
Pivotal Advance: �-Galactosylceramide induces protection
against lipopolysaccharide-induced shock

Guido Sireci,*,1 Marco P. La Manna,* Caterina Di Sano,† Diana Di Liberto,* Steven A. Porcelli,‡

Mitch Kronenberg,§ Francesco Dieli,* and Alfredo Salerno*
*Dipartimento di Biopatologia e Metodologie Biomediche, Università di Palermo, Palermo, Italy; †Istituto di
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Abstract: ��galactosylceramide, a natural kil-
ler T cell ligand, and its synthetic homolog,
KRN7000, consistently influence IFN-� and
TNF-� release, both mediators of LPS-induced
shock. To modify the course of endotoxin shock,
we injected KRN7000 at different time points of
experimental systemic Shwartzman reaction. Mice
treated with KRN7000 survived when it was in-
jected within 2 h before and after LPS challenge.
Mice survival was associated with low levels of T
helper 1 (Th1) cytokines, such as IFN-� and
TNF-�. By contrast, protection from endotoxin
shock was associated with an increase of T helper 2
(Th2) cytokines, like IL-4 and IL-10. A role of Th2
cytokines in counteracting LPS-induced shock was
supported by experiments in which the protection
against Shwartzman reaction by KRN7000 was ab-
rogated by in vivo coadministration of anti-Th2
cytokines antibodies. In addition, cytofluorimetric
analysis showed that surviving animals have higher
percentages of NKT-IL-10-positive cells and lower
percentages of NKT-IFN-� and macrophages/TNF-
�-stained cells than nonprotected mice. Taken to-
gether, our data demonstrate that KRN7000 treat-
ment given at times near LPS challenge is protec-
tive for endotoxin shock inhibiting IFN-� and
TNF-� release. Moreover, KRN7000-mediated
protection occurs through an increased production
of IL-4 and IL-10, which are mainly secreted by
NKT cells. Since IFN-� release by NKT requires a
longer TCR stimulation than that required for Th2
cytokines production, we demonstrate that timing
of KRN7000 in vivo exposure affect the pattern of
cytokines expression protecting animals by endo-
toxin shock. J. Leukoc. Biol. 81: 607–622; 2007.
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INTRODUCTION

Endotoxin shock is mainly caused by a huge systemic cytokine
response to Gram-negative bacteria and their characteristic
cell wall component, LPS. The uncontrolled production of Th1

cytokines causes several pathophysiological reactions, which
ultimately form the endotoxic shock syndrome [1]. Because
TNF-� and IFN-� have relevant roles in the lethality of ex-
perimental models of endotoxin shock, neutralization of these
cytokines decreases mortality [1–6]. The critical role of these
cytokines in the pathogenesis of LPS-induced shock was con-
firmed using mice deficient for either of their receptors [7–9].
Proinflammatory cytokines, in particular, TNF-� and IFN-�,
produced by machrophages [1] and NK1� cells [10], play a key
role in the disease pathogenesis.

NK1� cells segregate in two major populations, namely,
NKT and NK cells. NKT cells express the V�14/J�281 gene
segments [1] and represent a T cell subset, which expresses
NK cell markers such as NKR-P1 (NK1.1). NKT cells devel-
opment depends on �2-microglobulin-(�2m)-associated CD1d
and hence, �2m�/� mice lack most, but not all, CD1-restricted
T cells belonging to this cell population [11–16]. Upon stim-
ulation, V�14� NKT cells promptly secrete large amounts of
the type 1 and 2 cytokines, IFN-�, and IL-4, respectively [1].
NK cells develop independently of �2m and produce Th1 and
Th2 cytokines; both cell subsets are abundant in the liver [2].

Accumulating evidence suggests that NK cells participate in
the pathogenesis of LPS-induced shock [17]. V�14� NKT cells
have been demonstrated by our group to play a central role in
the pathogenesis of the generalized Shwartzman reaction [18].
NKT cells are mainly involved in the Shwartzman reaction
elicited by low doses of LPS, whereas NK cells play a promi-
nent role at higher doses of LPS [18]. The relative contribution
of NKT and NK cells might be variably dependent on the
amount of IL-12 produced in response to the doses of LPS
administered. It has been demonstrated that both NK and NKT
cells constitutively express IL-12 receptor [19], although the
expression on NKT cells was higher than that on NK cells [19].
Therefore, the large amount of IL-12 produced by injection of
high doses of LPS in NKT-deficient mice might be sufficient to
activate NK cells to overcome the impairment of NKT cells,
which would be preferentially responsive to lower doses of
IL-12 (and, by extension, of LPS).
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The glycolipid �-Galactosylceramide (�-GalCer), originally
isolated as a natural homolog from marine sponges [20], and its
synthetic homolog, KRN7000, are specifically recognized by
V�14� NKT cells. In vivo treatment with KRN7000 induces a
Th2 or a Th0 cytokine response characterized by variable
amounts of IFN-� and/or IL-4, depending on the time of in vivo
exposure to KRN7000 [21, 22]. In particular, Singh et al. [21]
reported that long-term exposure to KRN7000 (9 days) coad-
ministered with ovalbumin, induced an antigen-specific switch
from Th1 to Th2 cytokines production. Matsuda et al. [22]
showed that KRN7000, given 2 h before animal euthanasia,
induced a systemic release of IL-4, while 6 h of exposure
induced an increase of IFN-�. Moreover, NKT cells TCR
down-regulation, induced by long in vivo exposure to
KRN7000, has been recently demonstrated [23] to drive this
subset to rapid expansion and sustained IFN-� production for
several days after stimulation. Short exposure to �-GalCer
increases mRNA expression of IL-4, IL-2, IL-6, TNF-�, and
IL-10 in intrahepatic lymphocytes [24]. In particular, compar-
ing plasmatic levels of cytokines with mRNA expression in
liver lymphocytes after exposure to �-GalCer, there are two
substantial differences: 1) IFN-� mRNA precedes the plasma
peak of 10 h; 2) in contrast to low plasmatic levels of IL-10, its
mRNA expression is significantly increased 1 h after �-GalCer
treatment [24].

As KRN7000 administration significantly modifies the pat-
tern of cytokines produced by NKT and transactivated NK, we
thought that it could modify endotoxin shock outcome, inhib-
iting production of inflammatory cytokines (TNF-� and IFN-�)
and increasing Th2 cytokines (IL-4 and IL-10). We show in
this report that KRN7000 administration a few hours before
and after LPS challenge decreased lethality in the experimen-
tal systemic Shwartzman reaction, thus demonstrating its pro-
tective effects. These effects could be correlated with the
inhibition of cytokines such as IFN-� and TNF-� and to an
increased IL-4 and IL-10 production.

MATERIALS AND METHODS

Animals

C57BL/6 mice were purchased by Harlan-Nossan (Correzzana, MO, Italy).
They were used at 8-12 wk of age. Each experimental group consisted of 30
male mice. Ten mice from each group were used to test survival to LPS-
induced shock and aspartate aminotransferase/alanine aminotransferase (AST/
ALT) levels. Ten animals were used for cytokine assays and cytofluorimetric
analysis. The remaining 10 mice were used to assess percentages of body
weight loss.

