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The early events in lipopolysaccharide (LPS)-induced B-cell activation were
investigated by studying the binding of "4C-labeled LPS to murine lymphocytes
in vitro. In these studies we utilized intrinsically labeled "IC-labeled LPS from
Salmonella Minnesota or the "4C-labeled glycolipid derived from the Re mutant
ofS. Minnesota (R595). Bone marrow-derived (B) lymphocytes bound more LPS
than did thymus-derived (T) lymphocytes. Binding of LPS to murine spleen
lymphocytes from strain C3H/HeN was compared with the binding to spleen
lymphocytes from strain C3H/HeJ, a strain resistant to certain biological activi-
ties of LPS including mitogenesis. Spleen cells from both strains bound LPS
equally well, suggesting that unresponsiveness of C3H/HeJ mice to LPS is due
to factors other than a defect in bindingof LPS. LPS binding to cells appeared to
be due to a nonspecific interaction between the lipid moiety of LPS and the lipid
components of the cell membrane. Thus, the highly lipophilic, polysaccharide-
deficient glycolipid from R595 bound at least 20 times better than did LPS.
Furthermore, partial removal of cell surface proteins with trypsin or sialic acids
with neuraminidase enhanced glycolipid binding, suggesting that binding is not
through a protein- or sialic acid-containing receptor. The binding of glycolipid to
lymphocytes was only partially specific since unlabeled glycolipid R595, lipid A,
and LPS did not completely inhibit the uptake of "4C-labeled glycolipid R595. In
addition, binding could be inhibited by a nonmitogenic phospholipid (phosphati-
dyl ethanolamine), which also is consistent with a nonspecific lipid-lipid interac-
tion. Experiments were performed to determine the relationship of LPS binding
to lymphocyte activation in the lymphocytes. The process of activation of lym-
phocytes by LPS was a slow one, since LPS was required to be present in culture
for at least 24 h in order to obtain significant lymphocyte activation, suggesting
that the amounts ofLPS bound earlier are eitherquantitatively or qualitatively
insufficient to irreversibly activate the cell.

A variety of substances have been reported to
cause lymphocyte mitogenesis. Some of these
agents, such as phytohemagglutinin (PHA)
and concanvalin A (Con A), are plant lectins
that stimulate thymus-derived (T) lymphocytes
(3, 6, 11, 12). It is believed that there are sur-
face receptors on lymphocytes to which PHA
and Con A bind, and that this process of bind-
ing is a prerequisite for lymphocyte activation
(19, 29, 38). The molecular properties of these
surface receptors for PHA and Con A have been
partially characterized (17).
On the other hand, bacterial endotoxins or

lipopolysaccharides (LPS) induce cell division
in bone marrow-derived (B) murine lympho-
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cytes, and the lipid mciety is responsible for
this mitogenic activity (2, 13, 32). LPS insolubi-
lized to Sepharose matrices have been reported
to be mitogenic, suggesting that the initial step
in the activation of lymphocytes by LPS occurs
at the lymphocyte cell surface (27). In addition,
LPS is known to bind to lymphocytes in vitro
(26, 37). However, unlike the T-cell mitogens,
the nature and specificity of the LPS binding
event has not been well characterized. We
therefore undertook a comprehensive study to
determine the nature of the interaction be-
tween LPS and lymphocytes, utilizing intrinsi-
cally radiolabeled LPS. We found that LPS
binds more to B than to T lymphocytes, sug-
gesting a possible mechanism for its mitogenic
specificity. Furthermore, our data suggest that
LPS binds via a nonspecific interaction between
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its lipid moiety and some lipid component ofthe
cell membrane.

