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Polymicrobial sepsis induced by cecal ligation and puncture (CLP) reproduces many of the pathophysiologic
features of septic shock. In this study, we demonstrate that mRNA for a broad range of pro- and anti-
inflammatory cytokine and chemokine genes are temporally regulated after CLP in the lung and liver. We also
assessed whether prophylactic administration of monophosphoryl lipid A (MPL), a nontoxic derivative of
lipopolysaccharide (LPS) that induces endotoxin tolerance and attenuates the sepsis syndrome in mice after
CLP, would alter tissue-specific gene expression post-CLP. Levels of pulmonary interleukin-6 (IL-6), tumor
necrosis factor alpha (TNF-a), granulocyte colony-stimulating factor (G-CSF), IL-1 receptor antagonist
(IL-1ra), and IL-10 mRNA, as well as hepatic IL-1b, IL-6, gamma interferon (IFN-g), G-CSF, inducible nitric
oxide synthase, and IL-10 mRNA, were reduced in MPL-pretreated mice after CLP compared to control mice.
Chemokine mRNA expression was also profoundly mitigated in MPL-pretreated mice after CLP. Specifically,
levels of pulmonary and hepatic macrophage inflammatory protein 1a (MIP-1a), MIP-1b, MIP-2, and mono-
cyte chemoattractant protein-1 (MCP-1) mRNA, as well as hepatic IFN-g-inducible protein 10 and KC mRNA,
were attenuated in MPL-pretreated mice after CLP. Attenuated levels of IL-6, TNF-a, MCP-1, MIP-1a, and
MIP-2 in serum also were observed in MPL-pretreated mice after CLP. Diminished pulmonary chemokine
mRNA production was associated with reduced neutrophil margination and pulmonary myeloperoxidase
activity. These data suggest that prophylactic administration of MPL mitigates the sepsis syndrome by
reducing chemokine production and the recruitment of inflammatory cells into tissues, thereby attenuating the
production of proinflammatory cytokines.

The development of sepsis in surgical, burn, and trauma
patients continues to be a substantial cause of morbidity and
the leading cause of mortality in intensive care units (10).
Sepsis-related mortality frequently results from multiple-organ
failure, which is characterized by impaired pulmonary function
(ARDS), hepatic failure, cardiac dysfunction, acute renal fail-
ure, and disseminated intravascular coagulation (10). During
sepsis, neutrophils are sequestered in the lungs and liver (27,
72) and monocytes are retained in the lungs (17, 59). It is the
activation of recruited neutrophils and monocytes, as well as
resident tissue macrophages, and their subsequent overpro-
duction of proinflammatory mediators that is thought to lead
to the pulmonary and hepatic damage that precedes multiple-
organ failure. Neutrophil sequestration during polymicrobial
sepsis and endotoxemia has been associated with increased
chemokine production, augmented expression of the b2-inte-
grin CD11b/CD18, and upregulation of selectins such as vas-
cular cell adhesion molecule, intracellular adhesion molecule,
and E-selectin (19, 33, 53, 57, 64). Chemokine production
promotes the recruitment of inflammatory cells, while in-
creased expression of adhesion molecules facilitates leukocyte-
endothelial cell interactions. The importance of neutrophil-

endothelial cell interactions and chemokine production in the
development of lung and liver injury during sepsis and/or en-
dotoxemia is illustrated by the ability of treatment with Ab to
cellular adhesion molecules and chemokines like MIP-1a and
CINC to attenuate PMN accumulation and tissue damage (19,
20, 33, 53, 57).

MPL is a nontoxic derivative of the lipid A moiety of LPS
that was developed in part as a prophylactic drug for septic
shock (44). MPL administration, like pretreatment with suble-
thal doses of LPS, induces a state of endotoxin tolerance (30)
such that pretreatment of experimental animals with MPL not
only increases survival rates following shock induced by LPS or
TNF-a but also protects against peritonitis and some infections
by gram-negative and -positive bacteria (2, 4, 44). The protec-
tive effects of prophylactic MPL treatment has been associated
with attenuated fever, reduced levels of circulating proinflam-
matory cytokines (e.g., TNF-a, IFN-g, IL-6, and IL-8), atten-
uated development of disseminated intravascular coagulation,
and reduced levels of circulating transaminases in serum, a
measure of liver damage (25, 30, 44, 72). While levels of cir-
culating cytokines have been analyzed in models of MPL-
induced tolerance, whether prophylactic administration of
MPL alters tissue-specific gene expression has yet to be ad-
dressed.

Polymicrobial sepsis induced by CLP is a model of sepsis
which reproduces many of the inflammatory and pathological
sequelae that are observed clinically (58, 61). Following CLP,

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, Uniformed Services University of the Health
Sciences, 4301 Jones Bridge Rd., Bethesda, MD 20814. Phone: (301)
295-3446. Fax: (301) 295-1545. E-mail: vogel@usuhsb.usuhs.mil.

