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The present study evaluated the effect of a novel anti-lipid A monoclonal antibody, termed SdJ5, on the in
vitro production of tumor necrosis factor alpha (TNF-a) and interleukin-1f% by endotoxin- or lipopolysaccha-
ride (LPS)-challenged human peripheral blood mononuclear cells (hPBMC). In addition, the present study
determined whether SdJ5 could neutralize the in vivo toxicity of LPS. SdJ5, at a concentration equal to or

greater than 3 iLg/ml, specifically inhibited TNF-a and interleukin-lj production by hPBMC stimulated with
every type of LPS and lipid A assessed. SdJ5 also showed a significantly greater inhibition of cytokine
production than a nonrelevant human immunoglobulin M myeloma control. The SdJ5-mediated inhibition of
TNF-a production was rapid, as the simultaneous addition of the SdJ5 and LPS still resulted in a marked
decrease in hPBMC cytokine synthesis. The ability of SdJ5 to neutralize in vivo toxicity was also determined
by using LPS from four different strains of gram-negative bacteria. LPS, when preincubated with SdJ5,
resulted in a significant decrease in the 24-h mortality rate compared with that for the control. These studies
show that the anti-lipid A monoclonal antibody SdJ5 can modulate LPS-induced cytokine production in vitro
and increase the survival rate of rats challenged with lethal doses of LPS.

Septic shock is currently the most common cause of death
in intensive care units in the United States (27). Current
statistics estimate that there are 200,000 cases of septic
shock per year in the United States and 100,000 of these
cases result in death. There are several contributory causes
for the high incidence of septic shock, including the in-
creased use of cytotoxic and immunosuppressive drugs and
the appearance of antibiotic-resistant bacteria. Endotoxin,
or lipopolysaccharide (LPS), an integral component of the
outer membrane of gram-negative bacteria, has been impli-
cated as a primary initiator of the pathogenesis of this form
of septic shock (23).
Recent studies showed that LPS, following its interaction

with membrane components of monocytes (5, 15), induced
the release of proinflammatory cytokines (3, 5, 9, 33) as well
as other inflammatory mediators (20, 24, 28). Other studies
have indicated that proinflammatory cytokines, such as
tumor necrosis factor alpha (TNF-a) and interleukin-13
(IL-1,B), play significant roles in the pathogenesis of septic
shock (3, 4, 7, 18, 21, 29).

Since LPS induces the release of proinflammatory cyto-
kines, antibodies to LPS have been evaluated as a means to
attenuate the endotoxin-associated pathology (2, 12-14, 30,
34, 35). Different investigators have assessed antibodies
against the different regions of the LPS molecule, with
variable results. For instance, antibodies to the type-specific
0 side chain of LPS, when administered to mice before
endotoxin challenge, resulted in a significant increase in the
survival rate (2). However, the protection afforded by these
antibodies was not LPS cross-reactive. In order to provide
protection against LPS derived from a broad range of
gram-negative bacteria, monoclonal antibodies (MAb)
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against the structurally conserved and biologically active
lipid A moiety of LPS have been developed. The effective-
ness of these anti-lipidA MAb in both laboratory and clinical
studies has been variable (2, 11, 13, 14, 30, 35). This
variability may be attributed to different specificities of the
MAb directed against unique lipid A epitopes, which, in
turn, could be responsible for the different in vitro and in
vivo activities (19).

In order to address these sources of variability, a novel
human immunoglobulin M (IgM) MAb, SdJ5-1.17.15 (SdJ5),
was developed against lipid A (8). Subsequent studies dem-
onstrated that SdJ5 binds to an epitope on lipid A associated
with its biologic activity (17). The present study evaluated
the therapeutic potential of SdJ5 and characterized the in
vitro inhibitory effects of this MAb on LPS-induced TNF-a
and IL-lp production by human peripheral blood mononu-
clear cells (hPBMC). In addition, its effectiveness in neutral-
izing the in vivo toxicities of several strains of endotoxin was
assessed.