MATERIALS AND METHODS

Animals. Normal 6- to 8-week-old, female C3H/
HeN (Division of Research Services, National Insti-
tutes of Health) or C3H/HeJ (Jackson Laboratories,
Bar Harbor, Me.) mice were used throughout the
study. In addition, athymic Nu/Nu mice (Division of
Research Services, National Institutes of Health)
were used where indicated.
Media and reagents. All tissue cultures were

grown in RPMI-1640 (Grand Island Biological Co.,
Grand Island, N.Y.) supplemented with i-gluta-
mine (2 mM), penicillin (100 U/ml), and streptomy-
cin (100 ,ug/ml) and were bufferd with HEPES (N-2-
hydroxyethyl-N'-2-ethanesulfonic acid) (15 mM).
Fetal calf serum (FCS, lot 2424, Industrial Biologi-
cal Laboratories, Rockville, Md.) was used because
it produced low background counts and high mito-
gen responses. This serum is "nonpermissive" in
Mishell-Dutton culture systems (T. Chused, per-
sonal communication). Plastic tissue culture plates
(no. 3040, Microtest II) were obtained from Falcon
Products, Oxnard, Calif. Trypsin (2x crystallized,
bovine pancreas) and neuraminidase (Clostridium
perfringens) were obtained from Sigma Chemical
Co. (St. Louis, Mo.).
Endotoxin preparations. For binding studies, we

used radiolabeled LPS and glycolipid isolated from
Salmonella minnesota 1114 and the rough mutant of
S. minnesota R595, respectively. These compounds
(supplied by A. Nowotny, Temple University, Phila-
delphia, Pa.) were labeled intrinsically by growing
the bacteria in the presence of ['4C]glucose. The "4C-
labeled LPS was extracted from the bacteria by the
phenol-water procedure of Westphal (40). The crude
product was further purified to remove proteins and
nucleic acids by procedures involving repeated ul-
tracentrifugation at 105,000 x g as described by
Westphal and Jann (39). The "4C-labeled glycolipid
was extracted from S. minnesota R595 with chloro-
form-methanol according to the procedure described
by Chen et al. (9). Both the "4C-labeled LPS and the
"4C-labeled glycolipid were free ofnucleic acids since
the purified preparations did not show any absorp-
tion maxima at 260 nm. The specific activities of 4C-
labeled LPS and 14C-labeled glycolipid were 0.23 and
0.35 juCi/mg, respectively.
The glycolipid from S. minnesota R595 is insolu-

ble in aqueous solution. Therefore, for use in bind-
ing and mitogen studies, an ultrafine dispersion was
prepared by sonication (33). The glycolipid was first
suspended in pyrogen-free distilled water at a con-
centration of 1 mg/ml and sonicated for 1 min at 1.7
A (Branson Instruments, Co., Stamford, Conn.). It
was then made isotonic with appropriate amounts of
sterile, pyrogen-free 9% NaCl. This dispersion re-
mains stable for weeks. Heated LPS samples as used
in this investigation were obtained by heating LPS
(both labeled and unlabeled) at a concentration of 1
mg/ml in phosphate-buffered saline at 100°C for 3 h.

For mitogen studies, we used LPS from Esche-
richia coli K235 (supplied by F. McIntire, Abbott
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Laboratories, Chicago, Ill.), isolated by the phenol-
water procedure. Details of the extraction procedure
have been described elsewhere (25).

Purification of lymphocytes. (i) Removal of ma-
crophages. Macrophages were removed from mouse
spleen cells by passage through a column containing
sterilized Sephadex G-10 (25 by 2.5 cm) as described
by Ly and Mishell (24). Two to four milliliters of
cells (1.5 x 108/ml) was applied to the top of the
column, allowed to penetrate the gel bed, and then
washed through with 25 to 30 ml ofmedium contain-
ing 5% FCS. Approximately 50% of the cells were
recovered in the effluent. A similar percentage of
recovery has been reported by Ly and Mishell (24).
The effluent cells were checked for possible macro-
phage contamination by examining stained smears
(Wright) with a Zeiss microscope equipped with
phase-contrast optics (Carl Zeiss, Inc., New York).
Using this separation procedure, the proportion of
surface immunoglobulin-bearing and Thy 1,2 (0)-
bearing cells in the starting and the effluent popula-
tions remain unaltered (T. Chused, personal com-
munication).

(ii) Removal of erythrocytes. Erythrocytes were
removed from spleen cells by lysis with
tris(hydroxymethyl)aminomethane (Tris)-buffered
ammonium chloride (pH 7.2) according to the proce-
dure described by Boyle (8). After the treatment
with Tris-buffered ammonium chloride, lympho-
cytes were washed several times with the medium to
remove any erythrocyte stroma.