Induction of the experimental systemic
Shwartzman reaction

Mice were injected i.p. with 40 �g of phenol-extracted Escherichia coli- or
Salmonella typhimurium- or Salmonella abortus equi-derived LPS, purchased
by Sigma-Aldrich (Milan, Italy). Twenty-four hours later, mice were challenged
by intravenous injection of 400 �g of LPS dissolved in 0.2 ml of PBS [18].
Negative controls were injected with LPS priming dose and 0.2 ml of PBS i.v.
24 h later or with 0.2 ml of PBS i.p. and 24 h later with LPS challenge dose.
The occurrence of systemic Shwartzman reaction was evaluated, monitoring
animals’ mortality for 7 days after challenge. Each batch of LPS was used to
induce the reaction three times, and results reported in Tables 1–6, are the
mean of three different experiments performed using one of the three different

phenol-extracted preparations of LPS in each reaction. Body weights were
recorded before priming and monitored over a period of 24 h after challenge.
Data were represented as mean percent of control body weight (100%). For in
vivo blocking of cytokines, mice were injected i.p. 2 h before LPS challenge
with 0.5 mg of purified mAb against IL-4 (clone 11B11, rat IgG1; BD
Biosciences, San Josè, CA, USA), or IL-10 (clone JES5-16E3, rat IgG1; BD
Biosciences) or isotype control mAbs (rat IgG1, BD Biosciences).

Serum transaminase

Sera were collected 2 h after LPS challenge in mice treated with KRN7000
before challenge or 2 h after �-GalCer administration in mice treated after
challenge. Serum alanine aminotransferase (ALT; EC 2.6.1.2) and aspartate
aminotransferase (AST; EC 2.6.1.1) were measured by the standard photomet-
ric method using an Hitachi type 7350 automatic analyzer (Hitachi chemical
diagnostic, Freiburg, Germany) and a commercial kit (Sigma-Aldrich, Milan,
Italy) adapted to small sample volumes [24]. As KRN7000 induces liver injury,
we tested sera of mice treated with �-GalCer only for AST and ALT levels. Sera
were collected at the same times of LPS-KRN7000 treatment. �-GalCer-
induced AST and ALT levels were reported in Fig. 1. Normal range of AST
and ALT was obtained testing sera from 10 C57BL/6 mice age- and sex-
matched with animals treated with vehicle used for experimental groups.

KRN7000 treatments

�-GalCer (KRN7000) was kindly provided by R&D Collaboration Pharmaceu-
tical Division, Kirin Brewery Co., Tokyo, Japan. It was injected in mice at
indicated times at a dose of 4 �g i.p. in 400 �l of vehicle (0.025% polysor-
bate), as suggested by Kirin; control mice received only the vehicle. For in
vitro uses, KRN7000 was dissolved at the concentration of 10 ng/ml in RPMI
1640 medium containing 50 �M 2-mercaptoethanol (2-ME), 2 mM L-glu-
tamine, 100 U/ml penicillin/streptomycin, 10 mM HEPES (GIBCO BRL,
Grand Island, NY, USA) and supplemented with 10% heat-inactivated FCS
(GIBCO BRL) (complete medium). Controls of �-GalCer-induced cytokines
production are spleen cells from mice primed, challenged with LPS, injected
with KRN7000, and in vitro reexposed to vehicle (open triangles) and for

Fig. 1. Time course of �-GalCer-induced AST and ALT release. Eight to
twelve weeks old male C57BL/6 mice were injected i.p. with 4 �g of �-GalCer,
diluted as described in Materials and Methods in vehicle, and sacrificed at
indicated time points. AST (}) and ALT (e) activity were measured in plasma
subsequently. Mice injected with the equal volume of vehicle were used as
controls ({ for AST or f for ALT). The figure presents the summary of 3
independent experiments.
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IFN-� production (Figs. 3A and 5A) spleen cells obtained from mice in vivo
primed and challenged with LPS plus vehicle and in vitro reexposed to
�-GalCer. Control cultures were set up using vehicle dissolved in complete
medium.

NKT- and NK-depletion

Spleen cells from treated mice were incubated with �-GalCer/mCD1d-PE-
labeled tetramers using procedures suggested by La Jolla Institute of Allergy
and Immunology. Cells were then incubated with anti-PE-microbeads (Mil-
tenyi, Copenhagen, Denmark). Negative fraction was obtained by immunomag-
netic separation using materials and procedures obtained by Miltenyi. NKT-

fractions were stained with �-GalCer/mCD1d-PE tetramers and checked by
FACS analysis to test whether residual NKT cells are present in negative
fractions. For NK-depletion, spleen cells were incubated with anti-TCR��
mAbs-PE-labeled (Clone H57-597, hamster IgG, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 15’ at 4°C. After two washes in PBS, cells were
incubated with anti-PE microbeads, and the negative and positive fraction
were recovered (Miltenyi, Denmark). Negative fractions were incubated with
pan-NK microbeads (DX5-coated microbeads, Miltenyi). Negative fraction was
recovered after immunomagnetic separation using materials and procedures
obtained by Miltenyi. Purification of NK- and NKT- fractions were 85–90%, as
determined by FACS. The NK- fractions were reconstituted with TCR���

fractions to obtain spleen cells depleted only of NK. NKT-NK- fractions were
obtained by immunomagnetic negative separation for NKT followed by nega-
tive separation for NK. 4 � 105/well unfractionated spleen cells and derived
NKT-, NK-, and NKT--NK- were reexposed in vitro to KRN7000 and used for
cytokines production as described below.

Cytokines production

4�105 cells per well were incubated with or without 10 ng/ml of KRN7000 in
complete medium for 60 h at 37°C in 5% CO2 atmosphere. For measurement
of cytokines levels, either in serum samples or in culture supernatants, we used
IFN-�, IL-4, IL-10, and TNF-� Quantikine Mouse ELISA kits (R&D Systems,
Minneapolis, MN, USA). Detection limits were 5.1 and 4 pg/ml. Serum samples
were collected after 1 h for TNF-�, 6 h for IFN-�, or 2 h from LPS challenge
for IL-10 [25]. Data obtained in sera collected at different time points always
confirm the differences existing between LPS-KRN7000 and LPS vehicle-
treated animals showed in Figs. 2 and 4. Control groups are sex- and age-
matched mice treated with LPS and vehicle at the same time points of
KRN7000. Sera and supernatants from each experimental or control group
were collected by at least 10 mice. Each experimental or control group for
serum and culture supernatant cytokine content was repeated three times with
less than 10% of differences between each test. Data reported represent the
mean of three different experiments.

Preparation of liver mononuclear cells

Liver mononuclear cells were prepared as described [18]. In brief, livers were
minced, passed through a mesh, and suspended in complete RPMI 1640. Cells
were resuspended in 30% Percoll containing 100 U/ml heparin and centri-
fuged at 2,000 rpm for 20 min at room temperature.

Intracellular cytokines detection

After we isolated intracellular cytokines from liver and spleen, the cells were
stained and cultured for 6 h in 3 �M of Monensin (Sigma-Aldrich, Milan,
Italy). Lymphocytes were incubated in PBS 0.1% NaN3 with anti-mouse
CD16/32 mAb (clone 2.4G2) (BD Biosciences) at the mAb and cell concen-
tration, indicated by manufacturer, for 5� at 4°C to avoid nonspecific binding
to FcR�s. Cells were labeled with F4/80-PE-conjugated (CLA3-1, rat IgG2b,
Serotec, Oxford, UK). For separation of F4/80 positive cells, anti-PE-mi-
crobeads (Miltenyi) were added, and positive fractions were collected by
immunomagnetic methods (Miltenyi, Copenhagen, Denmark). After surface
stainings, cells were harvested and fixed with 4% (wt/vol) paraformaldehyde
(Sigma-Aldrich) in PBS for 10 min at room temperature. For intracytoplasmic
staining, fixed cells were resuspended and washed twice with permeabilization
buffer containing 0.1% saponin (Sigma-Aldrich), 1% heat-inactivated FCS and
0.1% NaN3 in PBS. To analyze cytokines in TCR down-regulated NKT,
permeabilized cells were incubated with mCD1d-��GalCer-PE-labeled tet-
ramers or mCD1d-unloaded-PE-labeled, as negative control, after staining for

intracellular cytokines. Permeabilized cells were incubated with FITC-conju-
gated anti-mouse IFN-� mAb (clone XMG1.2, rat IgG1; BD Biosciences) or
FITC-conjugated anti-mouse IL-4 (clone 11B11, rat IgG1; BD Biosciences) or
FITC-conjugated anti-mouse IL-10 (clone JES5-16E3, rat IgG1; BD Bio-
sciences) or FITC-conjugated anti-mouse TNF-� mAb (clone MP6-XT22, rat
IgG1; BD Biosciences). As control, FITC-conjugated isotype mAbs (clone
R3-34, rat IgG1; BD Biosciences) were used. Cells were analyzed with a
FACScanTM flow cytometer (Becton Dickinson, San Josè, CA, USA). Viable
cells were gated by forward and sidescatter; analysis was performed on
100,000 acquired events for each sample.

