
INFECTION AND IMMUNITY, Nov. 1996, p. 4638–4642 Vol. 64, No. 11
0019-9567/96/$04.0010
Copyright q 1996, American Society for Microbiology

Lipopolysaccharide Binding Proteins on Polymorphonuclear
Leukocytes: Comparison of Adult and Neonatal Cells

GEFEI QING,1,2 SUSAN HOWLETT,3 AND ROBERT BORTOLUSSI1,2*

Departments of Pediatrics,1 Pharmacology,3 and Microbiology and Immunology,2

Dalhousie University, Halifax, Nova Scotia, Canada

Received 15 April 1996/Returned for modification 6 June 1996/Accepted 12 August 1996

We have previously shown that polymorphonuclear leukocytes (PMN) from cord blood of normal full-term
infants have a decreased priming response to lipopolysaccharide (LPS) compared with PMN of adults. Because
the reason for this difference is poorly understood, we compared LPS binding on PMN from adults and
newborns by using a photoactivatable iodinated LPS (from Escherichia coli O111:B4), coupled to 2-(p-azido-
salicylamido)-1,3*-dithopropionate (LPS-ASD) to covalently link LPS to the PMN membrane. We incubated
2 3 104 adult or neonatal PMN with 125I-ASD-LPS (100 ng/ml) together with unlabelled LPS (0 to 100,000
ng/ml) for 20 min at 4&C. The maximum total 125I-ASD-LPS binding to newborn PMN (1,004 6 103 cpm) was
lower than that binding to adult PMN (3,583 6 444 cpm; P < 0.01 with respect to newborn PMN). However,
the concentration of unlabelled LPS that displaced 50% of the maximum specifically bound 125I-ASD-LPS was
similar for PMN from adult and newborn infants (24.85 6 0.04 and 25.13 6 0.14 log g of LPS per ml,
respectively; P > 0.05). We further assessed the membrane binding of 125I-ASD-LPS to PMN by using
membrane extracts analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiogra-
phy. LPS binding proteins were found at approximately 73, 55 to 57, and 25 kDa in both adult and neonatal
PMN. However, PMN from newborn infants had markedly lower membrane-associated 125I-ASD-LPS at the
55- to 57- and 25-kDa protein bands as indicated by the intensity of the autoradiograph. Binding of LPS at
these bands was specific for the lipid A portion of LPS, since purified unlabelled lipid A displaced 125I-ASD-
LPS in a dose-dependent manner. Thus, PMN from newborn infants bind less LPS than do PMN from adults,
even though the sites for LPS membrane binding appear to be the same.

Phagocytic cells such as polymorphonuclear leukocytes
(PMN) and monocytes play a key role in host defense against
bacterial infection. Phagocytic function can be modulated by
cytokines as well as by bacterial products produced during
infection. For example, following exposure to lipopolysaccha-
ride (LPS) in vitro, PMN develop an increased ability to pro-
duce oxidative radicals which can damage and kill bacteria (1).
This process has been called priming (10). PMN obtained from
adults with bacterial infection produce increased amounts of
oxidative radicals when stimulated with bacterial formyl-me-
thionyl-leucyl-phenylalanine compared with PMN from nonin-
fected adults (2, 18). In contrast to adult cells, PMN obtained
from newborn infants with bacterial infection have decreased
bactericidal activity and oxidative radical production compared
with noninfected newborns (23, 33). We have shown that PMN
from neonates are primed less effectively in vitro with LPS than
are PMN from adults, a factor that we believe may contribute
to the increased susceptibility of neonates to bacterial infection
(4).
Ulevitch and Tobias have identified a plasma protein, LPS

binding protein, that interacts with the cell receptor CD14
when bound to LPS to enhance phagocytic cell activity (24, 25,
27). However, LPS can interact with cells via at least two
pathways, one dependent and the other independent of plasma
or serum proteins (3, 7, 8, 13, 17, 26, 28, 30). The two pathways
of LPS activation may serve different purposes for the PMN.
Plasma-dependent LPS activation may be the predominant
pathway for PMN in the bloodstream, where plasma proteins

