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Many pathological effects of gram-negative bacteria are produced by their cell wall-derived lipopolysaccha-
rides (LPSs). Differing pathogenicity of gram-negative LPSs, however, may depend on their capacities to
induce cytokines. Thus, we studied the lethal toxicity of four nonenterobacterial LPSs and compared it with
their capacity to induce mononuclear cell (MNC)-derived interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor
necrosis factor (TNF). Unstimulated MNC did not release these cytokines. LPS from the phototrophic strain
Rhodobacter capsulatus 37b4 elaborated little toxicity in galactosamine-treated mice (10 ,ug of LPS per mouse

was the 100% lethal dose [LD10o]) and induced IL-1 and IL-6 release only at high concentrations (10 to 50 ,ug
of LPS per ml). R. capsulatus LPS failed to induce TNF activity even at the highest concentration tested (100
jig of LPS per ml). In contrast, LPS derived from Pseudomonas diminuta NCTC 8545 or the nodulating species
Bradyrhizobium lupini DSM 30140 and Rhizobium meliloti 10406 expressed lethal toxicity (LD100, 1,000, 100,
and 10 ng per mouse, respectively) and induced IL-1 or IL-6 (10 to 100, 10, and 1 ng of LPS per ml,
respectively) at concentrations 1,000- to 10,000-fold lower than effective levels of R. capsulatus LPS. LPSs from
P. diminuta, B. lupini, and R. meliloti also stimulated TNF production and release. MNC accumulated
cell-associated IL-1 activities under circumstances in which released activity was readily detected. The cells
contained only scant IL-6 activity, indicating release of this mediator rather than intracellular accumulation.
Antisera to the respective cytokines inactivated biological activities of the samples selectively. The R. capsulatus
LPS inhibited cytokine induction by LPS from P. diminuta, B. lupini, and R. meliloti in coincubation
experiments. These results show that the in vivo lethality of the LPSs tested correlates with the induction of
monocyte-derived cytokines in vitro. The results of this study suggest that the different lethality of various LPSs
from gram-negative bacteria may be due to the differential ability of these LPSs to induce cytokine production.

Lipopolysaccharides (LPSs) are important membrane
components of gram-negative bacteria (60). They are also
known as endotoxins, referring to their in vivo toxic effects
without specifying the chemical structure. During bacterial
infection, LPSs can induce host responses, such as fever,
hypotension, circulatory abnormalities, multiorgan failure,
and eventually death. Many of these responses, previously
attributed to direct effects of activation with LPS, are
probably mediated by cytokines derived from mononuclear
phagocytes acting in part on vascular cells (29, 40). Two of
these proteins, tumor necrosis factor (TNF) (5, 27, 43) and
interleukin-1 (IL-1) (11, 44), are found in serum following
LPS injection (9, 36, 39, 50, 53). Both are pyrogenic (12, 41)
and might also be involved in generation of the acute-phase
response (47, 48). Individual cytokines may preferentially
mediate different aspects of LPS effects. For example, TNF
might mediate lethality (15, 16, 55) or tissue injury (5),
whereas IL-1 may activate lymphocytes (11, 13). Anti-IL-1-
and anti-TNF antisera inhibited certain effects of LPS or the
respective cytokine in experimental animals (6, 12, 36). LPS
is also proposed to induce late acute-phase reactants like
C-reactive protein or fibrinogen via early acute-phase reac-
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tants, such as IL-1, TNF, and gamma interferon (58).
Another cytokine, interleukin-6 (IL-6), is a major inducer of
acute-phase proteins (late-phase reactants) (19). Hence, IL-6
may be the major mediator of these latter LPS-induced
activities. It might induce them either directly, in concert
with, or in response to early-phase reactants (47). However,
little is known regarding IL-6 induction by bacterial LPS or
its lipid A moiety in monocytes (3) or vascular cells (33-35).
The availability of synthetic partial structures of LPS (23,

