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We have developed a solid-phase radioimmunoassay technique for specific
gram-negative bacterial lipopolysaccharide (LPS) 0 antigens. The method ex-
ploits the high-titer, specific immunoglobulin M response of the rabbit to LPS
immunization to measure as little as 5 ng of homologous LPS per ml with less
than 0.5% cross-reactivity toward heterologous LPS or culture supernatants. We
found that 0 antigen in complete LPS was less available for antibody binding
than 0 antigen in the soluble polysaccharide derived by mild acid hydrolysis of
LPS and that triethylamine-induced disaggregation of complete LPS increased
its activity in the assay. Quantitation of 0 antigen with the assay was thus
influenced by the physical state of LPS or "free" 0 antigen.

Although much has been learned about the
chemistry of gram-negative lipopolysaccharides
(LPS; endotoxins) in recent years, the absence
of sensitive, quantitative immunochemical as-
says for these molecules has been a major im-
pediment to further progress in understanding
their biological role. At the present time, there
is a sensitive, quantitative assay for endotoxin
activity (the Limulus lysate test [15, 20]), but
the specificity of this assay has been disputed
(15).
There are at least three properties of LPS

which present obstacles to an immunoassay.
First, these are antigenically complex molecules
which consist of three major structural regions.
Lipid A, the moiety responsible for most biolog-
ical activities of endotoxin, including Limulus
lysate gelation (15), is attached by a region of
R-core sugars to the 0 polysaccharide, a long
polymer which gives serological identity to dif-
ferent gram-negative strains. Although it is pos-
sible to raise antisera to lipid A and R-core
antigens (5, 26), the most immunogenic region
of LPS is the 0 polysaccharide, and most anti-
sera produced by heat-killed gram-negative bac-
teria or purified LPS are directed primarily to
O-polysaccharide antigen(s). Second, in the rab-
bit and other species, the major antibody re-
sponse to LPS is immunoglobulin M (IgM); IgG
antibodies appear with prolonged immunization
but have lower titer and less specificity for the
immunizing 0 antigen (14,23). Third, in aqueous
solution LPS molecules exist in aggregates of
variable size and solubility (3). It is thought that
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the hydrophobic lipid A orients toward the in-
terior, and the hydrophilic 0 polysaccharide ori-
ents toward the exterior, of the membranous or
micelle-like structures observable by electron
microscopy (7).
The insolubility of LPS and its tendency to

aggregate discouraged us from attempting an
antigen-binding assay, in which unlabeled LPS
might be quantitated by its ability to inhibit
binding of labeled LPS to antibody. Solid-phase
"sandwich" methodology (22) seemed more suit-
able, since an LPS aggregate which attached to
solid-phase antibody might present multiple
binding sites to the second "indicator" antibody.
However, solid-phase assays have previously
used radiolabeled or (enzyme-linked) IgG as the
indicator antibody (or capture antibody, or
both); IgM, the major antibody produced in
response to LPS immunization, is harder to pu-
rify and less stable in solution.
This report describes a sensitive, quantitative

immunoassay method which we have used to
measure three specific O-polysaccharide anti-
gens. Our solid-phase sandwich technique is sim-
ilar to that previously described for other anti-
gens (22), modified to take advantage of the high
titer and specificity of the IgM antibody re-
sponse to LPS immunization. Microtiter wells
are first coated with IgG obtained from a rabbit
which has been immunized for 6 to 8 weeks with
a heat-killed bacterial vaccine (capture anti-
body). The second layer is the sample containing
LPS. Third, we add diluted early phase immune
serum (IgM rich) from the same rabbit. Finally,
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the amount of IgM sticking to the wells is de-
tected with '26I-labeled sheep antibodies to rab-
bit IgM (indicator antibody).
We also present data to show that the assay

is specific for the 0-antigen moiety of LPS and
that the solubility of the LPS molecule has an
important influence on the measurement of 0-
antigen concentration.