Statistics

The 	2 and the Student’s t test were used to compare significance of differences
between experimental and control groups.

RESULTS

KRN7000 protects mice from systemic
Shwartzman reaction

We investigated whether KRN7000, injected at different time
points before and after LPS challenge, could protect mice
against endotoxin shock.

Percentages of mortality, transaminase, and body weight loss
in phenol-extracted E. coli LPS-induced shock in C57BL/6
mice were determined. Mice were divided into positive controls
(animals primed and challenged with LPS), negative controls
(animals primed or challenged only), experimental groups
treated with KRN7000 1, 1.5, 2, 6, or 18 h before LPS
challenge and their control groups treated with LPS � vehicle
at the same time points. All C57BL/6 mice survived when
treated with KRN7000 within 2 h before challenge (Table 1),
while groups treated 6 or 18 h before challenge did not survive.
Similar results were obtained with highly purified S. abortus
equi- or S. typhimurium-derived LPS (data not shown), verify-
ing that the reaction was induced by LPS but not other con-
taminating components, such as lipoprotein, present in com-
mercially obtained LPS [25, 26]. Additionally, liver injury
assessed by transaminase levels revealed less AST and ALT in
the sera of KRN7000-protected mice (animals treated within
2 h before challenge) than in nonprotected animals (mice
treated 6 or 18 h before LPS challenge). Another parameter
used to evaluate LPS-induced shock was the assessment of
body weight loss, due to severe dehydration and diarrhea
occurring during Shwartzman reaction. In nonprotected mice,
we observed considerable loss of body weight (8–12%) com-
pared with animals protected against endotoxin shock by
KRN7000 treatments (0–1%). No protection against endotoxin
shock was observed in control groups mock-injected without
KRN7000 (data not shown).

To analyze the effects of KRN7000 in LPS-challenged mice,
we performed experiments shown in Table 2 with mice treated
with KRN7000 30 min, 1, 2, and 3 h after LPS challenge.
Assessment of mortality, scored within 1 wk from challenge, as
shown in Table 2, revealed that C57BL/6 mice, treated within
2 h after challenge, survived to LPS-induced shock, while mice
treated 3 h after challenge died. Surviving mice had lower
AST/ALT levels compared with nonprotected animals. In ad-
dition, nonprotected animals lost higher percentages of weight
when compared with protected animals.
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Thus, KRN7000 treatment is able to prevent the fatal out-
come of an experimental systemic Shwartzman reaction when
administered a few hours before and after LPS challenge.
Protection by KRN7000 occurs only when there is a short in
vivo exposure (no more than 2 h before and after challenge).

Protection correlates with decrease of Th1 and
increase of Th2 cytokines

Because of the possible contribution of endogenous TNF-�,
IFN-�, and IL-10 to LPS-induced shock [18, 25], the systemic
release of these cytokines was analyzed in mice treated with
KRN7000 before LPS-challenge. Sera were collected 1 (TNF-
�), 2 (IL-10), and 6 h (IFN-�) after LPS challenge to detect the
peak of systemic cytokines production. Figure 2 shows a
statistically significant increase of serum TNF-� (Fig. 2A) and
IFN-� (Fig. 2B) levels detected in mice treated 6 or 18 h before
challenge while in the other groups treated within 2 h before
challenge, TNF-� and IFN-� were reduced with respect to
control levels. Serum IL-10 levels (Fig. 2C) were higher in

protected KRN7000-treated mice but lower in nonprotected
animals when compared with controls. Differences between
LPS-KRN7000 and LPS-vehicle-treated animals were repro-
duced without significant differences when tested sera were
collected at different time points following LPS challenge (data
not shown).

The modulation of the cytokine responses in mice treated
with KRN7000 before challenge was confirmed testing IFN-�,
IL-4, and IL-10 produced after in vitro reexposure to ��Gal-
Cer of splenocytes obtained by treated animals. In fact, we
showed that IFN-� levels in culture supernatants were lower in
protected mice (1, 1.5, and 2 h before challenge, Fig. 3A)
when compared with supernatants obtained by spleen cells
from nonprotected animals (6 and 18 h before LPS challenge).
As controls, we used spleen cells from in vivo LPS-KRN7000-
treated mice in vitro reexposed to vehicle (open triangles), and
for IFN-�, we used also lymphocytes from mice primed and
challenged with LPS plus vehicle and reexposed in vitro to
KRN7000 (open circles). IL-4 production reached one peak at

TABLE 1. KRN7000’s Effects in Systemic Shwartzman Reaction: Treatments Before LPS Challenge

Hours before LPS
challenge Deaths/tested Mortality % AST U/L AST U/L

Percent of body
weight loss

Positive controlsa 9/10 90 538 
 101 2034 
 309 9
Negative controlsb 0/10 0 129 
 30 48 
 13 0
Negative controlsc 0/10 0 346 
 36 437 
 35 0

1 0/10 0 428 
 25* 413 
 155* 0
1.5 0/10 0 434 
 35* 419 
 120* 1
2 0/10 0 423 
 44* 515 
 65* 1
6 10/10 100 730 
 105 2042 
 306 12

18 10/10 100 1345 
 151 1848 
 63 8

Results shown were obtained with phenol-extracted E. coli LPS and reproduced using LPS from S. typhimurium or S. abortus equi. Two hours after challenge,
mice were bled and sera were collected by centrifugation for transaminases. Body weights were recorded before and 24 h after challenge. Data are represented
as mean percentages of control body weight (100%) over 24 h. Data are represented as mean percent of control body weight (100%) over 24 h. All AST and ALT
data represent mean values 
 SE obtained from 10 animals. Experiments were repeated 3 times with reproducible outcome. Normal range (
2SD) AST � 54–170
U/L, Normal range ALT � 32–114 U/L. This range was obtained from a pool of sera obtained from sex- and age-matched C57BL/6. * P � 0.001 by the 	2 test
when data obtained from experimental groups were compared to control groups. a Positive controls: LPS primed and challenged mice as reported in Materials and
Methods. b Mice were primed with LPS, as described in Materials and Methods, and 24 h later received 0.2 ml of PBS i.v. c Mice were injected with 0.2 ml of PBS
i.p. and 24 h later challenged with LPS, as described in Materials and Methods section.

