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Abstract

Epstein-Barr virus (EBV)-transformed human B lymphocytes
were fused with a murine-human heteromyeloma to produce sta-
ble hybrid cell lines that secreted human monoclonal antibodies
(mAbs) of the IgM class that recognized conserved epitopes in
the core-lipid A region of lipopolysaccharides (LPS). Three of
the mAbs reacted with epitopes on the lipid A moiety, while a
fourth recognized a determinant in the core oligosaccharide. The
lpid A-specific mAbs cross-reacted with heterologous rough LPS
and with lipid As released by acid hydrolysis of different intact
(smooth) LPS. Carbohydrate groups in the O-side chain and
core oligosaccharide of isolated, smooth LPS restricted antibody
access to antigenic sites on lipid A. Yet, one lipid A-reactive
mAbrecognized its epitope on the surfaces of a variety of intact
bacteria. These findings confirm the presence of highly conserved
epitopes in the core-lipid A complex and prove the existence of
human B cell clones with the potential for secreting high avidity
IgM antibodies that react with these widely shared determinants.
Such human mAbs might provide protective activity against dis-
ease caused by diverse gram-negative bacteria.

Introduction

Gram-negative bacteria are common pathogens of man. Lipo-
polysaccharides (LPS),1 or endotoxins, are an essential structural
and immunopathogenic component of the outer cell membrane
of all gram-negative bacteria (1, 2). LPS are complex, microhet-
erogeneous macromolecules that share a tripartite structure that
consists of lipid A, the core oligosaccharide, and O-specific side
chain (3). Lipid A is the toxic moiety, and together with the
covalently attached core oligosaccharide, constitutes the phy-

Address reprint requests to Dr. Pollack.
Presented at the International Symposium on the Immunobiology

and Immunopharmacology of Bacterial Endotoxin, Tampa, FL, January
1985, and at the International Symposium on Endotoxin, Bari, Italy,
May 1986.

Receivedfor publication 26 August 1986 and in revisedform 13 Jan-
uary 1987.

1. Abbreviations used in this paper: AET-SRBC, aminoethylisothiou-
ronium bromide-treated sheep erythrocytes; CEN, chicken erythrocyte
nuclei; EBV, Epstein-Barr virus; ELISA, enzyme-linked immunosorbent
assay; FACS, fluorescence-activated cell sorter; KDO, 3-deoxy-D-man-
nooctulosonic acid; LPS, lipopolysaccharide; mAb, monoclonal antibody;
PAGE, polyacrylamide gel electrophoresis; TBS, Tris buffer with saline;
TBS-AGT, TBS with albumin, gelatin, and Tween-20.
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logenetically conserved core region of LPS (3, 4). The distally
linked 0-side chain, on the other hand, represents a hypervariable
region that determines the antigenic diversity of bacterial LPS
(5, 6).

It has been proposed that antibodies that recognized con-
served epitopes in the core-lipid A region of LPS would cross-
react among a wide variety of gram-negative bacteria and would
possess antiendotoxic activity based on their ability to neutralize
or block lipid A-mediated biological activities (7). It has been
further speculated that such antibodies, because of their broad
cross-reactivity and putative antiendotoxic properties, would
serve a protective function in gram-negative sepsis of diverse
etiology. Moreover, since serum antibodies that react with LPS
core determinants are prevalent among normal adults (8, 9),
these antibodies have been regarded as an important component
of natural immunity against gram-negative bacterial disease.
Accordingly, augmentation of such antibodies through active or
passive immunization has been viewed as a potential means for
increasing host resistance to the septic complications of gram-
negative infections. This possibility has been evaluated, both in
experimental animals (10, 11) and in man (12), through im-
munization with rough mutants of certain gram-negative bacteria
whose incomplete LPS is comprised of antigenically exposed
core structures containing lipid A and basal core sugars (5, 13).
These studies have proven inconclusive, however, on the basis
of variable protection or the failure to correlate protection with
antibodies of defined specificity.

The availability of monoclonal antibodies (mAbs) with
specificities for well-defined epitopes in the LPS core region
would permit critical immunochemical analysis of this portion
of the LPS macromolecule as well as functional evaluation of
the antibodies themselves. Wehave recently reported the prep-
aration of such mAbs, of both murine (14) and human origin
(15), and confirmatory data have come from several other lab-
oratories (16-20). Wedescribe here the preparation of stable
hybrid cell lines that secrete human mAbs that recognize con-
served epitopes in the core-lipid A region of LPS. Characteriza-
tion of these antibodies confirms the presence of highly conserved
antigenic structures in the core-lipid A complex and proves the
existence of human B cell clones capable of secreting high avidity
antibodies that react with these widely shared determinants.
These mAbswith core-lipid A specificity may be assayed directly
for their protective effect and as prophylactic and/or therapeutic
agents for diseases caused by gram-negative bacteria.

Methods

Bacterial strains. The uridine diphosphate-4-galactose epimerase-deficient
Escherichia coli J5 mutant (13) was obtained from A. I. Braude (Uni-
versity of California, San Diego, CA). The heptoseless Salmonella min-
nesota R595 mutant (Re chemotype) (5) was obtained from L. S. Young
(University of California, Los Angeles, CA). The E. coli 0 1 1 :B4 and S.
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minnesota wild-type strains were obtained from L. Shoer (List Biological
Laboratories, Inc., Campbell, CA). Clinical isolates were obtained from
the clinical microbiology laboratory, Naval Hospital, Bethesda, MD.