are in high concentration and LPS is in low concentration
during sepsis. In contrast, plasma-independent pathways may
be important at the local site of infection, where plasma pro-
tein concentrations are low and the LPS concentration is high.
Understanding both pathways of cellular activation by LPS will
be important to understand the host response to gram-negative
infection.
The underlying mechanism for the lower response of neo-

natal PMN to LPS and the role of plasma in mediating this
response are unknown. In this study, we examined the possi-
bility that LPS receptors on adult and neonatal PMN differ
qualitatively or quantitatively. Halling et al. have identified
several cell membrane LPS binding proteins on adult human
lymphocytes, monocytes, and PMN by using a photoactivatable
iodinated LPS coupled to 2-(p-azidosalicylamido)-1,39-dithio-
propionate (125I-ASD-LPS) (11). We used this technique to
compare LPS binding to adult and neonatal PMN in the pres-
ence and absence of plasma. We found marked differences in
the amount of LPS binding to adult and neonatal PMN mem-
branes, with neonatal PMN membranes having decreased total
and specific LPS binding sites. By using membrane extracts
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and autoradiography, the predomi-
nant LPS-binding proteins were seen at approximately 73, 55
to 57, and 25 kDa for both adult and neonatal PMN. The 55-
to 57- and 25-kDa LPS receptors were prominently expressed
on adult but not on neonatal PMN.

MATERIALS AND METHODS

Reagents. Escherichia coli LPS (serotype O111:B4) was purchased from List
Biological Labs (Campbell, Calif.). Sulfosuccinimidyl-2-(p-azidosalicylamido)-
1,39-dithiopropionate (SASD) and Iodo-Beads were bought from Pierce Chem-
ical Co. (Rockford, Ill.). SDS-PAGE reagents, molecular weight standards, and
the Affi-Gel Blue column (Econo-Pac blue cartridge) were purchased from
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Bio-Rad Laboratories (Mississauga, Ontario, Canada). Sterile water (no preser-
vative, nonpyrogenic) was obtained from Abbott Laboratories (Montreal, Que-
bec, Canada). Hanks’ balanced salt solution was obtained from GIBCO Labo-
ratories (Burlington, Ontario, Canada). Percoll was purchased from Pharmacia
Chemical Co. (Montreal, Quebec, Canada). Iodine-125 was purchased from
Amersham (Oakville, Ontario, Canada). Dialysis bags, borax (sodium tetrabo-
rate), boric acid, bovine serum albumin (BSA), E-Toxate kits, and other chem-
icals were purchased from Sigma Chemical Co. (St. Louis, Mo.). Buffers and
plasma were checked for endotoxin by a Limulus amebocyte lysate assay to
ensure that LPS was not detectable (,12 pg/ml).
Radiolabeling LPS.We conjugated SASD to LPS from E. coli O111:B4 by the

method described by Wollenweber and Morrison (32). Briefly, LPS was recon-
stituted with sterile pyrogen-free water at a concentration of 2 mg/ml, using
sonication to ensure an even distribution of LPS in water. Of this solution, 500
ml of LPS (1 mg) was added to SASD (0.4 mg), followed immediately by 500 ml
of 0.1 M borate buffer (pH 8.5). The reaction mixture was kept at room tem-
perature for 30 min, sonicated for 30 s every 10 min, and subjected to an
additional incubation with fresh SASD (0.4 mg) under the conditions described
above. LPS-ASD was freed from excess reagent by centrifugation at 2,0003 g for
2 min. The clear supernatant (LPS-ASD) was dialyzed against phosphate-buff-
ered saline (PBS; pH 7.2) overnight at 48C in the dark (minimum of six changes).
LPS-ASD was aliquoted and stored at 2708C.
Two Iodo-Beads were washed, dried with filter paper, added to 10 ml (1 mCi)

of 125I solution, diluted with 200 ml of 50 mM PBS (pH 6.5), and left at room
temperature for 5 min. LPS-ASD (100 ml) was added to preloaded beads and
incubated at room temperature for 15 min. Radioactive samples were dialyzed
against 50 mM PBS (pH 7.4) in the dark until less than 0.5% of the total
radioactivity could be measured in the outer dialysate. Radiolabeled LPS-ASD
was aliquoted and stored at 2708C. The specific activity of 125I-ASD-LPS was
assessed by the Limulus amoebocyte lysate test with purified LPS as the standard.
The 125I-ASD-LPS we used had an approximate specific activity of 5.2 mCi/mg.
All reactions with photosensitive compounds were carried out under reduced
light conditions with a 25-W red light source.
PMN preparations. Fresh peripheral venous blood from healthy adult volun-