59) has increased our understanding of the structure-function
relationship of LPS (49). The lipid A portion accounts for the
endotoxic properties of LPS (18). This moiety is also respon-
sible for the induction of immunoregulatory mediators, such
as IL-1 (30, 31). The number of fatty acids within the lipid A,
their position, probably their chain length, and the phos-
phate content appear to be critical determinants of the
capacity of LPSs to induce IL-1 (30). Studies of other
biological activities support this conclusion (8, 24). We
reported previously that synthetic hexaacylated lipid A
induced IL-1 activity, whereas synthetic tetraacylated lipid
A precursor Ia (compound 406) lacked IL-1-inducing activity
(31) and inhibited hexaacylated lipid A or LPS-derived IL-1
production (30).

Despite an array of available potent antibiotics, shock due
to gram-negative sepsis remains an important clinical prob-
lem. Various strategies for inactivation of the toxic effects of
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TABLE 1. Chemical characteristics of LPSs used

Lipid A constituents

Refer- Disaccharide Phosphate Fatty acidsLPS source ence(s) backbone' linkage

GIcN DAG Glyco- Ester Amide bound Ester bound Total
sidic no.

Rhodobacter capsulatus 37b4 26 + - + + 3-Oxo-14:0 3-OH-10:0, A5_12:1b 45b
Pseudomonas diminuta NCTC 8545 25, 38 - + - + 3-OH-12:0, 14:0, unusual fatty 5-6'

3-OH-14:0 acids
Bradyrhizobium lupini DSM 30140 37 - + + - 3-OH-12:0, 16:0, 18:1, 29-OH- NA'

3-OH-14:0 30:0, 30-OH-31:0
Rhizobiuim meliloti 57 + - + + 3-OH-16:0, 3-OH-14:0, 27-OH- 4-5'

3-OH-18:0 28:0

"GlcN, Glucosamine; DAG, 2,3-diamino-2,3-dideoxy-D-glucose.
b Partially substituted by A5-12:1.
Nonstoichiometric substitution of oxyacyl residues by acyl groups.

d S. Basu and H. Mayer, unpublished.
NA, Complete lipid A structures are not yet available.

LPS in vivo appear to be possible. Antisera or monoclonal
antibodies could neutralize LPS directly. However, this
approach may not potently inhibit LPS effects (10), and
cross-protection might not be available (4). The effects of
LPS are mediated at least in part by cytokines; thus,
antibodies to these mediators could decrease the harmful
effects of LPS. However, this approach might also interfere
with beneficial cytokine functions. Toxic effects of LPS
might be prevented by administration of inactive synthetic
lipid A analogs, but the production of synthetic compounds
is laborious and expensive. This holds true also for modified
LPS (monophosphoryl lipid A) of toxic LPSs (21, 46). Thus,
the use of readily isolated natural products, which lack toxic
effects and can compete with toxic LPSs, might provide an
attractive alternative in prevention of the lethal effects of
LPS.

Lipid A variants with little or no lethality are encountered
in the LPSs of nonenterobacterial species like Rhodobacter
capsulatus. In contrast to enterobacteria, the lipid A of R.
capsulatus contains two amide-linked 3-oxo-myristic acids
and two ester-linked 3-OH-10:0. One of the latter can be
partially substituted by A5-dodecenoic acid (26). The lethal
toxicity and cytokine induction capacity of R. capsulatus
LPS and various other nonenterobacterial LPSs has not
been established, and therefore we compared these biologi-
cal activities and also performed competition experiments.
We show that the potency of the LPSs to induce cytokines in
vitro and their lethal toxicity for mice in vivo correlated well
and that the R. capsulatus LPS inhibited cytokine induction
by three LPSs in cultured mononuclear cells. We propose
that nontoxic LPSs like that of R. capsulatus might provide
a useful tool for the study of LPS binding and that they might
provide a therapeutic adjunct in treating life-threatening
gram-negative bacterial infection.

