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In the preceding paper we showed that Peyer’s patch cell suspensions from
normal mice are deficient in an accessory adherent cell type required for the
induction of immune responses (1). Humoral and cell-mediated immune re-
sponses can be induced in these cultures after the addition of adherent peritoneal
exudate cells (APEC)! or 2-mercaptoethanol (ME). Peyer’s patches from
C57BL/6 mice contain antigen-sensitive B and T cells, while Peyer’s patches
from congenitally athymic (nude) mice contain a highly purified B-cell popula-
tion, Peyer’s patch lymphoid cells are a well-defined source of antigen-sensitive
cells which can be used to examine the requirements for induction in vitro of
immune responses to specific antigens.

It has been reported that bacterial lipopolysaccharide (LPS) is a thymus-
independent antigen (2-4) capable of stimulating DNA synthesis in B cells
(5-8), as well as stimulating immune responses to various antigens (9-12) and
monovalent haptens (13) in T-cell depleted spleen cultures. In this paper we
report experiments which demonstrate that LPS does not stimulate DNA
synthesis, or affect the induction of primary humoral immune responses to
heterologous erythrocytes in Peyer’s patch cultures, unless T cells are present
in addition to B cells and adherent cells or ME. The observed thymus de-
pendence of LPS is interpreted in terms of a model in which two signals are
required for B-cell induction (14).
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medium; PFC, plaque-forming cells; SRBC, sheep red blood cells; TdR, thymidine.
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Materials and Methods

Mice~—Congenitally athymic (nude) mice (nu/nu) and heterozygous nude mice (nu/+)
were bred and used exactly as described in the preceding paper (1). C57BL/6 mice were pur-
chased from Jackson Laboratories, Bar Harbor, Maine. All mice were used at 7-9 wk of age.

Peyer’s Paich Cultures—In vitro immune responses were studied in Peyer’s patch cell
suspensions from unimmunized C57BL/6 or nude mice prepared exactly as described pre-
viously (1). Peyer’s patch cultures contained 1 X 107 Peyer’s patch cells in 1 ml of Eagle's
minimum essential medium (MEM) supplemented with 5%, fetal bovine serum (FBS) and
antigen as specified in the text. Only batches of FBS designated as normal (15) were used
(batch J76207 from Reheis Chemical Corp., Chicago, I1L.).

Peritoneal Adherent Cells—APEC were prepared as deseribed previously (1). 5 X 10%
seeded peritoneal exudate cells were used per culture. APEC obtained from unimmunized
CS7BL/6 or nude (nu/nu) mice were added to cultures of C57BL/6 or nude Peyer’s patches,
respectively, as indicated in the text.

2-Mercapioethanol—ME was obtained from Matheson, Coleman and Bell, Norwood, Ohio
and used in culture at a concentration of 10~* M.

Mitogens.—Sdmonella typhosa (W0901) LPS was obtained from Difco Laboratories,
Detroit, Mich. LPS was dissolved in 0.01 M phosphate buffer (pH 8.0) at a concentration of
1 mg/ml, boiled for 60 min, and stored frozen until use. LPS was identical to that previously
used by Dr. J. Watson, Salk Institute, San Diego, Calif. (12, 13). Maximal stimulation of
DNA synthesis by LPS was found to occur between 5 ug and 10 ug per culture. Concanavalin A
(Con A) obtained from Calbiochem, Los Angeles, Calif. was dissolved at a concentration of
1 mg/ml in phosphate-buffered saline (pH 7.2) and stored frozen.

Irradiation.—Peyer’s patch cell suspensions from unimmunized C57BL /6 or heterozygous
nude mice were irradiated with 2,000 R as described previously (1). These cells were used as
the source of C57BL/6 or nude T cells (16, 17).

Assay—On the 4th day after culturing, the number of direct hemolytic plaque-forming
cells (PFC) in Peyer’s patch cultures was determined using a microscope slide assay (18). The
same sheep red blood cells (SRBC) as used in culture were used in the slide assay to determine
PFC against SRBC. In each experiment, Peyer’s patch cell suspensions immunized with
SRBC or no antigen were examined for PFC directed against SRBC, and PFC directed against
horse red blood cells (HRBC).