3569



animals develop bacteremia, hypothermia, hypotension, and
damage to multiple organ systems (1, 43, 60, 61). The lungs
develop pathological changes indicative of ARDS, which is
fatal. Since the recruitment of inflammatory cells and overpro-
duction of proinflammatory cytokines mediate the tissue dam-
age leading to multiple-organ failure, we sought to examine the
tissue-specific regulation of chemokine and cytokine gene ex-
pression early after the induction of polymicrobial sepsis. We
also assessed this panel of genes in mice that were given MPL
prophylactically prior to CLP and report that MPL pretreat-
ment reduced the in vivo expression of the genes encoding a
number of proinflammatory and anti-inflammatory cytokines.
Interestingly, the subset of cytokine mRNAs that was reduced
by MPL pretreatment differed between the lungs and liver,
indicating that tolerance can be organ and gene specific. More-
over, some of the most profound reductions in in vivo mRNA
and protein expression in MPL-pretreated mice after CLP
were observed among the chemokines. Reduced levels of che-
mokine expression in MPL-pretreated mice after CLP were
associated with reductions in neutrophil accumulation in the
lungs.

MATERIALS AND METHODS

Abbreviations used in this paper. Ab, antibody; ARDS, adult respiratory
distress syndrome; CINC, cytokine-induced neutrophil chemoattractant; CLP,
cecal ligation and puncture; CSF, colony-stimulating factor; ELISA, enzyme-
linked immunosorbent assay; G-CSF, granulocyte-CSF; GM-CSF, granulocyte
macrophage-CSF; IFN, interferon; IL, interleukin; IL-1ra, IL-1 receptor antag-
onist; iNOS, inducible nitric oxide synthase; i.p., intraperitoneal; IP-10, IFN-g-
inducible protein 10; LPS, lipopolysaccharide; M-CSF, macrophage-CSF; MCP,
monocyte chemoattractant protein; MIP, macrophage inflammatory protein;
MPL, monophosphoryl lipid A; MPO, myeloperoxidase; PMN, polymorphonu-
clear leukocyte; RANTES; SEM, standard error of the mean; TNF, tumor
necrosis factor.

Mice. C57BL/6J mice (Jackson Laboratories, Bar Harbor, Maine) were
housed in cages with filter tops in a laminar-flow hood and fed food and acid
water ad libitum. Sepsis was induced by CLP. The mice were anesthetized, and
the cecum was ligated below the ileocecal junction; intestinal continuity was
maintained. The cecum was punctured twice with a 20-gauge needle, and a small
amount of cecal contents was expressed through the punctures. The incision was
closed, and 1 ml of sterile saline was administered subcutaneously. By 4 to 6 h
after CLP, all of the mice had developed the early clinical signs of sepsis,
including lethargy, piloerection, and diarrhea. A survival rate of ;90% was
observed 24 h after CLP, a mortality rate which was comparable to that reported
for other mouse strains (6, 62). After CLP, a 90 to 100% mortality rate has been
reported, with death occurring between days 1 to 5 CLP (6, 60, 61, 64). In
tolerance experiments, mice were injected i.p. with 100 mg of MPL (RIBI Im-
munoChemical, Inc., Hamilton, Mont.) or saline 48 h prior to CLP. This con-
centration of MPL and timing of MPL pretreatment have been shown previously
by our laboratory and others to reduce the levels of circulating cytokines and
protect against CLP-, LPS-, and Escherichia coli-mediated death (38, 44). Both
untreated and sham-operated mice served as controls.

The experiments reported herein were conducted according to the principles
set forth in the Guide for the Care and Use of Laboratory Animals, Institute of
Laboratory Animal Resources, National Research Council (DHEW Publication
NIH 85-23).

ELISAs for cytokine and chemokine levels in serum. Mice were bled through
the retro-orbital sinus, and the serum was collected and stored at 270°C. Serum
was assayed for IL-6, MCP-1, MIP-1a, MIP-2, and TNF-a by ELISA as specified
by the manufacturer. The lower limits of sensitivity for the IL-6, MCP-1, MIP-1a,
and MIP-2 ELISAs (R & D Systems, Minneapolis, Minn.) were 3.1, 2, 1.5, and
1.5 pg/ml, respectively. The lower limit of sensitivity for the TNF-a ELISA
(Genzyme, Cambridge, Mass.) was 15 pg/ml.

