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Abstract

GM-CSF is known to prime leukocytes for inflammatory stim-
uli in vitro. The objective of this study was to investigate the
role of GM-CSF in vivo in a systemic inflammatory reaction
syndrome. The results demonstrate a potentiation ofLPS toxic-
ity by GM-CSF in a mortality model as well as in a septic liver
failure model in mice.

Pretreatment of animals with 50 ,ug/kg GM-CSF induced
lethality within 24 h in mice challenged with a subtoxic dose of
LPS while controls survived > 72 h. A monoclonal anti-GM-
CSF antibody significantly protected against a lethal LPS dose.
Serum GM-CSF was inducible by LPS and peaked at 2 h.
GM-CSF pretreatment dramatically potentiated systemic TNF
release and hepatotoxicity induced by a subtoxic dose ofLPS in
galactosamine-sensitized mice. Potentiation of LPS hepato-
toxicity was possible until 30 min after LPS challenge. Polyclo-
nal anti-GM-CSF IgG protected against septic liver failure in
this model and attenuated serum TNF concentrations. In vitro
and ex vivo experiments revealed that after GM-CSF pretreat-
ment LPS-induced IL-1 release from bone marrow or spleen
cells was also enhanced. These findings suggest that GM-CSF
represents an endogenous enhancer of LPS-induced organ in-
jury, possibly by potentiating the release of proinflammatory
cytokines such as TNF and IL-1. (J. Clin. Invest. 1994.
93:2616-2622.) Key words: GM-CSF * endotoxic shock - septic
liver failure * tumor necrosis factor * interleukins

Introduction

Granulocyte macrophage colony-stimulating factor (GM-
CSF) is a 23-kD glycoprotein which stimulates the prolifera-
tion and differentiation ofgranulocytic and monocytic progen-
itor cells. Known cellular sources of this hemopoietic growth
factor are macrophages, endothelial cells, fibroblasts, and T-
lymphocytes ( 1). In addition to the effects on hemopoietic
stem cells, GM-CSF exhibits proinflammatory properties on
mature neutrophils, eosinophils, and macrophages, such as the
priming effect on neutrophils for activation with a second stim-
ulus (2-4), regulation ofleukocyte adhesion (5-7), augmenta-
tion of antigen presentation (8), and enhancement or induc-
tion of cytokine production by neutrophils or macrophages
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(9-12). The hemopoietic properties ofGM-CSF prompted the
treatment of cancer patients with this cytokine: GM-CSF was
shown to accelerate granulocyte/monocyte recovery after che-
motherapy or bone marrow transplantation ( 13-15 ).

Endotoxins (lipopolysaccharides, LPSs) are potent in-
ducers of CSF production in vivo. The injection of LPS in-
creases serum CSF levels in mice in the 2-9 h after administra-
tion ( 16). The LPS-inducible cytokines, TNFa or IL-1 stimu-
late GM-CSF production in macrophages, endothelial cells,
and fibroblasts in vitro ( 15, 17, 18). On the other hand, LPS-
induced TNF and IL- 1 production of monocytic cells was
shown to be potentiated or induced by GM-CSF ( 19, 20).

We recently have demonstrated that granulocyte CSF (G-
CSF) reduced LPS-induced TNF release in vivo and ex vivo
and thereby protected rodents against LPS shock and LPS hepa-
totoxicity (21 ). In that study, we also noticed that GM-CSF
pretreatment significantly enhanced LPS-induced TNF release
in vivo and increased mortality in galactosamine (GalN)-sen-
sitized mice. We now report that GM-CSF potentiates LPS
toxicity by stimulating the production ofproinflammatory me-
diators such as TNF and IL- 1. For these studies, we chose two
different in vivo models of LPS-induced toxicity: In the first, a
high dose of purified LPS was administered to induce septic
shock with mortality as an endpoint. In the alternative model,
i.e., endotoxin-induced liver injury in GalN-sensitized mice,
serum transaminase release 8 h after challenge allowed the
quantification of septic organ failure (22). As in the case of
LPS-induced mortality (23), anti-mouse TNF antiserum also
protected against LPS-induced hepatic failure in GalN-sensi-
tized mice, emphasizing the common final pathway in either
model (24). The biochemical basis of the GalN model is the
fact that this aminosugar depletes intracellular uridine nucleo-
tides selectively within the liver, leading to an inhibition of
hepatic transcription (25), and thereby sensitizes mice towards
LPS toxicity several thousand-fold (26). The organotropic tox-
icity of LPS mainly on the liver can be conveniently measured
by determination of liver specific enzymes within the sera of
the animals (22). There is ample evidence in the literature that
the GalN model may resemble some important aspects ofclini-
cal reality: hepatic dysfunction develops frequently and early in
sepsis (27) and continuously aggravates a vicious circle in the
late phase ofmultiorgan failure, that consists ofenhanced bacte-
rial translocation due to loss of intestinal barrier function. This
is potentiated by allowing gut-derived bacterial products to cir-
culate because of impaired hepatic reticuloendothelial clear-
ance (28).