Lipopolysaccharides (LPS), lipid A, and part structures. Rough and
smooth LPS, purified by Galanos (21) and modified Westphal procedures
(22), respectively, and further purified chromatographically, were obtained
from List Biological Laboratories. Quantitative analyses of 19 LPS prep-
arations used were provided by the manufacturer. 14 (74%) contained
< 1%, and all 19 contained < 1.5% nucleic acid by weight. 11 (58%)
contained < 1%, and all 19 contained < 2%protein by weight. Lipid As,
prepared by acetic acid hydrolysis of Re mutant LPS (23), were obtained
from List or from Ribi Immunochem Research, Inc., Hamilton, MT.
Monophosphoryl lipid A (24), derived from Re mutant S. minnesota
LPS, was obtained from Ribi. The lipid A precursor molecule designated
lipid X (25), was purchased from Lipidex, Middleton, WI.

Enzyme-linked immunosorbent assays (ELISA). Antibody reactivity
with rough and smooth LPS, and lipid A, was measured by ELISA, as
previously described (8). Briefly, LPS (or lipid A) dissolved in carbonate
coating buffer (15 mMNa2CO3, 30 mMNaHCO3, 3 mMNaN3, pH
9.55), at a concentration of 10-25 Ag/ml, was incubated at 40C overnight
in polystyrene microtiter plates (Dynatech Laboratories, Inc., Alexandria,
VA). The wells were washed with phosphate-buffered saline (PBS, pH
7.4) containing 0.5 ml/liter of Tween-20 (PBS-Tween). Then, 50 1AI an-
tibody-containing test samples (suspended in PBS-Tween) were incubated
in the wells at 4VC for 30 min. The final three steps, separated by PBS-
Tween washes, were as follows: addition of 50 Ml of rabbit anti-human
Ig (Zymed, South San Francisco, CA) diluted 1:500, followed by incu-
bation at 40C for 30 min; addition of 50 MAl of goat anti-rabbit IgG-
alkaline phosphatase conjugate (Sigma Chemical Co., St. Louis, MO);
addition of 50 Ml of p-nitrophenylphosphate substrate (Sigma 104), 1 g/
ml in 10% diethanolamine, pH 9.8, followed by incubation at 250C for
60 min. Absorbance was read at 405 nm in a Titertek Multiscan Micro-
ELISA Spectrophotometer (Flow Laboratories, Inc., McLean, VA).

Competitive inhibition ELISA was performed by dispersing freshly
prepared and sonicated LPS (or lipid A) in normal saline containing 1
Ml/ml of triethylamine. 10-fold dilutions of the LPS suspension were
preincubated at 370C for 1 h with a predetermined amount of antibody
that yielded an optical density of 1.0 when assayed alone in the ELISA.
The LPS-antibody mixture was then assayed by ELISA, as described
above, and percent inhibition of antibody binding activity calculated for
each concentration of inhibitor by the following formula: 1 - OD405 of
mAb+ LPS/OD405 of mAbalone X 100.

A whole bacterial cell ELISA was performed as follows. Bacteria
were grown overnight at 37°C in tryptic soy broth (Difco Laboratories,
Detroit, MI), heat-killed at 100°C for 10 min, washed three times in
normal saline, and suspended in carbonate buffer (15 mMNa2CO3, 30
mMNaHCO3, 3 mMNaN3, pH 9.55) to an optical density at 660 nm
of 0.2. 50-MAl aliquots of the bacterial suspension were added to the wells
of a 96-well microtiter plate containing 0.22 ,m pore-sized polyvinylidene
fluoride membranes (Millititer GV Filtration Plate, Millipore Corp.,
Bedford, MA) and the plates incubated overnight at 4°C. Subsequent
steps were identical to those described above except that removal of
reagents from wells and washing were accomplished by means of a small
aperture in the bottom of each well leading to a vacuum manifold plate
holder. After addition of substrate, filtrates were transferred into the
wells of a second, standard microtiter plate placed in the vacuum chamber
immediately below the filtration plate, and optical density determined
at 405 nm in the automated spectrophotometer.

Preparation of hybridomas and mAbs. Peripheral blood mononuclear
cells were separated on Ficoll-Hypaque (26) from blood obtained from
individuals with high naturally acquired or immunization-induced ELISA
titers to LPS from the heptoseless S. minnesota R595 mutant (Re che-
motype) (5) or the uridine diphosphate (UDP)-4-galactose epimerase-
deficient E. coliJS mutant (Rc chemotype) (13). Monocytes were depleted
by adherence to plastic and T cells were removed by rosetting with ami-
noethylisothiouronium bromide-treated sheep erythrocytes (AET-SRBC)
(27). Nonrosetting cells were incubated with 10 X concentrated EBV-
containing supernatant from the B95-8 marmoset cell line (28) and dis-

tributed into flat-bottom 96-well microtiter plates at a density of 104
cells/well. Culture supernatants were screened by ELISA for binding
activity against E. coli J5 and S. Minnesota R595 LPS after 14-21 d of
incubation. Cells from positive wells were expanded, retested, and sub-
cultured at low density in round-bottom microtiter plates. After further
expansion, the cells were fused with the back-selected, 6-thioguanine/
ouabain-resistant F3B6 mouse-human (NS lx human B cell hybrid) het-
eromyeloma cell line (29, 30). Hybridomas from this fusion were selected
in medium containing 100 AMhypoxanthine, 5 Mg/ml azaserine, and 5
MMouabain, screened by ELISA, and cloned by limiting dilution or
isolation in soft agar (31, 32).