TABLE 2. KRN7000’s Effects in Systemic Shwartzman Reaction: Treatments After LPS Challenge

Hours after LPS
Challenge Deaths/tested Mortality % AST U/L ALT U/L

Percent of body
weight loss

Positive controlsa 9/10 90 838 
 115 2034 
 30 10
Negative controlsb 0/10 0 129 
 31 68 
 31 0
Negative controlsc 2/10 20 329 
 73 418 
 37 1

3 10/10 100 1348 
 120 1354 
 58 11
2 0/10 0 590 
 18* 711 
 15* 0
1 0/10 0 539 
 16* 477 
 25* 0
0.5 0/10 0 535 
 19* 588 
 14* 1

Results shown were obtained with phenol-extracted E. coli LPS and reproduced using LPS from S. typhimurium or S. abortus equi. Two hours after challenge
for LPS-treated groups or 2 h after administration of �-GalCer (as described in Materials and Methods) mice were bled and sera collected by centrifugation to test
transaminases and systemic cytokines. Body weights were recorded before and 24 h after challenge. Data are represented as mean percentages of control body
weight (100%) over 24 h. All AST-ALT results represent mean values 
 SE from five to eight animals. Experiments were repeated 3 times with consistent outcome.
Normal range (
2SD) AST � 54–170 U/L; normal range ALT � 32–114 U/L. This range was obtained from a pool of sera obtained from sex- and age-matched
C57BL/6 mice. * P � 0.001 by the 	2 test when data obtained from experimental groups were compared to control groups. a Positive controls: LPS primed and
challenged mice as reported in Materials and Methods. b Mice were primed with LPS, as described in Materials and Methods, and 24 h later received 0.2 ml of
PBS i.v. c Mice were injected with 0.2 ml of PBS i.p. and 24 h later challenged with LPS, as described in Materials and Methods.
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Fig. 3. Cytokine production by spleen cells from LPS-KRN7000-treated mice before challenge and reexposed in vitro to �-GalCer. C57BL/6 mice were injected
with KRN7000 or with vehicle at indicated times before LPS challenge. 2 h after LPS challenge, groups of 10 mice were sacrificed. Pooled spleen cells from each
group were cultured in complete medium with 10 ng/ml of KRN7000 (f) for 60 h at 37°C in 5% CO2 atmosphere. IFN�� (A), IL-4 (B), and IL-10 (C) were
measured in culture supernatants by ELISA. Open triangles () represent the levels of cytokines in mice treated with LPS-KRN7000 at the same times of previously
showed experimental groups treated before challenge, and spleen cells were reexposed in vitro to vehicle. (A) Open circles (�) represent the levels of cytokines
produced by splenocytes of mice treated with LPS and vehicle and reexposed in vitro to �-GalCer. Results reported are the means of 3 different experiments.
**, P � 0.001.

Fig. 2. Cytokines levels in sera of mice treated with KRN7000 before challenge. Groups of 10 mice were injected with KRN7000 or vehicle only from 1 to 18 h
before LPS challenge. Sera were collected from 10 mice of each group 1 h after challenge for TNF-� (A), 6 h after challenge for IFN-� (B), and 2 h after challenge
for IL-10 assay (C) (f). Data reported are the means of serum cytokines content tested for each animal of any group. Differences from cytokines levels detected
in controls and experimental groups were reproduced without significant modifications when tested sera were collected at different time points following LPS
challenge (data not shown). Serum cytokine levels were determined by ELISA. Data are the means of three different experiments. Before LPS challenge, the above
cytokines were undetectable in the sera. Open triangles () represent the values obtained from mice treated with LPS plus vehicle at the same times of experimental
groups treated before challenge. In these control groups, sera were collected after challenge at the same times of experimental groups. **, P � 0.001 *, P � 0.05.
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1.5 h before LPS challenge, and this level was higher than
control (Fig. 3B). IL-10 produced by mice treated with
KRN7000 1.5 or 2 h before challenge was increased when
compared with controls and decreased to values obtained from
controls in mice treated 6 and 18 h before LPS challenge (Fig.
3C).

To investigate whether a similar modification of the pattern
of cytokines production was also observed in mice protected
from endotoxin shock by KRN7000 treatment after LPS chal-
lenge, we tested serum cytokines levels in mice treated with
��GalCer 30 min, 1, 2, and 3 h after challenge. Figure 4
shows that serum TNF-� (A) and IFN-� levels (B) were sig-
nificantly lower in mice protected against endotoxin shock by
KRN7000 treatment within 2 h of LPS challenge and higher in
animals treated with KRN7000 3 h after challenge. Figure 4C
describes IL-10 systemic concentrations: IL-10 levels were
higher in protected animals and lower in nonprotected mice
when compared with controls.

Cytokine responses in mice treated with KRN7000 after
challenge were tested also in culture supernatants obtained by
splenocytes of LPS/KRN7000-treated mice and in vitro reex-
posed to ��GalCer. IFN-� levels in splenocyte supernatants
were low in protected mice (30 min, 1 and 2 h after challenge,
Fig. 5A) and high (3 h after challenge) in spleen cells of non
protected animals. Controls are spleen cells of mice treated
with LPS/KRN7000 in vivo and re-exposed in vitro to vehicle
(open triangles) and lymphocytes obtained from mice treated
with LPS and vehicle in vivo and reexposed in vitro to �-GalCer
(open circles). IL-4 production reached one peak at 1 h after
LPS challenge (Fig. 5B). IL-10 levels were significantly higher
in mice treated with KRN7000 within 2 h and decreased in
mice treated 3 h after LPS challenge (Fig. 5C).

In Fig. 6 are reported data of cytokines production by NKT-,
NK-, NKT--NK-, or unseparated spleen cells obtained from
protected (A) or nonprotected (B) animals to analyze how NK,
NKT, or both cell types contributes to the interleukins produc-
tion in our experimental model. We choose as representatives

two groups of KRN7000-protected animals (1.5 h before chal-
lenge and 1 h after challenge) and two groups of nonprotected
mice (18 h before challenge and 3 h after challenge). In
surviving mice (A), NKT negative fractions produced lower
levels of IL-4 and IL-10 when compared with undepleted or
NK- splenocytes after in vitro reexposure to KRN7000. In
nonprotected mice, IFN-� was produced under control of NK
and NKT cells. In fact, NK- and NKT- fractions from nonpro-
tected mice produce less IFN-� than unseparated spleen cells
(Fig. 6B), suggesting that NK and NKT contribute almost
equally to IFN-� production.

These data suggest that Th2 cytokines production is mainly
due to short T cell receptor stimulation of NKT with little
contribution from NK cells. By contrast, long T cell receptor
stimulation (�2 h of �-GalCer exposure) induces IFN-� pro-
duction by NKT and transactivated NK cells.

Anti-IL-10 and anti-IL-4 in vivo injection modify
KRN7000 protection by endotoxin shock

To confirm the role of Th2 cytokines in KRN7000-mediated
protection against LPS induced shock, we injected a neutral-
izing anti-IL10 mAb 2 h before challenge to test whether
protection by �-GalCer was due to IL-10 production. The
effects of anti-IL-10 mAb administration were determined in
our experimental models of mice treated with KRN7000 either
before (Table 3) or after endotoxin challenge (Table 4).

Our data, shown in Tables 3 and 4, indicate that the action
of KRN7000 in LPS-induced shock is inhibited after IL-10
neutralization, as most mice succumbed to endotoxin shock
when anti-IL10 mAbs was coadministered in KRN7000-pro-
tected groups (data in bold in Table 3 and 4). Assessment of
serum transaminase activity and weight loss supports percent-
ages of mortality data. �-GalCer-induced protection wasn’t
modified by isotype control mAbs treatment (data in brackets).