The aim ofthis study was to investigate the role ofGM-CSF
in models of experimental sepsis and to gain insight into the
modulation of shock by endogenous GM-CSF by studying the

1. Abbreviations used in this paper: ALT, alanine amino transferase;
GalN, galactosamine; LIF, leukemia inhibitory factor.
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relationship between GM-CSF and mediators of LPS toxicity
such as TNF and IL- i.

Methods

Animals. Ten-wk-old male NMRI albino mice were purchased
from the Zentralinstitut Hannover (Hannover, Germany).
6-8-wk-old BALB/c mice ofeither sex were obtained from the
animal house of the University of Konstanz (Konstanz, Ger-
many). They were kept at least 1 wk under controlled condi-
tions (240C, 55% humidity, 12 h day-night rhythm, diet of
Altromin C 1310) before the experiments.

Materials. Salmonella abortus equi endotoxin was from
Sebak (Aidenbach, Germany), D-galactosamine HCl from C.
Roth Chemicals (Karlsruhe, Germany). Recombinant murine
TNFa was a generous gift from Dr. G. R. Adolf (Bender Co.,
Vienna, Austria). Recombinant yeast-derived murine GM-
CSF (1 X I07 U/mg) and polyclonal rabbit anti-mouse GM-
CSF antibody (IgG) were kindly provided by Dr. F. R. Seiler
(Behring-Werke, Marburg, Germany). Specificity of polyclo-
nal IgG was checked by Western blot analysis, using murine
leukemia inhibitory factor (LIF), IL-la (both from Genzyme
Corp., Cambridge, MA), IL-6 (Endogen, Inc., Boston, MA),
IFNy (Boehringer Mannheim, Mannheim, Germany), and
TNFa in comparison with GM-CSF. The endotoxin content of
GM-CSF was less than 1 EU/mg according to the supplier's
information. A monospecific anti-mouse GM-CSF mAb (1
mg/ml, Isotype: IgG, kappa, clone: MPl-3 1G6), that neutral-
izes GM-CSF bioactivity was purchased from Endogen, Inc.
Recombinant murine IL-6 and IL-6 coating and detecting anti-
bodies for performing an IL-6 ELISA were from Pharmingen,
(San Diego, CA). For injection, all materials were dissolved in
pyrogen-free PBS. Cell culture media were purchased from
Biochrom (Berlin, Germany). Bacto-agar was from Difco (De-
troit, MI).

In vivo experiments. Recombinant murine GM-CSF was
dissolved in 0.1% HSA (Biotest 20%, clinical grade; Biotest
Pharma, Dreieich, Germany)/PBS and injected i.v. in a dose
of50 ,ug/kg. 1 mg ofpolyclonal anti-mouse GM-CSF antibody
or rabbit pre-immuneserum and 100 ,ug of monoclonal anti-
mouse GM-CSF antibody per animal were injected i.v. 10 min
before challenge. For inducing septic liver failure, male NMRI
mice were challenged by 700 mg/kg GalN i.p. together with the
indicated concentrations of LPS. Alternatively, they received
recombinant murine TNFa i.v. 1 h after GalN instead of LPS.
Blood for determination ofTNFwas obtained from the retroor-
bital plexus or from the tail vein 90 min after LPS administra-
tion. For determination ofalanine amino transferase (ALT) in
serum, as a measure of liver injury 8 h after challenge, blood
was withdrawn by heart puncture after cervical dislocation.
Endotoxin shock experiments were performed by injecting 3-5
mg/kg LPS i.p. in BALB/c mice; survival was monitored until
72 h after challenge. In these experiments, blood samples for
assessment of cytokines were obtained from the tail vein.

In vitro TNF and IL-] determination in bone marrow cell
cultures. Bone marrow cells of NMRI mice were isolated ac-
cording to Metcalf (see reference 31). 5 X i0' cells per 0.5 ml
RPMI 1640, 100 U/ml penicillin, 100 U/ml streptomycin, 2
mM L-glutamine, 10% heat-inactivated fetal calf serum
(Biochrom) were incubated for the indicated time intervals at
37°C, 5% CO2. Supernatants were stored at -700C.