RNAand DNAanalytical techniques. RNAwas prepared from cells
using established methods (33); RNases were inhibited with vanadyl-
ribonucleoside (34). Oligo-dT purified poly (A)' mRNAwas electro-
phoresed in formaldehyde-containing gels and transferred to nitrocellulose
(35). DNAwas extracted from isolated nuclei (36). The nuclei were sus-
pended in 50 mMTris-HCI, pH 7.5, containing 40 mMNaCl and 10
mMEDTA, and extracted by the method of Copeland et al. (37). DNAs
were digested to completion with appropriate restriction enzymes (New
England Biolabs, Boston, MA), electrophoresed in 0.7% agarose gels,
and transferred to nitrocellulose (38). Filters were hybridized to nick-
translated Ig constant region probes in the presence of 10%dextran sulfate
(39). A human J chain probe was obtained from E. Max (National In-
stitutes of Health, Bethesda, MD); a mouse J chain probe was from M.
Koshland (University of California, Berkeley, CA); Ig constant region
probes were the gift of A. Bothwell (Yale University, NewHaven, CT);
and an EBVgenomic probe was received from J. Pagano (University of
North Carolina, Chapel Hill, NC). After hybridization, filters were washed
twice at 220C in 0.015 Msodium citrate containing 0.15 MNaCl and
0.1% SDS, and then washed twice more at 680C in the same solution
diluted 1:10 in water. The filters were then dried and exposed to x-ray
film overnight at -70'C with an intensifying screen.

DNAprofiles. Established protocols (40, 41) were modified as follows.
Chicken erythrocyte nuclei (CEN) stored in 50% ethanol were used as
internal standards for fluorescence activated cell sorter (FACS) analysis
and prepared according to the method of Diamond and Braylan (42).
CENwere sedimented at 100 g for 5 min at 4VC, separated from the
supernatant, and processed as described below. Cell lines were dispensed,
in aliquots of 4 X 10' cells, into 15-ml conical centrifuge tubes, washed,
and resuspended in I ml of isotonic PBS, pH 7.4. The cells were cen-
trifuged at 100 g for 5 min at 4VC, the supernatant was aspirated, and
the cells resuspended gently in cold citrate solution containing I mg/ml
sodium citrate, pH 7.5, 11 mMMgCI2, and 15 Mg/ml RNase I-AS (Sigma
Chemical Co.). The cell suspensions were incubated on ice for 10 min
before the addition of 10 Ml of propidium iodide, 5 mg/ml in distilled
water (Sigma Chemical Co.) and maintenance at room temperature for
30 min. Samples were then placed on ice and filtered through 37 Am
nylon mesh before analysis.

An EPIC V cell sorter equipped with a 76-nm nozzle (Coulter Elec-
tronics, Hialeah, FL) was used for DNAcontent and forward-angle light
scatter measurements. A488-nm argon ion laser line at 1 Wlight regulated
power was used for excitation, and the total fluorescent emission above
610 nm was measured. Forward angle light scatter was obtained as a
measure of cell size with a neutral-density 2.0 ODfilter placed in front
of the scatter detector. Two parameter (64 X 64 channel) DNAvs. scatter
histograms and 256-channel histograms were generated with - 10,000
cells analyzed per cell line. Software- and hardware-based gated analysis,
on DNAcontent and scatter, was employed to reduce debris and cell
aggregate events.

Immunoblot analysis. LPS or lipid A samples were dispersed in water
by heating and sonication, and mixed with an equal volume of 0.1 M
Tris-HCI buffer, pH 6.8, containing 2% (wt/vol) SDS, 20% (wt/vol) su-

crose, 1%2-mercaptoethanol, and 0.001% bromophenol blue. The sam-

ples were run in a Laemmli SDS-polyacrylamide gel electrophoresis sys-
tem (PAGE) (43), using the slab apparatus described by Maizel (44), in
which was employed a 4% stacking gel and a 14% separating gel incor-
porating 4 Murea. The sample mixtures were heated in a 1000C water
bath for 5 min, applied in 10-20-Ml aliquots to a 140 X 120 X 1.2 mm
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slab gel, and electrophoresed at 20 mA/gel until the bromophenol blue
had migrated 10 cm. The gel was then fixed by overnight incubation in
a solution containing 40%ethanol and 5%acetic acid, and silver-stained
according to the method of Tsai and Frasch (45).

LPS was transferred from identical, unstained companion gels ac-
cording to the procedure of Towbin (46), as modified by Hitchcock (47),
onto nitrocellulose membranes (Bio-Rad Laboratories, Richmond, CA)
employing a transphor electrophoresis cell (TE42, Hoefer Scientific In-
struments, San Francisco, CA). Transfers were performed in the cold
employing a current of 125 mAfor 20 h. Immunoblots were developed
in the following manner. Nitrocellulose membranes containing trans-
ferred LPS were immersed for 10 min in Tris buffer with saline (TBS)
containing 20 mMTris-HCl and 150 mMNaCl, pH 7.5. Membranes
were then immersed, with gentle agitation for 30 min, in blocking solution
consisting of TBS plus 2%bovine serum albumin (BSA) and 0.25% gel-
atin. Membranes were then immersed in a solution containing the pri-
mary antibody, appropriately diluted in TBS plus 2%BSA, 0.25% gelatin,
and 0.05% Tween-20 (TBS-AGT), and gently agitated for 2 h. Membranes
were washed with distilled water in TBS-AGT and incubated for 2 h
with a second antibody (e.g., rabbit anti-human IgM) at an appropriate
dilution. Membranes were then washed as before and incubated with a
third antibody (e.g., goat anti-rabbit IgG) conjugated with peroxidase
and diluted appropriately in TBS-AGT. Color was developed by the
addition of chloronaphthol substrate (60 mg in 20 ml of cold methanol
mixed at room temperature with 100 mgof TBS to which 60 41 of cold
30% H202 had just been added), and color development stopped by
immersing nitrocellulose membranes in several changes of distilled water.

