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Surface Phenotype of LPS-Binding Murine Lymphocytes (41 821 ) 
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Abstract. We have characterized LPS+ murine lymphocytes by determining their surface phe- 
notype using double-labeling immunofluorescence. In the spleen, 40% of cells were LPS+p+ (B 
cells), 5% were LPS'Thyl.2' (T cells), and 5% were LPS' cells bearing neither p nor Thyl.2 
(null cells). Peripheral lymph nodes contained 11% LPS' B cells and 2% LPS+ T cells, and 
mesenteric lymph nodes contained 15% LPS+ B cells and 3% LPS' T cells. In contrast, the 4% 
LPS+ cells in Peyer's patches were all B cells, and the thymus contained 4% LPS' T cells. Only 
the spleen contained LPS+ null cells. Within each lymphoid organ examined, the fraction of 
total lymphocytes identified as LPS+p+, LPS+Ia+, or LPS+6+ was similar, indicating that LPS+ 
B cells possessed the surface phenotype p+Ia+6+, characteristic of a mature B cell. This conclusion 
was supported by the absence of LPS+p+Ia+G+ cells in newborn spleens. The fraction of p+Ia+b+ 
cells which also binds LPS was highest in spleen and lowest in Peyer's patches. Assuming that 
cells are, on the average, more mature in the progression from spleen to lymph nodes to Peyer's 
patches, it would appear that L P S  cells are a less mature fraction of the pL+Ia+6+ pool, distinguished 
by the presence of an LPS binding site or receptor. These data illustrate selective binding of LPS 
predominantly to mature B cells, but also to small numbers of null cells and T cells. The 
relationship of this binding to cell activation is discussed by considering the characteristics of 
cells which can be activated by LPS to clonal growth or differentiation under appropriate conditions. 

Lipopolysaccharide (LPS), a component of 
the outer membrane of gram-negative bac- 
teria, is a complex macromolecule both struc- 
turally and functionally. Of its three regions, 
the serologically detected 0 antigen, core, and 
lipid A, the latter bears primary responsibility 
for most biological effects including metabolic 
and cellular changes, fever, hypotension and 
intravascular coagulation which can lead to 
death (1,2). Within the lymphoid system, the 
major lymphocyte targets for LPS are bone 
marrow-derived lymphocytes (B cells) which 
are activated to DNA synthesis and immu- 
noglobulin synthesis and secretion without the 
necessity for T-cell help (3). The singular pref- 
erence of LPS for B cells would suggest these 
cells have a specific binding site or receptor 
for LPS. 

B-cell receptors for mitogens or polyclonal 
B-cell activators have been discussed at length 
by Moller (4) and Coutinho (5) in considering 
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mechanisms of B-cell triggering. Although 
only scant physical evidence has been provided 
for such receptors (6), the terminology has 
remained in use, often as shorthand to describe 
a structure whose presence is dictated by the 
exigency of a model (7, 8). Evidence for such 
a site has been sought in investigations de- 
signed to determine if LPS binds preferentially 
to subpopulations of lymphocytes. Some 
studies have reported increased uptake of ra- 
diolabeled LPS or lipid A by peripheral B cells 
or lymphocytes from normal or nude mice 
compared to thymocytes or T cells (9-1 l),  but 
no differences were detected in other experi- 
ments (9, 12, 13). Differences were observed 
either when purified lymphocyte populations 
or low doses (1-50 pg/ml) of LPS were used. 
However, in all studies, cells were incubated 
with LPS at 37°C for several hours or days. 
Since cyclical fluctuations in LPS binding may 
occur at 37°C (14) and events subsequent to 
binding such as pinocytosis or capping can 
change the amount of LPS which is detectable 
at any given time, quantitative estimates of 
LPS uptake in these systems may not be lim- 
ited to the initial binding. 

In contrast, preferential binding of LPS and 
lipid A to B cells has been demonstrated on 
an individual cell basis using radioautography. 
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Bona et al. (9) found 17% of thymus cells and 
47% of splenic lymphocytes were LPS'. Gre- 
gory et al. (1 5 )  found that no T cells and 22- 
59% of Ig' spleen cells bound lipid A, de- 
pending on the strain examined. Furthermore, 
in both studies the number of LPS' cells was 
given for only one concentration of ligand, 
raising some question as to the significance of 
the actual numbers of LPS' cells detected. 
Finally, incubations were carried out at room 
temperature or 37°C in the absence of azide, 
leaving open the possibility that postbinding 
events influenced the number of LPS' cells 
seen. 