Ex vivo IL-I determination in spleen cell supernatants. For
determination of IL-i production ex vivo, spleens of NMRI

mice were removed 1 h after LPS administration in vivo.
Spleen cells were isolated by spreading the tissue through gauze
into 5 ml RPMI 1640, 100 U/ml penicillin, 100 U/ml strepto-
mycin, 2 mM L-glutamine (Biochrom) at 37°C. 3 X 106 spleen
leukocytes per ml were incubated for 20 h at 37°C, 5% CO2.
Cells were centrifugated at 1,000 g for 5 min at 4°C. Superna-
tants were stored at -70°C.

IL-I assay. IL-1 was determined according to reference
Hopkins and Humphreys (29) using the non-adherent T-
helper cell line DlON (provided by Dr. S. J. Hopkins, Univer-
sity of Manchester, UK) in a proliferation assay. Cells were
incubated at a cell density of 2 x 104 cells per 200 pI at 37°C
and 5% CO2 with serially diluted test samples in 96-well flat
bottom plates. IL- 1-dependent proliferation ofDION cells was
determined 72 h later using the dye MTT tetrazolium (5 mg/
ml; 1/10 [vol/vol]; Sigma Chemical Co., St. Louis, Mo.).
After incubation for 4 h at 37°C, 5% C02, cells were lysed by
addition of 50 ,u of20% SDS wt/vol in 0.02 N HCI. Plates were
read 18 h later on a SLT EAR 400 microplate reader, with a test
wavelength of 560 nm and a reference wavelength of 690 nm.
The titer of IL- 1 was calculated in units per ml; one unit is
defined as the reciprocal ofthe dilution providing 50% ofmaxi-
mal proliferation. IL-l is expressed in picograms (pg) per ml,
using an internal recombinant murine IL-13 standard. The
specificity of the proliferation for IL-I was checked with a
monoclonal goat anti-mouse IL- 13 antibody (IgG; Hermann
Biermann GmbH, Bad Nauheim, Germany) and a polyclonal
goat anti-mouse IL- 1a specific antiserum (provided by Dr.
H.-U. Beuscher, University of Erlangen, Germany).

TNF assay. TNF in serum of mice was determined essen-
tially as described by Espevik and Nissen-Meyer (30). In brief,
Fibrosarcoma cells (WEHI 164 clone 13, provided by Dr. T.
Espevik, University of Trondheim, Norway) at a concentra-
tion of 2 X 104 cells per 200 Ai were incubated with serially
diluted test samples in 96-well flat-bottom microtiter plates
and incubated for 18 h at 37°C and 5% CO2. Then, 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
(5 mg/ml; 1/10 [vol/vol]) was added for determination of
cytotoxicity. After incubation for 4 h at 37°C in the presence of
5% CO2, the dye was removed and cells were lysed by the addi-
tion of 100 ,ul of isopropanol/5% formic acid. Plates were read
as described in the IL-I assay. TNF is expressed in pg/ml, cal-
culated with the use ofa recombinant murine TNFa standard.

GM-CSF ELISA. GM-CSF ELISA kits were purchased
from Endogen Inc. Control mouse serum (30% in supplied
standard diluent) was used as blocking buffer and for prepara-
tion of standard curves. The assay did not cross-react with mu-
rine TNF according to the manufacturer's informations. In our
hands, there was also no cross-reactivity with murine IL- I a or
IL-IB.

IL-6 ELISA. IL-6 ELISA was performed using Pharmin-
gen antibodies according to the manufacturer's instructions.

Soft-agar assayfor CSFs. Murine bone marrow cells were
isolated as described elsewhere ( 31 ). Bacto-agar was dissolved
in H20 at 95°C in a concentration of 3% (w/vol). The agar
solution was diluted with IMDM medium at 37°C to a final
concentration of 0.3%. 2 X I05 bone marrow cells per ml agar
were added to 200 ,ul test sample in a six-well cell culture plate.
The final serum concentration in the assay was 1%. After con-
gealing at room temperature, the plates were incubated at
37°C, 5% CO2 for 5 to 6 d. All colonies with 2 50 cells were
counted. GM-CSF colonies were identified by their typical mor-
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Figure 1. Potentiation by GM-
CSF ofLPS-induced TNF re-
lease (a) and IL-1 release (b)
in vitro. Murine bone marrow
cells (5 x IO' per 0.5 ml) were
incubated for 6 h with or with-
out 1 gg/ml LPS and 10 ng/ml
GM-CSF 2 h before addition
of LPS. IL- I and TNF activi-
ties were determined in the su-
pernatants by bioassay. Mean
values ±SEM; n = 3. *P < 0.05
vs. LPS alone.

phological shape and by the lack of growth in presence of an
anti-mouse GM-CSF antibody. TNF, IL- 1, or LPS did not in-
terfere with this test.