MATERIALS AND METHODS

Human antibodies. Human IgM MAb SdJ5 (Baxter Health-
care Corporation Hyland Division, Duarte, Calif.) was uti-
lized in the experiments. Antibody was formulated at 1
mg/ml in a sterile, pyrogen- and protein-free saline buffer
solution and stored at 5°C. Vehicle controls were identical to
the SdJ5 formulation buffer except that antibody was not
present. Human myeloma IgM protein used as a negative
control was purchased from Jackson Laboratory (Bar Har-
bor, Maine).

Lipid A and LPS preparation. LPSs from Klebsiella
pneumoniae, Pseudomonas aenrginosa (List Biochemicals,
Campbell, Calif.), Salmonella minnesota R595 (Re mutant),
Salmonella typhimurium SL 1181 (Re mutant), and Esche-
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richia coli 055:B5 (Sigma Chemical Co., St. Louis, Mo.) and
lipid A from S. typhimunum (Re mutant) (ICN Biochemi-
cals, Irvine, Calif.) were used in this study. Unless otherwise
stated, all lipid A and LPS samples were reconstituted in
phosphate-buffered saline containing 20 mM EDTA and
0.1% (vol/vol) triethanolamine (Sigma), pulse sonicated
(Branston Sonifier Cell Disrupter 200; duty cycle, 40%;
output control, 3) for 10 min at 5°C, and stored at -70°C.
Lipid A and LPS concentrations were adjusted from 4 to 40
ng/ml with complete RPMI medium consisting of RPMI-1640
(Whittaker M. A. Bioproducts, Walkersville, Md.) supple-
mented with 50 U of penicillin and 50 ,ug of streptomycin
per ml, 2 mM L-glutamine (GIBCO, Grand Island, N.Y.),
and 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid) buffer (Sigma).
hPBMC isolation. hPBMC from healthy donors were iso-

lated from heparinized (20 U/ml) (Elkins-Sinn, Cherry Hill,
N.J.) blood. The hPBMC fraction was isolated on Ficoll-
Hypaque (Sigma) by density centrifugation (400 x g for 30
min). The buffy coat was washed three times in RPMI (100 x
g for 15 min) and then resuspended at 5 x 106 cells per ml in
complete RPMI containing 2% heat-inactivated (30 min at
56°C) human AB serum.

In vitro cytokine induction procedure. SdJ5 and LPS were
combined in a 1:1 (vol/vol) ratio and preincubated for 1 h
(37°C, 5% C02) unless indicated otherwise. The SdJ5-LPS
mixture was then added to an equal volume of hPBMC (5 x
106 cells per ml) and was cultured for 16 to 24 h (37°C, 5%
C02) unless otherwise indicated. The cultures were then
processed through three -70°C freeze-thaw cycles to disrupt
the cell membranes. The cellular debris was pelleted by
centrifugation at 500 x g for 2 min. The supernatant was
removed, diluted 1:3 in complete RPMI medium containing
2% AB serum, and stored at -70°C until analyzed for TNF-a
and IL-1 concentrations.
TNF-a and IL-113 ELISA. Both the total (freeze-thaw)

lysates as well as hPBMC supernatants were evaluated for
human TNF-a and IL-13 by enzyme-linked immunosorbent
assay (ELISA) (R&D Systems, Quantikine, Minneapolis,
Minn.). The cytokine levels were derived from standard
curves generated for each experiment according to the
manufacturer's suggested procedures (Molecular Devices
Softmax Software).
LPS lethality model. Male Sprague-Dawley rats (175 to 200

