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SDZ MRL 953, a novel
synthetic lipid A analogue,
induces tolerance to
the lethal effects of
endotoxin and enhances
nonspecific immunity
C HARLES lAM, PHD , MRC PATHOL, EBERHARD SCHUlZE, D VM , EMMANUEL QuAKYI, D VM , PHD,
EKKE LIEHL, PH D, PETER STOTZ, PHD

CLAM, E ScHtiTZE, E QuAKYI, E LIEm., P STOTZ. SDZ MRL 953, a novel synthetic lipid A analogue, induces

tolerance to the lethal effects of endotoxin and enhances nonspecific immunity. Can J Infect Dis
1992;3(Suppl B):94B- IOOB. Despite the availability of potent antimicrobials, shock due to Gram-negative
rod sepsis remains an important clinical concern in immunosuppressed patients. Current strategies for
treating septic shock by removal of endotoxin (lipopolysaccharides [LPS]) or putative mediators have only
been partially effective. An attractive alternative appears to be the induction ofhyporesponsiveness to LPS
by synthetic lipid A analogues. SDZ MRL 953, a novel prototype of lipid A analogues. was examined for its
ability to induce early-phase tolerance against experimental endotoxemia in mice following single or
multiple administrations 2, 24, or 72 h before challenge. The analogue protected mice against a lethal dose
of LPS or infections in a time- and dose-dependent manner. Maximum effects were observed in an imals
pretreated with SDZ MRL 953 on three consecutive days before the LPS challenge or m icrobial inoculation .
To examine the mechanisms involved, peritoneal macrophages from the tolerant mice were monitored ex
v1vo for the release of tumour necrosis factor (TN F) and killing of an isolate of Escherichia colL It was found
that macrophages from endotoxin-tolerant mice produced only a fraction of the TNF released by cells from
control groups in response to LPS. However, the killing of E coli by the macrophages was enhanced . In
conclusion, SDZ MRL 953 may have a prophylactic potential in reducing the risk of endotoxic shock in
traumatized or in myelosuppressed patients.
Key Words: Endotoxin tolerance, Resistance to Lnjection, SDZ MRL 953

Un novel analogue synthetique du lipid A, le SDZ MRL 953, induit Ia tolerance aux
effets letaux de l'endotoxine et ameliore l'immunite non-specifique
RESUME: En depit de Ia disponibilite d'antimicrobiens puissants, le choc du a une infection a Gram-negalif
demeure une preoccu pation clinique importante chez les patients immuno-supprimes. Les strategies
actuelles pour traiter le choc septique par Ia neutralisation d'endotoxines (LPS) ou de mediateurs potentiels
n'ont ete que partiellement efficaces . Une solution de rechange attrayante serait de reduire Ia reponse aux
LPS a !'aide d'analogues synthetiques des lipid A. Le SDZ MRL 953, un nouveau prototype d'analogue de
lipid A administre en une ou plusieurs doses a ete investigue pour savoir s'il pouvait induire une tolerance
a l'endototoxin e au debut d'une endotoxemie experimentale chez Ia souris. Le lipid A a ete administre 2

Sandoz ForschungsLnstitut. A-1235 Vienna, Austria.
Correspondence and reprLnts: Dr CLam. Sandoz Research Institute. Brunner Strasse 59. A -1235 Vienna, Austria. Telephone
43-222-867511 -567, Fax 43-1-86634-582

94B

CAN

J

INFECT DIS VOL

3 SUPPL B AUGUST 1992

USE

Y·DO OTCOPY

SDZ MRL 953 induces tolerance to LPS

heures . 24 heures ou 72 heures avant l'epreuve de provocation. L'analogue a protege les souris conlre
une dose letale de LPS ou contre les infections. L'effet dependait de Ia dose et des horaires
d"adminislration du medicament. L'effet maxima a ete observe chez les animaux pre-lraites avec le SDZ
MRL 953, trois jours consecutifs avant l'epreuve de provocation ou !'inoculation des microbes. Pour
connailre Ie mecanisme d"action du lipid A, Ia liberation du facteur de necrose tumorale etde !'elimination
d'un pathogene I'Eschelichia coli des macrophages peritoneaux de souris tolerantes ont ete etudies. On
a cru observer que les macrophages peritoneaux extraits de souris tolerantes aux endotoxines n'ont
produit qu'une fraction du facteur de necrose tumorale libere par les cellules des groupes temoins en
reponse aux LPS. De plus, !'elimination de E coli par les macrophages s'est trouvee amelioree. En
conclusion. le SDZ MRL 951 pourrait avoir un potentiel au niveau prophylactique en reduisant le risqu e
de choc endotox:ique chez des patients polytraumatises ou myelosupprimes.