Separation of T and B lymphocytes using nylon
wool columns. Mouse spleen cells were separated
into T and B populations according to the procedure
described by Handwerger and Schwartz (16). The
purity of the nylon-adherent (B) and nylon-nonad-
herent (T) populations was checked by immunoflu-
orescent techniques with fluorescein-conjugated
rabbit anit-mouse immunoglobulin (14). Lympho-
cytes (5 x 106/ml) were incubated at 40C in 0.1 ml of
undiluted fluorescein-conjugated rabbit anti-mouse
immunoglobulin (Meloy Laboratories, Springfield,
Va.) in the presence of 10 mM sodium azide for 30
min. Cells were washed four times with medium,
mounted on Vaseline cover slips, and counted using
an ultraviolet microscope (E. Leitz, GMBH, Ger-
many). The nylon-adherent cell populations (B)
were found to be 85% immunoglobulin positive,
whereas the nonadherent populations (T) contained
very few immunoglobulin-positive cells (<3%).
LPS binding. All binding studies were performed

using purified (macrophage- and erythrocyte-de-
pleted) lymphocytes except where specified.

(i) Time dependence of binding of endotoxins to
lymphocytes. Purified lymphocytes (5 x 106) were
incubated in 0.5 ml of the medium with a known
amount of 14C-labeled LPS or '4C-labeled glycolipid
at 370C. At different time intervals, cells were
washed with the medium until no radioactivity was
observed in the culture supernatant. Then the cell
pellet was dissolved in scintillation fluid (Hydro-
mix, Yorktown, N.J.), and bound radioactivity was
determined in a liquid scintillation spectrometer
(Packard Tri-Carb, Downers Grove, Ill.).

(ii) Specificity of glycolipid binding. Purified
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lymphocytes (5 x 106/ml) were incubated for 1 h at
370C with '4C-labeled glycolipid (50 jug) along with
increasing amounts ofcompeting substances such as
unlabeled glycolipid A, LPS, and phosphatidyl etha-
nolamine (10 to 200 pg), which were added at the
same time as was the LPS. Cells were washed and
the cell-bound radioactivity was measured as before.

Binding of 14C-labeled glycolipid by tryspin- and
neuraminidase-treated lymphocytes. Purified lym-
phocytes (107/ml) were treated with trypsin (0.1% in
phosphate-buffered saline at 370C for 15 min). Cells
were then washed three times with buffer and incu-
bated at 370C with 14C-labeled glycolipid (100 jig/ml)
in medium. After 1 h, the cells were washed and the
cell-bound radioactivity was counted as before. Cells
were treated with neuraminidase (0.1 U, 1 h at 370C)
in a similar way.
Lymphocyte proliferation. To compare the dose-

response kinetics of LPS, heated LPS, and glyco-
lipid, spleen cells (5 x 105) were cultured in microti-
ter plates with varying doses of these mitogens for a
total period of 72 h at 370C in a humidified atmos-
phere containing 5% CO2. No serum was added to
the culture medium. For the last 4 h of the culture,
cells were pulsed with tritiated thymidine (0.5 /.Ci)
and were harvested using an automatic cell har-
vester (Mash II, Microbiological Associates, Be-
thesda, Md.) with phosphate-buffered saline (pH
7.2), and then the filters were air-dried. With this
harvesting technique, no trichloroacetic acid is re-
quired. The filter disks were placed in 3 ml ofHydro-
mix (Yorktown Research, N.J.) and counted in a
Packard Tri-Carb scintillation counter. The arith-
metic mean of triplicate samples was determined,
and the results were expressed as the stimulation
ratio (E/C), where E/C is defined as the ratio of
mean counts per minute in the stimulated cultures
divided by mean counts per minute in the unstimu-
lated cultures.

Kinetics of lymphocyte activation. To determine
the amount of time LPS had to be in contact with
lymphocytes to produce irreversible activation, 2 x
106 C3H/HeN spleen cells in 1 ml ofmedium contain-
ing 2% FCS were cultured in 3-ml glass vials along
with 0.1 ,ug ofLPS per ml. At various time intervals
(5 min, 4 h, 24 h, 48 h), cells were washed free of
unbound LPS and then incubated with fresh me-
dium containing 2% FCS for the remainder of the 72-
h culture period. Cells were pulsed with tritiated
thymidine (5 ,uCi) for the last 4 h of the culture and
harvested and counted as described previously.

