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Haemophilus influenzae type b capsular polysaccharide (PRP) conjugate vaccines, which
are thought to induce T cell-dependent antibody production, induce protective responses
after a single dose in individuals under 15 months of age. However, multiple doses of these
vaccines are required to induce protective antibody responses in infants, with the exception
of PRP conjugated to meningococcal outer membrane proteins (OMPC), which does so after
a single dose. The basis for this difference is not fully understood, although others have pro-
posed that OMPC and porins, the major protein component of OMPC, act as adjuvants or
mitogens. In this report OMPC is shown to enhance CD40 ligand-mediated, T cell-
dependent antibody production in mice. This paralleled the induction by OMPC of CD86,
CD80 and CD40 costimulatory molecules on human neonatal and murine B cells and of Th1
cytokines. Neither porins nor lipopolysaccharide fully reproduced the effects of OMPC.
These studies indicate that OMPC acts both as carrier and adjuvant, and thereby enhances
T cell-dependent antibody responses in human infants.
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1 Introduction

Production by B lymphocytes of antibodies to pure poly-
saccharides is independent of cognate T cell help and is
consequently not associated with T cell-driven affinity
maturation, isotype switching or the development of
long-term B cell memory [1]. Polysaccharides vaccines
fail to induce protective immune responses in young
children, the group at greatest risk for disease due to
capsulated bacterial pathogens, including Haemophilus
influenzae and Streptococcus pneumoniae [1–3]. The
most substantive advance in vaccines against this class

of pathogens was the development of H. influenzae type
b capsular polysaccharides (PRP) vaccines, which has
lead to a dramatic decrease in the incidence of disease
due to this organism. Each of the four PRP conjugate
vaccines licensed in the United States has been inferred
to induce T cell-dependent antibody production, al-
though the dependence of these vaccines on cognate T
cell help has not been formally tested [4–6].

PRP conjugate vaccines vary in immunogenicity [6–8].
Each induces protective levels of anti-PRP antibody fol-
lowing a single dose at 15 months of age or beyond, and
each induces a protective response after three doses in
infants, but only PRP-meningococcal outer membrane
protein (PRP-OMPC) does so after a single dose in
infants. Consistent with this, in Native Americans and
in children of some developing countries in whom
H. influenzae disease commonly occurs in the first
6 months of life, PRP-OMPC appears to be more effec-
tive than other conjugates, whereas efficacy after this
age is similar [9]. The basis for this difference is not clear,
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Fig. 1. Anti-PRP antibody responses in BALB/c (A), or C3H/
HeJ (B) mice, with or without treatment with CTLA4Ig. (A, B)
Mice received PRP-OMPC plus control hamster IgG (HIgG)
( | ), PRP-TT plus HIgG ( ! ), PRP-OMPC plus CTLA4Ig ( ¿ ),
PRP-TT plus CTLA4Ig ( 1 ) and T/D toxoid vaccines at days 0
and 28. The mice received as indicated, either HIgG or
CTLA4Ig at days 0, 2 and 4. Results are the mean reciprocal
log titer ± SEM. For BALB/c mice data were derived from
two experiments with a total of six to seven mice per group
except for CTLA4Ig (three mice), and for C3H/HeJ mice data
were derived from one experiment with three to four mice
per group.

although OMPC and porins (the major protein compo-
nent of OMPC) have been suggested to act as adjuvants
[10–12] or mitogens [13].