Histological testing and MPO assay. To assess migration of inflammatory cells
into the lungs, histological testing and an MPO assay were performed. Mice were
pretreated with saline or MPL, and sepsis was induced by CLP, as described
above. At 6 h later, one lung lobe was fixed in phosphate-buffered formalin for
histological evaluation and the remaining lobes were used in the MPO assay. For
histological testing, the lobes were embedded in paraffin, sectioned, and stained
with hematoxylin and eosin. Histopathological changes were evaluated by the
Pathobiology Division, Naval Medical Research Institute, Bethesda, Md. For the
MPO assay, the lobes were washed in cold saline, blotted dry, weighted, and
homogenized in 50 mM sodium phosphate (pH 6). The homogenate was cen-
trifuged at 35,000 3 g (13 min at 4°C), and the supernatant was stored at 270°C.
The pellet was resuspended in 0.5% hexadecyltrimethylammonium bromide in
50 mM sodium phosphate (pH 6), homogenized on ice with a Polytron homog-

enizer, freeze-thawed (20 min at 270°C), and centrifuged at 35,000 3 g (13 min
at 4°C). The resulting supernatant was frozen at 270°C. MPO activity was
assessed in the supernatant by spectrophotometry with a kinetic computer pro-
gram. Briefly, test samples were mixed with 2.9 ml of 100 mM potassium phos-
phate (pH 6) containing 0.17 mg of o-dianisidine dihydrochloride per ml and
0.0005% hydrogen peroxide. The change in optical density at 460 nm was mea-
sured for 1 to 2 min in a Cary 3 UV/Vis spectrophotometer. Data were derived
by linear regression and are expressed as the optical density at 460 nm per minute
per gram of tissue.

Analysis of tissue mRNA by reverse transcription-PCR. At the indicated times
after CLP, the liver and lungs were removed from each animal and frozen at
270°C. The tissues were homogenized in RNA Stat 60 (Tel-Test, Inc., Friends-
wood, Tex.), and total RNA was isolated as specified by the manufacturer.
Relative quantities of mRNA for each gene of interest were determined by a
coupled reverse transcription-PCR as described previously (29, 30). The primers
(sense [S] and antisense [AS]) and probe [P] for the chemokines were as follows:
IP-10, 59-GTGTTGACATCATTGCCACG (S), 59-GCTTACAGTACAGAGC
TAGG (AS), and 59-GAATCTAAGACCATCAAGAAG (P); KC, 59-AACGG
AGAAAGAAGACAGACTGCT (S), 59-GACGAGACCAGGAGAAACA
GGG (AS), and 59-GTGAACGCTGGCTTCTGACA (P); MCP-1, 59-GGAAA
AATGGATCCACACCTTGC (S), 59-TCTCTTCCTCCACCACCATGCAG
(AS), and 59-CTCATTCACCAGCAAGATGA (P); MCP-5, 59-AGCTTTCAT
TTCGAAGTCTTTG (S), 59-CTCCTTATCCAGTATGGTCC (AS), and 59-CA
GTCCTCAGGTATTGGCTGG (P); MIP-1a, 59-CCCAGCCAGGTGTCATTT
TCC (S), 59-GCATTCAGTTCCAGGTCAGTG (AS), and 59-TGCGCTGACT
CCAAAGAGAC (P); MIP-1b, 59-CCCTCTCTCTCCTCTTGCTCGT (S), 59-T
TCAACTCCAAGTCACTCATGTACTCA (AS), and 59-AAAGAGGCAGAC
AGATCTGTGCTAAC (P); MIP-2, 59-TGGGTGGGATGTAGCTAGTTCC
(S), 59-AGTTTGCCTTGACCCTGAAGCC (AS), and 59-CCTGATGTGCCTC
GCTGTCTG (P); and RANTES, 59-GCGGGTACCATGAAGATCTCTG (S),
59-CACTTCTTCTCTGGGTTGGCAC (AS), and 59-GCAGTCGTGTTTGTC
ACTCGAA (P). The primers and probes for all other genes assessed in this study
have been published previously (22, 23, 42, 52, 70). The optimum number of
cycles for each organ and gene was determined empirically and was defined as
the number of cycles that resulted in detectable PCR-amplified product under
nonsaturating conditions.

Detection and quantitation of PCR products. Amplified products were elec-
trophoresed and transferred to Hybond N1 membranes (Amersham, Arlington
Heights, Ill.) in 103 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
by standard southern blotting techniques. DNA was cross-linked by exposure to
UV light, baked onto the nylon membrane, and hybridized with an internal
oligonucleotide probe. Labeling of the probe and subsequent detection of bound
probe were carried out with an enhanced chemiluminescence system (Amer-
sham). Chemiluminescent signals were quantified with a scanner (Datacopy GS
plus; Xerox Imaging Systems, Sunnyvale, Calif.). To determine the magnitude of
change in gene expression, cDNA from a sample known to be positive for the
transcript of interest was used to generate a standard curve by serial dilution of
the positive control and simultaneous amplification. The signal of each band was
plotted and fit to a standard curve by linear regression. The equation from this
line was used to calculate the relative expression levels in test samples. Data were
individually normalized for the relative quantity of mRNA by comparison to
hypoxanthine-guanine phosphoribosyltransferase. Mean fold changes and SEM
were calculated from the signal obtained from at least six mice analyzed at each
time point. For each organ, means are expressed as fold induction relative to the
response of untreated controls (t 5 0), which was arbitrarily assigned a value of
1; this precludes the comparison of basal gene expression between organs.