RESULTS

Binding of LPS to murine spleen lympho-
cytes. We first sought to determine the charac-
teristics of the binding of LPS to lymphocytes
using I4T-labeled LPS and its derivatives. Since
both erythrocytes and macrophages bind LPS
(7, 35), the binding studies were performed us-
ing lymphocytes depleted of these cells.

Spleen lymphocytes (5 x 106 cells) were incu-
bated with '40-labeled LPS (100 ug) for various
time periods at 37°C. The amount of 14C-labeled
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FIG. 1. Binding of '4C-labeled LPS by splenic
lymphocytes from C3HIHeN or Nu/Nu mice as a
function of time. Lymphocytes (5 x 106) were incu-
bated at 37°C with '4C-labeled LPS (100 pg) for
various time periods. The zero-time point represents
cells to which were pulsed with LPS and then imme-
diately washed. Each point in the figure represents
the arithmetic means + 1 standard error ofthe mean
ofduplicate determinations. These lymphocytes were
depleted of erythrocytes and macrophages as de-
scribed in the text. Symbols: A, normal (nonmacro-
phage depleted) spleen cells from C3HIHeN mice; 0,
macrophage-depleted spleen cells from C3HIHeN
mice; 0, macrophage-depleted spleen cells from Nul
Nu. Because of the nonsynchronous growth of the
lymphocytes in the culture medium, the plots after 20
h do not take into account cell surface area changes
by blast formation, cell death, or division.

LPS bound to spleen cell populations of non-
macrophage-depleted, macrophage-depleted,
and athymic Nu/Nu mice is shown in Fig. 1. It
was found that macrophage-containing spleen
cell populations bound more LPS than those
depleted of macrophages. Lymphocytes de-
pleted of macrophages bound only up to 0.5% of
the total 14C-labeled LPS added in the first few
minutes. The uptake doubled in the first 4 h,
and afterwards it increased slowly with time.
After 48 h, 2% of the added LPS was bound to
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lymphocytes. The uptake of 14C-labeled LPS by ' 7-n
macrophage-depleted spleen cells of nude mice
which contained mostly B lymphocytes was es-
sentially the same as that of macrophage-de- ,
pleted spleen cells from normal mice (Fig. 1).
Binding of LPS by T or B lymphocytes.

Since LPS is a specific mitogen for murine B
lymphocytes, binding studies were performed § 2
on isolated T and B populations to investigate
whether the mitogenic specificity for LPS was
due to a difference in binding properties of T
and B cells.

Macrophage-depleted spleen lymphocytes V<
were fractionated into T and B populations on a
nylon wool column. It was observed that 14C- .___
labeled LPS bound to both B and T cells (Fig. CELL SIZE AMMICILS)4
2). B cells bound about twice as much LPS as FIG. 3. Size distribution ofT and B cells using a
did T cells, although the kinetics of LPS uptake Coulter counter with an automatic cell-sizing attach-
was similar for both cell types. ment. Cells were sized immediately after their isola-
To determine if B cells bound more LPS be- tion from the nylon wool column.

cause they were larger, the size distribution of
T and B cells in our splenic populations was 103_
determined after fractionation but before cul-
ture, using a Coulter counter with an auto-
matic cell-sizing attachment (Fig. 3). T cells co

possessed a mean volume of 175 jLm3, whereas c
that ofB cells was 135 ,um3, indicating that the C3H/HeN
splenic T cells were slightly bigger than B cells. x
Since the two cell types did not differ signifi-/
cantly in size, the increased binding of LPS by ' Si
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FIG. 4. Binding of'4C-labeled LPS by erythrocyte-
and macrophage-depleted spleen cells (5 x 106) from

XT-Ce C3H/HeN or C3HIHeJ mice. Each point represents
the arithmetic mean of duplicate determinations. No

V / bars are indicated for second and fifth points for
C3H/HeN spleen lymphocytes as no significant dif-
ference was observed between the duplicate determi-
nations. Lymphocytes were incubated with 50 pg of
14(C-labeled LPS.