MATERIALS AND METHODS
Bacterial strains. Escherichia coli 06 K13 was

provided by James W. Smith and Bertil Kaijser; E.
coli 055, 04, and 014:K7 were provided by the Bureau
of Laboratories, Center for Disease Control; and E.
coli 0111 (J5 mutant) was provided by Abraham I.
Braude. Salmonella minnesota R5 and R345 were
provided by Otto Westphal, and S. typhimurium G-30
and GB-1 were obtained from M. J. Osborn and Paul
Rick.
LPS preparations. LPS from E. coli 06, E. coli

055, and E. coli 014 were prepared from cells grown
in Trypticase soy broth (BBL Microbiology Systems,
Cockeysville, Md.) by the hot phenol-water method
of Westphal and Jann (24). Subsequent purification
steps (ether extraction, deoxyribonuclease and ribo-
nuclease treatment, pronase treatment) were essen-
tially as described by Romeo et al. (18). In addition,
each preparation was ultracentrifuged twice (100,000
x g for 3 h), and the supernatant was discarded. S.
Minnesota R5 and R345 LPS was prepared by the
method of Galanos et al. (4) and purified in a similar
manner. Preparations were ascertained to have less
than 1% nucleic acid and less than 1.5% protein by
ultraviolet absorbance.

Intrinsically labeled LPS was produced by S. typhi-
murium G-30, a mutant which lacks uridine 5'-diphos-
phate-galactose-4-epimerase and which incorporates
exogenous D-galactose almost entirely into LPS (17).
Cells were grown in 50 ml of PPBE (17) containing 0.5
mM D-galactose and 750 uCi of D-[1-3H]galactose
(New England Nuclear Corp., Boston, Mass.). Cells
were harvested after four generations of growth,
washed with saline, and stored at -70'C. Before ex-
traction of the LPS with the phenol-water method,
labeled cells were combined with 1.5 g of lyophilized
unlabeled cells grown under the same conditions. Pu-
rified LPS was hydrolyzed with 1% acetic acid at 100'C
for 1.5 h, and the lipid A precipitate was removed by
centrifugation at 2,000 xg for 20 min. The supernatant
was lyophilized and then resuspended in pyridine-
acetic acid for chromatography on Sephadex G-50 as
described by Jann et al. (9). A single peak of 3H
activity appeared just within the void volume of the
column; these peak fractions were lyophilized and used
as the acid-hydrolyzed polysaccharide. The polysac-
charide had at least 104-fold less activity than the
original LPS in the Limulus lysate test (15).

For use in the radioimmunoassay, LPS preparations
were suspended in pyrogen-free water at a concentra-
tion of 1 mg/ml, with 5 !l of triethylamine (Eastman)
per ml added to assist solubilization. Subsequent di-
lutions were in phosphate-buffered saline (PBS)-
Tween (0.1 M potassium phosphate, 0.15 M NaCI,
0.02% sodium azide, 0.05% Tween-20, pH 7.4).

Preparation of antiserum. Bacteria from log-
phase cultures in Trypticase soy broth were harvested
by centrifugation, washed in saline, and heated at
100'C for 2 to 3 h. The cells were then washed and
resuspended in saline before freezing at -70'C (26).
Rabbits weighing 4 to 6 pounds (ca. 1.8 to 2.7 kg) were
immunized by intravenous injection of gradually
increasing amounts (0.2 ml to 1 ml) of heat-killed
bacterial suspension, administered two or three times
each week. Rabbits were bled after 3 weeks of immu-
nization ("early" serum), and then immunization was
continued with once-weekly injections for 8 to 10
weeks. The rabbits were then bled again ("late" se-
rum). Serum was stored at -701C until use.