g) (Charles River, Wilmington, Mass.) were sensitized to
LPS by a modification of the methods of Freudenberg and
Galanos (10). Rats were rendered unconscious by the inha-
lation of CO2 and intravenously injected simultaneously with
D-(+)-galactosamine (400 mg/kg of body weight) and one of
the following strains of LPS: S. minnesota R595 (Re), S.
typhimurium (Re), E. coli 055:B5, or P. aeraginosa. The
LPS was administered intravenously at a dose range from
0.001 to 1,000 ,ug/kg, and the 24-h survival rate for each
treatment group was determined. On the basis of these
survival data, the dose of each LPS causing a 70 to 90%
mortality rate (LD7090) was identified. Each LPS was pre-
incubated with various amounts of SdJ5 (SdJ5/LPS ratio,
100:1, 400:1, 500:1, 600:1, or 10,000:1) or an equivalent
volume of vehicle for 1 h at 37°C in a water bath (Durabath
model 2975-22; Labline Instruments, Inc., Melrose Park,
Ill.). Immediately following incubation, the previously deter-
mined LPS LD7090 plus either SdJ5 or vehicle was trans-
ferred to a 5-ml syringe. To this was added D-(+)-galac-
tosamine (400 mg/kg), and the injection volume was adjusted
to 3.0 ml with sterile isotonic saline. The survival rate of the
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FIG. 1. SdJ5 inhibition of endotoxin-induced TNF-a production.

One of five LPSs or lipid A (1 to 10 ,ug/ml) was preincubated with
SdJ5 (3 ,g/ml) or vehicle, added to hPBMC, and cultured for 16 to
24 h. SdJ5 markedly inhibited LPS- or lipid A-induced TNF-a
synthesis by hPBMC assayed in triplicate. hPBMC of three donors
were used with E. coli (-), K pneumoniae (U), S. minnesota R595
(O), and S. typhimurium (Re) (1$) LPSs. hPBMC of one donor were
used with P. aeruginosa LPS (5) as well as with S. typhimunium
lipid A (ll).

SdJ5-LPS-injected rats was compared with that for the
appropriate vehicle-LPS-injected controls.

Statistical analysis. The inhibitory effects of SdJ5 and
myeloma IgM on LPS-induced TNF-at production by
hPBMC were compared by an analysis of variance plus a
Newman-Keul test. The effects of SdJ5 on LPS-induced
cytokine levels in the hPBMC supernatants and cell lysates
were evaluated by an unpaired Student's t test. Similarly,
the effect of the duration of SdJ5 and LPS preincubation on
the in vitro TNF-a production was assessed by an unpaired
Student t test. The relationship between the dose of LPS and
the survival rate of rats was evaluated by determining the
Pearson product-moment correlation. Finally, the in vivo
effect of SdJ5 was assessed by chi-square analysis. For each
study and each statistical test, the confidence interval was
set at 95%.

RESULTS

LPS-induced TNF-a production in vitro. In order to eval-
uate the ability of SdJS to inhibit cytokine production in
vitro, it was first necessary to determine the concentrations
of LPS required to induce cytokine production by hPBMC.
Five LPSs and one lipid A were screened for TNF-a
inductive potential. A marked increase in total TNF-a pro-
duction occurred when the hPBMC were incubated with 1 to
10 ng of LPS or lipid A per ml, and this concentration range
was chosen for all subsequent experiments evaluating SdJ5
function.

SdJ5 inhibition of LPS-induced TNF-a production by
hPBMC. Once the concentration of LPS required to induce
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FIG. 2. Specificity of SdJ5-mediated inhibition of TNF-a pro-

duction. S. minnesota R595 LPS (10 ng/ml) was preincubated with
either vehicle, human IgM myeloma, or SdJ5, added to hPBMC, and
cultured overnight. SdJ5-mediated inhibition of TNF-a production
was compared with that in either LPS- or myeloma IgM-LPS-
stimulated hPBMC by an analysis of variance plus a Newman-Keul
test. The data are expressed as mean cytokine levels with standard
errors (bars) for hPBMC isolated from four healthy donors and
assayed in triplicate. a, P < 0.05 compared with the LPS-alone
group; b, P < 0.05 compared with the myeloma-LPS group.

hPBMC production of TNF-a was established, the inhibitory
activity of SdJ5 was evaluated. Preincubation of S. minne-
sota (Re) LPS with increasing concentrations of SdJ5 re-
sulted in a MAb concentration-related inhibition of TNF-a
production by hPBMC (data not shown). On the basis of
these dose range studies, SdJ5 at 3 ,ug/ml was evaluated for
its ability to inhibit TNF-a production induced by three
wild-type LPSs, two mutant LPSs, and one lipid A (Fig. 1).
SdJ5 inhibited TNF-a production by hPBMC stimulated
with each LPS type tested or lipid A. The level of TNF-a
inhibition ranged from 60 to 100%. There was no correlation
between the extent of SdJ5-mediated inhibition of TNF-a
synthesis and LPS strain type (rough versus smooth).