Estimation of antibody avidity. The solid-phase radioimmunoassay
system employed was adapted from that previously described by Frankel
and Gerhard (48) and later modified by Mandrell and Zollinger (49),
except that LPS (or lipid A) was the solid-phase antigen used to coat the
wells of flexible polyvinyl microtiter plates (overnight incubation at 4VC
at an appropriate LPS concentration, as indicated below). Serial dilutions
of mAb, prepared by ammonium sulfate precipitation of hybridoma
tissue culture supernatant obtained under serum-free conditions, were
incubated overnight at room temperature in LPS-coated microtiter plates.
The amount of specific antibody bound at each dilution was determined
by subsequent incubation with '251I-labeled goat anti-human immuno-
globulin. The resulting counts per minute were related to a standard
curve generated by means of a capture assay in which known amounts
of human immunoglobulin of the appropriate class were added to mi-
crotiter wells previously treated with a class-specific rabbit anti-human
immunoglobulin and detected with class-specific 1251I-labeled goat anti-
human Ig. Antibody concentration at each dilution was determined by
assaying a single antibody dilution in microtiter wells coated with in-
creasing concentrations of LPS (lipid A) and establishing the peak an-
tibody concentration above which no additional binding occurred with
increasing amounts of antigen; the antibody concentration determined
at this single dilution was then used to calculate the antibody concen-
tration of other dilutions by multiplying by the appropriate dilution factor.
After quantitation of total LPS-specific antibody and antibody bound at
each dilution, a Scatchard plot was constructed of antibody bound/free
antibody vs. antibody bound, and Kq determined by the following for-
mula: -nKY, = antibody bound/total antibody - antibody bound, where
n = antibody valence (assumed to be 10 in the case of IgM).

LPS hydrolysis (23). 1 mgof purified smooth LPS was mixed with
3 ml of 1% acetic acid in a I0-ml capacity round-bottom flask. The
mixture was refluxed for 2 h at 100°C, allowed to cool, and adjusted to
pH 7.5 with 2 N NaOH. The hydrolyzed LPS was then diluted 1:10 in
coating buffer and used to coat the wells of microtiter plates for deter-
mination of antibody binding in the ELISA (see above).

Results

Hybridomas secreting human mAbs reactive with the core-lipid
A complex. After EBV transformation of peripheral blood
mononuclear cells, only LPS core-specific antibodies of the IgM

class were detectable. Antibody production was maintained in
fewer than 5% of these cultures. In contrast, when EBV-trans-
formed cells were fused with the F3B6 heteromyeloma, most
fusions yielded clones with relatively stable core (or lipid A)-
specific antibody synthesis, including the four clones described
here. Further stabilization of antibody production was achieved
by cloning hybrids in soft agar and identifying high antibody
producers using a reverse plaque technique (31, 32).

The cloned cell lines designated D-234, D-244, D-250, and
D-267 have been maintained in continuous culture, without
loss of antibody synthesis, for 12 moor more. FACSanalysis of
the fused cell lines revealed a DNAcontent in excess of that
demonstrated by the F3B6 heteromyeloma fusion partner (Fig.
1). Relative DNAcontent was characteristic for each hybridoma,
and remained stable with time. Western blot analysis of the mAbs
produced by each of the four cell lines demonstrated only human
heavy and light chains. No human J chain was detected on
Southern blots, while mouse J chain message was demonstrated
on Northern blots. Finally, no DNAsequences corresponding
to the EBVgenome were revealed employing Southern hybrid-
ization techniques.

Specificity and cross-reactivity of mAbs. The mAbs referred
to as D-234, D-244, and D-267 recognized determinants shared
by E. coli J5 and S. Minnesota R595 core glycolipids (Fig. 2).
These antibodies demonstrated greater ELISA reactivity against
isolated lipid As than against the glycolipids from which the
lipid As were derived, and greater binding to the rough S. min-
nesota R595 LPS compared with the more complex E. coli J5
core glycolipid. D-250, on the other hand, reacted more selec-
tively with E. coli J5 LPS, demonstrating little or no binding
activity against S. Minnesota R595 LPS or lipid A (Fig. 2). Sub-
sequent studies indicated that the apparent binding of D-250 to
E. coli J5 lipid A probably resulted from recognition of an epitope
on the core oligosaccharide of contaminating unhydrolyzed,
rough LPS rather than a determinant on the lipid A moiety
itself. The difference in specificity between the group of mAbs
comprised of D-234, D-244, and D-267, on the one hand, and
D-250, on the other, was confirmed by the strong reactivity of
the former with isolated lipid As from S. typhimurium and E.
coli K12 compared with the nonreactivity of D-250. None of
the four mAbs reacted well with smooth LPS isolated from the

10 - -D234
.D-244

'X 6 -d4-

2

5 10 15 20 25
LINEAR FLUORESCENCEINTENSITY

Figure 1. DNAhistograms comparing the DNAcontent of the mAb-
secreting D-234 and D-244 (EBV-transformed human B cell X F3B6)
hybridoma cell lines to that of the F3B6 mouse-human (NS I x hu-
man B cell hybrid) heteromyeloma fusion partner.
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Figure 2. Binding activity of human mAbs against purified rough and
smooth LPS, and lipid A, measured by ELISA. Partially purified
mAbs were assayed at a concentration of 100 ng/ml in polystyrene
microtiter wells coated with 25 jsg/ml of LPS or 10 tg/ml of lipid A.
The Pseudomonas aeruginosa toxin A-specific mAbdesignated D-253
(also an IgM) was included as a control.