G

RAM -NEGATIVE BACTERIA REMAlN THE LEADING CAUSE OF

fatal infections in immunosuppressed patients
despite the availability of potent antimicrobials and
advances in supportive care (l -3). Increasing evidence
shows that the lethality of the infection is independent
of bacterial viability but is induced by an over-exuberant production of host cytokines following interaction of macrophages with lipopolysaccharides (LPS) and
other ce!J wall components released from the cell envelope of viable or dead Gram-negative bacteria (3-6).
Therefore, a successful strategy for treating Gramnegative rod sepsis should, in addition to the use of the
appropriate antibiotics, also control the production of
pro-inflammatory mediators by macrophages to
amounts that provide only beneficial immunostimulatory effects (6,7). A potential approach which has not
yet been evaluated therapeutically in myelosuppressed
patients at high risk of developing sepsis, appears to be
the induction of early-phase tolerance to LPS. The
development of LPS tolerance by daily administration of
nonlethal doses of LPS to human subjects and experimental animals (8) has recently been described. It
is also known that macrophages from tolerant animals
exhibit a decreased production of tumour necrosis factor (TNF) , a putative mediator of the lethal effects of
septicemia and endotoxin (9- 12). However, the overt
toxicity of LPS has precluded its exploitation for prophylactic therapy in patients at high risk of developing
Gram-negative infections.
The elucidation of the correct structure of lipid A (13)
has led to the availability of a number of chemically
defined lipid A partial structures (14). The purpose of
this study was to determine whether SDZ MRL 953
(Figure 1). a prototype of a lipid A partial structure
analogue with an increased therapeutic index in experimental infections (15,16), is endowed with the
ability of LPS or lipid A to induce tolerance to the lethal
effects of LPS without antagonizing its reported ability
lo enhance host resistance.

MATERIALS AND METHODS
Test substances: SDZ MRL 953, 2 -deoxy-3,4-bis-0[(R)-3-hydroxy-tetradecanoyl)-2-[(R)-3-hydroxytetrade-c
anoylamido)-1-0-phosphono-a -o-glucopyranose as a
monotris salt (Figure 1). was synthesized at Sandoz
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Forschungsinstitut, Vienna, Austria and purified using
Sephadex LH 20 column to at least 99% purity as
assessed by reverse phase high performance liquid
chromatography. LPS was a water-phenol extract of
Salmonella abortus equi (Sigma Chemical Co, Deisenhofen, Germany) . Stock solutions of the lipid A analogue
and LPS were prepared by sonicating 1 mg in 10 ~ of
ethanol for about 1 min. During further sonication, up
to 1 mL of sterile pyrogen-free isotonic glucose solution
(5.4%) was added dropwise. The slightly opalescent
solutions had a pH of about 7.3 and were chemically
stable at room temperature for weeks. For use, the stock
solutions were diluted to the required concentrations
with the appropriate buffers or culture media.
Animals: Female mice (B6D2F1 . and C57BL/ 6) weighing 18 to 20 g were obtained from Charles River Laboratories (Wiga, Sulzfeld, Germany) and maintained on
SFis standard diet with water ad libitum.
Pathog e nic bacte ria : Escherichia coli ~120 and
Staphylococcus aureus ~113 were from the SFI stock
culture collection. The pathogens were cultivated overnight in tryptic soy broth (Difco, Michigan) and diluted
in pyrogen free physiological saline (Heilmittelwerke,
Vienna, Austria) to required colony forming units (cfu)
as determined from a plot of optical density at 600 nm
against viable counts.
Indu ction of t olerance and lavage of elicited macrophage s: To obtain peritoneal macrophages , 2 mL of
thioglycolate broth (Difco) was injected into the
peritoneal cavity on day 4 (before peritoneal lavage). On
days 3 through day 1 before lavage, groups of six mice
received either single or multiple intraperitoneal injections of serial dilutions of the test substances in 0.2 mL
amounts. On day 0 , the animals were killed with carbon
dioxide gas and the peritoneal cavity lavaged with 25
mL volumes of Hanks' balanced salt solution (HBSS)
without calcium and magnesium, (Gibco Laboratories,
New York). Cells were washed three times in HBSS,
counted and suspended to 10 7 cells per mL of HBSS.
Typically, more than 90% of the exudative cells were
intact, viable macrophages.
Bioassay of TNF: Bioactive TNF in culture supematants was assayed by its cytotoxicity on a confluent
culture of a TNF -sensitive L929 cell line in the presence
of actinomycin D (17). Briefly, 100 f.lL volumes contain95B
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Figure I) Chemical structures ofSDZ MRL 953 tleft) and lipid A from Eschelichia coli (right)