Tables 5 and 6 describe protection against endotoxin shock
induced by KRN7000, which can also be reverted by anti-IL-4
mAbs treatments either after priming (Table 5) or after chal-

Fig. 4. KRN7000’s effects on systemic release of cytokines by mice challenged with LPS. Mice challenged with LPS were injected with KRN7000 or vehicle at
indicated times after challenge. Sera of 10 mice for each experimental group were collected 4 h for TNF-� (B), 6 h for IFN-� (A), and 4 h for IL-10 (C) after
challenge (f). Data reported are the means of serum cytokine content tested for each animal of any group. Open triangles () represent the values obtained from
sera of mice treated with LPS plus vehicle at the same times of experimental groups. Serum cytokine levels were determined by ELISA. Data represented are the
means of 3 different experiments. Before LPS challenge, the above cytokines were undetectable in the sera. Differences from cytokine levels detected in controls
and experimental groups were reproduced without significant modifications when sera tested were collected at different time points after LPS challenge (data not
shown). **, P � 0.001, *, P � 0.05.
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Fig. 5. KRN7000 in vitro reexposure induces poor IFN� but high IL-4 and IL-10 production by spleen cells from LPS challenged-��GalCer-protected mice.
C57BL/6 mice were injected at indicated times after LPS challenge with KRN7000 or with vehicle. One hour after �-GalCer administration, groups of 10 mice
were sacrificed. Pooled spleen cells from each group were cultured in complete medium with 10 ng/ml of KRN7000 (f) or vehicle () for 60 h at 37°C in 5%
CO2 atmosphere. IFN-� (A), IL-4 (B) and IL-10 (C) were measured in cultured supernatants by ELISA assays. Open triangles represent cytokine levels in mice
primed, challenged with LPS, treated with KRN7000 and reexposed in vitro to vehicle. (A) Open circles (�) represent the levels of cytokines produced by
splenocytes of mice primed, challenged with LPS plus vehicle, and reexposed in vitro to �-GalCer. Results reported are the means of 3 different experiments.
**, P � 0.001.

Fig. 6. Cytokine production by NKT-negative and NK-negative fractions of protected and nonprotected mice. Spleen cells from KRN7000-protected (A) or
nonprotected mice (B) were depleted of NKT and/or NK cells by immunomagnetic methods. NKT- and NK- fractions were obtained from protected or nonprotected
mice. 4 � 105 of separated or unseparated cells were reexposed in vitro to �-GalCer or vehicle dissolved in complete medium for 60 h at 37°C in 5% CO2

atmosphere. Cultured supernatants were tested for cytokines content by Quantikine ELISA kits. No significant difference in cytokines levels was detected testing
both protected (treated with KRN7000 1.5 h before challenge or 1 h after challenge) or nonprotected groups (treated 18 h before challenge or 3 h after challenge).
Data shown are the means of 3 different experiments.
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lenge (Table 6). Also, in these tables, data obtained injecting
anti-IL-4 are shown in bold, whereas data obtained using
control mAb are shown in brackets.

Thus, our results suggest that protection against systemic
Shwartzman reaction due to KRN7000 is caused by an increase
of IL-4 and IL-10.

NKT�-IL-10� cells increase in KRN7000-
protected mice whereas NKT�-IFN-�� cells
increase in a-GalCer-nonprotected mice

NKT cells have a relevant but not well-defined role in the
immunopathogenesis of the generalized Shwartzman reaction
[18].

We next investigated whether in our model, NKT cells
activated by LPS-KRN7000 in vivo, could be involved in
cytokines production relevant for the protection by endotoxin
shock.

It has been recently shown that in vivo exposure to
KRN7000 down-regulated TCR expression on NKT cells lead-
ing to both intracellular IL-4 and IFN-� within 2 h of treat-
ment, while from 6 to 72 h after �-GalCer injection intracyto-
plasmic IL-4 in NKT was lost [23].

Taking into account previous described evidence, before
testing intracellular cytokines in NKT in our model, we ana-
lyzed whether down-regulation of TCR in NKT occurs in LPS-
treated mice too. Spleen cells from controls and treated mice
were stained with surface �� TCR mAbs vs. CD1d/KRN7000
tetramers. We found a transient down-regulation of surface ��
TCR in CD1d/KRN7000-positive cells with a peak from 6 to
72 h of treatment with ��GalCer (data not shown).

To further explore the role of TCR down-regulated NKT in
the production of Th2 cytokines, we stained spleen cells from
protected or nonprotected mice by double intracellular staining
for IL-10 and CD1d/KRN7000 tetramers. Animals treated with

TABLE 3. Effects of Anti-IL-10 on KRN7000-induced Protection by LPS Shock: Treatments Before LPS Challenge

Hours before LPS
challenge Deaths/tested Mortality % AST U/L ALT U/L

Percent of body
weight loss

Positive controlsa 9/10 90 538 
 101 1154 
 307 9
Negative controlsb 0/10 0 129 
 30 118 
 31 0
Negative controlsc 0/10 0 146 
 36 137 
 51 0

1 9/10 90 (10) 720 
 101 (263 
 33)* 1151 
 255 (253
57)* 7 (1)
1.5 10/10 100 (10) 442 
 151 (241 
 28)* 407 
 46 (226
28)* 10 (0)
2 9/10 90 (10) 635 
 85 (235 
 49)* 545 
 45 (231
56)* 9 (1)
6 10/10 100 380 
 15 242 
 26 12

18 10/10 100 545 
 15 448 
 16 8

Results shown were obtained with phenol-extracted E. coli LPS and reproduced using LPS from S. typhimurium or S. abortus equi. Two hours after challenge
mice were bled and sera were collected by centrifugation for transaminases. Body weights were recorded before and 24 h after challenge. Data are represented
as mean percentages of control body weight (100%) over 24 h. Data are represented as mean percent of control body weight (100%) over 24 h. All AST and ALT
data represent mean values 
 SE obtained testing sera of 10 animals. Experiments were repeated 3 times with reproducible outcome. Normal range (
2SD) AST �
54–170 U/L; Normal range ALT � 32–114 U/L. This range was obtained from a pool of sera obtained from sex- and age-matched C57BL/6. Data obtained from
injecting 2 h before challenge isotype control mAbs i.p. (0.5 mg of rat IgG1 dissolved in 0.2 ml of PBS) are shown in brackets while data obtained injecting 0.5
mg of anti-IL-10 (JES5-16E3) are shown in bold. * P � 0.001 by the 	2 test when data obtained from experimental groups were compared to control groups.
a Positive controls: LPS primed and challenged mice as reported in Materials and Methods. b Mice were primed with LPS, as described in Materials and Methods,
and 24 h later received 0.2 ml of PBS i.v. c Mice were injected with 0.2 ml of PBS i.p. and 24 h later challenged with LPS, as described in Materials and Methods.

TABLE 4. Effects of Anti-IL-10 on KRN7000-Induced Protection by LPS Shock: Treatments After LPS Challenge

Hours after LPS
challenge Deaths/tested Mortality % AST U/L ALT U/L

Percent of body
weight loss

Positive controlsa 9/10 90 738 
 105 1541 
 114 10
Negative controlsb 0/10 0 69 
 13 38 
 23 0
Negative controlsc 1/10 10 119 
 33 218 
 73 1

3 10/10 100 346 
 12 454 
 35 11
2 10/10 100 (0) 510 
 83 (258 
 11)* 751 
 95 (241
16)* 9 (0)
1 9/10 90 (0) 425 
 75 (241 
 9)* 947 
 105 (242
13)* 8 (0)
0.5 10/10 100 (0) 535 
 85 (265 
 12)* 848 
 45 (252
12)* 11 (1)