E. coli 01 1 1:B4 and S. Minnesota wild-type parent strains from
which the J5 and R595 mutants were derived, or with smooth
LPS from the heterologous E. coli 026:B6 or P. aeruginosa Fisher
immunotype 1 strains (Fig. 2). The human IgM mAbdesignated
D-253, which reacts specifically with P. aeruginosa toxin A and
was included as a control, demonstrated no reactivity in the
ELISA against rough or smooth LPS or lipid A. Together, these
data indicated that three of the four mAbsdescribed above rec-

ognized epitopes on the lipid A moiety shared by representatives
of at least two phylogenetically distinct groups of gram-negative
bacteria (i.e., the genuses Escherichia and Salmonella). The
binding data further suggested that these epitopes were partially
obscured by basal sugars contained in the incomplete core oli-
gosaccharide of LPS from rough mutant strains and were more

completely blocked by the intact core oligosaccharide and at-

tached O-side chain of smooth, parent LPS. Finally, the more

selective binding demonstrated by the D-250 antibody suggested
its recognition of a sugar residue, i.e., glucose or heptose, con-

tained in the abbreviated core oligosaccharide of the E. coli J5
mutant (8).

The ability of mAbs to recognize shared determinants on
the core glycolipids of E. coli J5 and S. Minnesota R595 was
confirmed by competitive inhibition ELISA. The reactivity of
mAbs D-234, D-244, and D-267 (the latter not shown) was in-
hibited by core glycolipids and by lipid As derived from the E.
coli J5 and S. Minnesota R595 rough mutant strains (Fig. 3).
The greater inhibitory capacity of lipid As compared with core
glycolipids, and of glycolipids compared with smooth parent
LPS (Fig. 3), confirmed the specificity of the antibodies for ep-
itopes on lipid A and their apparent stearic hindrance by car-
bohydrate moieties in the core oligosaccharide and 0-side chain.
Unlike the above antibodies, D-250 was inhibitable by E. coli
J5 LPS, but not by the S. Minnesota R595 core glycolipid or
free lipid A (data not shown). This finding was consistent with
the postulate that D-250 recognized an epitope on the incomplete
core oligosaccharide of the E. coli J5 mutant distal to the cor-
responding 3-deoxy-D-mannooctulosonic acid (KDO) residue
exposed on the more rudimentary core glycolipid of S. Minnesota
R595.

The lipid A specificity and cross-reactivity of particular
mAbs, and the blocking of their epitopes by carbohydrate moi-
eties in the 0 side chain and core oligosaccharide, were corrob-
orated by examining the reactivity of these mAbs with smooth
LPS that had been treated with acetic acid under conditions that
cleaved the KDOand released free lipid A (23). The removal
of the carbohydrate moieties resulted in the exposure of previ-
ously obscured epitopes on lipid A and enhancement in the

mAb: D-244 mAb: D-234
S. Minnesota R595 LPS E. coil J5 LPS

1.01

0.1 * S. minnesnda
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ilditype LPS
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INHIBITOR CONCENTRATION(pg/mi)
Figure 3. Competitive inhibition, in ELISAs, of the lipid A-reactive
mAbs D-244 and D-234 by homologous and heterologous, rough and
smooth LPS, and lipid A. Core glycolipids from the S. Minnesota
R595 and E. coli J5 rough mutant strains, which were used as solid-
phase antigens, are indicated above the left and right panels, respec-
tively. Different LPS and lipid A inhibitors are designated by various

symbols, as shown.
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reactivity of the lipid A-reactive mAbs (i.e., D-234, D-244, and
D-267) with the hydrolyzed LPS (Table I). In contrast, acid hy-
drolysis of LPS produced relatively little or no increase in the
reactivity of mAbD-250 with its epitope in the cleaved core
oligosaccharide. The similar reactivity of lipid A-specific mAbs
with hydrolyzed and unhydrolyzed LPS obtained from the E.
coli K12 D31m4 rough mutant strain (Re chemotype) indicated
that KDOresidues, by themselves, did not restrict antibody ac-
cess to epitopes on the lipid A moiety. These mAbsdemonstrated
somewhat less enhancement in binding activity against hydro-
lyzed Yersinia enterocolitica and Klebsiella pneumoniae LPS
than against hydrolyzed E. coli and Salmonella LPS. Variable
reactivity was noted against hydrolyzed Serratia marcescens and
Pseudomonas aeruginosa LPS, and little binding was observed
in the case of V. cholerae LPS in hydrolyzed or unhydrolyzed
forms.

Reactivity of mAbs with whole bacteria. The demonstrated
reactivity of mAbs with conserved epitopes in the core-lipid A
region of LPS raises the question of whether such antibodies are
able to recognize these epitopes on the surfaces of intact bacteria.
This was examined in a whole cell ELISA employing, as solid-
phase antigens, the E. coli J5 and S. minnesota R595 rough
mutant strains and various wild type clinical isolates. As indicated
by the representative binding data shown in Fig. 4, the D-234,
D-244, and D-267 mAbs reacted strongly with both E. coli J5
and S. minnesota R595 whole bacteria, corresponding to the
isolated core glycolipids that these antibodies were previously
shown to bind. D-250, on the other hand, demonstrated greater
selectivity for E. coli J5 whole cells, which was similar to its
specificity for isolated E. coli J5 LPS. While binding to whole,
rough bacteria and corresponding isolated core glycolipids closely
paralleled one another in the case of all four mAbs, an interesting
divergence was noted in the case of smooth bacteria. In contrast
to the other lipid A-reactive mAbs, D-244 and D-267, and the
core oligosaccharide-reactive mAb, D-250, none of which reacted
well with whole, smooth bacteria, D-234 demonstrated strong

reactivity with a variety of clinical isolates (Fig. 4) despite its
limited ability to bind isolated smooth LPS. In subsequent ex-
periments (data not shown), maximal binding by D-234 to whole,
smooth bacteria, obtained from carefully synchronized cultures,
appeared to coincide with early log phase growth and to diminish
markedly in late log and stationary phases.