In the experiments reported here, we em- 
ployed techniques designed to avoid the prob- 
lems inherent in previous studies. We used a 
sensitive hapten-sandwich immunofluores- 
cence technique to detect individual cells 
which bind low concentrations of LPS and 
carried out incubations at 0°C in the presence 
of azide to prevent capping and other tem- 
perature-dependent events which might 
change the localization of bound ligand. We 
used a hapten-sandwich immunofluorescence 
procedure to provide a higher degree of sen- 
sitivity than can be achieved with conventional 
indirect immunofluorescence. In addition, we 
have further characterized LPS' lymphocytes 
by evaluating the presence of other surface 
markers using double-labeling immunofluo- 
rescence. We found that the predominant 
LPS' cell in the spleen is p+, but a small frac- 
tion of Thy 1.2' cells also binds LPS. The larg- 
est number of LPS' T cells were found in the 
spleen whereas none ( ~ 0 . 2 % )  were found in 
Peyer's patches. On the basis of the number 
and distribution of cells bearing p, Ia, and 6, 
and the fraction of these which are LPS', we 
concluded that LPS binds predominantly to 
mature B cells with the surface phenotype 
p'Ia+6+. This conclusion was verified by the 
virtual absence of LPS'p+Ia+G+ cells in new- 
born spleens. 

Materials and Methods. Animals. Male and 
female New Zealand white rabbits were ob- 
tained from Beckens Research Animal Farms, 
Sanborne, N.Y. Adult female and pregnant 
C3H/St were purchased from the West Seneca 
Laboratory of Health Research Inc., West 
Seneca, New York, and female C3H/HeJ mice 
from the Jackson Laboratories, Bar Harbor, 
Maine. Adult mice were used as cell donors 

at 8 to 14 weeks of age and newborns at 1 
and 6 days of age. All animals were maintained 
in the animal facilities at the State University 
of New York at Buffalo and given food and 
water ad libitum. 

Lipopolysaccharide (LPS). Purified LPS for 
binding studies was prepared from lyophilized 
Escherichia coli 055:B5 (New England En- 
zyme Center, Boston, Mass.) by extraction 
with phenol-water, enzyme treatment, and 
column chromatography ( 16). LPS solutions 
were sterilized by passage through a 0.45-pm 
filter, stored at 4°C at 40-50 mg/ml, and di- 
luted just before use. Nonlyophilized purified 
LPS was used in these studies as lyophilized 
material gave more variable results. LPS con- 
centration was determined by the thiobarbi- 
turic acid assay for deoxyhexoses ( 17) using 
weighed lyophilized LPS of the same strain as 
a standard. LPS preparations contained <2.0% 
protein detectable by the Lowry modification 
of the Folin-Ciocalteau procedure ( 18) and 
did not stimulate mitogenesis in C3H/HeJ 
spleen cells at a concentration of 100 pg/ml. 
Commercial preparations of phenol-extracted 
LPS used in hemagglutination assays and in- 
hibition studies were obtained as follows: from 
Salmonella typhimuriurn, Sigma, St. Louis, 
Missouri; from E. coli strains 01 11:B4 and 
0 127:B8, Difco, Detroit, Michigan. 

Anti-LPS and anti-hapten antisera. Anti- 
serum against the 0-specific antigen of E. coli 
055:B5 was produced by immunization of 
rabbits with three weekly intravenous injec- 
tions of 0.2 ml of a 0.2 mg/ml suspension of 
dried bacteria in saline. Sera were tested at 
monthly intervals for agglutinating antibody 
against sheep red blood cells coated with LPS 
(19). After 5 months of immunization, the 
antisera contained 2-mercaptoethanol (2-ME) 
(MCB, Norwood, Ohio)-resistant antibodies 
against 055:B5 LPS at titers >10,240, while 
titers against LPS from E. coli 01 11:B4 and 
0 127:B8 were <4. Anti-hapten antisera were 
prepared in rabbits immunized by standard 
procedures with keyhole limpet hemocyanin 
(KLH; Calbiochem-Behring Corp., La Jolla, 
Calif.) conjugated with the diazo derivatives 
of p-azophenylarsonate (ars; Matheson, Cole- 
man and Bell, East Rutherford, N.J.), p-ami- 
nophenyl P-D-lactoside (lac; Calbiochem, La 
Jolla, Calif.), and p-aminophenyl glycine (gly; 
ICN Pharmaceuticals, Inc., Plainview, N. J.). 
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Hybridoma antibodies. Hybridoma line 10- 
3.6 (20) secretes a ~ 2 a  antibody which binds 
to the gene product (Ia- 1) of the I-A subregion 
of the H-2 locus of mice bearing the k, f, r, 
and s haplotypes. The subclone (10-3.6-27) 
producing this anti-Ia was a generous gift from 
Dr. Philippa Marrack and Dr. John Kappler, 
National Jewish Hospital, Denver, Colorado, 
and was grown in BALB/c mice which had 
been pretreated with 0.5 ml pristane (2,4,6- 
tetramethylpentadecane, Aldrich Chemical 
Co., Milwaukee, Wisc.). Ascites fluid was har- 
vested and stored at -20°C. 