Specificity of the anti-lipid A MAb-mediated inhibition of
TNF-a production. Since SdJ5 inhibited TNF-a production
by hPBMC challenged with various types of LPS or lipid A,
studies were then performed to determine whether the effect
of SdJ5 was specific to this particular IgM. SdJ5 and a
nonspecific myeloma IgM were compared for their abilities
to inhibit hPBMC production of TNF-a induced by S.
minnesota R595 LPS. Myeloma IgM nonspecifically de-
creased TNF-ot production by LPS-stimulated hPBMC;
however, the inhibition induced by SdJ5 was significantly
greater than that induced by the myeloma IgM (Fig. 2).
These data show that, although the myeloma protein medi-
ated some inhibition, SdJ5 specifically inhibits LPS-induced
TNF-a production by hPBMC.
The next series of studies determined whether preincuba-

tion of LPS with SdJ5 was necessary to inhibit hPBMC
production of TNF-a. LPS and SdJ5 were either added to
the cell suspension simultaneously or premixed for periods
ranging from 15 min to 1 h before addition to hPBMC. SdJ5
decreased TNF-cx synthesis by LPS-stimulated hPBMC in-
dependently of the duration of preincubation (Fig. 3). These
data show that SdJ5-mediated inhibition of TNF-a produc-
tion is rapid, specific, and quantitatively different from the
inhibition seen with the myeloma 1gM.

SdJ5-mediated inhibition of LPS-induced IL-113 production.
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FIG. 3. Effect of preincubation time on SdJ5-mediated inhibition
of TNF-a production. The production of TNF-a by hPBMC stimu-
lated with S. minnesota R595 LPS (10 ng/ml) plus vehicle was
compared with that induced by LPS preincubated with SdJ5 (3
p.g/ml) for 0, 15, 30, or 60 min. The data are expressed as mean
cytokine levels with standard errors (bars) for hPBMC isolated from
five healthy donors and assayed in triplicate. *, P < 0.05 compared
with the control by an analysis of variance plus a Dunnett test.

In order to determine whether the inhibition of cytokine
production by hPBMC was limited to TNF-a, the effect of
SdJ5 on the in vitro production of IL-lp was assessed.
Stimulation of hPBMC with one of six types of LPS resulted
in IL-1l production which was inhibited by 20 to 90% with
SdJ5 (Fig. 4). SdJ5 was able to inhibit IL-1lB production
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FIG. 4. SdJ5 inhibition of endotoxin-induced IL-13 production.

One of five LPSs or lipid A (1 to 10 tg/ml) was incubated with SdJ5
(3 ,ug/ml) or vehicle, added to hPBMC, and cultured overnight. The
data are expressed as the mean inhibition of IL-13 production by
hPBMC assayed in triplicate. hPBMC of three donors were used
with S. minnesota and S. typhimurium LPSs. hPBMC of two donors
were used with E. coli and K pneumoniae LPSs. hPBMC of one
donor were used with P. aeruginosa LPS as well as with S.
typhimurium lipid A. See the legend to Fig. 1 for symbols.
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FIG. 5. SdJ5 inhibition of endotoxin-induced cytokine production: effects of cytokine source and culture time. S. minnesota LPS (10
ng/ml) preincubated with either SdJ5 (3 p,g/ml) or vehicle was added to hPBMC cultures. After either 4 or 18 h in culture, cell lysate (total)
or cell-free supernatant (supt) TNF-a (A) and IL-lp (B) levels were determined. The data are expressed as mean cytokine levels with standard
errors (bars) for hPBMC isolated from three healthy donors and assayed in triplicate. *, P < 0.05 compared with vehicle control by an
unpaired Student t test.

induced by both rough and smooth types of LPS as well as
by lipid A. This indicated that the inhibition of in vitro
cytokine production by SdJ5 was not limited to its actions
against TNF-a synthesis.