teers and umbilical cord blood from normal full-term neonates were collected
under sterile conditions and anticoagulated with heparin (10 U/ml). PMN were
isolated from blood by a Percoll gradient technique described previously (19).
Cells were routinely purified to .90% purity and .98% viability in approxi-
mately 2 h and were assayed immediately afterward. All experiments were com-
pleted within 6 h of obtaining the blood. Contaminating erythrocytes were
removed by brief hypotonic lysis with 0.15 M NH4Cl. The cells were then washed
and resuspended in Hanks balanced salt solution.
Preparation of albumin-depleted plasma.Albumin-depleted plasma was made

from pooled adult plasma with Affi-Gel Blue cartridges as specified by the
manufacturer. The albumin concentration in plasma was decreased by more than
99.9% by this process, from 39 to 0.01 g/liter. After passage, albumin was the only
protein whose concentration was substantially decreased by this method as in-
dicated by SDS-PAGE (data not shown).
LPS binding assay with PMN from adults or neonates. Adult or neonatal

PMN (2 3 104 cells suspended in 100 ml of Hanks balanced salt solution) were
incubated in duplicate samples with 125I-ASD-LPS (100 ng/ml) in an ice-water
bath for 20 min in the presence of unlabelled LPS (0 to 100,000 ng/ml). Plasma
or serum was not present in the mixture. After incubation with 125I-ASD-LPS,
cells were exposed to UV light (UV cross-linker; wavelength, 254 nm; FB-
UVXL-1000; Fisher Scientific) for 10 min. The cells were then washed with PBS,
and radioactivity in the cell pellets was assessed. Background counts (those in
tubes without cells) were subtracted from all test samples.
Cross-linking of 125I-ASD-LPS to PMN membrane proteins. Covalent linking

of LPS to PMN membrane proteins was done as described by Halling et al. (11)
by incubating PMN (23 106 cells suspended in 40 ml) with 1 mg of 125I-ASD-LPS
at 378C for 30 min. We found, as they had, that LPS bound less intensely to the
PMN membrane in experiments conducted at 48C than in identical experiments
at 378C. Unless otherwise stated, plasma or serum was not added to the reaction
mixtures. Cells were exposed to UV light for 10 min and then washed with Hanks
balanced salt solution and solubilized in 0.5% Triton X-100 with 0.5 M mannitol,
5 mM CaCl2, 0.02% sodium azide, and 10 mM phenylmethylsulfonyl fluoride.
After 30 min on ice, the mixture was sedimented by microcentrifugation and the
supernatant with solubilized cell membranes was collected and stored at 2708C
until analyzed. In some experiments, a 10- or 50-fold excess of unlabelled LPS,
O111:B4, J5, or lipid A was added to PMN at the same time as 125I-ASD-LPS to
determine whether these compounds could displace 125I-ASD-LPS.
To determine the effect of plasma and albumin on 125I-ASD-LPS binding to

PMN, some experiments were done as described above except for the addition of
whole plasma, BSA, or albumin-depleted plasma during the incubation of PMN
with 125I-ASD-LPS.
SDS-PAGE and autoradiography. The solubilized cell samples were subjected

to SDS-PAGE (11% polyacrylamide). The gels were stained with Coomassie
blue G-250 in 40% methanol–10% acetic acid and destained with 40% metha-
nol–10% acetic acid. Autoradiographs were prepared with X-Omat AR film and
cassettes with X-Omatic intensifying screens (Eastman-Kodak, Rochester, N.Y.).
The radiographs were exposed for 2 days to 3 weeks at 2708C. Autoradiography
density analysis was done with a scanning densitometer.

Statistical analysis. All data are presented as the mean 6 standard error of
the mean. For comparison between samples from adults and newborns, a non-
paired t test was used; P , 0.05 was considered significant. Statistical determi-
nations were done with statistics software (Statistix; Analytical Software, Min-
neapolis, Minn.). Nonlinear curve fitting was done with Sigmaplot for Windows
(Jandel Scientific, Corte, Madera, Calif.).