ing 3xl04 L929 cells in RPM! 1640 containing 10% fetal
calf serum (FCS) were plated in 96-well plates and
cultured overnight to establish a monolayer. Serial
dilutions of culture supernatants were directly performed in the wells containing the monolayers. One
hundred microlitre volumes of RPM! 1640 containing
10% FCS and 2 Jlg actinomycin D were added and the
cultures incubated for 18 h. The surviving cells were
fixed, stained with Giemsa and dissolved in 50% 1methyl-2 -pyrolidon (Merck, Darmstadt, Germany). The
absorbance was read in a Titertek (Easy Reader, SLT
Lab Instruments; Vienna, Austria) reader at 590 nM.
One unit of TNF activity was defined as the reciprocal
of the dilution required to produce a 50% decrease in
absorbance relative to control L-929 cells exposed to
actinomycin D alone. A neutralizing polyvalent antimouse TNF antibody (Bender; Vienna, Austria) was
used to verify the specificity of the TNF bioassay.
Assay of the lethal effects of LPS in o-galactosamine
loaded mice: The lethality of SDZ MRL 953 or LPS was
evaluated by the method of Galanos et al (18). Briefly,
groups of 10 mice (C57BL/6) were simultaneously injected intraperitoneally with o -galactosamine (400 mg/
kg) and intravenously with the lipid A analogue or LPS.
The 50% lethal dose (LD5o) was calculated by probit
analysis (19) . The ability of the compound or LPS to
induce hyporesponsiveness to the lethal challenge in
experimental animals was investigated in animals that
had received the appropriate dose of the toleranceinducing agent as a single or multiple dose treatment.
Experimental infection: B6D2F1 female mice were
rendered neutropenic by a single subcutaneous injection of cyclophosphamide (200 mg/kg) on day 4 before
microbial inoculation. From days 3 through 1 before
96B

inoculation, 10 mice were randomly divided into test
groups and received serial dilutions of SDZ MRL 953 or
LPS (intraperitoneally or intravenously) in 0.2 mL
amounts per mouse as a single or multiple treatment.
On day 0, the animals were inoculated intravenously
with a lethal dose of test microorganisms. The 50%
effective doses (ED 5o) of the test substances were calculated byprobitanalysis (19) from survival data four days
post inoculation.
Statistics: Data are presented as mean ± SEM unless
otherwise stated. ED5o were calculated by probit analysis (19) . Survival comparisons were made by Fisher's
exact test.