Statistics. Results were analyzed by Student’s t test for comparisons between
two groups. P , 0.05 were accepted as the level of significance. All experiments
were repeated two or three times with similar results.

RESULTS

Kinetic analysis of proinflammatory cytokine and iNOS
mRNA expression. Peak levels of circulating cytokines like
TNF-a and IL-6 can be detected during the first few hours
after CLP (62). It is the overproduction of these and other
proinflammatory cytokines that leads to the tissue damage
observed during polymicrobial sepsis. Both severe ARDS (61)
and hepatic injury (60) have been found by 24 h after CLP.
Thus, in initial experiments, we established the kinetics of
pulmonary and hepatic mRNA expression for the cytokines
IL-1b, IL-6, TNF-a, IFN-g, IL-12 (p35 and p40), G-CSF, M-
CSF, and GM-CSF at 1, 3, 6, and 18 h after CLP. As shown in
Fig. 1A, IL-1b, IL-6, TNF-a, and IFN-g mRNA levels in the
lungs were increased over those in sham-operated controls by
3 h after CLP and remained heightened for 18 h. In contrast to
the slightly slower gene induction observed in the lungs, sub-
stantial increases in IL-1b, IL-6, and TNF-a mRNA levels in
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the liver, compared with those in sham-operated controls, were
observed by 1 h after CLP (Fig. 1B). Even 18 h after CLP,
IL-1b, IL-6, and TNF-a mRNA expression in the liver re-
mained heightened over that in sham-operated controls. IFN-g
mRNA was not induced in the liver until 6 h after CLP, and its
level remained elevated at 18 h. In contrast to IL-12 p35
mRNA in the lungs, which was weakly modulated (#twofold),
IL-12 p35 mRNA in the liver was induced ;10-fold at 6 and
18 h after CLP. Interestingly, levels of IL-12 p40 mRNA in
both the lungs and liver were poorly modulated following CLP,
with some mice failing to respond with increased IL-12 p40
mRNA expression.

Hypotension develops after CLP and the ensuing bactere-
mia. Recently, iNOS knockout mice were used to demonstrate
an iNOS-independent pathway of LPS-induced hypotension
(37). Increased levels of iNOS mRNA in the lungs and liver,
compared with those in sham-operated controls, were not ob-
served until 3 h after CLP and peaked by 6 h after CLP (Fig.
2). A more dramatic increase in the level of iNOS mRNA was
observed in the liver (.200-fold) than in the lungs (;7-fold).
While iNOS mRNA expression in the lungs had declined to
near basal levels by 18 h, the level in the liver remained ele-
vated (;15-fold) over that in sham-operated controls.

While pretreatment with G-CSF or GM-CSF protects
against death in rodent models of peritonitis (5, 41), whether
CSF mRNA expression is modulated during polymicrobial sep-

sis has not been addressed. G-CSF mRNA was strongly in-
duced ($10-fold) by 3 h in both the lungs and liver and re-
mained at heightened levels 18 h after CLP (Fig. 3). In striking
contrast to G-CSF mRNA, only a slight increase in M-CSF and
GM-CSF mRNA (between two- and fourfold) were observed
in the liver and lungs following CLP.

FIG. 1. Regulation of proinflammatory cytokine mRNA expression in the lungs (A) and liver (B) following CLP. Data are expressed as the mean 6 SEM from at
least six individual mice. Means are expressed relative to the response of untreated mice (t 5 0), which was arbitrarily assigned a value of 1. Sham-operated mice served
as controls. When not visible, SEM bars are smaller than the symbol.

FIG. 2. Modulation of iNOS mRNA expression in the lungs and liver fol-
lowing CLP. Data were obtained as described in the legend to Fig. 1.
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Regulation of anti-inflammatory cytokine mRNA expression
during sepsis. IL-10 and IL-1ra protect against CLP-mediated
death and/or sepsis (1, 34, 58). Recently, IL-11 was shown to
down-regulate the expression of many LPS-induced cytokines,
including TNF-a, IL-1b, and IFN-g, in vivo (55). Therefore, we
next examined the temporal expression of potential negative
regulators of the proinflammatory cytokine cascade that is
induced during sepsis. IL-1ra mRNA was induced by 1 h in the
lungs after CLP and by 3 h in the liver after CLP (Fig. 4). The
peak IL-1ra mRNA level (;10-fold increase) occurred 3 to 6 h
after CLP and was sustained for 18 h. IL-10 mRNA in the
lungs was induced by 3 h after CLP, while the IL-10 mRNA
level in the liver was increased over that in sham-operated
controls by 1 h. Interestingly, the IL-10 mRNA level in the
lungs continued to increase, while the level in the liver slowly

declined by 18 h. IL-11 mRNA expression in the lungs and liver
was not modulated during sepsis (data not shown).