Early antiserum titers were assessed by passive
hemagglutination of LPS-sensitized human (B-)
erythrocytes (16), and late antiserum titers were as-
sessed by a bacterial agglutination test (19) with heat-
killed bacterial cells diluted to an optical density of
0.78 (Coleman Jr. spectrophotometer, 1.2-cm tube di-
ameter), in PBS containing 0.1% bovine serum albu-
min.
Preparation of IgG (capture antibody). Rabbit

IgG was purified from late serum (see above) by frac-
tionation of dialyzed (0.03 M potassium phosphate,
pH 7.8) serum on DE-52 (Whatman) (2). Fall-through
fractions were concentrated to approximately 10 mg/
ml and stored in PBS at -700C.

Indicator antibody. Sheep anti-rabbit IgM (mu
specific) was purchased from Cappell Laboratories,
Cochranville, Pa. A 2-ml amount of reconstituted se-
rum was treated twice with ammonium sulfate (8),
dialyzed against normal saline, and stored in aliquots
at -70'C. A 40-ptl quantity of this globulin fraction
(300 ftg) was iodinated with 500 ,uCi of Na'25I (Amer-
sham) by the chloramine-T method (6). The specific
activity (assuming 100% recovery of labeled protein)
was approximately 1.5 1ACi/1g. The labeled material
was stored in PBS with 0.5% bovine serum albumin at
-700C. Before use in the assay, each portion was
adsorbed at 40C overnight with rabbit IgG-Sepharose
(BioRad Immunobead R-1); 100 pl of packed beads
was added to a 500 j portion of labeled globulin. The
adsorbed material was kept at 4VC until used in the
assay.
Immunoaasay. Polyvinyl microtiter wells (Dyna-

tech Laboratories) were coated with rabbit anti-LPS
IgG in 0.1 M sodium carbonate buffer, pH 9.5 (150 pM/
well). For each IgG preparation, the optimal coating
concentration was determined to be the lowest con-
centration (from 20 to 100 ltg/ml) which gave the
maximal test/background ratio in the assay. Optimal
coating occurred with incubation at 370C for 3 h; the
plates could then be left at 40C for at least 24 h before
use. Before adding samples containing antigen, the
wells were washed twice with 200 pl of PBS-Tween.
Antigen was added in PBS-Tween (145 il/well), and
the plates were incubated for at least 2 h at 40C. The
plates were washed again and then filled (140 pl/well)
with homologous rabbit antiserum (early serum) di-
luted in PBS-Tween containing 0.1% ovalbumin. A 1:
400 or 1:500 dilution was chosen for most experiments.
After at least 2 h of incubation at 40C, the wells were
washed again, and a 1:300 dilution of "I-labeled sheep
anti-rabbit mu was added (in 135 id of PBS-Tween-
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ovalbumin [approximately 100,000 cpm] per well). The
plates were then incubated for at least 2 h at 40C,
washed three times with PBS-Tween, and dried. The
wells were removed from the plates with a Dynapunch
(Dynatech Laboratories) and counted in a Beckman
4000 gamma counter. Standard deviations were less
than 5% of the mean for 80% of 200 samples tested in
quadruplicate (10 experiments, 0 to 10,tg of LPS per
ml).
Adsorption experiments. Purified LPS (E. coli

06, 055) was attached to washed B- human erythro-
cytes after heating the LPS (1 mg/ml) in PBS at
100'C for 60 min. The sensitized erythrocytes were
washed three times in PBS, and 100-tl volumes of the
packed cells were used to adsorb a 1:100 dilution of
heat-inactivated, homologous, early antiserum in PBS
(0.03 M sodium phosphate, 0.15 M NaCl) containing
0.1% ovalbumin. After incubation at 40C for 30 min,
the erythrocytes were sedimented by low-speed cen-
trifugation, the supernatant was transferred to another
tube, and another portion of sensitized cells was added.
This procedure was repeated six times. A similar di-
lution of antiserum was treated with unsensitized
erythrocytes in a parallel fashion. The adsorbed sera
were then tested in the immunoassay for activity
toward homologous LPS and culture supernatants
from homologous E. coli, with unadsorbed serum at a
similar dilution as a control.