10 0 10 20 30 40 50
Period of Incubation (hours) B cells may reflect an increased LPS-receptor

density on the surface of these cells.
FIG. 2. Binding of '4C-labeled LPS by B and T Binding of LPS to spleen cells of LPS-re-

lymphocytes prepared from C3H/HeN mice. Cells sponsive and -nonresponsive mice. The C3H/
were fractionated into B and T populations using a HeJ mouse strain responds poorly to LPS in
nylon wool column. Lymphocytes (5 x 106) were in- vivo (27) andin vitro (37) Investigations were
cubated at 37C with 14C-labeled LPS (50 Pg) for varie int viteroin(3).Inestigathioswheremvarious time periods. Each point in the figure repre- carried out to determine whether this phenom-
sents the arithmetic mean + 1 standard error of the enon ofunresponsiveness was due to differences
meanof duplicate determinations, in LPS binding by splenic lymphocytes of C3H/
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HeJ mice. The kinetics of "4C-labeled LPS up-
take by macrophage-depleted spleen cell popu-
lations of C3H/HeJ mice was similar to that of
C3H/HeN mice, which responded well to LPS
(Fig. 4). This finding suggests that unrespon-
siveness to LPS in C3H/HeJ mice is due to some
defect other than absent or diminished binding
of LPS.
Binding of various preparations of LPS to

spleen lymphocytes. (i) Heated LPS. Accord-
ing to Luderitz et al. (22), a preparation of
heated LPS binds much more radily to erythro-
cytes than does unheated LPS. Experiments
were performed to determine whether the bind-
ing of heated LPS to purified lymphocytes was
also enhanced. LPS was heated for 3 h at 1000C.
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FIG. 5. Binding of "4C-labeled LPS, heated LPS,
and glycolipid by spleen lymphocytes from C3H/HeN
mice as a function of time. "4C-labeled LPS was
heated in phosphate-buffered saline buffer (pH 7.1)
for 3 h at 1009C. The 'IC-labeled glycolipid was

obtained biosynthetically from the heptoseless rough
mutant of S. Minnesota R595. Cells (5 x 106/ml)
were incubated with 100 mg of the radiolabeled mito-
gen for various time periods and washed, and cell-
bound radioactivity was counted as described in the
text. Each point represents the arithmetic mean +
standard error of the mean of duplicate determina-
tions.
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FIG. 6. Percent inhibition of the binding of 14C-
labeled glycolipid R595 from S. Minnesota by in-
creasing amounts (10 to 200 Mg) ofunlabeled lipid A,
glycolipid R595, phosphatidyl ethanolamine, LPS,
and Con A. Lymphocytes (5 x 106/ml) were incu-
bated for 1 h at 370C with 14C-labeled glycolipid (50
pg) and increasing amounts of unlabeled competing
substances. Cells were washed and the cell-bound
radioactivity was measured as described in the text.

Within the first few minutes, twice as much
heated LPS bound to lymphocytes as compared
with unheated LPS, and the binding was in-
creased at least fourfold after 48 h (Fig. 5).

(ii) Glycolipid from S. Minnesota R595. To
evaluate the role of the lipid moiety of LPS in
this binding phenomenon, studies were carried
out with glycolipid from rough mutant of S.
Minnesota R595. This glycolipid possesses nei-
ther the antigenic 0-specific nor the core poly-
saccharide (21), but is still a potent mitogen for
murine spleen lymphocytes(32). The kinetics of
14C-labeled glycolipid uptake is also shown in
Fig. 5. Glycolipid bound much more avidly (18
tkg/5 x 106 cells) to the cell surface than did LPS
(250 ng/5 x 106 cells). Fifteen percent of the
total glycolipid added was bound in the first few
minutes, and this binding increased to 40%
after 48 h.