RESULTS
The onset of the protective efficacy of SDZ MRL 953
against LPS lethality in o-galactosamine-treated
mice: Pretreatment with LPS has been shown repeatedly to protect experimental animals against subsequent
LPS lethality. To be effective, the tolerance-inducing
dose of LPS must be administered at least 1 h before
LPS challenge (10) . To determine whether SDZ MRL 953
can provide protection against an otherwise lethal dose
of LPS, groups of mice were given various graded doses
of the lipid A analogue or saline. At 0, 2, 24 or 72 h after
the pretreatment, the animals were challenged with 500
ng/kg of LPS plus 400 mg/kg of o-galactosamine. Survival was monitored over two days. Table 1 shows the
cumulative results of several experiments carried out at
different times. It can be seen that as little as 24 Jlg/kg
of SDZ MRL 953 provided 50% protection against endotoxin lethality in the o -galactosamine mouse model
within 2 h of the pretreatment. Protective effect of SDZ
MRL 953 was greatest at 2 h and was still delectable al
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TABLE 1
Effect of single pretreatments with SDZ MRL953 on the lethal effects of lipopolysaccharides in D-galactosamine-loaded
mice*
Survivors (number alive) after lipopolysaccharides challenge
plus 400 mg/kg D-galactosamine at:
2h
24h
72 h

Ex eriment

2

3

0.008
0.0155
0.031
0.0625
0.125
0
1.5
3.0
4.5

2/24
1/6
3!12
8!14
ll/12
12/12

EDso (m /k )

}
4/12
1/6
3/6
6/6
1/6
1/6
4/6
5/6

0
1.5
3.0
4.5

0.024 (0.0 16-0.033)t

}
}

2.5 (1.4-3.6)

2.5 (1.0-4.2)

'SOl MRL 953 was administered as a single intravenous injection before intravenous challenge with LPS 500 ng/kg plus intraperitoneal injection of
0-goloctosomine (400 mg/kg) at 2, 24 or 72 hotter pretreatment: t Confidence limits from probit analysis ore shown in parentheses

24 or 72 h after administration of the compound. The
induced tolerance persisted for up to seven days. No
protection was observed when the analogue was administered either simultaneously or after LPS challenge.
Effect of repeated dosing with SDZ MRL 953 on the
resulting tolerance to the lethal effects of endotoxin:
Table 2 shows the effect of the multiple treatment of
mice with SDZ MRL 953 on their resistance to the lethal
dose of LPS in the D-galactosamine mouse model.
Tolerance induced by a single prophylactic dose of the
lipid A analogue was significantly improved when the
same amount of compound was divided into three equal
treatments given on consecutive days. Tolerance was
also induced by administering the compound in increasing doses. Again, the induced tolerance persisted
for up to seven days after the last treatment.
Production of TNF in vitro by macrophages from
'tolerlzed' mice: Macrophages are thought to be the
cells which mediate the lethal effects of LPS (3,11,20)
and Gram-negative bacteria (21). To examine whether
SDZ MRL 953-induced resistance to the lethal effects of
LPS was related to the macrophage hyporesponsive
state to LPS, TNF production by thioglycolate-elicited
peritoneal macrophages from tolerized animals was
examined ex vivo. As shown in Figure 2, LPS-stimulated
macrophages from SDZ MRL 953-tolerized mice produced only a fraction of the TNF that was produced by
cells from control animals. The induced hyporesponsiveness was partially reversed by increasing the
stimulating dose of LPS in vitro. The onset of the SDZ
MRL 953-induced hyporesponsive state paralleled the
expression of resistance to the lethal effects of LPS in
galactosamine-loaded mice.
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Protection against experimental infections: To examine whether the regimens for inducing tolerance to
the lethal effects of LPS by SDZ MRL 953 did not
compromise the ability of the compound to induce
nonspecific resistance to microbial infections, tolerized
animals were challenged with S aureus (3 .2x108 cfu per
mouse). The results show that tolerized mice were resistant to microbial inoculation (Figure 3) . However, single
doses of the lipid A analogue were less effective than the
same amount divided into three doses. For example,
whereas single pretreatments with SDZ MRL 953 were
protective in S aureus infection with an EDso of 1.1
mg/kg (confidence limits 0 .6 to 1.8). a similar protective
effect was observed at an EDso of only 0.04 mg/kg
(confidence limits 0.02 to 0 .07) when the lipid A analogue was administered on three consecutive days .
TABLE 2
Effect of multiple treatments with SDZ MRL 953 on lethal
effects of lipopolysaccharides in D-galactosamineloaded mice*
Pretreatment regimen
dosage (mg/kg)
First
Second
Third