DN A Synthesis.—Peyer’s patch cultures were prepared containing 5 X 108 cells in 1 mi of
MEM containing 5%, FBS. Duplicate cultures were incubated for 40 h after which 107 M
fluorodeoxyuridine (FudR), 10~ M thymidine (TdR), and 0.5 uCi of [PH|TdR (52 Ci/mmol,
New England Nuclear, Boston, Mass.) (15) were added and cultures were incubated for an
additional 5 h. Cells were collected by centrifugation, the DNA was precipitated with 5%,
trichloroacetic acid, and the precipitate collected by membrane filtration. Radioactive measure-
ments were made after the addition of a toluene-Liquifluor scintillation fluid to dried filters.

RESULTS

Effect of LPS on DNA Synthesis—LPS stimulated DNA synthesis only
when T cells were present in cultures also containing B cells, and APEC or
ME. The data presented in Table I describe the effect of 5 ug/ml LPS on DNA
synthesis in cultures of C57BL/6 and nude Peyer’s patch cells. The following
was consistently observed: (¢) LPS did not stimulate DNA synthesis in nude
Peyer’s patch cultures previously shown to functionally contain only antigen-
sensitive B cells (1). () LPS did not stimulate DNA synthesis in nude cultures
to which APEC or ME were added. (¢) LPS did not significantly stimulate
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TABLE I
Effect of LPS 5 ug/ml on DNA Synthesis in C57BL/6 or Nude (nu/nu) Peyer's
Patch Cultures*

Strain Cell types in culture} ME CPM/culture
B T§ APEC LPS 5 ug/ml No LPS
nu/nu + — - - 3 10
nu/nu + — + - 1 0
nu/nu + - - + 1 20
C57BL/6 + + - - 120 43
nu/nu + + — — 4 2
nu/+| + + — —_ 5 14
C37BL/6| + + - - 8 11
CS7BL/6 - - + - 10 22
C57BL/6 + + + - 610 55
nu/nu + + + - 240 18
C57BL/6 + + — + 19,000 1,900
nu/nu + + — -+ 13,000 1,000

* No SRBC were added to culture,

{ nu/nu Peyer’s patches were used as a population of B cells while C57BL/6 Peyer’s
patches were used as a population of B and T cells.

§ As a source of T cells for nu/nu cultures, 2.5 X 10° irradiated heterozygous nude (nu/+)
Peyer’s patch cells were added to 2.5 X 10° nude (nu/nu) Peyer’s patch cells.

|l nu/+ or C57BL/6 Peyer’s patches exposed in vitro to 2,000 R before culture were con-
sidered to contain T cells as discussed.

DNA synthesis in C57BL/6 cultures which were previously shown to contain
both antigen-sensitive T and B cells (1) or in nude Peyer’s patch cultures to
which irradiated heterozygous nude Peyer’s patch cells were added as a source
of T cells. (d) LPS did not stimulate DNA synthesis in irradiated heterozygous
nude Peyer’s patch cells or in irradiated C57BL/6 Peyer’s patch cells which
had cooperating T-cell activity (1). (¢) LPS did not stimulate DNA synthesis
in cultures of APEC. (f) LPS produced a 7-12-fold stimulation of DNA syn-
thesis in cultures containing T cells, B cells, and APEC or ME. In contrast to
LPS, 2 ug/ml of Con A stimulated a 10-fold increase in DNA synthesis in
C57BL/6 Peyer’s patch cultures in the absence of APEC or ME.

Effect of LPS on Induction of Immune Response to S RBC:—The data pre-
sented in Table II describe the effect of 5 ug/ml LPS on the induction of pri-
mary in vitro humoral immune responses to SRBC in C57BL/6 or nude Peyer’s
patch cultures. The following was noted: (¢) No PFC were obtained when LPS
was added to cultures containing nude Peyer’s patch cells. (b) Nude Peyer’s
patch cells to which APEC and LPS were added had low levels of PFC, while
nude Peyer’s patch cells to which ME and LPS were added had no anti-SRBC
PFC. (¢) Neither C57BL/6 cultures nor nude cultures to which irradiated
heterozygous nude Peyer’s patch cells were added, as a source of T cells, could
be induced to produce a primary in vitro immune response against SRBC by