MATERIALS AND METHODS
Bacterial strains and LPSs. The nonenterobacterial species

selected for this study and their main structural elements are
shown in Table 1. They were chosen because their lipid A
differs from the usual well-known enterobacterial lipid A.
Structure-function relationship investigations of these LPSs
might help in understanding the structural necessities of
cytokine induction by LPS. In detail, they possess unusual
fatty acids, such as 3-oxo-14:0, or long-chain hydroxylated
fatty acids, such as 27-OH-28:0, in addition to 3-OH fatty

acids, as usually found in enterobacterial lipid A. Others
contain lipid A with 2,3-diamino-2,3-dideoxy-D-glucose in-
stead of glucosamine as the backbone sugar. Some lack
phosphate or contain only ester-linked phosphate and lack
glycosidically linked phosphate groups attached to the back-
bone.
The origin of the strains, their mass cultivation, and the

isolation and purification of their LPSs have been reported
previously (see references in Table 1). The presence of
protein or nucleic acid contamination (ribose, RNA) in the
LPSs tested was excluded by amino acid analysis and
gas-liquid chromatographic examination, respectively. The
synthetic hexaacylated Escherichia coli lipid A (compound
506) was a kind gift of Daiichi Pure Chemicals (Tokyo,
Japan), and the heat-killed Staphylococcus epidermidis were
kindly provided by C. A. Dinarello.

Detection of LPS toxicity in galactosamine-treated mice.
Lethal toxicity was determined in galactosamine-sensitized
mice (C57BLt6) as described previously (17, 52). Briefly, 10-
to 16-week-old C57BL/6 mice were injected intravenously
with a mixture of various concentrations of LPS and D-ga-
lactosamine (20 mg/ml) in 0.2-ml volumes. Toxicity was
expressed as 100% lethal dose (LD100, ng of LPS per
mouse).

Stimulation of cytokine production and release by MNC.
Mononuclear cells (MNC) from healthy donors were isolated
by density gradient on Ficoll-Hypaque. The MNC had no
contact with serum throughout the procedure. Five million
cells per ml were incubated without serum in 100-,Il cultures
in round-bottomed microtiter plates for 24 h. They were
suspended in RPMI 1640 with L-glutamine, antibiotics, and
the appropriate stimulus. For dose-response experiments, 50
,ul of serial 10-fold dilutions of the stimulus (double concen-
trated) was added to 50 RI of double concentrated cells.
Parallel cultures of MNC were stimulated with various
10-fold dilutions of the respective LPS, and the supernatants
were analyzed in one biological assay as described below. If
not mentioned otherwise, results of representative experi-
ments are shown.

Preparation of intracellular cytokines. The intracellular
(cell-associated) cytokine activity of MNC was determined
after freezing and thawing the cells (28, 30). MNC (5 x
106/ml) were stimulated in 1 ml of serum-free medium in
24-well culture plates for 24 h. Then the supernatants were
collected, 2% fetal calf serum (FCS) was added, and super-
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TABLE 2. Lethal toxicity of various LPSs

Lethality (no. dead/no. tested) of various LPSs in
galactosamine-treated mice at concn

LPS source (ng of LPS/mouse):

10,000 1,000 100 10 1

R. capsulatus 3/3 2/10
P. diminuta 3/3 0/3
B. lupini 4/4 0/4
R. meliloti 4/4 8/8 0/4
S. abortus-equi 6/6 2/8

natants were centrifuged to pellet residual cells. The pellet
and remaining adherent cells, which were detached with a
rubber policeman, were suspended in culture medium. Cells
were collected, centrifuged, and resuspended twice in cul-
ture medium. Finally, for freezing (-20°C), the cells were
suspended in RPMI 1640 containing 2% FCS, antibiotics,
and L-glutamine. After at least 2 h at -20°C, the suspension
was thawed, and cell-associated cytokine activity was deter-
mined in the respective biological assay.