RESULTS

125I-ASD-LPS binding assays. Optimal incubation time and
cell number were determined in preliminary experiments for
total 125I-ASD-LPS binding to PMN (data not shown). On the
basis of these results, we used 2 3 104 cells per well and
incubated samples for 20 min. We then compared 125I-ASD-
LPS binding to PMN from adults and neonates in the absence
of serum. Figure 1A illustrates the effect of increasing concen-
trations of unlabelled LPS on total 125I-ASD-LPS binding to
adult and neonatal PMN. While increasing concentrations of
unlabelled LPS displaced 125I-ASD-LPS binding to both adult
and neonatal PMN, there was significantly less 125I-ASD-LPS
binding to neonatal PMN than to adult PMN (Fig. 1A; 1,0046
103 cpm/2 3 104 PMN for neonatal PMN [n 5 4] versus
3,583 6 444 cpm/2 3 104 PMN for adult PMN [n 5 4]; P ,

FIG. 1. 125I-ASD-LPS binding to PMN in the presence of increasing concen-
trations of unlabelled LPS. Adult (circles) or newborn (triangles) PMN (2 3 104

PMN per well) were incubated for 20 min with 125I-ASD-LPS (100 ng/ml) in the
dark, exposed to UV light, washed, and counted. The results represent the
mean 6 standard error of the mean for four experiments in each group. (A)
Total 125I-ASD-LPS bound to PMN in the presence of various concentrations of
unlabelled LPS. The maximum amounts of 125I-ASD-LPS bound to PMN of
neonates and adults were 1,004 6 103 cpm and 3,584 6 444 cpm, respectively
(P , 0.01). (B) Specific 125I-ASD-LPS (total minus nonspecific) plotted as a
function of increasing concentrations of unlabelled LPS. The data in panel B
were normalized as a percentage of maximum for neonatal and adult PMN.
Positions on the abscissa shown by the vertical lines indicate the IC50.
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0.01). Similar differences between adult and newborn PMN
were found when specific LPS binding was compared (876 6
86 cpm/23 104 PMN for neonatal PMN [n5 4] versus 2,4816
336 cpm/2 3 104 PMN for adult PMN [n 5 4]; P , 0.05).
Specific 125I-ASD-LPS binding was determined by subtracting
125I-ASD-LPS binding which remained in the presence of a
1,000-fold-greater amount of unlabelled LPS (the nonspecific
binding) from the total 125I-ASD-LPS bound. Next, we deter-
mined whether the concentrations of unlabelled LPS that dis-
placed 50% of the maximal specific binding (IC50) differed
between adult and neonatal PMN. Data were then normalized
to the 125I-ASD-LPS bound in the absence of unlabelled LPS,
as shown in Fig. 1B. Normalized 125I-ASD-LPS specific bind-
ing curves were similar in shape in adult and neonatal PMN,
although the curve for neonatal PMN appeared to be shifted
slightly to the left (Fig. 1B). However, mean IC50 for

125I-ASD-
LPS binding were not significantly different between the two
groups (24.856 0.04 and25.136 0.14 log g of LPS per ml for
adult and neonatal PMN, respectively [P . 0.05]).
125I-ASD-LPS binding on membrane proteins of adult and

neonatal PMN. We assessed the membrane binding of 125I-
ASD-LPS to adult and neonatal PMN by using membrane
extracts analyzed by SDS-PAGE and autoradiography. A rep-
resentative autoradiograph is shown in Fig. 2A. Both adult and

neonatal PMN had similar LPS binding profiles on corre-
sponding autoradiographs, with a predominant LPS-binding
protein of approximately 73 kDa. In addition to the 73-kDa
protein, both adult and neonatal PMN showed LPS-specific
binding at 55 to 57 and 25 kDa (Fig. 2A). Two other bands at
approximately 45 and 32 kDa were present in some subjects
but not all. The density of 125I-ASD-LPS at the 73-kDa site was
as intense with neonatal as with adult PMN; however, the band
was wider with adult cells, suggesting the presence of overlap-
ping proteins (Fig. 2). The LPS binding proteins at 55 to 57 and
25 kDa were less intense with neonatal than with to adult cells.
To demonstrate that the binding was specific for LPS, PMN