Hybridoma line 10-4.22 (20) was obtained 
from the Salk Institute Cell Distribution Cen- 
ter, La Jolla, Calif., and was used without sub- 
cloning. This line secretes a ~ 2 a  anti-Ig-5" (anti- 
6) which binds to the heavy chain of IgD from 
a, c, d, and f allotype mice. Antibodies were 
obtained from the culture fluid of the cell line 
which was grown in RPMI-1640 containing 
glutamine, 100 IU/ml penicillin, 100 pg/ml 
streptomycin, 10% fetal bovine serum (FBS) 
(medium constituents from Gibco, Grand Is- 
land, N.Y.), and 0.05 pM 2-ME. Culture su- 
pernates were harvested and frozen at -70°C 
until use. 

Hapten modijcation of immunoglobulins 
and immunoglobulin fragments. IgG fractions 
were prepared from rabbit anti-hapten anti- 
sera, ascites fluid containing anti-Ia and cul- 
ture supernatant fluid containing anti-6 by 
ammonium sulfate precipitation and chro- 
matography on DEAE-cellulose (DE-32, 
Whatman Ltd., Kent, England) by standard 
procedures (21, 22). Fab fragments of some 
IgG fractions were prepared by papain diges- 
tion as described by Cammisuli and Wofsy 
(22). Ars-anti-LPS, gly-anti-6, and lac-Fab- 
anti-Ia were prepared from the diazonium de- 
rivatives of ars, gly, and lac using the bifunc- 
tional amidating reagent methyl hydroxy- 
benzimidate (HB) (23). HB was synthesized 
as described by Cammisuli and Wofsy (2 1). 
Fab fragments of anti-Ia were used for con- 
jugation with lac as this hapten decreases the 
solubility of IgG to which it is conjugated (22). 
Haptenated reagents were stored lyophilized 
at 4°C. 

Fluorescein and rhodamine-conjugated im- 
munoglobulins. Rhodamine B isothiocyanate 
(RBITC; BDH Biochemicals LTD., Poole, 
England) conjugates of the IgG fractions of 

rabbit anti-ars, anti-lac, and anti-gly were pre- 
pared by standard procedures (24). Fluorescein 
conjugates of anti-lac and anti-gly were pre- 
pared following the same procedure except 
that fluorescein isothiocyanate (FITC; Isomer 
I, Sigma, St. Louis, Mo.) was added directly 
to the solution of IgG at 10 pg/mg IgG and 
stirred to become evenly suspended. Conju- 
gates with an OD ratio of 2.0-3.0 (corre- 
sponding to a molar F/P ratio of 1 .O- 1.5 (25)) 
were dialyzed against water overnight and ly- 
ophilized for storage. 

Additional immunofuorescence reagents. 
Goat anti-p and RBITC-rabbit anti-goat IgG 
were obtained from Cappel Laboratories Inc., 
Cochranville, Pennsylvania. FITC-rabbit anti- 
goat IgG was purchased from Gibco, Grand 
Island, N.Y. Biotin-anti-Thy 1.2 (monoclonal 
antibody, clone 30-H 12) and FITC-avidin 
were from the Becton Dickinson Monoclonal 
Antibody Center, Sunnyvale, California. 
Commercial reagents were stored according 
to the directions of the supplier. 

Cell suspensions. Mice were sacrificed by 
cervical dislocation, lymphoid organs were re- 
moved, and cell suspensions prepared by 
standard procedures (25). Spleen cells used 
for immunofluorescence studies were sub- 
jected to separation on Ficoll-Hypaque 
(Pharmacia Fine Chemicals, Piscataway, N.J.) 
to remove the majority of erythrocytes, plate- 
lets, granulocytes, macrophages, and nonvi- 
able cells. Lymphocytes were >95% viable by 
trypan-blue exclusion. Cells used for immu- 
no fluorescence were resuspended in balanced 
salt solution (BSS) (25) containing 0.2% NaN3 
unless otherwise indicated, and those used for 
culture were resuspended in RPMI 1640 (see 
below). 