Detection of cytokine activities. Cytokine activities were
measured in biological assays. The samples were analyzed in
serial fourfold dilutions, the mean of triplicate cultures was
determined, and biological activity was calculated by probit
analysis in reference to recombinant standard preparations,
according to the method described for IL-2 (20). The data are
usually presented as picograms of recombinant cytokine per
milliliter. In some experiments, however, the thymidine
incorporation of B9 or D1OS cells (dpm per culture ± SD) is
shown.

IL-1 was detected in the human dermal fibroblast assay as
described previously (32, 51). This cytokine was also deter-
mined with the murine cell line D1OS (45), kindly provided
by C. A. Dinarello. IL-6 was measured by proliferation of
murine B9 hybridoma cells, kindly provided by L. A.
Aarden (1, 2). TNF was detected with the murine tumori-
genic fibroblast line L929 by staining with crystal violet (14).

Detergent-polyacrylamide electrophoresis. We investigated
the individual chemical character of the oligosaccharide
portion (smooth, semirough, or rough) of the various LPSs
by their electrophoretic migration pattern in deoxycholate-
polyacrylamide gel electrophoresis (DOC-PAGE) (26). The
stacking gel consisted of 4% and the running gel of 13%
acrylamide. Following preelectrophoresis at 25 mA without
samples, 5 or 10 ,ug of the LPSs was applied to separate lanes
and run at 20 mA. The gels were silver-stained by the
method of Tsai and Frasch (56).

RESULTS
Lethal toxicity of various nonenterobacterial lipopolysac-

charides. We analyzed the lethal toxicity of the various LPSs
in galactosamine-treated mice (Table 2). In control experi-
ments, a concentration of 1 to 10 ng of Salmonella abortus-
equi LPS per mouse was lethal. The LPS of Rhizobium
meliloti exhibited the highest toxic activity of the LPSs
tested, a dose of 10 ng per mouse causing 100% lethality. In
comparison, the toxicity of the LPS of Bradyrhizobium
lupini was about 10 times (100 ng per mouse) and that of
Pseudomonas diminuta was 100 times (1,000 ng per mouse)
lower. The LPS ofR. capsulatus was the least active. A dose
of 10 ,ug per mouse had to be administered to obtain 100%
lethality. This LPS was designated nontoxic.

Nontoxic R. capsulatus LPS induces cytokines less potently

TABLE 3. Induction of cytokines by toxic and nontoxic LPSsa

Cytokine activity (pg/ml) in supernatants of LPS-
Measured cytokine stimulated MNC at LPS concn (pg/ml):
and LPS source

5 x 10' 107 106 105 104 103 102

IL-1 (DlOS cells)
R. capsulatus 8,123 110 0 0 0 0 0
R. meliloti 171,484 34,832 3,078 670 335 42 0
B. lupini 56,569 69,644 12,311 884 32 0 0
P. diminuta 6,156 4,061 8,123 3,299 32 0 0
IL-1 (fibroblasts)
R. capsulatus 3,080 70 0 0 0 0 0
R. meliloti 80,010 22,980 2,170 1,650 540 180 0
B. lupini 30,320 45,960 7,580 1,250 60 0 0
P. diminuta 5,740 3,300 1,900 1,340 60 0 0

IL-6 (B9 cells)
R. capsulatus 64 2 0 0 ND 0 0
R. meliloti 453 1,810 226 787 171 14 0
B. lupini 4,159 3,152 2,744 640 28 0 0
P. diminuta 226 3,620 1,576 279 3 0 0
TNF (L929 cells)
R. capsulatus 0 0 0 0 0 0 0
R. meliloti 625 156 0 0 0 0 0
B. lupini 625 625 156 39 0 0 0
P. diminuta 39 0 0 0 0 0 0

a Cytokine activities were measured by probit analysis with respect to
10-ng/ml recombinant standards. The detection limits were 5 pg/ml in D1OS,
50 pg/ml in fibroblasts, 10 pg/ml in B9, and 50 pg/ml in L929 cells. Superna-
tants of unstimulated or synthetic lipid A (1 ,ug/ml)-stimulated MNC contained
0 or 65 pg of IL-1 per ml (DlOS), 0 or 890 pg of IL-1 per ml (fibroblasts), and
0 or 1,436 pg of IL-6 per ml, respectively. Unstimulated MNC did not release
TNF activity.