Temporal analysis of chemokine mRNA expression during
sepsis. During sepsis, neutrophils and monocytes accumulate
in the lungs and liver (17, 27, 59, 72). To address the role of
chemoattractant production in mediating the influx of inflam-
matory cells, chemokine mRNA induction during polymicro-
bial sepsis was next investigated. As shown in Fig. 5A, MIP-1a,
MIP-1b, MIP-2, and IP-10 mRNA levels in the lungs were
strongly induced by 1 to 3 h after CLP, peaking at ;10- to
100-fold-higher levels than those observed in sham-operated
controls 3 to 6 h after CLP. mRNA expression remained
heightened (;10-fold) over that in sham-operated controls
18 h after CLP. In contrast, MCP-1 and KC mRNA levels in
the lungs peaked (;10-fold) at 3 h after CLP and declined to
basal levels by 18 h. MCP-5 and RANTES mRNA levels in the
lungs were poorly modulated (,two- to threefold) over those
in sham-operated controls during sepsis.

A slightly different pattern of chemokine mRNA expression
was observed in the liver. Not only MIP-1a, MIP-1b, and
MIP-2 mRNA, but also MCP-1 and KC mRNA, were strongly
induced (;10- to 100-fold) during sepsis (Fig. 5B). Moreover,
the subset of chemokine mRNA levels that remained height-
ened in the liver 18 h after CLP differed. Specifically, MIP-1b,
MCP-1, and KC mRNA levels, but not MIP-1a or MIP-2
mRNA levels, remained heightened (;5- to 20-fold) 18 h after
CLP. Finally, IP-10, MCP-5, and RANTES mRNA levels in
the liver were increased later (6 h) and to a much lower extent
than for the other chemokine mRNAs in the liver. By 18 h
after CLP, IP-10, MCP-5, and RANTES mRNA levels ap-
proached those exhibited by controls.

MPL pretreatment reduces cytokine, iNOS, and chemokine
mRNA expression during sepsis. We and others have demon-
strated that pretreatment with MPL induces endotoxin toler-
ance in vivo, reducing the levels of circulating cytokines like
TNF-a, IFN-g, and IL-6 following LPS challenge, as well as
protecting against CLP-, LPS-, and E. coli-mediated death (4,
30, 38, 44). Thus, we next examined whether MPL-induced
tolerance modulated proinflammatory cytokine, anti-inflam-
matory cytokine, and chemokine mRNA expression in the
lungs and liver during polymicrobial sepsis. Mice were pre-
treated with 100 mg of MPL or saline 48 h prior to either CLP
or sham operation, and the levels of cytokine and chemokine
mRNA were assessed 6 h later. Only genes which had been
modulated .twofold during CLP (Fig. 1 to 5) were examined
in the tolerance experiments. G-CSF, IL-6, TNF-a, IL-1ra, and
IL-10 mRNA levels in the lungs were reduced 46 to 78% in
MPL-pretreated mice after CLP compared to those in saline-
pretreated mice after CLP (Fig. 6A). G-CSF, IL-1b, IL-6,
TNF-a, IFN-g, iNOS, and IL-10 mRNA levels in the liver were
reduced 45 to 95% in MPL-pretreated mice after CLP com-
pared to those in saline-pretreated mice after CLP (Fig. 6B).
Interestingly, IL-1b, IFN-g, and iNOS mRNA levels in the
lungs and the IL-1ra mRNA level in the liver were not down-
regulated in MPL-pretreated mice after CLP. Finally, the level
of mRNA for the anti-inflammatory cytokine IL-11 was not
modulated in MPL-pretreated mice after CLP (data not
shown).

The tolerizing effect of MPL on CLP-induced chemokine
gene expression was even more profound (Fig. 7). In the lungs,
MIP-1a, MIP-1b, MIP-2, and MCP-1 mRNA levels were re-
duced 49 to 91% in MPL-pretreated mice after CLP. More-
over, in the liver, MIP-1a, MIP-1b, MIP-2, IP-10, and MCP-1
levels were reduced 78 to 95% in MPL-pretreated mice after
CLP compared to those in saline-pretreated mice after CLP.
Interestingly, expression of a subset of chemokine genes that

FIG. 3. Temporal regulation of G-CSF (F), M-CSF (E), and GM-CSF (h)
mRNA expression in the lungs and liver following CLP. CSF mRNA expression
was not modulated in sham-operated mice control mice (data not shown). Data
were obtained as described in the legend to Fig. 1.

FIG. 4. Regulation of anti-inflammatory cytokine mRNA expression follow-
ing CLP. Data were obtained as described in the legend to Fig. 1.
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included IP-10 mRNA in the lungs and KC, MCP-5, and
RANTES mRNA in the liver (Fig. 7 and data not shown) was
not reduced in MPL-pretreated mice after CLP.