Specificity of glycolipid binding. To deter-
mine the specificity of glycolipid binding, com-
petitive binding studies were performed with
unlabeled glycolipid R595, LPS, lipid A, phos-
phatidyl ethanolamine, and Con A. Lipid A,
obtained by the acid hydrolysis of LPS, is a
structural analogue of glycolipid R595. Phos-
phatidyl ethanolamine is a common phospho-
lipid constituent of the cell membrane and is
known to inhibit the attachment of LPS to
erythrocyte membranes (35). The results of
these competitive binding studies are shown in
Fig. 6. Unlabeled glycolipid, lipid A, and phos-
phatidyl ethanolamine all partially inhibited
(45%) the binding of glycolipid to lymphocytes
and were approximately twice as effective as
unlabeled LPS. Con A, a structurally unrelated
compound, was ineffective in blocking the bind-
ing of "4C-labeled LPS, suggesting that Con A

INFECT. IMMUN.
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acts at sites different from those of endotoxin.
These results suggest that although a part of
the glycolipid binding is specific, a significant
amount of binding is also nonspecific and irre-
versible.

Effect of trypsin and neuraminidase treat-
ment on the binding of glycolipid. To deter-
mine the role of cell surface proteins or sialic
acid in this binding, purified lymphocytes were
treated with trypsin or neuraminidase, and
binding of 14C-labeled glycolipid to the enzyme-
treated cells was detemriend. Treatment of
lymphocytes with neuraminidase led to an in-
creased binding (40%) of glycolipid over un-
treated lymphocytes (Table 1). A similar in-
creased binding of glycolipid was observed
when lymphocytes were treated with trypsin.
These findings suggest that cell surface tryp-
sin-sensitive proteins or sialic acids are not re-
quired for LPS binding.
Comparison of mitogenic activity of LPS,

heated LPS, and glycolipid. We next investi-
gated the relationship between binding affinity
of LPS and its derivatives to their mitogenic
potential. The proliferative response of mouse
spleen cells induced by LPS, heated LPS, and
glycolipid is shown in Fig. 7. Although all of
these compounds were mtiogenic, LPS was the
most mitogenic, heated LPS was less mito-
genic, and the glycolipid used in this investiga-
tion was the least mitogenic. Thus, there ap-
pears to be an inverse correlation of binding to
mitogenicity. An analogous decrease in in vivo
immunogenicity of heated LPS has been re-
ported by Neter et al. (28).

Relationship between lymphocyte binding
of mitogen and irreversible cell activation.
Since we found that LPS was able to bind to cell
surfaces after a relatively short incubation
time, we next investigated how long an expo-
sure oflymphocytes to LPS was required for the
induction of an irreverisble state of activation
in the lymphocytes. Spleen cells were cultured
with LPS, and at varying time intervals, cells
were washed to remove LPS and placed back in

TABLE 1. Effect of trypsin and neuraminidase
treatment on the binding ofglycolipidR595 by mouse

spleen lymphocytes

Glycolipid bound/107 cells (pg)
Cells

Exp1 Exp2

Normal 30.25 ± 0.12 33.12 ± 2.2
Neuraminidase- 39.50 + 0.13 46.63 + 0.27

treated
Trypsinized NDa 46.25 ± 0.328

a ND, Not determined.

Boiled LPS

.2

10

E

10-3 10-2 lo-1 1 10 102

Concentration of Stimulant (pg/ml)
FIG. 7. In vitro proliferative response of spleen

lymphocytes from C3H/HeN mice induced by LPS,
heated LPS, and glycolipid. LPS, obtained from E.
coli K235, was heated in phosphate-buffered saline at
100°C for 3 h. The glycolipid R595 was sonicated
before use. The results are expressed as the arithme-
tic mean + standard error of the mean of triplicate
cultures and plotted as the stimulation ratio (E/C).
Cells were harvested after 72 h of culture. The base-
line proliferative response was 1,700 cpm per 5 x 105
cells.

culture with fresh medium. All cultures were
harvested at the end of 72 h.

It has been the experience of most workers
that the dose-response curve for LPS-induced
mitogenesis is flat in a range from 0.1 to 100 ,ug/
ml (32). Thus, if cells were incubated with 100
,ug of LPS per ml, it would be necessary to
remove 99.9% of the LPS before any significant
reduction in the mitogenic action of LPS could
be observed. For this reason, we pulsed our
cells with 0.1 ,g of LPS per ml, which is also a
stimulatory concentration but is on the linear
part of the dose-response curve.