RESULTS
Antisera. Early antisera had hemagglutina-

tion titers of 1:6,400 (E. coli 055), 1:25,600 (E.
coli 06) and 1:6,400 (S. typhimurium). IgG pu-
rified from late antisera had bacterial aggluti-
nation titers of 1:800 (anti-E. coli 055 IgG, 10
mg/ml), 1:400 (anti-E. coli 06 IgG, 15 mg/ml),
and 1:200 (anti-S. typhimurium IgG, 8 mg/ml).
Radioimmunoassay. We used the same ap-

proach to develop immunoassays for LPS from
E. coli 06, E. coli 055, and S. typhimurium.
Each assay could detect as little as 1 ng of
homologous purified LPS per ml. Assay sensitiv-
ity depended upon the dilution of the second
(IgM-rich) antiserum (Fig. 1), and greater sen-
sitivity might be achieved by using less dilute
serum than we employed for this step.
The amount of measured LPS was signifi-

cantly influenced by the solubility of the LPS
preparations. Disaggregation ofLPS with trieth-
ylamine increased the amount ofLPS measured
by approximately 1.5- to 2.0-fold (Fig. 2A). We
studied the effect of LPS solubility further by
comparing intrinsically labeled S. typhimurium
LPS with its derivative polysaccharide, prepared
as described in Materials and Methods. The
polysaccharide had substantially greater activity
in the assay and was detectable at 0.1 to 0.5 ng/
ml (Fig. 2B). The two antigens were adjusted
before assay to obtain the same 3H counts per
unit volume; since [3H]galactose is present only
in the polysaccharide moiety of the labeled LPS
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FIG. 1. Effect of second (IgM-rich) antiserum di-

lution on LPS immunoassay. PurifiedLPS standards
were tested three times on the same microtiter plate
with different dilutions of the second (IgM-rich) an-
tiserum. The same amounts of capture (IgG) and
indicator ('25I-sheep anti-rabbit mu) antibody were
added to all the wells. Quantitation ofLPS with the
assay was dependent upon the amount ofIgM added.
Points indicate the mean of four determinations ±
standard deviation.

(17), the difference observed probably reflects a
difference in the solubility of the LPS and its
derivative polysaccharide and not in the number
of antigen molecules.
We assessed the specificity of the assays in

three ways. First, each assay was shown to have
at least 104 greater activity toward homologous
LPS than toward heterologous smooth and
rough LPS preparations (Table 1) and at least
102-fold greater activity toward homologous cul-
ture supernatants than toward supernatants of
heterologous smooth or rough E. coli and Sal-
monella strains (Table 2). Second, each early
immunization antiserum was adsorbed with
erythrocytes which had been sensitized with ho-
mologous or heterologous LPS. After adsorption
with homologous LPS, there was essentially
complete loss of activity toward homologous
stationary-phase culture supernatants, whereas
adsorption with heterologous LPS or unsensi-
tized erythrocytes caused minimal reductions in
activity (Table 3). Taken together, these analy-
ses indicate that the E. coli radioimmunoassays
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FIG. 2. Effect ofincreasing LPS solubility on the result ofimmunoassay. (A) Solubilization (disaggregation)

ofLPS with triethylamine (TEA). E. coli 055 LPS was suspended inpyrogen-free water (1 mg/ml) and divided
into two aliquots. Triethylamine (5 ,ul/ml) was added to one aliquot, with mixing. The two preparations were

then diluted in parallel and tested in the immunoassay (microtiter plate and other reagents were identical).
In two separate experiments, addition of triethylamine significantly increased the amount ofLPS measured
in the assay. Points indicate mean of four determinations ± standard deviation. (Note that the scale of the
horizontal axis is logarithmic.) (B) Comparison ofLPS with its derivative polysaccharide. S. typhimurium G-
30, intrinsically labeled with D-[1-3H/galactose, was subjected to mild acid hydrolysis to cleave the polysac-
charide moiety (containing 0 antigen) from lipid A. Polysaccharide and complete LPS were adjusted to the
same counts per minute per milliliter of suspension and tested in parallel by the immunoassay. Data are
expressed relative to the lyophilized dry weight of complete LPS. The derivative polysaccharide was

substantially more active in the assay, as indicated by the greater sensitivity ofthe assay for thepolysaccharide

and by the steeper slope of the assay curve. Points indicate mean oftwo or three determinations ± 1 standard
deviation.