Effects of cell culture time and cytokine source on SdJ5-
mediated inhibition of cytokine production. In all of the
experiments described above, total cytokine levels from
both intracellular and extracellular pools following 16 to 24 h
of incubation were measured. In order to determine whether
the inhibitory activities of SdJ5 were limited to these condi-
tions, experiments were performed to compare the levels of
SdJ5-mediated inhibition of TNF-a cytokine production
after 4 and 18 h of incubation. Total (cell lysate) as well as
hPBMC supernatant TNF-a levels were measured at each of
these time points. SdJ5 significantly inhibited TNF-a (Fig.
5A) and IL-10 (Fig. 5B) production irrespective of whether
the cytokines were measured in cell lysates or culture

supernatants. In addition, SdJ5 was effective at decreasing
cytokine synthesis at both 4 and 18 h of cell culture.

SdJ5-mediated inhibition of LPS toxicity in vivo. Since
cytokines have been implicated as mediators in the patho-
genesis of gram-negative septic shock, studies were per-
formed to determine whether SdJ5 would neutralize the in
vivo toxicity of LPS. In order to evaluate the effect of SdJ5,
it was first necessary to establish the toxic dose range of
LPS. Intravenous administration of LPS plus D-(+)-galac-
tosamine to rats resulted in a dose-dependent decrease in the
24-h survival rate. The toxicity of the LPS varied from type
to type, with E. coli 055:B5 LPS being the most toxic
(LD70_90 = 0.25 ,ug/kg) and S. typhimurium (Re) LPS being
the least toxic (LD7090 = 100 ,ug/kg).

Administration of LPS preincubated with SdJ5 to rats
resulted in a significant increase in the 24-h survival rate
compared with that for animals injected with LPS plus

TABLE 1. Survival rates (24 h) of rats injected intravenously with various strains of LPS preincubated with
either MAb SdJ5 or a vehicle controla

S. typhimurium (Re) (10 jig/kg) S. minnesota (Re) (10 p.g/kg) E. coli 055:B5 (0.25 jg/kg) P. aeruginosa (3 p,g/kg)
Therapeutic MAb/LPS

agent (wt/wt) No. of mg of MAb Survival No. of mg of MAb Survival No. of mg of MAb Survival No. of mg of MAb Survival
animals per kg (%) animals per kg (%) animals per kg (%) animals per kg (%)

SdJ5 100:1 13 1 54 11 1 45 13 0.25 39* 16 0.3 56*
Vehicle 12 17 11 27 15 7 16 31

SdJ5 400:1 13 4 54* 19 4 74* 13 0.1 39 20 1.2 85*
Vehicle 12 8 19 26 12 50 20 45

SdJ5 500:1 13 5 46* 19 5 84* 13 0.125 46 20 1.5 85*
Vehicle 12 8 19 32 12 42 20 45

SdJ5 600:1 14 6 64* 20 6 80* 13 0.15 62* 20 1.8 68*
Vehicle 12 8 20 20 16 25 20 48

SdJ5 10,000:1 ND ND 16 2.5 63* ND ND
Vehicle ND ND 16 32 ND ND
a *, P < 0.05. ND, not done.
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vehicle (Table 1). The ability of SdJ5 to neutralize the in vivo
toxicity of LPS appeared to vary with the LPS type; how-
ever, SdJ5 was capable of increasing the 24-h survival rate
for each of the four types of LPS evaluated (Table 1). In
addition, the ability of SdJ5 to neutralize the in vivo toxicity
of LPS was not limited to either rough or smooth strains of
endotoxin (Table 1). These data show that SdJ5 can neutral-
ize the in vivo toxicity of LPS.