Enzyme assay procedure. ALT activities in plasma were

determined in an automated enzyme activity assay based on
that described previously (22).

Statistics. Data are given as mean values±standard errors
of the mean (x±SEM). For analysis, data were subjected to
one-sided nonparametric multiple comparison of the control
against all other groups (32). Survival times were analyzed by
the LIFETEST procedure (generalized Wilcoxon Test) of the
SASO software package, release 6.08 (SAS Institute Inc., Cary,
NC). P < 0.05 was always considered significant.

Results

Priming by GM-CSF
In vitro studies. GM-CSF was shown to prime monocytes in
vitro for endotoxin-induced TNF-dependent cytotoxicity ( 19)
and for enhanced IL- 1 release upon LPS stimulation (20). To
study this priming effect of GM-CSF towards LPS in vivo in
mice, we first evaluated GM-CSF priming towards cytokine
producing murine cells in vitro. Preincubation with GM-CSF
of freshly prepared bone marrow cells enhanced LPS-induced
TNF release by a factor of 14 (Fig. 1 a). In the same cell culture
supernatants we also found increased levels of IL- 1 (Fig. 1 b).
Using specific neutralizing antibodies, 60% of the LPS-induc-

Table I. Aggravation of Septic Liver Failure by GM-CSF
Treatment and Enhancement ofSerum TNF Levels in GalN-
sensitized Mice Challenged with Subtoxic Doses ofLPS

Challenge ALT (U/i) TNF (pg/ml) n

None 40± 10 .50 6
GalN/LPS (5 ,g/kg) 2,170±915* 2,340±851* 6
GalN/LPS (0.2 ttg/kg) 316±170 180±42 6
GalN/LPS (0.2 ttg/kg)
+ GM-CSF 7,120±2,260* 21,180±7,950* 6

GalN + GM-CSF 150±37 .50 6

GM-CSF was given in a dose of 50 jtg/kg i.v. 30 min after GaIN (700
mg/kg, i.p.) plus LPS (0.2 Mg/kg, i.p.). ALT was measured 8 h after
GaIN/LPS, TNF was determined 90 min after GalN/LPS adminis-
tration. Mean values±SEM. * P < 0.05 vs. none.

ible IL- 1-dependent proliferation activity in the IL- 1 assay was

identified as IL- 1,B and 40% as IL- la.

In vivo studies. Next we examined whether priming for
enhanced cytokine release takes place in vivo and which conse-

quences arise from this phenomenon in endotoxic shock mod-
els in animals. In a lethality model ofLPS toxicity, all BALB/c
mice pretreated with 50 ,g/kg GM-CSF before subtoxic LPS
challenge (3 mg/kg) died within 24 h, whereas all animals
which had received LPS alone, survived > 72 h (n = 6). Serum
TNF levels 1.5 h after challenge were significantly enhanced by
GM-CSF pretreatment compared to LPS challenge alone
(17.6±3.3 ng/ml vs. 0.8±0.1 ng/ml; P < 0.05). In a parallel
experiment, IL-6 concentrations were also significantly en-

hanced at the same time point from 31.9±1.4 ng/ml in the
control group to 105.1±3.7 ng/ml in the pretreated group (P
< 0.05; n = 3). GM-CSF treatment alone did not induce detect-
able amounts ofTNF or IL-6.