410 LIPOPOLYSACCHARIDE IS THYMUS DEPENDENT

TABLE II

Effect of LPS 5 ug/ml on Immune Responses to SRBC in C57BL/6 or Nude (nu/nu) Peyer's
Paich Cultures*

Cell types in culturet .
Strain B T§ APEC ME FFC)cuture
nu/nu + — — - 0
nu/nu + - —_ 25
nu/nu + - - + 0
nu/nu + + — — 14
C57BL/6 + + — - 15
C57BL/6 + + - + 3,282
nu/nu + + - + 5,280
nu/nu -+ + + - 1,463
C57BL/6 + + + - 192
C57BL/6Y + + + - 1,235

* SRBC and LPS 5 ug/ml were added to each culture,

{ nu/nu Peyer’s patches were used as a population of B cells while C57BL/6 Peyer patches
were used as a population of B and T cells.

§ As a source of T cells for nu/nu cultures, 5 X 108 irradiated heterozygous nude (nu/+)
Peyer’s patch cells were added to 5 X 10° nude (nu/nu) Peyer’s patch cells.

|l Anti-SRBC PFC responses in the absence of LPS are listed in Table I of the preceding

paper.
9 C57BL/6 Peyer’s patch cells treated with antitheta serum before cuture.

the addition of LPS. (d) In vitro immune responses were induced only when
LPS was added to cultures containing B cells, T cells, and ME or APEC. Cell
viability was increased by LPS only in cultures containing B cells, T cells, and
ME. (¢) LPS consistently enhanced the immune response to SRBC in nude
cultures restored with T cells, and APEC or ME (for comparisons see preceding
paper). LPS usually suppressed the immune response to SRBC when added to
cultures of C57BL/6 Peyer’s patches containing APEC and consistently sup-
pressed the immune response when added to C57BL/6 cultures containing ME
(for comparisons see preceding paper). Reduction of the T-cell population of
CS7BL/6 Peyer’s patches by antitheta treatment before the addition of LPS
and APEC resulted in a significantly greater anti-SRBC response than ob-
served in parallel cultures not treated with antitheta serum. When 5 X 104,
S X 105 or 5 X 108 irradiated heterozygous nude Peyer’s patches were added
as a source of T cells to cultures of nude Peyer’s patches containing APEC and
LPS, the magnitude of the SRBC response correlated directly with the number
of irradiated heterozygous Peyer’s patch cells (i.e., T cells) added.

Background Responses>—DNA synthesis was stimulated in Peyer’s patch
cultures when ME was added to C57BL/6 or nude cultures containing T and B
cells (Table I). Irradiation of heterozygous nude Peyer’s patch cells before
addition to nude cultures did not significantly affect the stimulation of DNA
synthesis by ME. ME did not stimulate DNA synthesis in cultures in which
both B and T cells were irradiated before culture (Table I).
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Background PFC were detected in cultures containing T and B cells to
which ME was added. In these cultures, background PFC directed against
SRBC equaled 4% of the total anti-SRBC PFC observed when SRBC antigen
was used in culture. LPS did not induce anti-SRBC PFC in the absence of
SRBC and did not increase the background anti-SRBC PFC response obtained
with ME. After induction with SRBC, PFC directed against HRBC comprised
0.1% of the anti-SRBC response. LPS did not significantly increase the number
of PFC reactive with HRBC during induction to SRBC antigens.

DISCUSSION AND SUMMARY

This study shows that LPS is not mitogenic in cultures containing B cells, or
B cells and accessory adherent cells or ME, unless T cells are present. This ob-
servation rules out models of induction of antibody synthesis in which it is as-
sumed that the delivery of a mitogenic signal by the interaction of LPS with
the membrane of the B cell is in itself sufficient for B-cell induction (19).
Further, it makes unlikely the proposed extrapolation of such a model to other
so-called thymus-independent antigens, e.g., PVP, levan, dextran, and SIII
(19).