Immunofuorescence. Immunoglobulin re- 
agents used for immunofluorescence were dis- 
solved in veronal buffered saline (VBS: 1 g/ 
liter sodium barbital, 8.3 g/liter NaCl, 0.2% 
NaN3, pH 7.3) with 5% fetal bovine serum 
(FBS) and stored as aliquots at -40°C. Re- 
agents were thawed only once and cleared of 
aggregates by centrifugation in a microfuge 
(Beckman Instruments Inc., Palo Alto, Calif.) 
for 5 min prior to use. In preliminary exper- 
iments, a dose-dependent increase in the 
number of LPS+ cells was obtained in all cell 
populations except thymus over a 2- to 30- 
pg/ml dose range, and no increase in this 
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number was seen up to 100 pg/ml. Maximum 
binding was achieved by 30 min of incubation, 
and no differences in LPS+ cells were detected 
in incubations carried out at O"C, room tem- 
perature or 37°C. Therefore cells were incu- 
bated in 2 ml BSS containing 5 X lo6 cells 
and 30 pg/ml LPS at 0°C for 30 min unless 
otherwise indicated. The cells were then 
washed twice with VBS-FBS, resuspended in 
50 pl each of ars-anti-LPS, and the haptenated 
antibody to the individual cell surface marker, 
and incubated for 20 min at 0°C. After a fur- 
ther two washings in VBS-FBS, cells were re- 
suspended in 50 pl each of RIBTC-anti-ars 
and the FITC-labeled antibody to the appro- 
priate hapten and incubated under the same 
conditions. After washing, the cells were fixed 
in 1% paraformaldehyde, mounted, and ex- 
amined using a Leitz Dialux microscope 
equipped for epi-illumination with a Ploem- 
pak 2.4, filter system I (for fluorescein), filter 
system N (for rhodamine) and a mercury 
lamp. (E. Leitz, Rockleigh, N.J.). A minimum 
of 300 lymphocytes per slide were counted. 
All antibodies were titrated and used at op- 
timal dilutions. No background staining was 
detected for Ia, 6 or Thy1.2. Background 
staining for p and LPS varied from 0 to 2% 
total lymphocytes. In each experiment, the 
surface phenotype of B-cell populations was 
determined using RBITC-anti-p; and 6 and 
Ia were detected with the appropriate hapten- 
ated antibodies and FITC-labeled anti-hapten 
reagents. For simplicity the data identifying 
separate subpopulations of LPS+ lymphocytes 
have been divided into T and B cells for pre- 
sentation, although individual experiments 
included all combinations of LPS and surface 
markers. 

Mitogen assay. Cells were cultured in 
RPMI- 1640 (GIBCO, Grand Island, N.Y.) 
containing 0.05 pM 2-ME and assayed for 
DNA synthesis by pulsing with 0.5 
pCi/well 12'IUdR (Amersham/Searle, Arling- 
ton Heights, Ill.) as previously described (26). 

Results . L PS- binding splenic lymp hocytes. 
Cells in the spleen which are positive for 
membrane bound LPS (LPS+) exhibited a 
characteristic fine punctate staining pattern. 
Brightly stained large cells with the mor- 
phology of macrophages were occasionally 
seen but were not included in the counts of 
either total cells or stained cells. The possible 

contribution of the Fc receptor to the detection 
of LPS+ cells was examined using Fab frag- 
ments of ars-anti-LPS and RBITC-anti-ars. 
No difference was seen in the number of LPS' 
cells detected by fragments or intact reagents. 
(Data not shown.) 

Forty percent of the splenic lymphocytes 
from both C3H/St and C3H/HeJ (LPS-hy- 
poresponsive) mice were identified as LPS+ B 
cells by the presence of bound LPS and surface 
p (Table I). The B-cell population as defined 
by surface p represents 53% of the splenic 
lymphocytes and accounts for 80% of the LPS' 
cells. Within the B-cell population, 75% p+ 
cells bind LPS while 92% of 6' and Ia+ lym- 
phocytes are LPS+. Although some T cells 
have surface Ia determinants, a very low num- 
ber of p-Ia+ cells were detected here (<2% 
lymphocytes), so in this system Ia is essentially 
a B-cell marker. The distribution of LPS' cells 
in both high- and low-LPS responder strains 
is identical. 