To further investigate the role of GM-CSF in modulating
LPS toxicity, we used an alternative in vivo model of septic
shock, i.e., LPS-induced liver failure in GalN-sensitized mice.
NMRI mice treated simultaneously with 700 mg/kg GalN and
5 ,ug/kg LPS i.p. developed severe liver injury within 8 h as

shown by increased activities of the liver specific enzyme ala-
nine aminotransferase (ALT) in the sera of the animals. Liver
injury was preceded by the release ofTNF into the circulation
with maximal serum TNF concentrations 90 min after chal-
lenge (first group in Table I and reference 33). Animals chal-

Table II. Time Dependence of GM-CSF Pretreatment with
Respect to Potentiation ofHepatotoxicity Induced by LPS
in GaiN-sensitized Mice

Time of
Pretreatment administration ALT TNF n

h U/I pg/ml

None 60±40 50±40 6
GM-CSF -18 754±574 325±290 6
GM-CSF -12 344±164 525±260 6
GM-CSF -0.5 2,260±1,062* 12,522±3,423* 5

GM-CSF was given in a dose of 50 ,ug/kg i.v. prior to GaiN (700 mg/
kg, i.p.) plus LPS (0.2,gg/kg, i.p.) at the time points indicated. ALT
was measured 8 h after Ga1N/LPS, TNF was determined 90 min after
GalN/LPS administration. Mean values±SEM. * P . 0.05 vs.
Ga1N/LPS alone.
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lenged with GaiN and subtoxic amounts of LPS (0.2 jig/kg
LPS i.p.), developed little liver damage. However, in those ani-
mals pretreatment with GM-CSF primed for LPS-induced sys-
temic TNF release and organ injury (Table II). LPS-induced
serum TNF and ALT concentrations were slightly increased
when GM-CSF was given as early as 18 and 12 h before chal-
lenge and were significantly enhanced when it was given 30
min before LPS treatment (Table II). GM-CSF potentiated the
hepatic lesion even when administered to GalN-sensitized
mice 30 min after a subtoxic LPS-dose, i.e. 0.2 ug/kg (Table I,
groups 3 and 4). In addition to potentiating liver injury, this
treatment also augmented LPS-induced TNF production. Ad-
ministration ofGM-CSF alone, i.e., without LPS, to GalN-sen-
sitized mice failed to induce detectable amounts of TNF or
liver damage (Table I, group 5).

Since we were not able to measure IL- 1 in vivo, because
mouse serum was toxic to the DlON T cell line used in our
bioassay, we chose an ex vivo setting for determination of the
cytokine. Applying this method, we could observe enhanced
IL-1 release from spleen cell cultures of GM-CSF pretreated
NMRI mice, that were challenged in vivo with GalN plus sub-
toxic amounts of LPS (Fig. 2). All the LPS-inducible spleen
cell derived IL- 1 turned out to be IL- 1 a, since it was blocked by
a polyclonal anti-mouse IL- 1 a specific antiserum.

Circulating GM-CSF in LPS treated mice
The observation that GM-CSF not only potentiated LPS-in-
duced TNF production when given before LPS, but also when
given 30 min after LPS, prompted us to investigate the role of
endogenously produced GM-CSF following LPS administra-
tion.

Fig. 3 shows the time course ofGM-CSF and TNF induced
by 3 mg/kg LPS. 1 h after LPS administration, considerable
amounts of GM-CSF were found in the sera of the animals.
Maximal GM-CSF concentrations were reached 2 h after injec-
tion ofLPS. The experiment in Fig. 3 demonstrates further that
the initial time courses of GM-CSF and TNF release are very
similar. However, while TNF disappears very rapidly from the
circulation, GM-CSF concentrations decline more slowly. In
the other model used, i.e., GalN/LPS-induced liver damage,
no GM-CSF was detectable in sera ofthese animals by ELISA.
Because only small amounts ofLPS are required in the GalN/

U,,, 300 Llsoivent control
+ GM-CSF (50 mg/kg) i.v.

_
,

, 200
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- 100
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untreated controls GalN/LPS

Figure 2. Potentiation by GM-CSF of LPS-induced IL-i release ex
vivo. Mice were pretreated intravenously with 50 jg/kg GM-CSF or
solvent (0.1% HSA/PBS) 30 min before administration of 0.2 jg/kg
LPS plus 700 mg/kg GalN i.p. 1 h later, spleens were removed, spleen
cells were isolated, and 3 x 106 spleen leukocytes per ml were incu-
bated for 20 h. IL- I was determined in the supernatants by bioassay.
Mean values ±SEM; n = 6. *P < 0.05 vs. GalN/LPS alone.
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Figure 3. Time course of serum GM-CSF and TNF concentrations in
mice after LPS treatment. Mice were challenged by i.p. injection of
3 mg/kg LPS. GM-CSF was assessed by ELISA and TNF by bioassay.
In samples of vehicle injected mice neither GM-CSF nor TNF were
detectable. Mean values ±SEM; n = 3.