Results shown were obtained with phenol-extracted E. coli LPS and reproduced using LPS from S. typhimurium or S. abortus equi. Two hours after challenge
or 2 hours after �-GalCer administration mice were bled and sera were collected by centrifugation for transaminases. Body weights were recorded before and 24 h
after challenge. Data are represented as mean percent of control body weight (100%) over 24 h. All AST/ALT results represent mean values 
 SE obtained testing
sera of 10 animals for experimental and control groups. Experiments were repeated 3 times with reproducible outcome. Normal range (
2SD) of AST � 54–170
U/L, Normal range (
2SD) of ALT � 32–114 U/L. This range was obtained from a pool of sera obtained from sex- and age-matched C57BL/6 mice. Data obtained
from injecting 2 h before challenge isotype control mAbs i.p. (0.5 mg of rat IgG1 dissolved in 0.2 ml of PBS) are shown in brackets; results obtained using anti-IL-10
(JES5-16E3) are shown in bold. * P � 0.001 by the 	2 test when data obtained from experimental groups were compared to control groups. a Positive controls:
LPS primed and challenged mice as reported in Materials and Methods. b Mice were primed with LPS, as described in Materials and Methods, and 24 hours later
received 0.2 ml of PBS i.v. c Mice were injected with 0.2 ml of PBS i.p. and 24 hours later challenged with LPS, as described in Materials and Methods.
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KRN7000 1.5 h (protected) and 18 h (nonprotected) before
challenge and mice treated 1 h (protected) and 3 h (non
protected) after LPS challenge were chosen as representatives
of different responses to KRN7000 in vivo treatments. Spleens
were removed 1 h after elicitation for KRN7000-treated groups
before challenge or 1 h after �–GalCer administration in mice
treated after challenge. Spleen cells from naive animals were
stained as lymphocytes from experimental groups and called
T0. Intracellular stainings with CD1d/KRN7000 tetramers and
anti IL-10 mAb (Fig. 7B) were compared with intracellular
labeling with unloaded CD1d tetramers and anti–IL-10 mAbs
(Fig. 7A). IL-10-positive cells increased in mice treated 1.5 h
before (14.67%) or 1 h after challenge (15.07%) when com-
pared with naive controls (2.35% in T0) or spleen cells from
unprotected mice treated with KRN7000 18 h before challenge
(4.08%) or 3 h after challenge (5.11%) (A). In Fig. 7B, an
increase of NKT-IL-10 double-positive cells was detected by

higher percentages of CD1d/KRN7000 tetramers and IL-10
intracellular stained cells when NKT from protected animals
were compared with unprotected animals. In the spleen of mice
protected by KRN7000 before challenge, 6% are NKT-IL-10�

while in unprotected 2.7% are double-positive cells. This
increase of NKT-IL-10-positive cells was also evident when
KRN7000-induced protection occurred in mice treated with
�–GalCer after challenge (7.01% in mice treated 1 h after
challenge vs. 3.1% in mice treated 3 h after challenge).

FACS panels showed in Fig. 8B provide evidence that
NKT�IFN-�� cells are increased in �-GalCer unprotected
mice. Mice were treated with KRN7000 or 1.5 and 18 h before
challenge or 1 and 3 h after challenge. Animals were sacrificed
1 h after LPS challenge in groups treated with KRN7000 before
challenge or 1 h after �-GalCer administration in animals
treated with KRN7000 after challenge. Spleen cells from naive
animals were used as T0 controls and stained by the same

TABLE 5. Effects of anti-IL-4 on KRN7000-induced Protection by LPS Shock: Treatments Before LPS Challenge

Hours before LPS
challenge Deaths/tested Mortality % AST U/L ALT U/L

Percent of body
weight loss

Positive controlsa 9/10 90 538 
 101 1154 
 307 9
Negative controlsb 0/10 0 229 
 30 218 
 31 0
Negative controlsc 0/10 0 246 
 36 237 
 51 0

1 9/10 90 (10) 480 
 95 (263 
 13)* 985 
 155 (253 
 27)* 8 (1)
1.5 9/10 90 (10) 462 
 80 (241 
 38)* 820 
 120 (226 
 48)* 11 (0)
2 9/10 90 (10) 508 
 85 (235 
 39)* 725 
 65 (231 
 36)* 11 (1)
6 10/10 100 830 
 15 942 
 26 12

18 10/10 100 1145 
 115 1248 
 116 8

Results shown were obtained with phenol-extracted E. coli LPS and reproduced using LPS from S. typhimurium or S. abortus equi. Two hours after challenge
mice were bled and sera were collected by centrifugation for transaminases. Body weights were recorded before and 24 h after challenge. Data are represented
as mean percentages of control body weight (100%) over 24 h. Data are represented as mean percent of control body weight (100%) over 24 h. All AST ALT results
represent mean values 
 SE from five to eight animals. Experiments were repeated 3 times with reproducible outcome. Normal range (
2SD) AST � 54–170 U/L;
normal range ALT � 32–114 U/L. This range was obtained from a pool of sera obtained from sex- and age-matched C57BL/6. Data obtained injecting mice 2 h
before challenge isotype control mAbs i.p. in animals (0.5 mg of rat IgG1 dissolved in 0.2 ml of PBS) are shown in brackets, while results obtained injecting 0.5
mg of anti-IL-4 per mouse (11-B-11) are shown in bold. * P � 0.001 by the 	2 test when data obtained from experimental groups were compared to control groups.
a Positive controls: LPS primed and challenged mice as reported in Materials and Methods. b Mice were primed with LPS, as described in Materials and Methods,
and 24 hours later received 0.2 ml of PBS i.v. c Mice were injected with 0.2 ml of PBS i.p. and 24 hours later challenged with LPS, as described in Materials and
Methods.

TABLE 6. Effects of Anti-IL-4 on KRN7000-Induced Protection by LPS Shock: Treatments After LPS Challenge

Hours after LPS
challenge Deaths/tested Mortality % AST U/L ALT U/L

Percent of body
weight loss

Positive controlsa 10/10 100 438 
 105 941 
 114 10
Negative controlsb 0/10 0 169 
 13 138 
 23 0
Negative controlsc 1/10 10 219 
 33 218 
 73 1

3 10/10 100 346 
 12 454 
 35 11
2 10/10 10 (0) 450 
 80 (258 
 11)* 610 
 65 (341 
 16)* 10 (0)
1 9/10 90 (0) 525 
 90 (341 
 29)* 420 
 95 (442 
 33)* 9 (0)
0.5 9/10 90 (0) 550 
 85 (265 
 12)* 355 
 60 (252 
 12)* 9 (1)

Results showed in this table were obtained with phenol-extracted E. coli LPS and reproduced using LPS from S. typhimurium or S. abortus equi. Two hours after
challenge or 2 h after �-GalCer administration, mice were bled and sera were collected by centrifugation for transaminases. Body weights were recorded before
and 24 h after challenge. Data are represented as mean percent of control body weight (100%) over 24 h. All AST/ALT results represent mean values 
 SE obtained
testing sera of 10 animals for each group. Experiments were repeated 3 times with reproducible outcome. Normal range (
2SD) AST � 54–170 U/L; normal range
ALT � 32–114 U/L. This range was obtained from a pool of sera obtained from sex- and age-matched C57BL/6 mice. Data obtained injecting mice 2 h before
challenge isotype control mAbs i.p. (0.5 mg of rat IgG1 dissolved in 0.2 ml of PBS) are shown in brackets, results obtained using anti-IL-4 (11-B-11) are shown
in bold. * P � 0.001 by the 	2 test when data obtained from experimental groups were compared to control groups. a Positive controls: LPS primed and challenged
mice as reported in Materials and Methods, and 24 h later received 0.1 ml of PBS i.v. b Mice were primed with LPS, as described in Materials and Methods, and
24 h later received 0.2 ml of PBS i.v. c Mice were injected with 0.2 ml of PBS i.p. and 24 h later challenged with LPS, as described in Materials and Methods.
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Fig. 7. Reduction of IL-10-NKT double-positive cells in spleens of protected mice. Mice were treated with KRN7000 before or after LPS challenge at indicated
times. They were sacrificed 1 h after elicitation (in groups treated with KRN7000 before challenge) or 1 h after �-GalCer administration (groups treated with
�-GalCer after challenge). Spleen cells from protected (1.5 h before challenge and 1 h after challenge) or unprotected (treated 18 h before challenge and 3 h after
challenge) mice were labeled with FITC-conjugated anti-mouse IL-10 and unloaded CD1d-PE-labeled (A) or CD1d/��GalCer tetramers-PE-labeled intracellular
double staining (B). Samples represented in panels signed T0 received the same staining procedure described for each panel, but the cells were obtained by sex-
and age-matched naive animals. Similar results were obtained in three different experiments.
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Fig. 8. Increase of IFN-��-NKT� cells in spleens of unprotected mice. Mice were treated with KRN7000 before or after LPS challenge at indicated times. They
were sacrificed 1 h after elicitation (in groups treated with KRN7000 before challenge) or 1 h after �-GalCer administration (groups treated with �-GalCer after
elicitation). Spleen cells from protected (1.5 h before challenge and 1 h after challenge) or unprotected (treated 18 h before challenge and 3 h after challenge) mice
were labeled with FITC-conjugated anti-mouse IFN-� and unloaded CD1d-PE-labeled (A) or CD1d/��GalCer tetramers-PE-labeled intracellular double staining
(B). Samples represented in panels signed T0 received the same staining procedure described for each panel, but the cells were obtained by sex- and age-matched
naive animals. Similar results were obtained in 3 different experiments.
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Fig. 9. Liver and spleen machrophages with intracellular TNF-� in protected and nonprotected animals. Spleen and liver mononuclear cells from protected or
nonprotected mice were incubated with anti-mouse CD16-CD32 for 5� at 4°C to block Fc bindings, followed by incubation with anti-F4/80-PE-labeled mAb. Cells
were then fixed in PBS/paraformaldehyde. FITC-Rat IgG1, as isotype control (A) or anti-TNF���FITC-labeled mAbs (B) were used to detect cytokine content
in permeabilized cells. Similar results were obtained in 3 independent experiments. Panels signed T0 received the same staining procedure, but the cells were
obtained from sex- and age-matched naive animals.
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procedures used for experimental groups. Cells were stained
with intracellular anti-IFN-� mAbs-FITC-conjugated and in-
tracellular unloaded CD1d-PE-labeled tetramers (Fig. 8A) or
CD1d/�-GalCer tetramers (Fig. 8B) to detect NKT�-IFN-��

cells during LPS-KRN7000 treatments. More IFN-�� cells
were detected in unprotected mice either when KRN7000 was
injected before challenge (14.2%) or when KRN7000 was
injected after challenge (16.1%), while low percentages of
IFN-�� cells were detected in mice protected by KRN7000
either before challenge (5.9%) or after challenge (6.2%).

When these groups were stained with intracellular CD1d/�-
GalCer tetramers-PE-labeled and anti-IFN-�-FITC-labeled,
we detected more NKT-IFN-�� either in groups of mice treated
with KRN7000 before challenge (6.5% in unprotected vs.
2.7% in protected animals) or in experimental groups treated
with KRN7000 after challenge (7.9% in unprotected vs. 3.1%
in protected animals).

When intracellular IL-4 was tested in NKT, we found more
NKT/IL-4 double-positive cells in protected than in nonpro-
tected animals (data not shown). Almost the same differences
between protected and nonprotected groups were obtained
when liver mononuclear cells were analyzed (data not shown).

These data suggested to us that NKT cells are involved in
the production of Th2 cytokines after short (within 2 h) in vivo
exposure to KRN7000 before and after LPS challenge, thus
contributing to protection in Shwartzman reaction.

Decrease of F4/80� and F4/80�-TNF-�� in
protected mice

As TNF-� production was shown to be crucial for the patho-
genesis of systemic Shwartzman reaction, we investigated
whether more TNF-�-producing macrophages (F4/80�-
TNF-�� cells) were present in nonprotected compared with pro-
tected animals. Spleen- and liver-derived mononuclear cells from
KRN7000-LPS-treated mice were therefore stained with a com-
bination of surface F4/80-PE-labeled and intracytoplasmic TNF-
�-FITC-conjugated mAbs (Fig. 9B), or an isotype control mAb
for anti-TNF-� (Fig. 9A). As shown in Fig. 9B, the percentages of
hepatic F4/80�-TNF-�� cells were higher in nonprotected
(42.1%) than in protected animals (26.19%), and a similar pattern
of staining was observed in the spleen (7.16% in nonprotected vs.
2.64% in protected animals).

In addition, we estimated (Fig. 10) the number of F4/80�

cells during KRN7000 treatment before (A) and after endotoxin
challenge (B).We detected higher numbers of machrophages in
nonprotected (4.5–5.5�105 per liver) than in protected ani-
mals (1–2�105 per liver of F4.80� cells). These data, com-
bined with cytofluorimetric analysis (percentages of F4/80�-
TNF-�� cells in liver and spleen), allowed us to calculate the
absolute numbers of machrophages positive for intracellular
TNF-� in the liver of protected or nonprotected mice: �2.6 �
104 F4/80�-TNF-�� cells per liver were counted in protected
C57BL/6 mice, compared with �1.2-2.4 � 105 found in non-
protected ones.

These data suggested that a Th1 cytokines-and/or chemo-
kines-mediated change in the numbers of F4/80�-TNF-��

cells in murine liver and spleen could be the cause of the
KRN7000-modulated inflammatory responses culminating in
endotoxin shock.

DISCUSSION

We hereby provide evidence that KRN7000 can exert protec-
tive effects against experimental systemic Shwartzman reac-

Fig. 10. Total number of liver F4/80� cells in KRN700-LPS-treated mice.
F4/80� cells were separated 4 h after challenge from mononuclear cells
obtained from livers using anti-F4/80-PE-labeled mAbs plus anti-PE-mi-
crobeads. Separation protocols and materials were furnished by Miltenyi. (A)
Numbers of living F4/80� cells obtained treating mice with KRN7000 before
LPS challenge. (B) Mean values of living machrophages obtained by mice
treated after endotoxin challenge. After immunomagnetic separations, cells
were counted using 0.05% Trypan blue dye exclusion to include as experi-
mental values only living cells. Each experiment was repeated three times. The
differences in numbers from each experiment were less than 10%. *, P � 0.05.
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tion. The novelty of our findings is that in vivo treatment with
�-GalCer when administered within 2 h before or after lipo-
polysaccharide challenge could modify a potent signaling path-
way like that induced by LPS; moreover, KRN7000 causes
direct damage to liver and, also through indirect effects on
other immune cells, alters the response to endotoxin when
administered early in the LPS challenge.

Protection from the endotoxin shock was achieved when
mice were treated with KRN7000 within 2 h before and after
LPS challenge. Interestingly, however, when KRN7000 was
given 3 h after challenge or 6 to 18 h before challenge, we
detected an increased production of IFN-� and, mostly impor-
tant, no protection from the lethal Shwartzman reaction was
achieved. KRN7000 is known to induce a cytokine storm,
particularly in the liver [24]. It seems reasonable to speculate
that treatment of mice with KRN7000, depending on the timing
of in vivo exposure, results in the activation of NKT and,
indirectly, of NK cells. This activation produced an increased
ratio of IFN-�/Th2 (IL-4 and IL-10) cytokines from 6 to 72 h
of KRN7000 exposure [23]. In fact, when in vivo exposure
occurred within 2 h from LPS challenge, NKT cells became
Th2-polarized, while 3 to 18 h of exposure to ��GalCer
induced IFN-� production. In our model, the timing of Th1
polarization after in vivo administration of KRN7000 (from 6 to
72 h) confirmed the data of TCR down-regulation in NKT
associated with the cytokines burst [23]. Our results confirm
that temporal differences in interleukins production may po-
tentially be a key event for the different types of responses to
whom NKT are associated. For example, NKT cell responses
requiring IL-4 and/or IL-10 production only occur within hours
of NKT cell activation. This may limit the number and type of
cells interacting with NKT cell-derived IL-4 and/or IL-10. In
contrast, NKT cell responses requiring IFN-� production may
evolve for subsequent hours/days and may influence the dif-
ferent cell types that encounter or remain in contact with NKT
cells at later stages. It should be emphasized that NKT cells
are thought to primarily act as initiators of immune responses
involving downstream effector cells that also produce cyto-
kines. IFN-�, produced by NKT cells activated by in vivo
treatment with KRN7000, could sequentially activate NK and
other subsets that enhance IFN-� production. Smyth et al., who
studied the antimetastatic effects of �-GalCer, described a
sequential production of IFN-� by NKT and NK [27].
KRN7000 could activate NKT and, indirectly, NK cells pre-
viously activated by LPS treatments. The reduced IFN-� pro-
duction in NKT- and NK-depleted spleen cells from
KRN7000-nonprotected mice implies the possibility that both
cell types (NKT,NK), which contribute to Th1-driven patho-
genesis of LPS-induced shock. The fact that NK cell-depleted
C57BL/6 mice or mice that have their NKT-APC interaction
blocked produce significantly reduced amounts of IFN-� and
TNF-� when challenged with LPS compared with mice treated
with LPS alone suggests that NK/NKT numbers and IFN-�/
TNF-� are chief perpetuators of LPS shock [10].