LPS-binding B cells in other lymphoid or- 
gans. Only 11% of the lymphocytes in pe- 
ripheral lymph nodes (PLN) and mesenteric 
lymph nodes (MLN) are LPS' cells. In com- 
parison to splenic cells, only 40% p+ and 6 1% 
of 6+ and Ia+ cells in PLN and slightly higher 
fractions of MLN cells with the two latter 
markers are LPS+ (Table 11). The number of 
LPS+ cells, the fraction of B cells which are 
LPS+, and the fraction bearing Ia and 6 is 
smaller in the Peyer's patches (PP) than in 
lymph nodes. 

These data indicate that LPS' cells are pre- 
dominantly B cells and LPS+ B cells represent 
a subpopulation of these lymphocytes. We 
observed that the f'raction of total lymphocytes 
which bear LPS and either p, Ia, or 6, was 
essentially the same within each cell popu- 
lation: 39-44% in spleen, 10-12% in PLN, 
14-18% in MLN, and 4-596 in PP. This sug- 
gested that the LPS+ B cell has the surface 
phenotype p+Ia+6+, and that it is the same 
cell type which binds LPS in all the lymphoid 
organs examined. 

LPS-binding T cells. The number of 
LPS'Thy 1.2+ cells was determined in the same 
experiments in which B-cell surface markers 
were examined. The results obtained with cells 
from the same sources as well as from thymus 
are seen in Fig. 1. In all populations examined 
except PP, a small but significant percentage 
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TABLE I. SURFACE PHENOTYPE OF LPS+ C3H/St AND C3H/HeJ SPLENIC LYMPHOCYTES 

C3H/St C3H/HeJ 

Marker '3% Lymphocytes 9% LPS+" % Lymphocytes % LPs+ 

LPS+ 

P+ 
LPS+p+ 

6+ 
LPS+G+ 

Ia+ 
LPS+Ia+ 

p+6+ 
p+Ia+ 

Thy 1.2+ 
LPS'Thy 1.2' 

51.3 f 3.6' 100 

52.6 f 2.3 
39.2 f 1.7 75.1 f 0.8 

44.8 f 2.7 
41.2 f 2.0 92.1 f 1.1 

47.5 f 5.8 
43.6 f 4.2 

45.6 f 1.6 N.A.' 
48.6 f 3.7 N.A. 

22.3 f 5.3 
5.3 f 1.4 

91.7 f 3.5 

23.7 f 4.6 

49.8 100 

52.2 
39.9 

46.2 
41.9 

48.8 
45.3 

76.5 

90.8 

92.8 

N.D.~ N.A. 
N.D. N.A. 

24.4 
5.4 22.2 

' Percentage of cells with a given marker which also binds LPS. ' Mean determination from three to four experiments f SD. One experiment for C3H/HeJ. 
' N.A., not applicable. 
dN.D., not done. 

of T cells bound LPS. These LPS+ T cells 
represent 10% of spleen, 15% of MLN, 15% 
of PLN, and 100% of thymus lymphocytes 
binding LPS. Although the spleen contains 
fewer T cells than MLN, PLN, PP, and thy- 
mus, they are the richest source of LPS+ T 
cells. 

LPS-binding null cells. LPS+ cells from the 
various sources tested were found to include 
the following proportions of B and T cells: 

spleen-80% B/lO% T; PLN-85% B/15% T; 

mus-100% T. Thus up to 10% LPS' spleen 
cells appear to have neither Thy 1.2 nor p on 
their surface. Since 50% of spleen cells are 
LPS+, 5% of splenic lymphocytes are LPS+ 
null cells. Detectable numbers of LPS+ null 
cells do not appear in lymphoid organs other 
than spleen. 

L P S  cells and LPS mitogen responses in 

MLN-85% B/15% T; PP--100% B; thy- 

TABLE 11. PHENOTYPE OF LPS+ CELLS IN LYMPHOID ORGANS 

Peripheral lymph nodes Mesenteric lymph nodes Peyer's patches 

Marker % Lymphocytes 9% LPS+ ' % Lymphocytes % LPs+ % Lymphocytes % LPS' 

LPS+ 

P+ 
LPS+p+ 

6+ 
LPS+6+ 

Ia+ 
LPS+Ia+ 

p+6+ 
p+Ia+ 

12.2 f 2.6' 100 

26.1 f 2.5 
10.6 f 3.1 40.4 f 6.0 

18.7 f 1.6 
11.6 f 3.1 61.7 f 11.8 

19.6 f 1.6 
11.9 f 2.3 61.1 f 17.0 

18.7 f 1.6 N.A.' 
19.2 f 0.5 N.A. 