LPS model compared to LPS induced shock, serum GM-CSF
levels might have been below the detection limit of the assay.
An alternative method of determining colony stimulating fac-
tors is by the soft agar assay (31 ). With this method and by
using GM-CSF antibodies to check specificity, a similar time
course of LPS-induced serum GM-CSF concentrations was
found also in GalN/LPS-treated animals (data not shown). As
shown in Table III, 20% ofthe total colony forming activity of
serum measured 2 h after GalN/LPS administration to mice
was due to GM-CSF.

Neutralization ofGM-CSF bioactivity in vivo
Neutralization ofGM-CSF in experimental endotoxic shock.
To study the importance of endogenously produced GM-CSF
for the pathogenesis of LPS-induced mortality, we adminis-
tered a neutralizing monoclonal anti-mouse GM-CSF anti-
body (100 ,ug/mouse) shortly before lethal LPS injection. This
treatment significantly reduced mortality in the antibody
treated group (Fig. 4). The mean TNF levels in the passively
immunized group were 50% ofthe not pretreated group. How-
ever, due to great interindividual variability the differences be-
tween the groups were not significant (9.41±5.00 ng/ml vs.
18.98±9.59 ng/ml). In addition, the IL-6 levels in the serum
samples of the animals, that had received the anti-GM-CSF
antibody, were reduced to 26.94±7.15 ng/ml vs. 46.15±3.85
ng/ml in the control group (P < 0.05). It should be mentioned
that according to the manufacturer's informations, the anti-
GM-CSF antibody does not crossreact with murine IL-6.

Neutralization of GM-CSF in GalN-sensitized mice. Pre-
treatment ofNMRI mice with a polyclonal rabbit anti-mouse
GM-CSF antibody completely suppressed GM-CSF colony
forming activity, significantly reduced serum TNF levels, and
protected against liver injury (Table III). Rabbit pre-immune
serum was without any effect (data not shown).

Further experiments examined the question whether endog-
enous GM-CSF aggravated organ injury once TNFa is in the
circulation. We therefore pretreated GalN-sensitized mice with
the polyclonal GM-CSF antibody and challenged them by in-
travenous injection of 15 ,ug/kg TNFa instead of LPS. As
shown in Table III, the antibody pretreatment failed to protect
against septic liver failure induced by TNFa. Also, GM-CSF
pretreatment had no significant influence on liver injury in-
duced with a lower dose of 3 ,ug/kg TNFa in GalN-sensitized
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Table III. Protection by Anti-Mouse GM-CSF Antibodies against LPS but not against TNF-induced Hepatotoxicity
in GaiN-sensitized Mice

Pretreatment Challenge ALT* TNFt CSF§ GM-CSF1

U/i pg/ml
None None 40±4 .50 .I.1
None GalN/LPS 4,915±1,308 9,810±4,065 36±3 8±1
Anti GM-CSF' GalN/LPS 236±49** 974+473** 39±2 .1

None GalN/TNFa 8,940±3,240
Anti GM-CSF' GalN/TNFa 5,690±1,550

* 8 h after challenge (n = 10). t 90 min after challenge (n = 5). § Colonies 2 h after challenge (n = 5). 11 Colonies lacking growth in the presence of
polyclonal anti-mouse GM-CSF antibodies (IgG) (n = 5). ' Polyclonal anti-mouse GM-CSF antibody (IgG): 1 mg per mouse 10 min before
challenge: 700 mg/kg GalN plus 5 gg/kg LPS i.p. or 700 mg/kg GalN i.p. and 15 Ag/kg TNFa i.v. 15 min after GaIN. Mean values±SEM.
** P < 0.05 vs. GalN/LPS alone.

mice (GalN/TNFa: ALT: 1,440±664 [U/1]; 50 ag/kg GM-
CSF i.v. 30 min before GalN/TNFa: ALT: 1,670±906 [U/1];
50 ,g/kg GM-CSF i.v. 5 min before GalN/TNFa: ALT:
1,460+891 [U/1]; 50 ,g/kg GM-CSF i.v. 1 h after GalN/
TNFa: ALT: 2,530±1,438 [U/1]).

Role ofGM-CSF in the development of early phase
tolerance towards LPS
LPS-induced early phase tolerance is known to be independent
of antibody production and is induced by administration of
subtoxic amounts of LPS as early as 1 h before a toxic chal-
lenge. We explored the possibility that tolerance is due to inhibi-
tion ofthe release ofthe enhancer GM-CSF. The data in Table
IV show that in tolerant mice, not developing septic liver fail-
ure upon challenge, the release of CSFs as well as ofGM-CSF
was enhanced rather than reduced, whereas TNF levels were
partially suppressed. Thus, inhibition of CSFs is unlikely to
account for a mechanism of tolerance.