than toxic LPSs. To determine the capacity of the various
LPSs to induce IL-1, IL-6, and TNF, mononuclear cells
were incubated with the respective LPSs at concentrations
of 1 pg/ml to 50 ,ug/ml. The supernatants were analyzed in
biological assays. In a representative experiment with one
blood donor, unstimulated MNC released no IL-1, IL-6, or
TNF activity (Table 3). The nontoxic R. capsulatus LPS
caused release of IL-1 and IL-6 activity only at very high
concentrations (10 or .50 ,ug/ml) and did not induce TNF
under these experimental conditions (see also Table 4). The
other LPSs, however, induced IL-1 and IL-6 even at low
concentrations (1 to 100 ng/ml). The latter LPSs also stimu-
lated TNF production, but at higher LPS concentrations (0.1
to 10 ,ug of LPS per ml) than were active for IL-1 or IL-6
induction. In previous studies we showed that (depending on
the blood donor) 1 to 100 pg of various LPSs per ml and 10
to 10,000 pg of synthetic lipid A's per ml induced IL-1 (30).
The results of the two independent IL-1 assays with the
D1OS cells and the fibroblasts correlated very well (y =

19847x - 1865.5; R = 0.975). The IL-1 and IL-6 activities
generally paralleled each other.
Comparison of cell-associated and released cytokine activi-

ties following LPS stimulation. Mononuclear cells activated
with certain stimuli might accumulate cytokines intracellu-
larly rather than release them into the culture supernatant.
Thus, we studied the activities of cell-associated cytokines
following LPS stimulation and compared them to the cyto-
kine activities released into the supernatants of the same
cells. Unstimulated MNC neither contained nor released
biologically active cytokines (Table 4). R. capsulatus LPS-
activated MNC accumulated cell-associated IL-1 and re-

leased scant IL-1 and IL-6 but no TNF. Following stimula-
tion with the other LPSs, the cells retained more cell-
associated IL-1 activity than they released into the
supernatant. In contrast, the cells secreted IL-6 mainly into
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TABLE 4. Comparison of released and cell-associated cytokine
activities following stimulation with various LPSs

Cytokine activity' (pg/ml)

Stimulus Concn IL-1 IL-6 TNF(,g/ml)
SN IC SN IC SN IC

Medium 0 0 0 0 0 0
R. capsulatus 100 1 15 15 0 0 0
LPS 50 0 0 0 0 0 0

10 0 0 0 0 0 0
R. meliloti 50 1,895 5,743 14,143 110 3,100 3,100
LPS 10 359 947 4,353 17 0 0

B. lupini LPS 50 3,789 8,123 32,490 272 50,000 3,100
10 1,166 5,743 5,744 52 12,500 0

P. diminuta 50 237 8,706 20,000 313 12,500 0
LPS 10 103 3,299 11,486 68 0 0

a IL-1, IL-6, and TNF activities were measured in D1OS, B9, and L929
cells, respectively. Activity was determined with respect to recombinant
standards by probit analysis. SN, Supernatant; IC, cell lysate.

the supernatant and retained only small amounts of this
mediator intracellularly. The MNC released TNF activity
only following stimulation with high concentrations of LPS
from B. lupini, R. meliloti, or P. diminuta. The release of
TNF correlated to some extent with the accumulation of
IL-1 activity or the release of IL-6 activity. Cell-associated
TNF, however, was only found in cells stimulated with 50 jig
of R. meliloti or B. lupini LPS per ml.