autoradiographs were done with a 10- or 50-fold excess of
unlabelled LPS: lipid A (Fig. 3), O111:B4, or J5 (data not
shown). Unlabelled LPS was added at the same time as the
125I-ASD-LPS. Unlabelled LPS and lipid A blocked 125I-ASD-
LPS binding to the PMN membrane in a dose-dependent man-
ner, indicating that binding is specific for the lipid A portion of
125I-ASD-LPS. In Fig. 3, LPS-binding bands were evident at 32
and 45 kDa in addition to 73, 55 to 57, and 25 kDa. These
bands (32 and 45 kDa) were not seen in PMN preparations of
all subjects.
In these studies, LPS binding to PMN was assessed in the

absence of plasma. We also evaluated the interaction of LPS
with PMN in the presence of plasma to simulate what may
occur in blood during infection. In these experiments, we
found that LPS binding to PMN was not seen when either
whole plasma or BSA was present. Because this study sug-
gested that albumin interfered with LPS binding to PMN in
this technique, we further assessed the specific effect of albu-
min on 125I-ASD-LPS binding to PMN by using albumin-de-
pleted plasma. As shown in Fig. 4, the binding of 125I-ASD-
LPS to PMN occurred when albumin-depleted plasma was
used, while LPS binding was not detected when control plasma
was used. LPS-binding profiles on autoradiographs obtained by
using 125I-ASD-LPS with albumin-depleted plasma were sim-
ilar to those obtained in the absence of plasma; specific LPS
binding was identified at approximately 73, 55 to 57, and 25
kDa.

FIG. 2. LPS binding proteins on PMN from neonates and adults. (A) Adult
or neonatal PMN were incubated with 125I-ASD-LPS, and cell lysates were
analyzed by SDS-PAGE (11% polyacrylamide) under reducing conditions fol-
lowed by autoradiography. Lanes A (adult) and B (newborn) show the Coomas-
sie blue-stained protein patterns, and lane C (adult) and D (newborn) show the
corresponding autoradiographs. Arrows A, B, and C indicate the positions of the
73-, 55- to 57-, and 25-kDa LPS binding proteins (read from top to bottom). The
figure is representative of three experiments. (B) Adult (thick line) and newborn
(thin line) PMN membrane autoradiographs were prepared as described above.
The autoradiograph was scanned and analyzed by densitometric image analysis.
The height of the curve is proportional to the intensity of the autoradiograph
bands. Arrows indicate the position of the 25-kDa (C), 55- to 57-kDa (B), and
73-kDa (A) LPS binding proteins (read from left to right).

FIG. 3. LPS binding protein profiles on adult PMN inhibited by unlabelled
LPS. Adult PMN were incubated with 125I-ASD-LPS in the absence (lane A) or
presence of lipid A in 10-fold (lane B) and 50-fold (lane C) excess. Cell lysates
were analyzed by SDS-PAGE (11% polyacrylamide) under reducing conditions
followed by autoradiography. Similar results were obtained with LPS O111:B4
and J5. In the autoradiograph shown here, bands were seen at 73, 55 to 57, 45,
32, and 25 kDa. However, the 45- and 32-kDa bands were not seen for all
subjects (see the text).
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DISCUSSION

In this report, we compared the LPS binding to neonatal and
adult PMN by using 125I-ASD-LPS. LPS binding proteins on
adult PMN membrane in our studies were similar to those
described by Halling et al. (11) and Rabin et al. (22) with
human adult PMN and monocytes. PMN had a predominant
73-kDa LPS binding protein as well as others at approximately
55 to 57 and 25 kDa.
Because the functional activity of primed PMN from neo-

nates differs markedly from that of primed PMN from adults,
we further assessed LPS binding proteins by using neonatal
PMN. This is the first report to describe LPS membrane bind-
ing proteins when PMN from neonates were used. Our studies
show that PMN from newborn infants have lower specific and
total LPS binding than do PMN from adults under the condi-
tions tested. In spite of the marked difference in total LPS
binding, adult and neonatal PMN had similar IC50 and similar
membrane protein sites for LPS binding, at 73, 55 to 57, and 25
kDa as shown by autoradiography. We also assessed the spec-
ificity of these binding sites for LPS with adult PMN. Unla-
belled LPS (O111:B4, J5, and lipid A) competed with 125I-
ASD-LPS for binding to PMN, suggesting that binding of 125I-
ASD-LPS to these membrane sites is specific for lipid A
component of LPS.
It is possible that one or more of the LPS binding proteins