MPL pretreatment reduces the levels of circulating cyto-
kines and chemokines during CLP-induced sepsis. We next
assessed whether reduced levels of mRNA expression in the
tissues of MPL-pretreated mice after CLP were associated
with a corresponding decrease in circulating cytokine and/or
chemokine levels. Levels of IL-6, TNF-a, MCP-1, MIP-1a, and
MIP-2 in serum were quantified by ELISA from the same mice
assessed for mRNA expression in Fig. 6 and 7. As shown in
Table 1, MPL-pretreated mice had substantially reduced levels
($fivefold) of IL-6, TNF-a, MCP-1, MIP-1a, and MIP-2 in
serum after CLP than did saline-pretreated mice after CLP.

Neutrophil margination and MPO activity are reduced dur-
ing MPL-induced tolerance. Since MPL-pretreated mice ex-
hibited substantially lower levels of chemokine mRNA in their
lungs, as well as reduced levels of circulating chemokines, after
CLP than did saline-pretreated mice, histopathological
changes and MPO activity in the lungs were assessed in saline-

and MPL-pretreated mice 6 h after CLP. Normal lung tissue
was observed in both saline- and MPL-pretreated sham-oper-
ated control mice. Increased neutrophil margination along pul-
monary venules was observed in four of five saline-pretreated
mice and only in two of five MPL-pretreated mice. Moreover,
MPO activity, which has been used as a more sensitive, quan-
titative measure of neutrophil sequestration (27, 66), was re-
duced (;threefold [P 5 0.002]) in the lungs of MPL-pre-
treated mice after CLP compared to that in saline-pretreated
mice after CLP (Table 2).

DISCUSSION

In the present study, we addressed the in vivo kinetics of a
large panel of proinflammatory and anti-inflammatory cyto-
kines, as well as chemokines, in the lungs and liver following
CLP. This allowed us, as sepsis progressed, to monitor gene
expression in two organ systems that are typically involved in
the multiple-organ dysfunction syndrome observed clinically.
The genes used in this study were chosen for their potential

FIG. 5. Temporal regulation of chemokine mRNA expression in the lungs and liver following CLP (E) or sham operation (h). Data were obtained as described
in the legend to Fig. 1.
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involvement as mediators of the overwhelming inflammatory
response and the resulting pathological sequelae observed dur-
ing sepsis. To date, mRNA expression following CLP had been
monitored for only a few genes, including those encoding
TNF-a, IL-1b, iNOS, IL-10, and CINC (a rat analog of KC)
(15, 26, 35, 58, 67). Our data demonstrate that IL-1b, TNF-a,
IL-6, and iNOS mRNAs are strongly induced following CLP,
with generally greater increases and faster kinetics in the liver
than in the lungs. A striking observation was the profound
increase in TNF-a mRNA expression observed in the liver
after CLP. This was unexpected since the high levels of circu-
lating TNF-a observed during endotoxemia in mice (26, 45, 48)
are not typically observed after CLP (Table 1) (26, 27). More-
over, only modest increases in TNF-a mRNA expression in
tissues have been observed after LPS challenge (48, 56). This
discordance between tissue-specific TNF-a mRNA production
and protein levels in serum between models of endotoxicity
and sepsis suggests that locally synthesized TNF-a does not
necessarily reach the circulation and that the levels of a par-
ticular cytokine in serum are not always an accurate reflection
of events in the tissue microenvironment (48). Moreover, the
data also suggest fundamental differences between LPS and
CLP with regard to TNF induction. This is supported by the
observation that anti-TNF Abs protect against death during
endotoxicity but not during polymicrobial sepsis induced by
CLP (8, 18).

IFN-g enhances both the CLP- and LPS-induced mortality
rate (28, 39). In many systems, including endotoxicity, IL-12
appears to be both proximal to and required for IFN-g pro-
duction (29, 71). While IFN-g mRNA expression was induced

in both the lungs and liver following CLP, IL-12 p40 mRNA
levels in the lungs and liver and IL-12 p35 mRNA levels in the
lungs were only weakly modulated. The IL-12 p40 mRNA data
obtained in the CLP model are in sharp contrast to the pro-
found induction of hepatic IL-12 p40 mRNA (.100-fold) ob-
served after LPS challenge (48) and suggest that IL-12 may not
contribute to the induction of IFN-g in the CLP model to the
same extent as has been observed in LPS-injected mice. Re-
cently, IL-18 also has been demonstrated to up-regulate IFN-g
and anti-IL-18 Ab prevented liver damage in Proprionibacte-
rium acnes-sensitized, LPS-challenged mice (40). Whether
IL-18 is involved in up-regulating IFN-g production during
sepsis is unknown. Of note, IL-12 p35 mRNA was induced
;10-fold in the liver after CLP, as observed after LPS injection
(48); typically, IL-12 p40 mRNA production exceeds that of
IL-12 p35 (13, 29, 48). While excess IL-12 p40 is secreted and
functions as a receptor antagonist (36), IL-12 p35 secretion has
not been observed (14).