Cytokine activities released following stimulation with LPS
are inhibited by corresponding antisera. To verify the identity
of the cytokines measured in the biological assays, we
examined the ability of specific anticytokine antisera to
neutralize these activities. A mixture of recombinant IL-lat
and IL-lp antibodies (1:500 dilution each) inhibited the D1OS

stimulatory activity completely (Fig. 1). Note that in this
particular experiment, 100 jig (*CAPS) of R. capsulatus LPS
per ml was necessary to induce IL-1 activity rather than the
50 jig/ml used for the other stimuli (Fig. 1). The anti-
recombinant IL-6 antibody inhibited B9 stimulatory activity
(Fig. 2). Since the R. capsulatus LPS did not induce IL-6 at
the concentration tested (10 ,ug/ml), an additional sample
(100 ,ug/ml; *CAPS) and lower assay dilution was used in the
experiment depicted in Fig. 2. The IL-6 activity in the
supernatants of MNC stimulated with LPS from R. meliloti,
B. lupini, or P. diminuta was not inhibited completely, since
the IL-6 activities in these supernatants were much higher
than those of the 506- or R. capsulatus LPS-induced super-
natants (data not shown; compare Tables 3 and 4). Note that
the graph simply shows thymidine incorporation of the assay
cells and not the results of a probit analysis (picograms of
IL-6). TNF antibody reversed the L929 lytic activity in the
supernatants (data not shown).

Nontoxic R. capsulatus LPS inhibits toxic LPS-induced
cytokine production. Further experiments analyzed whether
the nontoxic R. capsulatus LPS could antagonize cytokine
induction by LPS from B. lupini, R. meliloti, or P. diminuta.
Coincubation with R. capsulatus LPS abolished the induc-
tion of IL-1 and IL-6 or ofTNF by the other LPSs (Table 5).
The nontoxic LPS did not alter induction of cytokines by the
gram-positive S. epidermidis, indicating the specificity of the
inhibition.

Structure-function relationship of the tested LPSs. LPS
consists of two structural regions, the lipid moiety, de-
scribed in Table 1, and the sugar part (0-chains and R-core).
We performed DOC-PAGE to analyze the individual migra-
tion patterns of the LPSs. The LPSs showed different
patterns (Fig. 3) depending on the extent of R-core substitu-
tion by 0-chains and on different 0-chain composition and
length. R. capsulatus and R. meliloti LPSs showed only
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FIG. 1. Inhibition of IL-1 activity. MNC were cultured for 24 h with various stimuli (506, synthetic E. coli type lipid A; CAPS, R.

capsulatus LPS; MEL, R. meliloti LPS; LUP, B. lupini LPS; DIM, P. diminuta LPS). The supernatants were harvested and incubated (final
dilution, 1:10) with a mixture of monospecific rabbit anti-recombinant IL-la and IL-lp antisera (final dilutions, 1:500) for 1 h at 37°C. D1OS
cells were added, and IL-1 activity was measured by [3H]thymidine incorporation (dpm per culture ± SD). Concentrations of stimuli: 506,
1 ,ug/ml; *CAPS, 100 p.g/ml; other LPSs, 50 ,ug/ml.
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FIG. 2. Inhibition of IL-6 activity. MNC were cultured for 24 h with various stimuli (10 p,g/ml; for abbreviations, see Fig. 1 legend). The
supernatants were harvested and incubated (final dilution, 1:1000) with monospecific rabbit anti-recombinant IL-6 antiserum (final dilution,
1:1000) for 1 h at 37°C. B9 cells were added, and IL-6 activity was measured by [3H]thymidine incorporation (dpm per culture ± SD). A
second supernatant of MNC stimulated with a higher concentration of R. capsulatus LPS (*CAPS, 100 ,ug/ml) was tested at a final dilution
of 1:100.

three or two bands (long arrows), respectively, indicating
short 0-specific chains. The LPS of P. diminuta had a high
rough-type content (arrowhead) and only a single main band
in the smooth region (long broken arrow), whereas B. lupini
(short arrows) contained significant amounts of smooth LPS.
The minimal concentrations active for cytokine induction
and the toxicity (LD10o) of the LPSs tested indicate that
expression of biological activities is not related to the type of
LPS (smooth or rough).