are specific for homologous 0 antigen. Although
we cannot exclude small amounts of anti-R-core
antibody in the antiserum, the absence of assay
activity toward rough LPS and supernatants of
rough mutants suggests that this cross-reactivity
is minimal.
The specificity of the S. typhimurium assay

was also tested by measuring the amount ofLPS
released into culture supernatants of S. typhi-
murium G-30 grown with and without D-galac-
tose in the culture medium. This mutant incor-
porates D-galactose exclusively into the R-core
and 0 regions of LPS (17). The supernatant of
the culture grown without galactose had only
2.0% (average of two experiments) of the LPS

detected with the immunoassay in the superna-
tant of the culture grown with 1.0 mM D-galac-
tose to the same point in the growth curve; with
the Limulus lysate test (15), in contrast, three-
fold more LPS (lipid A) activity was measured
in the culture grown without galactose. When
the same experiment was repeated with S.
typhimurium GB-1 (a derivative of G-30 which
is additionally blocked in O-antigen synthesis,
and which thus incorporates D-galactose only
into R core [17]), the immunoassay detected less
than 0.5% of the culture supernatant LPS meas-
ured for G-30 grown with galactose. The S.
typhimurium immunoassay is thus directed to-
ward the 0 antigen. We believe that the small
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TABLE 1. Immunoassay activity toward
homologous and heterologous purified LPS

Amt (jg/ml) detected by im-
munoassay for:

LPSa
E. coli E. coli S. typhi-
06 055 murium

E. coli 06 10 sO.01 sO.005
E. coli 055 sO.Ol 10 s0.005

E. coli 026 (Difco) sOl.01 O.Ol s0.005
E. coli 0127 (Difco) sO-.01 .01 0.008
S. enteritidis (Difco) sO.01 Ol.01 sO.005
S. typhimurium NTb NT 10

E. coli 014 sO-.01 .01 CO.005
S. Minnesota R345 <O.01 OC.01 NT
S. Minnesota R5 O-.01 .01 sO.005

a Tested at 10Lg/ml.
b NT, Not tested.

TABLE 2. Immunoassay activity toward
homologous and heterologous culture supernatantsa

Amt (ug/ml) detected by immu-

Culture supernatant noassay for.
(stationary phase) E. coli E. coli S. typhi-

06 055 murium

E. coli 06 7 <0.05 O0.05

E. coli 055 <0.05 52 s0.05
E. coli 04 <0.05 <0.05 sO.05
E. coli 014 <0.05 <0.05 <0.05

E. coli J5 <0.05 <0.05 <0.05
S. typhimurium <0.05 <0.05 25
a Cultures were centrifuged (12,000 x g, 15 min) and

the supernatant was recentrifuged before dilution (1:

10 or greater) in PBS-Tween for assay.

amount of 0 antigen in the cultures of G-30
grown without added galactose is synthesized
from traces of galactose already present in
PPBE media (12).

DISCUSSION
Immunization ofthe rabbit with LPS, whether

in purified form or as heat-killed whole cells,
mainly raises IgM antibodies to the 0 antigen
(14, 23). With prolonged immunization, signifi-
cant titers of IgG are also produced to the 0

antigen. We chose to use IgG, isolated from late
immunization serum, as the capture antibody
for our assay because it was easy to purify and
stable after adsorption to microtiter wells. We
initially attempted to use radiolabeled IgG as

the indicator antibody as well (as has been de-
scribed by Leibowitz et al. [13]), but in our hands
there was significant assay activity toward het-
erologous LPS with this approach. By following
the antigen with IgM-rich early immunization