Adjuvants enhance the development and persistence of
T cell-dependent antibody responses. An important goal
of current vaccine research is the development of more
potent, safe adjuvants. Although unacceptable reactions
have precluded their general use in humans, adjuvants
containing microbial products are the most effective
in animals [14]. The mechanisms by which adjuvants act
are not completely understood, but may include
enhancement of antigen presentation to T cells and of
cytokine production, which increase the amplitude, pro-
long the persistence and affect the quality of the subse-
quent antigen-specific immune response [14–17]. Anti-
gen presentation is facilitated in part by increased ex-
pression of the costimulatory molecules CD80 (B7–1)
and CD86 (B7–2) on antigen-presenting cells (APC),
which engage ligands on T cells (CD28 and CTLA4),
facilitating T cell activation in response to antigen [15,
18–20]. Once activated, CD4+ T cells express CD40
ligand (CD40L). CD40L mediates T cell help by engaging
CD40 on B cells, and with cytokines enhances antigen
presentation through the induction of CD80/86, thereby
amplifying the T cell response [21–23]. CD86 is important
for the activation of naive T cells [15, 19, 24, 25], and its
abundance on APC appears to be important for initiation
of antigen-specific T cell responses in infant mice. If anti-
gens are presented to neonatal murine T cells by resting
B cells or other APC not expressing costimulatory mole-
cules, or in the absence of microbial danger signals, tol-
erance or a non-protective, Th2-dominated immune
response occurs [26–31]. Conversely, neonatal mice
develop effective T cell-dependent responses if antigen
is presented by APC expressing costimulatory mole-
cules or is given with a microbial adjuvant. Neisserial
porins induce CD86 on murine B cells [10]. If OMPC and
porins have similar effects on cells of human infants, this
might contribute to the more rapid antibody response to
PRP-OMPC.

However, OMPC and porins can enhance T cell-
independent antibody production in mice, and are mito-
gens for murine B cells [32–34]. There is controversy
regarding whether OMPC also activates human lympho-
cytes, and if so, which cell type(s) is activated [13, 32,
33]. Thus, differences in immunogenicity between PRP-
OMPC and the other conjugate vaccines in human
infants may reflect enhancement of T cell-independent
antibody production rather than, or in addition to,
enhancement of a T cell-dependent response. Based on
studies with human and murine lymphocytes in vitro, and
immunogenicity studies performed in mice in vivo, we
conclude that OMPC is a carrier with adjuvant proper-

ties, and that the more robust IgG response to PRP-
OMPC reflects almost solely enhanced T cell-dependent
antibody production.

2 Results

2.1 Immunogenicity of PRP-OMPC and PRP-
tetanus toxoid in mice

Paralleling the response of human infants, the adult
mouse produces little or no antibody in response to
unconjugated PRP [11, 35]. Of the PRP conjugate vac-
cines, PRP-OMPC and PRP-tetanus toxoid (TT) induce
robust immune responses in mice and human infants,
whereas the PRP-diphtheria toxoid (DT) and PRP-
CRM197 vaccines are much less immunogenic in mice
[11, 35]. For this reason, we chose to compare the
immune responses to PRP-OMPC and PRP-TT. Primary
responses to PRP-TT are largely dependent on co-
administration of TT in humans and in mice, and infants
routinely receive TT-DT and PRP conjugate vaccines
together [6, 7, 36]. Accordingly, tetanus-diphtheria (T/D)
vaccine was co-administered to mice with one of the
PRP conjugate vaccines.
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Fig. 2. Anti-PRP (A) and anti-tetanus (B) antibody responses
in CD40L-knockout mice , littermate controls and C57BL/6
(WT) mice. (A) and (B) WT mice received PRP-OMPC ( | ) or
PRP-TT ( ! ), CD40L-knockout mice received PRP-OMPC
( ß ) or PRP-TT ( Y ) and were immunized as described in
Fig. 1, except that some mice received PRP-OMPC, or PRP-
TT containing 10 ? g instead of 2.5 ? g PRP. The responses to
these doses were similar, so they were pooled for analysis.
The responses of C57BL/6 and littermate controls were sim-
ilar, so they were pooled for analysis. The values for WT mice
that received PRP-TT and CD40L-knockout mice that
received PRP-OMPC or PRP-TT are superimposed in the
IgG2a quadrant; values for WT and CD40L-knockout mice
that received PRP-TT are superimposed in the IgG3 quad-
rant. Results are the mean reciprocal log titer ± SEM, and
were derived from two experiments with a total of six to ten
mice per group. Tertiary responses were assessed in a sub-
set of the mice and were not greater than observed after
secondary immunization.