0.15
0.3
1.25
2.30

0.6
1.25
2.50
5.0

1.8
5.0
5.0
10.0

Total dosage
(mg/kg)

Survivorst

0
2.55
6.25
8.75
17.30

1/6
3/6
6/6
5/6
6/6

'Graded dosages of SDZ MRL 953 were given by intraperitoneal route on
three consecutive days. Twenty-four hours otter the lost treatment,
animals were challenged with intravenous 500 ng/kg lipopolysocchorides plus introperitoneol400 mg/kg 0-goloctosomlne: trotol number
olive otter lipopolysaccharide challenge plus 400 mg/ kg 0-goloctosomine 24 h after third treatment
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Figure 2) In vitro production of tumour necrosis factor (rNF) by
macrophages from SDZ MRL 953-tolerized mice in response to
lipopolysaccharide (LPS). Groups of six mice were treated with
SDZ MRL 953 (250 ~g/mouse) ID.•J. LPS (5 ~g/mouse (.A) or
placebo
once on day 1 (O.e) or two times on days 2 and 1
•• .A) prior to peritoneal lavage. The macrophages were plated
out at 1cf3 per well in a costar plate and stimulated with various
concentrations of LPSfor 4 hat 37'C. TNF titres in the culture
supernatants were estimated by the L-929 cell assay

r•J

Microbicidal capacity of peritoneal macrophages
from SDZ MRL 953-tolerized mice: To examine the
mechanisms for the increased resistance to microbial
infections, peritoneal exudate cells were tested for their
ability to kill an isolate of E coli in vitro. In contrast to
the hyporesponsiveness to LPS, macrophages from
tolerized mice killed the test organisms better than cells
from control animals (Figure 4). Repeated treatment
further enhanced the killing capacity of the macrophages over that exhibited by cells from animals which
received only a single injection of the analogue.
Together, the results indicate that the ability of macrophages to respond to LPS with production of TNF is
diminished by repeated administration of SDZ MRL 953
while the killing of bacteria is enhanced.

DISCUSSION
Gram-negative sepsis remains a clinical problem in
myelosuppressed patients or individuals undergoing
immunosuppressive therapy. Antimicrobial therapy
alone often is ineffective and may provoke the release of
LPS from dying Gram-negative organisms (22,23).
988

0 . 10

UlO

Intraperitoneal dosage (mg/kg)

Figure 3) Comparative efficacy of single and repeated administrations of SDZ MRL 953 against fatal Staphylococcus
aureus infection. Mice were rendered myelosuppressed by a
single subcutaneous uyection of cyclophosphamide (200 mg/ kg)
four days prior to intravenous inoculation with S aurueus. SDZ
MRL 953 (total dosage 250 ~g I mouse) was given as a single
or repeated treatments on
dose intraperitoneally on day 1
days 3, 2 and 1 (total dose divided into three treatments) IIIJ
prior to infection. Survivors were recorded on day 4 post infection