17.6 f 2.1 100 

33.4 * 2.7 
14.6 f 3.0 

22.5 f 0.8 
15.2 f 0.2 67.5 f 1.9 

40.2 f 10.0 

24.0 f 2.4 
17.6 f 1.5 73.0 f 1.0 

23.8 f 1.2 N.A. 
23.8 f 0.8 N.A. 

6.0 k 1.1 100 

35.5 k 4.8 
4.8 f 0.2 13.2 f 1.3 

8.4 f 2.3 
4.4 * 1.0 56.7 f 27.9 

16.7 
4.8 28.6 

11.7 N.A. 
17.8 N.A. 

' Percentage of cells with a given marker which also bind LPS. 
Mean determination from three to four experiments f SD. 
' N.A., not applicable. 



LPS BINDS TO MATURE B CELLS 463 

LPS BINDING T CELLS 

0- 

Spleen 

Mesenteric 
Lymph Nodes 

Peripheral 
Lymph Nodes 

Payer's 
Patches 

Thymus 

Marker 

THY 1.2' 
LPS'THY 1.2' 

THY 1.2' 
LPS' THY 1.2' 

THY 1.2' 
LPS' THY 1.2' 

THY 1.2' 
LPS' THY 1.2' 

THY 1.2' 
LPS' THY 1.2' 

% Lymphocytes 
0 10 20 30 40 50 60 70 80 90. 100 
f l l l I l l l l 1 ~  

(*23.3% LPS+Ia 

+ 
(4.9% LPS+) 

(2.8% LPS') 

I-%0.2x LPS+) 

tb 
(4.0% LPS') 

a. % of THY 1.2' Cells Which Are Also LPS' 

FIG. 1. LPS-binding T cells. Data taken from same experiments presented in Tables I and 11. 

neonatal spleen. The observation that LPS+ 
cells have the surface phenotype of a mature 
B cell suggested that the ability to bind LPS 
is acquired at an identifiable stage in the on- 
togenetic development of this cell type. To 
test this in a more rigorous manner we de- 
termined the number and surface phenotype 
of LPS binding splenic B cells in 1- and 6- 
day-old mice (Table 111). At 1 day postbirth, 
the spleen contains approximately 4% p+ cells, 
a few Ia+ cells, no detectable 6+ cells, and 1.5% 
Thy1.2' cells. Virtually all the LPS+ cells 
(7.5%) in 1-day-old spleens are null cells. In 
the spleen of 6-day-old mice, cells bearing 6 
have appeared, and the number of cells ex- 
hibiting other B-cell surface markers has no- 
ticeably increased. LPS' cells have increased 
in number, but the majority are still null cells. 
However, a small percentage of total cells ( 1.2- 
1.4%) also bear p, Ia, or 6 in addition to LPS. 
Thus, in the 6-day-old spleen, as in the adult 
spleen (Table I), the LPS+ B cells are confined 
to and represent a sizeable proportion of the 
p+Ia+6+ subpopulation. 

To determine whether LPS responsiveness 
is acquired at the same time in B-cell matu- 
ration as the capacity to bind detectable LPS, 
we used a portion from each of the cell pools 
analyzed to perform a parallel assay for LPS 
induced mitogenesis (Fig. 2). Cells isolated 
from 1 -day spleen exhibit only a small amount 

TABLE 111. LPS-BINDING CELLS IN NEWBORN SPLEEN 

Percentage Percentage 
Age Marker lymphocytes LPS+ a 

1 Dayb LPS' 
P+ 
LPS'p' 
6+ 
LPS+6+ 
Ia+ 
LPS+Ia+ 
Thy 1.2' 
LPS'Thy 1.2' 

6 Dayb LPS' 
P+ 
LPS+p+ 
6+ 
LPS+G+ 
la+ 
LPS+Ia+ 
Thy 1.2+ 
LPS'Thy 1.2' 

7.4" 
3.8 
0.2 

<o. 1 
<o. 1 

0.4 
0.1 
1.5 

<0.08 

12.7 
7.4 
1.2 
1.4 
1.2 
2.1 
1.4 
2.9 
0.08 

100 

6.4 

0.0 

16.7 

0.0 

100 

15.9 

83.3 

65.5 

2.7 

*Percentage of cells with a given marker which also 
bind LPS. ' Cell suspensions were prepared from pooled tissue of 
20-25 animals and incubated with LPS at 30 pg/ml for 
30 min at 0°C. Spleen cells from adult animals were ex- 
amined in the same experiment, and the percentage of 
cells bearing the given markers were within 10% of the 
values for C3H/St given in Table I. 