contributes to the marked difference in LPS priming between
neonatal and adult PMN. However, the functions of these
membrane LPS binding proteins are not fully known. A 73-
kDa membrane-binding protein is the predominant binding
site on murine lymphocytes and splenic macrophages (14, 15)
and on human monocytes, lymphocytes, PMN, and platelets
(11). The physiological importance of the 73-kDa binding pro-
tein is supported by the observation that a hamster monoclonal
antibody, MAb5D3, against the murine 73-kDa LPS binding
protein, inhibits the binding of LPS to murine splenocytes (5,
20) and protects against the lethal effects of endotoxin in a
murine model (21). Finally, MAb5D3 activates the macro-
phage (6). However, on the basis of studies with mouse and
human cell lines, Dziarski recently proposed that a cellular
70-kDa peptidoglycan/LPS binding protein is actually cell-
bound albumin which originates from serum (9). This protein
may be identical to the 73-kDa LPS binding protein that we

found in our study and as described by Halling et al. (11) and
Rabin et al. (22). The functional activity of cell-bound albumin
is not known.
Two molecules of special interest, at approximately 55 to 57

and 25 kDa, have been described previously and were identi-
fied in our preparations of PMN. Both are specific for the core
region on LPS, since interaction of 125I-ASD-LPS at each site
is inhibited by purified lipid A. In addition, both are found on
PMN from adults in considerably greater amounts than on
PMN from neonates. An LPS binding protein of approximately
55 kDa has been described by several researchers, who have
suggested that it is CD14 (20, 31). However, Weersink et al.
have reported the presence of a 55-kDa LPS binding protein
on PMN that they believe to be bactericidal/permeability-in-
creasing protein (29, 30). The second LPS binding site (25
kDa) that we identified has been seen by others (11, 12).
However, its function has not been determined.
We also wished to assess the effect of plasma on LPS-PMN

membrane binding. Previous studies with 125I-ASD-LPS to
identify cell membrane receptors have been done in the ab-
sence of serum or plasma. Studies to identify LPS binding
proteins in plasma or on cell membranes in the presence of
serum have been done with [3H]LPS or fluorescein isothiocya-
nate-conjugated LPS preparations (16, 24, 29). Our initial at-
tempts to assess 125I-ASD-LPS interactions with PMN in the
presence of plasma were unsuccessful. When either whole plas-
ma or BSA was present, 125I-ASD-LPS binding to membrane
proteins of PMN was undetectable. This finding prompted us
to speculate that albumin might interfere with 125I-ASD-LPS
binding to PMN. When albumin-depleted plasma was used,
125I-ASD-LPS binding to PMN membrane became detectable.
In the presence of albumin-depleted plasma, 125I-ASD-LPS
membrane recognition proteins were evident at 25, 55 to 57,
and 73 kDa. The physiologic significance of the interference of
LPS binding by albumin is unclear. We speculate that 125I-
ASD-LPS may have a weak affinity for albumin. In spite of this,
a large portion of 125I-ASD-LPS may combine with albumin
when photoactivation initiates the formation of covalent bind-
ing to proteins, since albumin is the predominant protein in
plasma. The concentration of the remaining “free” 125I-ASD-
LPS may be insufficient to be detected on cell membranes by
autoradiography, in which microgram-per-milliliter concentra-
tions are required, yet sufficient to prime the cell, in which
nanogram-per-milliliter amounts are sufficient.
Thus, we found that PMN from newborn infants have lower

total and specific LPS cell binding than do PMN from adults.
Although neonatal PMN had a similar IC50 and the same LPS
membrane-binding sites as adult cells, they had smaller amounts
of LPS membrane-binding proteins at 55 to 57 and 25 kDa
than did adult PMN. PMN from newborn infants have also
diminished LPS-stimulated priming activity. Further studies
are need to understand the role of LPS binding proteins in
PMN priming.
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