Immunoblotting analysis. LPS consist of molecular species
of varying molecular weight, reflecting variations in O-side chain
length and core oligosaccharide integrity (50). Fast-migrating
species can be resolved by SDS-PAGEcarried out under reducing
conditions and represent variants of the lipid A-core oligosac-
charide complex. The exact mobility of such a complex depends
upon lipid A substitution patterns and fatty acid composition,
as well as the integrity of the core oligosaccharide. LPS molecules
that contain a complete core structure and covalently attached
O-side chains appear on such gels as regularly spaced, slower
migrating bands, with adjacent bands representing LPS mole-
cules that differ from one another by a single oligosaccharide
subunit in the 0-side chain (Fig. 5) (45).

Immunoblots were developed with mAbsafter separation of
LPS subcomponents on SDS-PAGE gels and electrophoretic
transfer onto nitrocellulose membranes. In this type of immu-
noblotting analysis, the lipid A-reactive mAb, D-234, recognized
its epitope only on fast-migrating species. Optimal reactivity was
demonstrated by this antibody against Re chemotype LPS de-
rived from S. minnesota (Fig. 5, lane 12) and E. coli K12 (strain
D31m4, lane 5), and against free lipid As obtained from S. min-
nesota, S. typhimurium, and E. coli K12 (lanes 13, 15, and 6).
D-234 also recognized its antigenic determinant on the larger
core structure of the E. coli J5 Rc chemotype mutant (Fig. 5,
lane 2), and showed minor reactivity with LPS obtained from
S. minnesota rough mutants representing the Ra, Rb, Rc, and
Rd chemotypes (lanes 8-11). In the latter instances, however,
the equivalent, fast migration pattern of the blots suggested that
D-234 was actually reacting with small amounts of free lipid A
released from these core glycolipids rather than with the intact

Table L ELISA Binding of Human Core-reactive mAbs to Intact and Hydrolyzed LPSfrom Various Gram-negative Bacteria

mAb mAb mAb mAb mAb Homologous
D-234 D-244 D-267 D-250 D-253 antiserum

LPS I H I H I H I H I H I H

E. coliOlll:B4 0.37 1.36 0.02 0.74 0.03 0.54 0 0 0 0 1.91 1.67
E. coli 026 0.09 2.26 0.05 2.47 0.02 2.17 0.02 0 0 0.05 2.25 2.27
E. coli 055 0.01 2.22 0.13 1.52 0.01 2.27 0 0.18 0 0.18
E. coli 0127 0.22 2.19 0.02 2.06 0.03 2.07 0 0.01 0 0 0.09* 0.67*
E. coli K235 0.31 2.26 0.05 2.47 0.02 2.17 0.02 0 0 0.05
E. coli K12, D31m4 2.57 2.41 2.36 2.23 2.13 2.31 0 0.03 0 0.02
S. minnesota 0.11 2.25 0.01 2.18 0 2.25 0 0.56 0 0.14 1.62 2.33
S. typhimurium 0.04 2.11 0 1.94 0 1.94 0 0 0 0 0.140 1.49*
Y. enterocolitica - 1.39 - 0.84 1.16 0.01 0 2.02 1.85
K pneumoniae 1.13 0.59 0.72 0.01 - 0.01 1.69 0.85
S. marcescens 0.50 - 0.27 0.35 0.03 0.02
V. cholerae 0.12 0.23 0.04 0.04 0.05 0.04 0.04 0.06 0.04 0.02
P. aeruginosa It-i 0.02 0.27 0 0 0 0.11 0 0 0 0 2.01 0.79
P. aeruginosa It-4 0.25 1.07 0 0.03 0.08 0.35 0 0 0 0.01 0.34 1.44§

Antibodies were assayed at a concentration of 500 ng/ml in polystyrene microtiter wells coated with 10 gg/ml of intact LPS (I) or LPS hydrolyzed
with 1% acetic acid at 100°C for 30 min (H). Results are expressed as optical densities at 405 nm. Samples were run in triplicate, and standard
errors averaged 5%. * E. coli Ol1l :B4 antiserum. * S. minnesota wild type antiserum. P. aeruginosa It-l antiserum.
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Figure 4. Binding activity of human mAbs against rough and smooth
bacteria, measured by ELISA. Tissue culture-derived, ammonium sul-
fate-precipitated mAbswere assayed at a concentration of 100 ng/ml
against whole bacteria (see Methods). Negative controls (not shown)
included D-253 (a Pseudomonas aeruginosa toxin A-specific human
IgM mAb) assayed against all strains shown, and each mAbassayed
against two streptococcal strains and one Bacillus species organism.

LPS per se. In contrast, D-234 recognized its epitope as part of
a larger (i.e., slightly slower migrating) core structure in the case
of smooth LPS from E. coli 011 1:B4 (lane 1) and P. aeruginosa
Fisher immunotype 2 (lane 19). In no case, apparently, was this
determinant recognized by D-234 in a slower migrating O-side
chain-containing smooth LPS molecule. The consistent pattern
demonstrated by mAbD-234 in all of these immunoblots in-
dicated better epitope recognition in rough mutant LPS (partic-
ularly when this represented the Re chemotype), and/or free
lipid A, than in smooth parent or wild type LPS. Immunoblotting
with D-234 also confirmed its cross-reactivity among E. coli
strains derived from different O-antigenic types, Salmonella and
other representative genera from the family Enterobacteriaceae,
as well as at least one member of the Pseudomonadaceae.