There were 1200-1 350 cells examined for each surface 
marker. 
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FIG. 2. LPS induced mitogenic responses in spleen cells 
from oneday-old, 6-day-old, and adult C3H/St mice. As- 
says were as previously described ( 15). Cultures were pulsed 
with 0.5 pCi ['251]UdR for the last 18 hr of a 48-hr in- 
cubation period before harvesting. Results are given as 
mean cpm f SD of quadruplicate cultures. 

of DNA synthesis at a dose which is unchar- 
acteristically high compared to an adult mi- 
togenic response. In contrast to the l-day cells, 
6-day splenic cells produce a mitogenic dose- 
response curve which appears to differ only 
in magnitude from that of adult cells. 

Discussion. We have used double-labeling 
immunofluorescence microscopy to charac- 
terize the surface markers of LPS-binding 
lymphocytes in spleen, lymph nodes, Peyer's 
patches, and thymus. The majority of LPS+ 
cells in each organ examined except the thy- 
mus are B cells bearing the surface phenotype 
p+Ia+6+. However, small numbers of T cells 
in all organs except PP bind LPS. 

Studies using neonatal animals and induced 
phenotypic conversion have established that 
murine B-cell ontogeny is reflected in the se- 
quential expression of surface p, Ia, and 6 (27- 
29). There are thus three cell populations 
characterized by the presence of these surface 
markers p+, p+Ia+, and p+Ia+6+. In all lym- 
phoid tissues examined, the same numbers of 
LPS+p+, LPS+Ia+, and LPS+6+ cells are de- 
tected within each lymphoid organ, suggesting 
that LPS+ cells are within the most mature 
population, p+Ia+b+. 

The results obtained with neonatal spleen 
cells show that LPS-binding B cells are not 
found until 6 days after birth when these cells 
have begun to acquire surface 6. Parallel ex- 
amination of LPS-stimulated mitogenesis in 
cell populations from these newborns confirms 

that the acquisition of significant sensitivity 
to LPS as a mitogenic trigger is coincident 
with the appearance of the LPS binding 
p+Ia+6+ lymphocyte. Thus, while LPS binding 
and responsive B cells are not exclusively con- 
fined to the subpopulation that exhibits this 
surface phenotype, we conclude that this cell 
type represents the majority of LPS binding 
and responsive B cells. 

A comparison of the fraction of p+Ia+6+ 
cells binding LPS in the different lymphoid 
organs is of further interest. As seen in Table 
IV, this fraction decreases on moving from 
spleen through lymph nodes to Peyer's 
patches. Since it is commonly accepted that, 
on the average, cells in Peyer's patches are 
more mature than those in the lymph nodes 
which are in turn more mature than those in 
the spleen, the observed diminution in the 
fraction of p+Ia+6+ B cells which are LPS+ 
suggests that these are a less mature subpop- 
ulation of cells of this phenotype. 

The phenotype we have described appears 
also to be that of the B cell which is activated 
by LPS. Pretreatment of splenic lymphocytes 
with anti-Ia serum and complement has been 
found to abolish the subsequent proliferative 
response to LPS (30). The inclusion of anti- 
bodies to p, 6, or Ia in cultures of spleen cells 
has been reported to inhibit LPS stimulated 
mitogenesis and immunoglobulin secretion 
(30-32). Utilizing a cell-sorter, Gronowicz et 
al. (33) prepared spleen cells which had been 
both positively and negatively selected for sur- 
face p,6, and y and determined the polyclonal 
response of each population after 1 to 5 days 
of culture. They demonstrated that cells pos- 

TABLE IV. LPS-BINDING p+Ia+8+ B CELLS 

Percentage Percentage 
Cell source lymphocytes" LP!Fb 

Spleen 45.6 90.4 
Mesenteric lymph nodes 23.8 63.9 
Peripheral lymph nodes 18.7 62.0 
Peyer's patches 11.7 34.5 

a The percentage of p+Ia+8+ lymphocytes within each 
cell source are taken as the percentage of lymphocytes 
which are p+6+. 

The percentage of p+Ia+d+ which also bind LPS (taken 
as LpS+d+). Calculations based on data from Tables I and 
11. 
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itively selected for p or 6 or negatively selected 
to lack y gave good responses to LPS while 
the responses of populations lacking either p 
or 6 were up to 20-fold lower. Our binding 
data is thus consistent with the functional data 
which identifies the surface phenotype of LPS- 
responsive cells, suggesting that the binding 
we detect is correlated with lymphocyte ac- 
tivation as assessed by LPS-induced prolif- 
eration. 