Discussion

It has become increasingly evident that GM-CSF in addition to
being an important hematopoietic growth factor is also a modu-
lator ofgranulocyte and macrophage functions. In vitro experi-
ments have shown that various leukocyte functions are subject
to priming by GM-CSF. However, only little information ex-

ists about the contribution ofpriming by GM-CSF to processes
in the whole organism such as inflammation. It was the aim of
this study to investigate the role of GM-CSF in endotoxin-
based models of inflammation and organ failure, i.e., LPS-in-
duced shock and LPS-induced liver failure in GalN-sensitized
mice, a quantifiable model for studying the basic pathophysiol-

ogy ofseptic shock (21,22). In terms ofexperimental reproduc-
ibility in future experiments, it is noteworthy that the extent of
GM-CSF potentiation ofTNF release and LPS toxicity showed
a variability which was dependent on the actual LPS dose-re-
sponse curve in the individual experiment.

The priming by GM-CSF of granulocytes and of cells de-
rived from the monocyte lineage has been studied repeatedly. It
is known that pretreatment of monocytes with GM-CSF
primes these cells for endotoxin-induced TNF production
(19). Like LPS shock models, the GalN/LPS-induced hepati-
tis is an endotoxic model where the pivotal role of TNF for
inducing hepatotoxicity is documented (24, 34, 35). The pres-
ent study demonstrates that GM-CSF is able to prime for LPS-
induced TNF-production in vivo and that this priming may, in
fact, have detrimental consequences for the whole organism.
Beyond this statement, the protection against TNF-release and
organ injury by anti-GM-CSF antibodies (see Table III and
Results) suggests that GM-CSF participates endogenously in
the response to LPS. The fact that no complete protection was
achieved with the antibody is either a matter of dosage and
titer, or it suggests that endogenous GM-CSF plays an auxiliary
role as a modulator of the LPS-induced mediator production.
Since LPS induced both, TNF and GM-CSF, the latter cyto-
kine may act as an amplifier of LPS-induced TNF-production
(Table III).

Large discrepancies in the detectable amounts of different
circulating cytokines after LPS challenge were found, i.e., TNF
peak concentrations of 11 ng/ml compared with 125 pg/ml
serum GM-CSF (Fig. 3). This suggests that small amounts of
GM-CSF may be able to enhance the LPS-induced TNF re-
lease, but we cannot rule out the existence ofhigh local concen-
trations of GM-CSF. The amounts of GM-CSF detected in
GalN/LPS treated mice 2 h after treatment were very low, i.e.,

Table IV. Independence ofLPS-induced Early Phase Tolerance and CSF- or GM-CSF-Release

Pretreatment Challenge ALT [U/1]* CSFa GM-SF TNF1' n

None GalN/LPS 1,240+280 50±3 10±2 3160±860 6
LPS (0.2 Mg/kg) GalN/LPS 60±20' 65±2' 20±1' 870±4101 5
LPS (0.2 ,g/kg) None 70±30 6±1 <1 .50 3

* 8 h after challenge. * Colonies 2 h after challenge. § Colonies lacking growth in the presence of polyclonal anti-mouse GM-CSF antibodies
(IgG). 1190 min after challenge, challenge: 700 mg/kg GaiN plus 5 ,ug/kg LPS i.p. Mean values±SEM. 'P < 0.05 vs. GalN/LPS alone.
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Figure 4. Protection of mice against lethal LPS challenge by a neu-
tralizing anti-GM-CSF monoclonal antibody. GM-CSF mAb was
administered i.v. in a volume of 300 ,l 10 min before lethal LPS
challenge (5 mg/kg) i.p. 1.5 h after challenge, blood was withdrawn
for determination of TNF (see Results). Mortality was monitored
over time. n = 6 for the control group and n = 5 for the passively
immunized group. The pretreatment significantly prolonged survival
time (P < 0.05).

the eight GM-CSF-specific colonies identified in the soft agar
assay (Table III) correspond to the detection limit of 5 pg/ml
of the GM-CSF ELISA used in the time course experiments
(Fig. 3). Other investigators have already reported that in hu-
mans no GM-CSF could be detected by ELISA after injection
of small amounts ofLPS (36). Therefore, circulating GM-CSF
may only inaccurately reflect local concentrations of this cyto-
kine, a concept that has been recently described as the 'tip of
the iceberg' (37).