The mitogenic action of LPS appears to be due to its ability to complete an
inductive stimulus to B cells (13). We interpret the observed thymus dependence
of the B-cell response to LPS in light of a model in which two signals are obliga-
tory for B-cell induction (14). The first signal in the inductive pathway is de-
livered to the antigen-sensitive cell via a conformational change in the receptor
upon interaction with antigen. The second signal is delivered via the thymus-
derived cooperating system. Since LPS can induce immune responses to both
immunogenic and nonimmunogenic ligands (9-13) we envision that one signal
is delivered to the B cell via specific binding of the ligand to the B-cell antigen
receptor, while a second signal is delivered as a result of T-cell cooperation via
membrane-bound LPS. This has been termed abnormal induction (20). In this
example LPS is the foreign membrane-bound determinant in question although
histocompatibility antigens (21, 22), viral determinants, or surface bound
lectins could act similarly.

In light of the above model, one observation should be pointed out. LPS
inhibits the induction of a SRBC response in normal Peyer’s patch cells to
which adherent cells or ME is added. This inhibition appears to be a T-cell-
mediated effect because it is abolished by partial depletion of the T-cell popula-
tion by antitheta treatment. Since the induction of IgM producing PFC is
being measured, the T-cell-dependent LPS inhibition could act either (a) by
induction of T-cell “suppression” (23, 24) of the normal cooperating system
required for a SRBC response, or (b) by the induction of such high levels of
cooperating function (13) as to be inhibitory to a SRBC IgM response.

Our observations contrast sharply with prior reports which describe LPS as a
thymus-independent antigen (2-4) and a B-cell mitogen (5-8) capable of
stimulating immune responses in the absence of T-cell cooperation (2-12).
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This demonstration of the thymus dependence of LPS stimulation has been
possible because Peyer’s patches from congenitally athymic (nude) mice are
functionally a highly purified B-cell population devoid of T cells and accessory
adherent cells. In this respect, earlier studies relied on nude spleen cultures and
spleen cultures from thymectomized, lethally irradiated, and bone marrow-
reconstituted mice (3, 4, 6-13). These spleen cultures which contain B cells and
accessory adherent cells are recognized to be deficient but not devoid of the
thymus-derived contribution to the inductive stimulus (12, 13). It could be
argued that the presence of T cells and adherent cells is in fact required for the
antigen-specific effect and not for the LPS effect. However, this is unlikely since
our experiments show that LPS is not directly mitogenic for B cells and does not
stimulate background anti-SRBC PFC. It seems unlikely that Peyer’s patch
antigen-sensitive cells differ from antigen-sensitive cells in the spleen in their
mechanism of induction. We have shown that Peyer’s patch B cells can be
specifically induced by antigen, and Peyer’s patch T cells mediate cooperating
and killer functions. Alternately, the possibility that Peyer’s patch B cells were
not stimulated by LPS as a result of prior cryptic exposure to LPS (13) in the
intestinal tract was excluded since cultures containing B cells, T cells, and ad-
herent cells or ME were stimulated to DNA synthesis by LPS.

The reason that certain antigens appear to be thymus independent may be
that their repeating polymeric nature permits inductive interactions at very
low levels of thymus-derived cooperation (see reference 20 for quantitative
considerations). It has been stated that the inductive properties of all thymus-
independent antigens are directly related to their ability to act as B-cell mito-
gens (19). The observation that LPS is thymus dependent for its B-cell mito-
genic activity makes us question the thymus independence of any antigen.

We thank Dr., James Watson for supplying the nude mice used in this study and for his
comments on this manuscript. We acknowledge the expert technical assistance of Ms. B.
Claudy.

REFERENCES

1. Kagnoff, M. F., and S. Campbell. 1974. Functional characteristics of Peyer’s patch
lymphoid cells. I. Induction of humoral antibody and cell-mediated allograft
reactions. J. Exp. Med. 139:398.

2. Manning, J. K., N. D. Reed, and J. W. Jutila. 1972. Antibody response
to Escherichia coli lipopolysaccharide and type ITI pneumococcal polysaccharide
by congenitally thymusless (nude) mice. J. Immunol. 108:1470.

3. Moller, G., and G. Michael. 1971. Frequency of antigen-sensitive cells to thymus-
independent antigens. Cell. Immunol. 2:309.

4. Andersson, B., and H. Blomgren. 1971. Evidence for thymus-independent humoral
antibody production in mice against polyvinylpyrrolidone and Escherichia coli
lipopolysaccharide. Cell. Immuneol. 2:411.