PRP-OMPC induced a more robust anti-PRP antibody
response than PRP-TT (Fig. 1A). This was particularly
true for IgG2a antibody (Fig. 1A,B; 2A) and IgG3 anti-

body was only detected in mice that received PRP-
OMPC (Fig. 2A). The response to PRP was equally
robust in BALB/c (Fig. 1A), C3H/HeJ (Fig. 1B), C57BL/6
(Fig. 2A), and C3H/HeN mice (not shown). To determine
if OMPC primarily augments T cell-dependent antibody
production, mice were treated at the time of primary
immunization with murine CTLA4Ig (CTLA4Ig) which
blocks the interaction of CD80/86 with CD28 [20], or with
mAb to CD40L (MR1). CTLA4Ig abolished the IgG1 and
IgG2a anti-PRP response to PRP-TT (Fig. 1A), and mark-
edly reduced the response to PRP-OMPC (Fig. 1B). MR1
also reduced the response, although the effect was less
complete (data not shown). To determine if the difference
between CTLA4Ig and MR1 reflected incomplete inhibi-
tion of CD40L by MR1 under these conditions, or the
capacity of PRP-OMPC to induce T cell help that was
not wholly CD40L-dependent, CD40L-knockout mice
were studied (Fig. 2). In response to PRP-OMPC, none
of the CD40L-knockout mice produced detectable
IgG2a antibody, and only three of eight produced low
titers of IgG1; although IgM and IgG3 were produced, an
enhanced IgG3 recall response was not observed. Thus,
the IgG anti-PRP antibody response to PRP-OMPC and
PRP-TT required contact-dependent, CD40L-mediated
T cell help.

2.2 OMPC enhances responses to a co-
administered T cell-dependent antigen

To determine if the effects of OMPC were limited to the
response to the conjugated PRP polysaccharide, the
response to TT was analyzed in parallel. Wild-type mice
given T/D vaccine and concomitant PRP-OMPC pro-
duced more IgG2a and IgG3, but not IgG1, anti-tetanus
antibodies than mice given concomitant PRP-TT. Pro-
duction of IgG1 and IgG3 anti-tetanus antibodies was
abolished or markedly reduced in CD40L-knockout mice
(Fig. 2B) and in wild-type mice treated with muCTLA4Ig
(data not shown). The effect of PRP-OMPC required that
it be co-injected, since no difference in the CD40L-
dependent antibody response to intravenous immuniza-
tion with ¤ X174 [37] was observed (data not shown).

2.3 OMPC induces costimulatory molecule
expression and cytokine production

These results indicated that OMPC enhanced CD40L-
mediated, T cell-dependent antibody responses. Since
adjuvants act in part by inducing the expression of costi-
mulatory molecules and cytokines by APC [14, 38, 39],
we evaluated these effects of OMPC in vivo and in vitro.

When spleens were evaluated by immunohistochemistry
72 h after immunization, more cells from BALB/c mice
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Fig. 3. OMPC activates and induces expression of CD86 on
murine B cells. Splenocytes from C3H/HeJ mice were cul-
tured in medium alone for 48 h or with OMPC for 5 or 48 h,
and then analyzed by flow cytometry for expression of the
activation marker CD69 (upper panel) or of the costimulatory
molecule CD86 (lower panel).

given PRP-OMPC expressed CD86 (2.1±1.1 cells/
mm2, mean ± SD), CD80 (4.5±2.8 cells/mm2), IFN- +
(6.6±2.9 cells/mm2) and CD40L (9.8±5.4 cells/mm2) than
cells from mice given PRP-TT (0.2±0.5, 0.4±0.5, 0.8±0.8
and 1.5±1.2 cells/mm2, respectively). Values for mice
that received TT-DT (0.1±0.2, 0.2±0.3, 0.7±0.4 and
0.7±0.4 cells/mm2) or PBS (0.1±0.2, 0.1±0.1, 0.8±0.9
and 0.6±0.8 cells/mm2, respectively) were below those
for mice that received PRP-TT. Responses in LPS-
resistant C3H/HeJ mice appeared to be masked by the
fivefold greater basal expression of these markers com-
pared to BALB/c mice.