The CSFs are a family of growth factors that promote the
proliferation and differentiation of myeloid precursors and the
activation of neutrophils and monocytes. G-CSF, GM-CSF,
and M-CSF enhance chemotaxis and phagocytosis and upregu-
late b2-integrin and selectin expression on phagocytic and en-
dothelial cells (12, 24, 50, 65). While pretreatment with G-CSF
or GM-CSF protects against death in rodent models of peri-
tonitis (5, 41), whether CSF mRNA expression was modulated
during sepsis was previously unknown. We observed a striking
increase in G-CSF mRNA levels in both the lungs and liver
and a modest increase in the M-CSF mRNA level in the lungs
following CLP. In contrast, the M-CSF mRNA level in the liver

FIG. 6. Effect of MPL-pretreatment on cytokine and iNOS mRNA expression in the lungs (A) and liver (B) during sepsis. Mice were injected i.p. with either saline
or MPL (100 mg) 48 h prior to CLP or sham operation. The lungs and liver were removed 6 h after CLP. Data are expressed as the mean 6 SEM from six individual
mice and are expressed relative to the response of untreated mice (data not shown), which were arbitrarily assigned a value of 1. When not visible, SEM bars are smaller
than the symbol. Data in parentheses are the fold decrease in mRNA expression observed in MPL-pretreated (tolerized) mice after CLP compared to saline-pretreated
(nontolerized) mice after CLP.
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and the GM-CSF mRNA levels in the lungs and liver were
weakly induced. During endotoxemia, large increases in G-
CSF, GM-CSF, and M-CSF mRNA levels in the liver (20- to
100-fold) are observed (48, 49), once again illustrating that
substantial differences in tissue-specific gene induction are ob-
served between models of polymicrobial sepsis and endotox-
emia.

IL-10 is a potent inhibitor of LPS-induced gene transcrip-
tion, down-regulating a broad range of cytokines and chemo-
kines (7, 16, 46), and endogenous production of IL-10 during
sepsis is protective (58, 63). In this study, IL-10 mRNA was
induced rapidly in the liver but its induction in the lungs was
delayed. These data are in agreement with IL-10 mRNA data
published by van der Poll et al. (58). More recently, IL-11 was
shown to inhibit TNF-a, IL-1b, and IFN-g in serum following

LPS injection (55). In contrast to IL-10, we observed no in vivo
modulation of IL-11 mRNA after CLP, indicating that while
IL-11 has efficacy in down-regulating LPS-induced cytokines, it
may not be endogenously produced during septic shock.

Disrupting the recruitment of inflammatory cells with Abs to
either PMNs, MIP-1a, or MIP-2 attenuates tissue damage
during endotoxemia and peritonitis (32, 51, 53, 66), and illus-
trates the importance of chemokine production and inflamma-
tory cell recruitment in the pathological findings associated
with sepsis. A diverse array of chemokines were induced in the
lungs and liver during polymicrobial sepsis. The most profound
up-regulation (.150-fold) of chemokine mRNA expression
was observed for PMN chemoattractants, i.e., MIP-2 in the
lungs and KC in the liver. These data support and extend the
work of others, who found MIP-2 in serum and organ homog-

FIG. 7. MPL pretreatment reduces chemokine mRNA expression in the lungs (A) and liver (B) during sepsis. Data were obtained as described in the legend to
Fig. 6.

TABLE 1. Cytokine and chemokine levels in serum are reduced in MPL-pretreated micea

Cytokine or
chemokine

Cytokine or chemokine level (pg/ml) inb:

Saline pretreated mice after: MPL pretreated mice after:

Sham operation CLP Sham operation CLP

IL-6 220 6 62 69,819 6 27,350 74 6 7 13,878 6 7,314c

TNF-a ,45 2,026 6 1,173 ,45 149 6 85c

MCP-1 256 6 44 37,099 6 11,698 291 6 8 5,245 6 1,758c

MIP-1a ,5 2,067 6 1,056 ,5 74.9 6 55d

MIP-2 48 6 11 36,345 6 14,840 19 6 6 3,885 6 1,572c

a Mice were injected i.p. with saline or 100 mg of MPL 48 h prior to CLP or sham operation. Serum was collected 6 h after CLP or sham operation.
b Mean 6 SEM from six mice.
c Data from MPL-pretreated mice after CLP are significantly lower (P , 0.05) than data from saline-pretreated mice after CLP.
d Comparison of MPL-pretreated mice after CLP to saline-pretreated mice after CLP yielded P 5 0.061.
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enates and both CINC/KC mRNA and protein in the liver (15,
64). Recently, anti-MIP-2 Ab was shown to reduce only par-
tially the number of infiltrating neutrophils in peritoneal fluid
after CLP (64). The results of this study, in combination with
our in vivo data, suggest that other PMN chemoattractants,
like KC, which has roughly equivalent potency to MIP-2 (69),
and G-CSF, which also has chemotactic activity (12), and pos-
sibly others, contribute to PMN recruitment during sepsis.
Large increases in the levels of monocyte chemoattractants
were also observed after CLP. In the liver, MCP-1, MIP-1a,
and MIP-1b mRNA levels were up-regulated ;80-, 35-, and
30-fold, respectively, while production of MIP-1a, MIP-1b,
and IP-10 predominated in the lungs. In vitro, MCP-1 is a
potent monocyte chemoattractant with an activity comparable
to that of IL-8 activity for PMNs, while MIP-1a and MIP-1b
are progressively less potent than MCP-1 (11).