DISCUSSION

TNF-a and IL-lp have been implicated as major media-
tors of endotoxic shock (13, 21). These cytokines, produced
by LPS-stimulated mononuclear leukocytes, act synergisti-
cally to produce the clinical symptoms of endotoxic shock.
Consequently, agents such as antibodies or receptor antag-
onists which block the effects of TNF-a or IL-1B have been
found to be effective in ameliorating the lethal effects of LPS
(1, 16, 26, 32). It was of interest, then, to determine whether
an anti-lipid A MAb could, by virtue of its capacity to inhibit
LPS-induced cytokine production, produce the same effects
as reagents which block cytokine activity.
The human IgM MAb SdJ5 was generated against a

heat-killed S. minnesota R595 whole-organism vaccine and
has previously been reported to recognize an epitope ex-
pressed on the lipid A moiety of LPS (17). The present study
was designed to determine whether the anti-lipid A specific-
ity of SdJ5 conferred upon this antibody the ability to
neutralize LPS-induced cytokine production in vitro and
whether this activity correlated with the ability of SdJ5 to
protect rats from lethal endotoxin challenge.

SdJ5 specifically inhibited LPS-induced cytokine produc-
tion in a concentration-dependent manner. This specific
inhibition was seen at an equimolar or greater SdJ5/LPS
ratio and was observed to be independent of the LPS or lipid
A type tested. These data agree with those of Kazemi et al.
(17), who showed that SdJ5 bound to various smooth and
rough LPSs in the liquid phase. It is this interaction between
the LPS and SdJ5 that apparently prevented the production
of cytokines by hPBMC challenged with various types of
LPS. While most of the data presented here involved TNF-a
and IL-1 measurements taken after 16 to 24 h of culture,
SdJ5 was also found to block cytokine production after only
4 h. This is especially relevant since in many in vivo models
of endotoxic shock serum TNF-a levels are observed to
peak acutely after LPS challenge (16, 22, 25).

Other investigators have studied the capacity of anti-lipid
A MAb to inhibit LPS-induced cytokine production, with
variable results. Chia et al. (6) tested an extensive panel of
murine MAb directed against either core LPS or lipid A
epitopes and did not detect any MAb able to prevent
LPS-induced TNF-a production in vitro by RAW 264.7
macrophages. Similarly, the human IgM anti-lipid A MAb,
HA-1A, was found not to inhibit circulating TNF-a produc-
tion in mice challenged with LPS (2). However, Vacheron et
al. (31) studied three murine anti-core LPS MAb and found
that two of the MAb effectively lowered murine serum
TNF-a levels when administered 3 h prior to LPS challenge.
Thus, different MAb directed against either the lipid A or the
core region of LPS apparently differ in their capacities to
block LPS-induced cytokine production. Whether this vari-
ability can be ascribed to differences in the epitopes recog-
nized by different MAb, to differences in the experimental
systems employed, or to other factors cannot be determined.
To address the question of whether the in vitro activity of

SdJ5 correlated with the in vivo activity, SdJ5 was tested for

its capacity to protect rats from lethal LPS challenge.
Incubation of SdJ5 with LPS prior to intravenous adminis-
tration in rats resulted in a significant decrease in the 24-h
mortality rate compared with the vehicle-preincubated con-
trol group. This decreased mortality rate was seen with four
types of LPS. To our knowledge, this study is the first report
that a cross-reactive anti-lipid A MAb which inhibits LPS-
induced cytokine release in vitro can also protect against the
lethal effects of endotoxin. These data do not preclude the
possibility that MAb such as SdJ5 exert their in vivo effects
by other mechanisms in addition to their effects on cytokine
production. Nor do these data speak to the possibility that
other anti-lipid A MAb, which do not inhibit cytokine
production, are capable of affording in vivo protection by
mechanisms such as antigen clearance. Given that multiple
epitopes are expressed on lipid A (19), it is possible that
different anti-lipid A MAb recognizing different epitopes
may manifest their biological functions via different mecha-
nisms.

In summary, preincubation of various strains of LPS with
the anti-lipid A MAb SdJ5 resulted in a significant decrease
in the in vivo toxicity of endotoxin. Studies of the in vitro
interaction between SdJ5 and LPS indicated that the MAb
may produce its in vivo effects by virtue of its ability to
inhibit LPS-induced cytokine production. These data sup-
port the notion that a further preclinical evaluation of this
anti-lipid A MAb is warranted.
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