Although 75% splenic B cells are LPS+ (Ta- 
ble I), only a portion of these cells may be 
directly responsive to LPS. The limiting di- 
lution analysis of Anderson et al. (34) esti- 
mated that only one in three splenic B cells 
could be induced to Ig secretion by LPS. This 
estimate was confirmed by Wetzel and Kett- 
man (35) who found that in single cell cultures 
25% of splenic B cells were activated to clonal 
growth by LPS. These investigators also re- 
ported that dextran sulfate, although capable 
of stimulating growth in only 5% of B cells, 
when added with LPS resulted in synergy in 
which 80% of B cells were activated. The au- 
thors concluded that the combination of dex- 
tran sulfate and LPS removed the requirement 
for cell interaction in growth induction. The 
results of these two studies suggest that all the 
LPS' splenic B cells we detect can be activated 
by LPS but that some have additional trig- 
gering requirements. These LPS+ but nonre- 
sponsive splenic B cells may be analogous to 
those found in PP which do not give a mi- 
togenic response to LPS in the absence of sol- 
uble factors or macrophages (36). LPS' cells 
with different triggering requirements may also 
be found in lymph nodes. 

Gregory et al. (15) found that 22-23% of 
the Ig+ cells from both high- and low-re- 
sponder C3H strains bound lipid A, which is 
close to the fraction of B cells induced to Ig 
secretion (34) but only one-third of the num- 
ber of LPS+ cells we have found. This dis- 
crepancy might reflect quantitative differences 
in LPS binding, a point which is currently 
under investigation in our laboratory. No data 
were reported on other B-cell surface markers 
or the organ distribution of LPS' cells. They 
also concluded that 2-3% of LPS' cells were 
null cells and that no 8' cells bound lipid A. 
However, these authors assumed that lipid A 
binding to thymocytes was nonspecific and 

set their background accordingly thus pre- 
cluding detection of LPS+ T cells. The recent 
report that small numbers of normal T cells 
proliferate in response to LPS (37) is consistent 
with our demonstration of LPS+ T cells. 

LPS+ null cells detected in adult and neo- 
natal spleen may include immature cells which 
are induced by LPS in vitru to express the 
characteristic antigens of mature T cells (Thy- 
1) or mature B cells (p, Ia, and 6) (27, 32, 38, 
39). Some cells are presumably the normal 
equivalent of pre-B-cell lines which respond 
to LPS by expression of cytoplasmic (40) or 
membrane immunoglobulin (4 1 ). The exis- 
tence of a B-cell lymphoma possessing p as 
the only surface immunoglobulin, which re- 
sponds to LPS by increased secretion of IgM 
(42), suggests that LPS'p-only cells exist in 
normal mice in very small numbers which 
might not be detected in our assay. 

Our observation that identical numbers of 
LPS' cells are present in C3H/St and C3H/ 
HeJ spleens are in keeping with the majority 
of published observations. No difference in 
binding to spleen cell populations of normal 
and hyporesponsive strains at any concentra- 
tion of radioactive LPS or lipid A has been 
detected either in mass cultures or at the single 
cell level (10, 1 1, 13, 15, 43, 44). In contrast, 
Nygren et al. (45) detected fewer LPS-binding 
spleen cells in hyporesponsive than in normal 
mice using immunoelectronmicroscopy. Al- 
though Coutinho and his colleagues reported 
an anti-LPS-receptor antiserum which reacted 
with normal but not hyporesponsive spleen 
cells (6), attempts to reproduce this finding 
have not been successful ((46) and Jacobs, un- 
published). Thus the genetic defect in the 
C3H/HeJ strain would appear not to reflect 
the loss of high-affinity lymphocyte binding 
sites for LPS, and is more likely to be due to 
a defect in a postbinding activation step lo- 
calized in the membrane (47). 

The demonstration that all lymphocytes do 
not bind LPS when exposed to low doses of 
the ligand indicates that LPS binds selectively 
to subpopulations of lymphocytes. The pop- 
ulations include most mature B cells and small 
numbers of peripheral T cells and null cells. 
The number of LPS' cells corresponds to the 
proportion of these cells found by other in- 
vestigators to be activated by LPS to prolif- 
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eration or differentiation. The structural spec- 
ificity of the binding site and its role in LPS 
activation of cells remain to be determined. 
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