DISCUSSION

The importance of LPS as an inducer of cytokines that
mediate certain systemic responses to bacterial infections is
increasingly apparent. However, little is known about the
correlation of cytokine induction capacity and lethal toxicity
of nonenterobacterial LPSs. The present report compares
these important biological functions and shows that nontoxic
R. capsulatus LPS is 1,000- or 10,000-fold less potent as an

inducer of MNC-derived cytokines than the other LPSs
investigated here. Furthermore, the R. capsulatus LPS
reduced or abolished cytokine induction following stimula-
tion of MNC with the other LPSs. The overall structure of
the lipid A backbone, the number and type of fatty acids,
their position, and complete phosphorylation all appear to be
important for the expression of biological activities.
LPSs of several Rhizobiaceae, including B. lupini and R.

meliloti, as well as P. diminuta LPS induced all cytokines
tested. The lowest concentration (minimal dose) still active
for IL-1 and IL-6 induction was 1 ng/ml for R. meliloti LPS,
10 ng/ml for B. lupini LPS, and 10 to 100 ng/ml for P.
diminuta LPS. The most active TNF inducer was B. lupini
LPS (100 ng/ml), followed by R. meliloti LPS (10 ,ug/ml) and
P. diminuta LPS (50 jig/ml). Thus, the rank order of these
LPSs for IL-1 and IL-6 induction differed from that for TNF
induction, although all three LPSs induced IL-1, IL-6, and
TNF production. In contrast, nontoxic R. capsulatus LPS

TABLE 5. R. capsulatus LPS inhibits toxic LPS-induced cytokine release

Cytokine activity (pg/ml) in supernatants of stimulated MNCa

Stimulus IL-1 IL-6 TNF

No CAPS CAPS added No CAPS CAPS added No CAPS CAPS added

Medium 0 2 313 1,767 0 1,700
R. meliloti LPS 12,311 22 (99)b 211,000 8,705 (96) 22,700 2,100 (91)
B. lupini LPS 15,157 2,500 (83) 343,000 130,000 (62) 139,700 1,000 (93)
P. diminuta LPS 32,490 253 (99) 520,000 42,870 (92) 10,050 54,900 (45)
S. epidermidis 1,895 1,895 (0) 60,628 60,628 (0) 21,600 24,500 (0)

a See Table 4, footnote a. The induction of TNF was measured in a separate set of parallel cultures of MNC stimulated under the various conditions. Nontoxic
R. capsulatus LPS (CAPS) was used at 5 ,ug/ml, the other LPSs were used at 2 ,ug/ml, and S. epidermidis was applied at 23,000 bacteria per ml.

b The percent inhibition by addition of R. capsulatus LPS is shown in parentheses. Inhibition of S. abortus-equi LPS was 80 and 90%o for IL-1 and IL-6
induction, respectively.
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FIG. 3. Comparison of chemical character and biological activi-
ties of the various LPSs. The migration pattern was analyzed in
DOC-PAGE. Subsequently, 5 or 10 pLg of the same LPS was applied
to each lane and silver stained following the run. The arrows
indicate the various S (smooth) and R (rough) type bands as follows:
long arrows, short 0-chains of R. capsulatus and R. meliloti LPSs;
long broken arrow, single main band of P. diminuta LPS in the
semirough region; short arrows, long 0-chains of B. lupini LPS;
arrowhead, single main band in the rough region of P. diminuta
LPS. The minimal doses active for cytokine induction (nanograms
per milliliter) and the lethal toxicity (LD100, nanograms per mouse),
summarized from the data shown above, are arranged below the
DOC-PAGE gel. See Fig. 1 legend for abbreviations.

