpsn and Lpsd mice. J. Leukocyte
Biol. 51:501.

Weinstein, S.L., J.S. Sanghera, K. Lemke, A.L. DeFranco, and
S.L. Pelech. 1992. Bacterial lipopolysaccharide induces tyro-
sine phosphorylation and activation of mitogen-activated pro-
tein kinases in macrophages. J. Biol Chem. 267:14955.