TABLE 3. Adsorption ofsecond (IgM) antiserum
with LPS-sensitized erythrocytes

Activity

Antiserum Adsorption Purified Culture
LPSb superna-

tantb

Anti-055 None 1.0 1.0
Unsensitized RBCC 0.98 .98
06 LPS-RBC 0.94 .80
055 LPS-RBC 0.0004 s0.0004

Anti-06 None 1.0 1.0
Unsensitized RBC 0.89 1.0
055 LPS-RBC 1.0 .86
06 LPS-RBC 50.005 sO.005

a Amount measured in radioimmunoassay. Unad-
sorbed serum value = 1.0.

b Homologous LPS or supernatant.
' RBC, Erythrocytes.

serum and then adding radiolabeled sheep anti-
rabbit mu-chain indicator antibodies, we were
able to achieve greater sensitivity while gaining
a high degree of specificity for the immunizing
0 antigen. Another approach used by others to
assay E. coli heat-labile enterotoxin (25) is to
use antiserum from one species as the capture
antibody, follow the antigen with antiserum
from a second species, and use labeled antibody
to the second species' globulins as the indicator
antibody. Our method allows antiserum from a
single rabbit to function as the first and second
antibodies in the assay and exploits the differ-
ence in antibody class used for the two "layers"
by using a mu-specific antiserum as the indicator
antibody.
We found that the amount of purified LPS

estimated by the assay could be increased (1.5-
to 2.0-fold) by increasing the solubility of the
LPS with triethylamine, a compound which re-
duces the size of LPS aggregates (3). Even more
striking was the difference in assay activity
found for LPS and its derivative soluble poly-
saccharide (Fig. 2B). Significant differences in
the result of the immunoassay might therefore
be caused by variations in the degree of aggre-
gation ofLPS molecules in a sample or by factors
otherwise affecting solubility (such as the rela-
tive lengths of hydrophilic 0 and hydrophobic
lipid A regions), without actual differences in
the amount of 0 antigen present. Similar prob-
lems doubtless exist with the Limulus lysate
assay, which detects lipid A activity (20) and
which thus could be influenced by the degree of
exposure of lipid A moieties to the Limulus
proclotting enzyme. The dependence of these
assays upon the solubility (availability) of the
relevant LPS moieties may mean that purified
complete LPS is not the optimal assay standard

INFECT. IMMUN.
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for "natural" LPS (or 0 antigen) released from
gram-negative bacteria. Studies to examine
these relationships are in progress.
How might assays for LPS 0 antigens be

used? First, they should provide a new dimen-
sion to studies of the release of LPS (and possi-
bly 0 polysaccharide) from gram-negative bac-
teria in vitro. Second, purification of bacterial
components, especially membrane proteins, is
frequently hampered by contaminating LPS;
these assays may allow the presence of such
contamination to be recognized and monitored
more easily. Third, the assays may allow more
specific evaluation of the role of endotoxin in
experimental animal models of gram-negative
bacterial infection. Fourth, in certain clinical
situations in which the Limulus lysate test has
been used to detect specific endotoxins (such as
Shigella dysenteriae endotoxemia [11], bacte-
rial meningitis [10], and septic arthritis [21]),
these assays might allow an independent esti-
mation of the presence of the specific endo-
toxin(s) in plasma or other body fluids.
The methodology developed for this assay

may also be useful for the quantitation of other
bacterial polysaccharides (for example, E. coli K
antigens; meningococcal, pneumococcal, and
Haemophilus influenzae polysaccharides). IgM
also accounts for the major antibody response to
immunization with these antigens. Previous as-
says for these polysaccharides have been semi-
quantitative (counterimmunoelectrophoresis,
latex agglutination) and have had less sensitivity
than the present method. A recently described
solid-phase enzyme-linked immunoassay for H.
influenzae b capsular polysaccharide (1) with
hyperimmune burro antiserum indicates that
the solid-phase approach is applicable to these
antigens. Our data suggest that because of their
relative solubility these polysaccharides may
possibly be quantitated even more accurately,
and with greater sensitivity, than LPS.
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