5. Peavy, D. L., W. H. Adler, and R. T. Smith. 1970. The mitogenic effects of
endotoxin and staphylococcal enterotoxin B on mouse spleen cells and human
peripheral lymphocytes. J. Immunol. 1056:1453.



10.

1.

12.

13.

14.

1s.

16.

17.

18.

19.

20.

21.

22.

23.

24,

MARTIN F. KAGNOFF, PAUL BILLINGS, AND MELVIN COHN 413

. Gery, 1, J. Kriiger, and S. Z. Spiesel. 1972. Stimulation of B-lymphocytes by

endotoxin. J. Immunol. 108:1088.

. Andersson, J., O. Sjoberg, and G. Méller. 1972. Induction of immunoglobulin and

antibody synthesis in vitro by lipopolysaccharides. Eur. J. Immunol. 2:349.

. Andersson, J., G. Moller, and O. Sjéberg. 1972. Selective induction of DNA syn-

thesis in T and B lymphocytes. Cell. Immunol. 4:381.

. Jones, J. M., and P. D. Kind. 1972. Enhancing effect of bacterial endotoxins on

bone marrow cells in the immune response to SRBC. J. Immunol. 108:1453.

Schmidtke, J. R., and F. J. Dixon. 1972. Immune response to a hapten coupled to
a nonimmunogenic carrier. J. Exp. Med. 136:392.

Moller, G., J. Andersson, and O. Sjoberg. 1972. Lipopolysaccharides can convert
heterologous red cells into thymus-independent antigens. Cell. Immunol. 4:416.

Watson, J., R. Epstein, I. Nakoinz, and P. Ralph. 1973. The role of humoral fac-
tors in the initiation of 4» #i#ro primary immune responses. II. Effects of lympho-
cyte mitogens. J. Immunol. 110:43.

Watson, J., E. Trenkner, and M. Cohn. 1973. The use of bacterial lipopolysac-
charides to show that two signals are required for the induction of antibody
synthesis. J. Exp. Med. 138:699.

Bretscher, P., and M. Cohn. 1970. A theory of self-nonself discrimination. Science
(Wash. D. C.). 169:1042.

Watson, J., and R. Epstein. 1973. The role of humoral factors in the initiation of
in vitro primary immune responses. I. Effects of deficient fetal bovine serum.
J. Immunol. 110:31.

Kettman, J., and R. W. Dutton. 1971. Radioresistance of the enhancing effect of
cells from carrier-immunized mice in an 4n# vifro primary immune response.
Proc. Natl. Acad. Sci. U. S. 4. 68:699.

Hamaoka, T., D. H. Katz, and B. Benacerraf. 1972. Radioresistance of carrier-
specific helper thymus-derived lymphocytes in mice. Proc. Natl. Acad. Sci.
U.S. A. 69:3453. :

Mishell, R. I., and R. W. Dutton. 1967. Immunization of dissociated spleen cell
cultures from normal mice. J. Exp. Med. 126:423.

Coutinho, A., and G. Méller. 1973. B cell mitogenic properties of thymus-inde-
pendent antigens. Nat. New Biol. 246:12.

Bretscher, P. 1972. The control of humoral and associative antibody synthesis.
Transplant. Rev. 11:217.

Katz, D. H., W. E. Paul, E. A. Goidl, and B. Benacerraf. 1971. Carrier function
in antihapten antibody responses. III. Stimulation of antibody synthesis and
facilitation of hapten-specific secondary antibody responses by graft-versus-host
reactions. J. Exp. Med. 133:169.

Lefkovits, I. 1973. In vitro complementation experiments with nude mice. I. The
allogeneic effect in the antibody response to sheep red cells. Eur. J. Immunol.
3:397.

Rich, R. R., and C. W. Pierce. 1973. Biological expressions of lymphocyte activa-
tion. II. Generation of a population of thymus-derived suppressor lymphocytes.
J. Exp. Med. 137:649.

Dutton, R. W. 1972. Inhibitory and stimulatory effects of concanavalin A on the
response of mouse spleen cell suspensions to antigen. I. Characterization of the
inhibitory cell activity. J. Exp. Med. 136:1445.