induced IL-1 or IL-6 activity only poorly and did not
elaborate TNF activity (up to 100 ,ug/ml). A recent report
showed that TNF is the endogenous mediator of the lethal
effects of LPS in galactosamine-sensitized mice (16). There-
fore, it was not surprising that the nontoxic LPS of R.
capsulatus did not induce TNF formation in vitro and that
the relatively low-toxicity P. diminuta LPS stimulated only a
little TNF production. The TNF activity induced by the two
other LPSs did not correlate with their lethal activity, as the
LPS of B. lupini was a stronger inducer ofTNF but less toxic
than R. meliloti LPS. The use of different species for the in
vitro (human MNC) and in vivo (mouse) experiments and/or
different sensitivities of the biological assays might explain
these results.
The structure-function relationship of the LPSs tested

supports the concept that none of the different lipid A
constituents represents the toxophore group by itself. It is
more likely that expression of biological activities depends
on the overall structure of the lipid A and that structural
similarity to enterobacterial lipid A is important. The influ-
ence of the type of acylation within the lipid A backbone is
documented by the results obtained with the R. capsulatus
and R. meliloti LPSs. Replacement of the amide-bound
3-OH fatty acids of R. meliloti by 3-oxo fatty acids, as found
in the R. capsulatus lipid A, in concert with the presence of
shorter and unsaturated fatty acids results in a 1,000-fold
decrease in toxicity and 1,000- to 10,000-fold decrease in
cytokine-inducing capacity. A similar observation was made
earlier when the toxicity ofRhodopseudomonas sphaeroides
LPS containing amide-bound 3-oxo fatty acids and entero-
bacterial lipid A containing amide-bound 3-OH fatty acids

was compared (52). Two of the LPSs tested (B. lupini and R.
meliloti) contain long-chain fatty acids of a new, recently
discovered structural type (22, 57). These fatty acids are
twice as long as those usually present in enterobacterial lipid
A. Consequently, they contribute to a high hydrophobicity
of the respective lipid A and may compensate for the low
degree of acylation (4 to 5 fatty acids per molecule) of B.
lupini and R. meliloti LPS.

Study of synthetic lipid A partial structures has shown that
the fatty acid composition influences the ability of various
synthetic lipid A's to induce IL-1 (30). Induction of IL-1 by
LPS or lipid A could be antagonized by non-IL-1-inducing
tetraacylated precursor Ia, indicating specificity of binding,
which, however, does not suffice to induce lymphokine
production. Since the R. capsulatus LPS only killed galac-
tosamine-treated mice and induced cytokines at high con-
centrations, we analyzed whether this LPS inhibited induc-
tion of cytokine production by toxic LPSs. The R.
capsulatus LPS did inhibit or decrease (by 45 to 99%) the
lymphokine induction by all LPSs tested. These results
support our previous findings and extend them to natural
substances. The present investigations agree well with find-
ings that lipid A obtained from the LPS of Rhodopseudomo-
nas sphaeroides, structurally similar to R. capsulatus LPS,
inhibited TNF production by toxic LPS in RAW 264.7 cells
(54) and that lipid IVA inhibited TNF production in whole
blood ex vivo (25a).
The regulatory network of immune response in bacterial

infection leading to septic shock is incompletely understood.
However, more than one mediator may cause the lethal
effects of bacterial endotoxin under certain circumstances.
Concentrations of IL-1 and TNF that alone are innocuous
produced a shocklike state in rabbits when administered in
combination (42), an indication that these two mediators act
synergistically (7, 42). Since our data show induction of
three major cytokines by toxic LPSs, correlating with the
rank order of lethal toxicity in mice, it appears possible that
development of septic shock is not restricted to interaction
of the two mediators IL-1 and TNF.
Our observation that cytokine induction in cultured cells

parallels in vivo lethality suggests an in vitro assay for the
toxic properties of a given LPS that avoids the use of
animals. Furthermore, the finding that the toxic potential of
various LPSs correlates well with in vitro stimulation of
cytokines supports the pathogenic role of these mediators in
development of septic shock. In this regard, the immediate
therapy of acute septic shock with nontoxic LPS of R.
capsulatus in combination with appropriate antibiotic ther-
apy might mitigate the fatal effects of gram-negative infec-
tion.
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