The mAbD-250 reacted selectively with LPS from the Rc
chemotype of S. Minnesota, the analogous J5 mutant of E. coli
011 1:B4, and the E. coli K12 BB26:36 strain which on silver-
stained SDS-PAGEgels also appeared to lack O-side chains (Fig.
5; lanes 10, 2, and 4, respectively). The recognition by D-250
of its epitope in the Rc form of S. Minnesota LPS, alone among
the various rough chemotypes tested, confirmed the specificity

of this mAbfor a determinant in the core oligosaccharide and
underscored the importance of adequate epitope exposure. The
apparent reactivity of D-250 with E. coli J5 lipid A (lane 3)
reflects probable contamination of the lipid A preparation with
unhydrolyzed J5 LPS, as described above. Supporting this in-
terpretation were the intense staining of this lipid A preparation
on silver-stained SDS-PAGEgels (weak or absent in the case of
other lipid As-see lanes 6, 13, 15, and 16); the presence of
KDO, as revealed by thiobarbituric acid assay; and the absence
of reactivity of D-250 with other lipid As (lanes 6, 13, and 15).
The observation that binding patterns developed with mAbD-
250 appeared to be broader and to embrace somewhat slower
migrating molecular species than those produced in immunob-
lots with D-234 also indicated that D-250 recognized a more
distal determinant in the incomplete core oligosaccharide. Con-
versely, D-234, but not D-250, reacted strongly with a mono-
phosphoryl derivative of S. typhimurium lipid A (Fig. 5, lane
16) and more faintly with the lipid A precursor molecule des-
ignated lipid X (lane 17). The latter was demonstrated more
convincingly on "dot blots" (not shown). These results indicated
that D-234 recognizes an epitope on a lipid A part structure
comprised of a single, substituted glucosamine residue with its
attached long-chain fatty acids, and that the minimum structure
recognized by D-234 may not necessarily include a phosphate
group.

Antibody avidity. The mAb, D-234, demonstrated high
avidity on the basis of Scatchard analyses of binding data ob-
tained employing E. coli J5 and S. Minnesota R595 core gly-
colipids, or free lipid As, as solid-phase antigens in a radioim-
munoassay (Table II). The binding constants were somewhat
higher for free lipid As compared with the corresponding core
glycolipids. It was thus documented that a broadly cross-reactive
lipid A-specific mAbmay display high avidity for an epitope
shared by phylogenetically distinct gram-negative bacteria.

Inhibition of mAbs by polymyxin B. It is well known that
the cell wall-active cationic antibiotic, polymyxin B, inhibits
many of the biologic activities of LPS on the basis of its specific
interaction with the lipid A moiety (51). It was therefore of in-
terest to examine the possible inhibitory effect of polymyxin B
on the reactivity of core-specific mAbswith their respective epi-
topes. Using the competitive inhibition ELISA format described
above and graded concentrations of polymyxin B inhibitor, we
demonstrated dose-dependent inhibition of binding by the lipid
A-specific mAbsD-234 and D-267 (Fig. 6, left panel). In contrast,
polymyxin B exerted no effect on binding by the core oligosac-
charide-reactive D-250 antibody (left panel) or a murine mAb
(PIC9. 1.1, right panel), included for comparative purposes, that
recognizes a determinant in the O-specific side chain of P. aeru-
ginosa immunotype 1 LPS (52). It is reasonable to assume that
the relative inhibitory effects of polymyxin B on the reactivity
of LPS-specific mAbsdepends on the proximity of the polymyxin
B and antibody combining sites on the LPS macromolecule.
The above results suggest that at least some antibodies reactive
with epitopes on the lipid A moiety are distinguishable from
those whose antigenic determinants are located in the core oli-
gosaccharide, or LPS O-side chain, on the basis of their suscep-
tibility to inhibition by polymyxin B.

Discussion

The achievement of stable in vitro synthesis of human mAbs
with high functional affinity for conserved epitopes on the bio-
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Figure 5. Immunoblot analysis of human mAbs reactive with epitopes
in the core-lipid A region of LPS. Lipid A and LPS were applied to
14% SDS-PAGEin 5 and 10 ,g quantities, respectively. Gels in the
upper panel were silver-stained to demonstrate LPS migration pat-

logically active lipid A moiety of LPS has important theoretical
and practical implications. Characterization of these antibodies
confirms the presence of conserved epitopes in the core-lipid A
complex that are shared by a wide variety of gram-negative bac-
teria, including those that are pathogenic for man. These findings
also prove the existence of human B cell clones with the potential
for secreting IgM antibodies that recognize such conserved ep-
itopes in the core region of LPS.

terns. (Note variable staining of lipid As.) Identical companion gels
were utilized for immunoblots developed with mAbs D-234 and D-

250 (middle and lower panels, respectively), which were employed at a

concentration of 50 Mg/ml. See text for more detailed description.

By documenting the cross-reactivity of mAbs like D-234 with
a variety of free lipid As, our analyses confirmed the conservation
of lipid A-associated antigenic determinants among LPS from
different O-antigenic types of E. coli as well as among other
members of the Enterobacteriaceae and Pseudomonadaceae. The
variable binding exhibited by lipid A-reactive mAbs vis-a-vis
hydrolyzed LPS other than those derived from E. coli and Sal-
monella may have reflected naturally occurring differences
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Table II. Equilibrium Binding Constants of the Human
mAb, D-234, Determined Using Rough LPS or Free Lipid As
as Solid-phase Antigens in a Radioimmunoassay