Another possibility is that both NKT and NK cells, produc-
ing IFN-� and/or Th2 cytokines modulate endotoxin shock.
This hypothesis is confirmed by two previous studies. Vinay et
al. [10] described a model in which CD137-deficient mice,
having reduced numbers and impaired functions of NK/NKT,

are resistant to LPS-induced shock. In particular, Vinay et al.
[10] observed that in wild-type mice, induction of septic shock
was completely reversed by depletion of NK or blockade of
NKT-APC interactions, strongly suggesting that a reduction of
NK number and functions or defective NKT-APC interaction,
significantly affect the outcome of endotoxin shock. These data
therefore support this report and our and other studies previ-
ously published, suggesting that NK [25] and NKT [18] could
play an essential role in Shwartzman reaction.

Matsuda et al. [22] found that KRN7000-treated naive ani-
mals produced IL-4 after 2 h, while IFN-� was produced by
naive mice 6 h after KRN7000 injection. As in Matsuda’s
paper, we found a different pattern of cytokine production
depending on the time of KRN7000 exposure. It could be
possible that short treatment induces transient interactions
between NKT and APC. This cross-talk might be sufficient to
activate Th2 genes transcription, but it couldn’t be enough for
secretion of IL-12 levels necessary to activate also NK cells,
inducing IFN-� production. By contrast, longer exposure to
NKT ligand induces more IL-12, activating also NK that con-
tribute to the production of IFN-� in nonprotected animals.

The role of Th2-cytokines in the KRN7000-induced protec-
tion against disease is confirmed by experiments in which
anti-IL-10 or anti-IL-4-neutralizing mAbs reverted protective
effects by NKT ligand. These data are in agreement with
previous findings [28, 29] demonstrating that endotoxin toler-
ance and subsequent survival were associated with an increase
of IL-4 and IL-10 release.

The increased number of NKT cells producing Th2 cyto-
kines (IL-4 and IL-10), detected either in spleen and liver of
mice treated with KRN7000 before and after LPS challenge
confirms that protection is accompanied by higher percentages
of NKT producing IL-10 and IL-4. In particular, increased
NKT-IL-10 double-positive cells after short (protective)
�–GalCer exposure is supporting published data about a model
of KRN7000-induced hepatitis in which early mRNA for IL-10
and IL-4 in intrahepatic lymphocytes were detected [24].

Increased levels of IFN-� were associated to systemic re-
lease of TNF-�. Moreover, IFN-� produced by KRN7000-
activated NKT and NK cells, could therefore contribute to the
extent of LPS-induced macrophage activation. This activation
is accompanied by an increased systemic release of TNF-�,
which is ultimately responsible for the endotoxic shock.

It was reported that �-GalCer induces liver injury in
C57BL/6 mice [24]. This tissue damage is characterized by an
early release of plasmatic IL-4, IL-2, IL-6, and TNF-� (within
4 h from glycolipid injection) and a subsequent peak of IFN-�
(after 12 h) that is accompanied with increase of ALT (after
18 h of treatment). In another model [33], it was shown that
NKT cells exposed in vitro to LPS, produce IFN-� in a dose-
dependent fashion. In our paper, time course of LPS-KRN7000
treatment provoking different effects on endotoxin shock could
be due to opposing factors operating at different times. In the
early phase of treatment (within 2 h before and after challenge),
�-GalCer could induce secretion only of Th2 cytokines (IL-4
and IL-10) that protect animals from endotoxin shock. LPS in
protected animals isn’t able to induce IFN-� release for at least
three reasons: 1) in mice only primed, the dose of LPS is too
low to induce IFN-� release after few hours, but at 6–18 h of,
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animals may also accumulate IL-12 released by LPS-activated
machrophages and dendritic cells which, in turn, activates
many NKT and NK to produce IFN-�; 2) either in primed or in
challenged animals, after 3–18 h of �-GalCer injection, there
would be an exhaustion of the inhibitory effects of Th2 cyto-
kines on TNF-� release and, consequently, an increased IFN-�
production; 3) the time course of exposure to �-GalCer nec-
essary to have peak of plasmatic levels of IFN-� is 12 h,
although probably in challenged mice exposed to 400 �g of
LPS, 3 h of �–GalCer exposure after elicitation could be
sufficient to induce IFN-� production.

Because shock is LPS mediated, we next studied machroph-
ages activation that plays a key role in the immunopathogen-
esis of Shwartzman reaction [1]. Macrophages that had intra-
cellular “stores” of TNF-� increased in percentage and num-
ber, which thus contributed to the death of nonprotected
animals. The increased number of F4/80-positive cells sug-
gests that secretion of chemokines and expression of their
relative receptors, responding to inflammatory molecules re-
leased during shock, could attract more macrophages to the
sites of reaction like the spleen and liver. In fact, it has been
shown by previous studies [31] that NKT cell-derived RANTES
could recruit F4/80� cells in inflamed tissues.

What is the role of TNF-� produced by NKT cells in the
Shwartzman reactions or LPS toxicity? Injection of �-GalCer
and LPS may trigger both NKT cells and macrophages to
secrete consistently increased amounts of TNF-�, which is an
important mediator of the Shwartzman reactions and has been
reported to exert toxicity to liver cells, even in the absence of
IFN-� [24].

As CD1d molecules are nonpolymorphic and remarkably
well conserved among species, the preferential induction of
IL-4/IL-10 production through NKT activation and subsequent
Th2-polarization suggest that KRN7000 may be an attractive
immunomodulating agent useful for Th1-mediated severe dis-
eases in humans.

In conclusion, our data suggest that KRN7000, activating
NKT and indirectly NK, confers protection against the lethal
manifestations of the experimental systemic Shwartzman reac-
tion depending on the timing of in vivo exposure to KRN7000.
When these subsets produce IFN-� and TNF-�, the animals
die, whereas IL-4 and IL-10 release seems to be responsible
for protection. This KNR7000-mediated modulation of endo-
toxin shock strongly depends on the time of KRN7000 in vivo
administration either in LPS-primed or -challenged mice.
Probably, short �-GalCer exposure is able to induce Th2
cytokines, while long exposure to NKT ligand induces Th1
cytokines and sequentially NK-derived IFN-�. This effect
could depend by time of TCR of NKT activation, as it was
suggested that “short” activation of NKT TCR induces Th2
cytokines, while longer TCR activation in NKT might be able
to induce Th1 cytokines [21, 22]. A deeper analysis on che-
mokines and their receptors in our model could be necessary to
clarify the mechanism of tissue damage. Therefore, our study
could provide useful insights for the design of immune modu-
lation strategies based on treatments with natural and synthetic
NKT ligands.
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