In contrast to what is observed with lectin
mitogens such as PHA (18), LPS seemed to
require a prolonged incubation with lympho-
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FIG. 8. In vitro proliferative response of spleen
lymphocytes from C3HIHeN mice incubated with
LPS from E. coli K235 for varying time periods.
Lymphocytes (2 x 106/ml, 1 ml) were incubated with
LPS (0.1 Mg/ml) for different time periods, washed,
and resuspended in the fresh medium containing2%
FCS. All lymphocytes were cultured for a total period
of 72 h. The results are expressed as the arithmetic
mean + standard error of the mean of four experi-
ments and plotted as the stimulation ratio (EIC).
Base-line proliferative response, 3,500 cpm per 2 x
106 cells.

cytes in order to produce irreversible cell acti-
vation. Thus, after a 4-h period of incubation
with the cells, LPS was unable to produce any
lymphocyte activation at all (Fig. 8). After 24 h
of incubation with the cells, the stimulation
induced was only one-fourth maximal, and
maximum lymphocyte activation only occurred
after LPS and cells were incubated together for
a full 72 h.

DISCUSSION
In this investigation we have studied the na-

ture of interaction between bacterial endo-
toxins and lymphocytes. We have found that
LPS binds to both T and B lymphocytes. B
lymphocytes bound twice as much as LPS as did
T lymphocytes. An analysis of cell size indi-
cated that T cells were larger than B cells,
suggesting that B cells actually bind more LPS

INFECT. IMMUN.

per unit area of cell membrane than do T cells.
The reason as to why B lymphocytes bind more
LPS than do T lymphocytes is not well under-
stood. Since LPS interacts with membrane
phospholipids (34), it is possible that there
might be a difference in the phospholipid com-
position of B- and T-cell plasma membranes
which might account for the difference in bind-
ing of LPS by these cells.
Moller et al. (26) studied the binding of LPS

to mouse thymocytes and whole spleen cells
and did not observe any difference in LPS bind-
ing by cells from these two organs. We have
found that in murine spleens, B lymphocytes
bound twice as much LPS as compared with T
cells. A comparison ofour findings with those of
Moller et al. indicates that mouse thymocytes
bind more LPS than do mouse splenic T cells.
Mouse thymocytes possess less cell surface
sialic acid than do splenic T cells (10). Since our
findings suggest that removal of cell surface
sialic acid increases LPS binding, it is possible
that the increased binding of LPS by thymo-
cytes may be related to their decreased content
of cell surface sialic acid.
The nature of the LPS-cell interaction has

also been investigated. All our findings are con-
sistent with the concept that LPS binding is
due to a nonspecific interaction between the
lipid moiety of LPS and a lipophilic component
of the cell membrane. Thus, the binding of
glycolipid is equally inhibited by a mitogenic
lipid (lipid A) and a nonmitogenic one (phos-
phatidyl ethanolamine). Furthermore, the less
lipophilic but still mitogenic LPS inhibits gly-
colipid binding less well than the more lipo-
philic compounds. Consistent with the concept
that binding results from a lipid-lipid interac-
tion is our finding that treatment of lympho-
cytes with trypsin and neuraminidase caused
an increased binding of '4C-labeled glycolipid
by these cells. A similar increased binding of
the '4C-labeled glycolipid to trypsinized and
neuraminidase-treated rat embryo fibroblasts
has been reported by Bara et al. (4). Our inter-
pretation of these results is that by reducing
the protein and sialic acid content of the cell
membrane, we have reduced the steric factors
that hinder the incorporation of the glycolipid
into the membranes, thus allowing freer access
to the membrane lipids. Other mechanisms
such as a change in surface charge may also be
involved. Nevertheless, these results certainly
argue against a trypsin-sensitive protein or
sialic acid containing LPS receptor. Earlier,
Adler et al. (1) studied the interactions of LPS
with neuraminidase-treated lymphocytes by
fluorescence microscopy and observed that
treatment with neuraminidase increased the
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degree of membrane binding. However, such
treatment prevented the internalization of
LPS. A possible explanation for this apparent
disparity is that Adler et al. studied binding of
LPS, whereas in our neuraminidase studies
and in those of Bara et al. (4) the binding of a
glycolipid was studied. Perhaps cell surface
sialic acids bind the polysaccharide moiety of
LPS but inhibit or delay access of the lipid
moiety to the cell membrane lipids. This con-
cept of a lipid-lipid interaction between LPS
and a cell is certainly not new and has been
amply documented in other systems (5, 34).
We have also attempted to investigate the