In the lungs, increased PMN infiltration precedes increased
macrophage numbers after LPS injection (53, 59), and an anal-
ogous situation presumably occurs after CLP. However, no
overt differences in the kinetics of PMN and monocyte che-
moattractants in either the lungs or the liver were observed. In
the lungs, for example, MIP-1b, IP-10, and MIP-2 were in-
duced 1 h after CLP, indicating that both monocyte and PMN
recruitment begins quite early. Finally, of all the chemokines
examined, only pulmonary MCP-5 and RANTES were poorly
modulated (,threefold). Of interest, these chemokines were
up-regulated to a greater extent in the lungs following LPS
challenge (47).

Prophylactic administration of MPL protects against CLP-,
E. coli-, and LPS-mediated death and is associated with ame-
liorated production of circulating cytokines and attenuated
liver damage (2, 4, 25, 30, 38, 44). These studies demonstrate
for the first time that MPL pretreatment profoundly alters
tissue-specific mRNA expression in tissues that are associated
with organ failure. The levels of tissue mRNA and/or serum
protein for proinflammatory mediators like TNF-a, IL-1b,
IL-6, IFN-g, and iNOS were reduced, and in some cases ab-
lated, in MPL-pretreated mice after CLP. These agents medi-
ate the adhesive properties of phagocytic cells, vascular dys-
function, tissue damage and/or potentiate death during sepsis
(9, 21, 35, 39, 54, 68). Noteworthy was the tissue-specific dif-
ference in genes that were rendered tolerant by MPL pretreat-
ment. Specifically, IL-1b, IFN-g, and iNOS mRNA levels in
the liver, but not the lungs, were reduced in MPL-pretreated
mice after CLP. Anti-inflammatory cytokine (IL-10 and IL-
1ra) levels also were reduced in MPL-pretreated mice after
CLP. This would suggest that reduced levels of proinflamma-
tory mediators observed in tolerized subjects rendered septic
are not likely to be due to the overproduction of anti-inflam-
matory cytokines with broad negative regulatory activity, such
as IL-10 and IL-11.

In these studies, we observed profound reductions in che-
mokine mRNA production in the lungs and liver of MPL-
pretreated mice after CLP, as well as in their serum. While not
all the chemokine genes examined were affected, a broad range
of neutrophil and monocyte chemoattractants showed reduced
levels. Moreover, reduction in the chemokine mRNA level
corresponded to decreased leukocyte margination and MPO
activity in the lungs, indicating that endotoxin tolerance atten-
uates neutrophil accumulation in vivo. These findings support
and extend the work by Yao et al. (72), who demonstrated
reduced MPO activity in the lungs, liver, kidneys, and heart of
MPL-pretreated rats challenged with LPS. In toto, these data
suggest that prophylactic administration of MPL attenuates
chemokine production, thereby reducing the number of in-
flammatory cells migrating into tissue. This is concomitant with
a reduced production of proinflammatory mediators in tissues,
attenuating organ damage and increasing survival. The re-
duced level of proinflammatory mediators in a particular organ
is probably due to not only decreased numbers of activated
recruited cells but also reduced cytokine production by both
resident and recruited cells. To this end, macrophages (cells
central to the host response to LPS [48]) that have been toler-
ized with MPL prior to LPS treatment have suppressed levels
of TNFa, IL-1b, and IP-10 (31). Finally, the IL-8 level in serum
is decreased in human volunteers prophylactically adminis-
tered MPL prior to LPS challenge (3).

In summary, we have demonstrated that mRNA expression
for a broad range of proinflammatory and anti-inflammatory
cytokines and chemokines is up-regulated during the course of
polymicrobial sepsis. In general, cytokine and chemokine
mRNA expression was induced earlier in the liver than in the
lungs. Prophylactic administration of MPL reduced the level of
tissue-specific mRNA for a number of cytokines and chemo-
kines. A concomitant diminution of cytokine and chemokine
protein levels was observed in the serum. Attenuated levels of
chemokine expression were associated with reductions in pul-
monary neutrophil accumulation. The ability of prophylactic
MPL treatment to mitigate the recruitment of inflammatory
cells into organs during the course of an inflammatory event
like sepsis under the conditions used in this study, along with
the concomitant reduction in the levels of proinflammatory
mediators, very probably contributes to the capacity of MPL to
ameliorate tissue damage (25) and to provide nonspecific re-
sistance to a diverse array of agents including TNF-a, gram-
positive and negative bacteria and their products, and other
infectious agents (44).
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