It is important to note that the initial TNF and GM-CSF
release into serum occurred nearly simultaneously 30 min after
LPS administration (Fig. 3) (33). These kinetics and the fact
that GM-CSF administration even 30 min after LPS challenge
could enhance TNF production in vivo (Table I) suggest that
endogenous GM-CSF may modulate TNF formation or re-
lease. This is corroborated further by our finding that adminis-
tration of GM-CSF to GalN/TNFa-challenged mice failed to
exacerbate hepatotoxicity and the anti-GM-CSF antibody did
not protect against GalN/TNFa (Table III).

IL- 1 is another cytokine which has been implicated in the
pathogenesis of septic shock (38). Therefore, it was interesting
to study whether GM-CSF would also enhance LPS-induced
IL-1 production. However, because mouse serum was cyto-
toxic towards the cells used in the IL- 1 bioassay, we were not
able to determine IL- 1 in vivo. To study the priming by GM-
CSF on LPS-induced IL- 1 production, we chose two different
approaches: (a) we isolated spleen cells from mice challenged
with LPS in vivo and measured the spontaneous IL- 1 produc-
tion of these cells after 20 h in culture; or (b) we prepared bone
marrow cells and stimulated these cells in vitro with LPS. In
either case LPS stimulated measurable IL-1 release that was
further enhanced by pretreatment or preincubation with GM-
CSF. Kinetic data obtained in vivo in mice showed that GM-
CSF (this study, 39) and IL-1 production (40) both reached
maximum levels 2 h after LPS injection. These results indicate
that IL- 1 release occurs with a time course also likely to be
modulated by GM-CSF.

Besides the action on TNF and IL- 1 production, GM-CSF
also seems to affect circulating IL-6. This cytokine has also
been associated with sepsis (41 ) as a reliable marker of mortal-

ity in experimental endotoxic shock in mice (42) and as a
negative prognostic parameter for the severity of sepsis in hu-
mans (43). Our observation that in mice pretreatment with
anti-GM-CSF antibody caused resistance towards lethal LPS
challenge, associated with reduced serum levels of IL-6, while
GM-CSF pretreatment augmented IL-6 concentrations before
subtoxic LPS challenge, confirm those conclusions drawn by
others in different experimental settings. These in vivo data are
also related to the report that GM-CSF, besides TNFa and
LPS, induced considerable amounts of IL-6 from human poly-
morphonuclear leukocytes (10). However, we cannot decide
whether the attenuated IL-6 release in the anti-GM-CSF mAb-
treated animals is caused directly by suppression of GM-CSF
bioactivity or whether it is a consequence ofreduced TNF pro-
duction. These questions will be objects of further examina-
tion.

In the inflammatory response, both pro- as well as anti-in-
flammatory cytokines are known: TNF (23), IL-l (44, 45),
and IFNy (46, 47) are able to aggravate LPS-induced shock or
the fatal outcome of infectious diseases, whereas G-CSF (21 ),
IL-4 (48), or IL- 10 (49) are thought to represent factors termi-
nating acute inflammatory processes. The interpretation ofthis
study places GM-CSF in the role of a potentiator of the early
stage of sepsis because it enhances the LPS-induced release of
mediators such as TNF and IL- I at a time ofendogenous over-
stimulation of the nonspecific immune system. The reserva-
tion has to be acknowledged that this statement relates to the
stage reflected in the animal model used here and does not
exclude beneficial effects of so called proinflammatory cyto-
kines if given at the appropriate time point. Nevertheless, our
findings are of considerable practical interest for human ther-
apy and may provide an explanation for some of the observed
undesirable side reactions of clinically used GM-CSF, such as
fever, chills, anorexia, weight loss, and pleural or pericardial
inflammation (50). For instance, patients with neutropenia
after chemotherapy were reported to have elevated serum lev-
els ofTNFa during GM-CSF therapy (5 1 ). In a study reported
by Bar et al. 2 out of 14 cancer patients who received GM-CSF
died of sepsis compared with 0 out of 12 patients treated with
chemotherapy alone (52). A summary on the unfavorable ef-
fects ofGM-CSF during treatment ofcancer patients is given in
references 15 and 52. The doses applied clinically, i.e., up to 60
ug/kg GM-CSF daily ( 15, 53), are comparable with the dose
(50 gg/kg) used in our experiments. We conclude that the
animal study reported here may help to explain some of the
clinical observations and seems suitable to contribute a mecha-
nistic interpretation of the aggravation of sepsis by GM-CSF
treatment.
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