correlation between LPS binding and the proc-
ess of lymphocyte activation. It is clear that
lymphocyte binding ofLPS alone does not auto-
matically result in cell activation. Thus, al-
though T cells do bind LPS, they are not acti-
vated. This phenomenon is similar to what is
observed with T-cell mitogens, where B cells
bind PHA and Con A but are not activated (15).
Similarly, we found that spleen cells of C3H/
HeJ mice, which are resistant to the mitogenic
effects of LPS, still bind this compound. These
findings are essentially identical to those of
Watson and Riblet (37), even though they used
a nonintrinsically labeled LPS preparation and
did not examine erythrocyte- and macrophage-
depleted cells. Therefore, unresponsiveness or
lack of activation of spleen cells by LPS in C3H/
HeJ mice is not due to the lack of LPS binding.
Finally, we have also found that the glycolipid
from S. Minnesota R595 and the heated LPS,
which both exhibit an increased binding to
spleen lymphocytes, were less mitogenic than
LPS. Therefore, we would conclude from these
findings that although the binding of LPS to
lymphocytes may be a prerequisite for activa-
tion, this binding is not by itself sufficient to
cause activation. In fact, we suspect that there
must be an additional cell alteration induced by
the bound LPS that actually determines
whether activation takes place.
Our findings suggest that this second phase

of LPS-cell interaction may be delayed in time
since we have found that a prolonged presence
of LPS is necessary for maximum cell stimula-
tion. The mitogenic activity of LPS is associ-
ated with the lipid A moiety ofthe molecule (2).
Because a prolonged presence of LPS in the
medium is necessary before appreciable deoxy-
ribonucleic acid synthesis takes place, the ini-
tial step in the process of activation of lympho-
cytes might involve an insertion of the lipid A
moiety ofLPS into the lipid bilayer of the B-cell
membrane, which may require a longer time
than simple binding to the surface. An alter-
nate explanation for this requirement for a pro-
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longed presence of LPS in culture is that bound
LPS may be rapidly turned over, either shed or
internalized. Cell activation, on the other
hand, may require the continuous presence of
LPS in or on the membrane: If LPS turnover is
rapid, then this requirement for a continual
presence could be furnished only if LPS was
present in culture, where it could constantly
rebind to the lymphocyte surface.
This finding that LPS is required almost con-

tinually in culture is somewhat controversial
since Adler et al. (1) reported that a brief expo-
sure (1 to 4 h) of lymphocytes to LPS was suffi-
cient to induce deoxyribonucleic acid synthesis.
However, despite this apparent discrepancy,
these results are not in total disagreement for
several reasons. First, inspection of their data
reveals that after 4 h of incubation with LPS,
activation of the cells was only a small fraction
(26%) of that obtained after a full 72-h incuba-
tion. Secondly, these authors incubated their
cells with a higher concentration of LPS (3.3
gg/ml) than we did (0.1 pug/ml). In preliminary
studies, we found that when cells were pulsed
with higher concentrations of LPS, washing
was incomplete and enough LPS remained in
the culture to produce activation. This is un-
doubtedly due to the dose-response curve of
LPS where stimulation is often observed at con-
centrations below 0.01 ug/ml (32). Thus, when
starting with a concentration of 3.3 ,ug/ml, a
washing procedure that removes as much as
90%o of the unbound LPS would still leave be-
hind sufficient LPS (0.03,4g/ml) to produce cell
activation. Furthermore, we have also found in
preliminary studies that other B-cell mitogens
such as polymerase I will activate cells after a
short incubation period. The LPS used in these
studies was nucleotide and protein free. It is
possible that different LPS preparations might
contain other mitogenic contaminants that
might produce the effects observed by Adler et
al. (1). Finally, the data presented in this re-
port represents the results of four individual
experiments performed in this fashion, whereas
the data of Adler et al. (1) represent only one.
In addition, we have repeated these studies
many times using different LPS preparations
and different LPS concentrations. The ability to
reproduce these findings many times makes us
confident that LPS must remain in prolonged
contact with cells before irreversible activation
can take place.
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