Antigen Ka*

E. coli J5 LPS -4.06 X 109 M-'
S. Minnesota R595 LPS -4.56 X 109 M-'
E. coli K12 lipid A -1.60 X 10'° M-'
S. Minnesota R595 lipid A -1.53 X 10'° M-'

among bacterial species in respect to lipid A structure and/or
variable susceptibility of particular epitopes to structural or con-
formational alteration resulting from acid hydrolysis as carried
out in this study. Interestingly, antisera included as "positive
controls," which recognized determinants in the exposed O-side
chain of smooth LPS, produced almost equivalent high reactivity
against hydrolyzed and unhydrolyzed homologous LPS (Table
I). In contrast, these antisera demonstrated low reactivity against
heterologous smooth LPS, but marked enhancement in epitope
recognition following release of free lipid A by acid hydrolysis
comparable to that observed in the case of lipid A-reactive mAbs.
Thus, shared antigenic determinants in the core-lipid A region
of LPS must be exposed in order to be recognized by core-specific
antibodies, whether of monoclonal or polyclonal origin. Yet im-
munization with what are thought to be intact, O-side chain
containing LPS molecules results in antibody responses to core
structures as well as O-side chains, presumably through in vivo
mechanisms that unmask core epitopes.

Our data indicate that the O-specific side chain and core
oligosaccharide of LPS restrict antibody access to epitopes in
the core region of that molecule. Similar conclusions were
reached by Nelles and Niswander (17), by Gigliotti and Shenep
(19), and by Miner et al. (20), based on data obtained employing
murine mAbs with specificities comparable to those of the hu-

E. cob J5 LPS

t=

mo
C3

-i

P. aeruginosa H-1 LPS

- 4 - 3 - 2 -1I 0 1 2 3 - 4 - 3 - 2 - 1

LOG10 POLYMYXINB CONCENTRATION(piglml)

Figure 6. Competitive inhibition of LPS-reactive mAbs by polymyxin
B. 10-fold dilutions of polymyxin B were incubated at room tempera-
ture for 30 min in polystyrene microtiter wells previously coated with
25 gg/ml of the purified LPS indicated above each panel. An equal
volume of mAb(500 ng/ml) was then added to each well, the mix-
tures incubated an additional 30 min, and the amount of mAbbound
to LPS measured by ELISA. The murine mAb, PIC9. 1.1, which reacts
with an O-side chain determinant on Pseudomonas aeruginosa Fisher
immunotype I (It- 1) LPS, is included for comparative purposes
(right).

manmAbsdescribed here. In each instance, core-reactive mouse
antibodies demonstrated little binding activity against isolated
smooth LPS. These findings underscore the likelihood that the
clinical efficacy of core-specific mAbs will depend to a consid-
erable degree on the molecular forms assumed by LPS in vivo.
The demonstration of high levels of naturally acquired antibodies
to LPS core determinants in human sera (8, 9) suggests that
these epitopes, which are not readily accessible to antibodies in
in vitro binding assays employing purified LPS, are exposed in
vivo. Perhaps this results from the in vivo synthesis and release
of LPS in incomplete (rough) forms, or from in vivo processing
such as biochemical degradation of LPS by host enzymes (53).
It is of interest, in this connection, that although the lipid A-
reactive mAbs, D-244 and D-267, and the core oligosaccharide-
reactive mAb, D-250, demonstrated generally low binding ac-
tivity against clinical isolates, D-234, which also reacts with an
epitope on lipid A, was able to recognize that epitope in situ on
a variety of phenotypically smooth bacteria. This finding was
consistent with those obtained using mouse antibodies, by Nelles
and Niswander (17) and by Miner et al. (20). The particular
anti-core mAbs generated by Gigliotti and Shenep (19), on the
other hand, demonstrated little reactivity against a limited num-
ber of smooth bacteria. In the case of D-234, whole cell binding
was maximal during the early log phase of bacterial growth, but
diminished markedly thereafter. This suggested, at least in the
case of cell-associated LPS, that intermediate or incomplete
forms of the LPS molecule with relatively exposed core deter-
minants may be produced early in the normal bacterial growth
cycle.

A previous study (18) reported the identification of a hy-
bridoma, resulting from the fusion of B lymphocytes from a
"sensitized" human spleen with heteromyeloma cells, that pro-
duced a human IgM antibody that purportedly reacted with all
rough and smooth LPS and all gram-negative bacterial isolates
examined. It was further asserted that this antibody neutralized
each of two LPS employed in the induction of local Shwartzman
reactions and protected, without exception, against each of five
phenotypically smooth heterologous gram-negative bacteria in
live challenge experiments. Although the lipid A specificity and
cross-reactivity of the human mAbdescribed in this previous
study suggested similarities to the human mAbs reported here,
the uniformly positive binding and functional activities of this
mAb vis-a-vis all rough and smooth LPS (and bacteria) tested
were not fully consistent with our results, or with those reported
by others in respect to murine mAbs with similar specificities
(17, 19, 20). Until these findings are fully corroborated by other
laboratories, final judgment must be reserved regarding their
validity in relation to our own data.

The uncertainty that exists concerning the physical and
chemical forms assumed by LPS in vivo, and their biologic im-
pact, complicates experimental inquiries into the functional ac-

tivities expressed in vivo by mAbs that recognize determinants
in the core-lipid A complex. Of particular interest is whether
antibodies that react with epitopes on lipid A, or the closely
associated core oligosaccharide, function as antitoxins with true

endotoxin-neutralizing activity (54-56); facilitate clearance by
the reticuloendothelial system of endotoxin or bacteria bearing
LPS on their surface (57); or mediate direct, complement-de-
pendent or independent bactericidal or opsonic functions (10).
Clearly, further immunochemical and functional analysis of the
human mAbs described here, and others like them, will provide
basic new insights concerning the immunopathogenic role of
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LPS, as well as the therapeutic potential of the antibodies them-
selves.
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