r•J

There is a growing consensus that LPS provokes shock
and tissue injury by eliciting the release of putative
mediators of shock such as interleukin- 1 and TNF-o.
from stimulated macrophages (3, 11 ,24) . Both cytokines
can reproduce the symptoms of septic shock and can
act synergistically to cause tissue damage and death
(3,6,19,21,25). In view of the limited effectiveness of
current approaches in treating Gram-negative bacterial
diseases (1 -3). a number of attempts to interrupt the
sequence of events that culminates in shock by passive
immunotherapy directed against LPS or pro-inflammatory cytokines is receiving considerable interest as
potential supplements to appropriate antimicrobial
therapy (3). However, it often is difficult to determine
the most appropriate timing and frequency for administering such antibodies to prevent full-blown sepsis.
An alternative approach, which has not yet been
exploited in humans, is the induction of an hyporesponsive state against the lethal effects of LPS by
nontoxic lipid A analogues. The data presented here
provide strong evidence that SDZ MRL 953, a synthetic
lipid A substructure analogue, can induce tolerance to
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an otherwise lethal dose of LPS. Hence, administration
of the lipid A analogue either as single or multiple
treatments to mice induced a dose-dependent hyporesponsiveness to the lethal effects of LPS. It developed
within 2 h of pretreatment and was still detectable up
to seven days after the pretreatment. Optimal tolerizing
regimens consisted of multiple treatment with either
the same dose given daily for three days or increasing
daily doses over three days. Similar effects were also
induced by monophosphoryl lipid A (MPLA) as evidenced by a diminished LPS-induced colony stimulating factor production (25,26) and a significant increase
in resistance to the lethal effects of LPS (26). SDZ MRL
953 is thus the first monosaccharidic derivative of lipid
A which appears to be endowed with the ability of LPS
to induce the phenomenon of early-phase tolerance
against LPS toxicity. These fmdings support the initial
idea that early LPS tolerance is inducible with serologically unrelated types of LPS (8), confirmed with MPLA
(25,26) and here by a monosaccharidic lipid A substructure analogue.
The mechanisms by which SDZ MRL 953 induces
resistance to lethal effects of LPS, like that of the
well-described phenomenon of LPS tolerance (10,27,
28), involve a decreased responsiveness of host macrophages to LPS stimulus. Hence, macrophages from
tolerized mice produced significantly less TNF in response to LPS ex vivo than cells from control animals.
The induced hyporesponsive state was not permanent
and was overcome by increasing the concentration of
the stimulating LPS. Again, optimal hyporesponsiveness occurred in cells from animals which received SDZ
MRL 953 on three consecutive days. These fmdings are
in accordance with a number of reports showing that
macrophages from tolerant animals or after incubation
with LPS in vitro produced depressed levels of soluble
factors when exposed to LPS (6,7,9,11,12,27) . Thus,
the failure to produce adequate amounts of putative
mediators of shock is likely to underlie the observed
resistance.
While tolerance induced by SDZ MRL 953 to the
lethal effects of LPS may have relevance for the prophylactic treatment of shock, there was a concem that
the tolerance-inducing regimens may interfere with the
clearance of infectious organisms by macrophages. No
evidence was obtained in the present study which indicates that the development of tolerance to LPS also
downregulated the ability of SDZ MRL 953 to enhance
host resistance against infections. On the contrary,
mice which were made tolerant by multiple dose treatment with SDZ MRL 953 were more resistant to Pseudomonas aeruginosa and S aureus infections than animals
which were tolerized by a single dose of the analogue.
For example, whereas single pretreatments with SDZ
MRL 953 were protective against S aureus infection
with an ED5o of 1.1 mg/kg, a similar protective effect
was observed at an ED5o of only 0.04 mg/kg when the
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Figure 4) Microbicidal capacity of peritoneal macrophages harvestedfrom mice treated with SDZMRL 953 as single or multiple
dose treatment. SDZ MRL 953 was injected intraperitoneally to
groups of six mice either once (1x250 11g!mouse) on day 1 or
three times (total dosage 250 11g I mouse) on days 3, 2 and 1 prior
to peritoneal lavage. Escherichia coli was opsonized in 50%
normal human serum and were added to the macrophages at a
ratio of 1. The mixtures were incubatedfor 4 h at 31'C before
the surviving organisms were l!stimated by plating out 1O:fold
dilutions of cellular lysates on trypticase soy agar plates.
Cumulative data from three separate experiments are shown

compound was administered on three consecutive days
prior to infection. These data extend the original work
of Berger and Fukui (29) who showed that the increased
resistance to infections produced by LPS administra99B
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tion was the only known property of LPS to which
tolerance did not develop. As shown here, a similar
effect can also be obtained by a lipid A analogue substructure. The mechanisms by which tolerized mice
exhibit enhanced resistance to infections are not clear.
The results of this study suggest that, despite their
hyporesponsiveness to LPS, macrophages from tolerized mice killed an isolate of E coli more effectively than
cells from control animals. Also, the increased resistance to infection seen after multiple treatment was
associated with further enhanced microbicidal capacity
observed following a single dose of the lipid A analogue,
suggesting that other mechanisms may also be involved.
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