Table 1. Activation of human B cells by OMPCa)

CD69 CD86 CD80 CD40 High

Stimulus Cord blood Adult blood Cord blood Adult blood Cord blood Adult blood Cord blood Adult blood

(n = 3) (n = 4) (n = 3) (n = 4) (n = 3) (n = 2) (n = 3) (n = 2)

None 3.8
(2.9– 4.5)

4.7
(2.9– 6.2)

6.6
(3.9– 8.8)

10.5
(4.9–20.0)

7.1
(5.5– 8.9)

8.0
(6.6, 9.7)

29.7
(19.0–47.7)

43.4
(26.8, 70.2)

OMPC 19.4
(13.3–31.4)

16.0
(9.9–25.9)

19.4
(13.3–32.9)

15.3
(10.4–21.1)

18.9
(9.5–40.5)

14.1
(8.7, 22.8)

48.9
(36.1–56.9)

54.8
(34.4, 87.3)

OMPC+
polymixin

33.6
(23.8–49.0)

20.4
(16.2–25.9)

29.2
(6.1–14.6)

19.7
(5.8–15.2)

25.2
(17.0–54.3)

15.3
(9.2, 25.3)

57.3
(53.3–60.1)

55.4
(39.8, 15.2)

LPS 7.9
(5.2–14.3)

11.4
(7.6–30.0)

9.1
(0 – 5.8)

12.2
(5.9–15.8)

9.9
(7.0–18.6)

7.5
(6.4, 8.7)

69.0
(25.8–69.0)

31.3
(29.9, 37.7)

Porin B 3.8
(2.5– 5.9)

6.7
(5.7– 9)

4.9
(2.7– 8.7)

10.1
(4.1–10.2)

9.4
(6.2–18.1)

7.2
(7.0, 7.5)

30.9
(22.3–46.4)

34.1
(22.7, 51.3)

a) Preparations were G 90 % CD20+ B cells. Values are expressed as the geometric mean (range) of % CD20+ B cells expressing
the indicated surface marker.

In vitro stimulation with OMPC induced the expression of
CD69 and CD86, but not CD80 (not shown), on G 60% of
B cells from spleens of C3H/HeJ (Fig. 3) and BALB/c
mice (not shown). OMPC contains porins and small
amounts of LPS. Porin B also induced CD69 and CD86
expression on murine B cells, as reported previously [10],
but the percentage of positive cells and mean fluores-
cence intensity was less than with OMPC (data not
shown). Consistent with the results in C3H/HeJ mice, the
response to OMPC or porin B by cells from BALB/c mice
was not inhibited by the LPS antagonist polymixin B
(data not shown). Results in mice that had been immu-
nized previously with PRP-OMPC were similar to those
in naive mice (data not shown), suggesting that the
effects of OMPC were not dependent on or enhanced by
prior exposure. Only a small fraction of spleen cells other
than B cells were activated to express CD69 in response
to OMPC, including NK cells, macrophages and rare
( X 10%) T cells. Nonetheless, OMPC induced IFN- + pro-
duction by spleen cells from C3H/HeJ (200±4 pg/ml) and
BALB/c mice (842±13 pg/ml); IL-2 was not detected
(data not shown).

2.4 OMPC activates and induces costimulatory
molecule expression on naive, neonatal
human B lymphocytes

These results indicated that PRP-OMPC is more immu-
nogenic in mice than PRP-TT, as it is in human infants,
and suggested that OMPC enhances T cell-dependent
antibody responses in mice in part by inducing the
expression of costimulatory molecules and cytokines. To
determine if OMPC had similar effects on human cells,
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Fig. 4. OMPC activates and induces expression of CD86 on purified, human neonatal B cells. B cells (CD20+) were purified by
negative selection, cultured for 48 h in vitro with medium alone, OMPC, OMPC plus polymixin (PMB), LPS or porin B, and then
analyzed by flow cytometry for expression of the activation marker CD69 (A) or the costimulatory molecule CD86 (B).

Table 2. Production of cytokines by human blood mononuclear cellsa)

Cord blood Adult blood

Stimulus IFN- + TNF IFN- + TNF

None X 50 X 30 X 50 X 30

OMPC 884 (181–14,183) 430 (302–958) 10997 (7,732–26,995) 1,135 (774–1,878)

OMPC + polymixin 488 ( X 50–13,000) 530 (292–1,137) 14,139 (7,117–30,774) 1,178 (1,087–2,120)

LPS 75 ( X 50–385) 345 (177–668) 378 ( X 50–8,588) 719 (210–2,731)

LPS + polymixin X 50 X 50 X 50 75 (25–168)

Porin 158 ( X 50–1,127) 1,211 ( X 15–1,297) 4,654 (1,252–9475) 2,371 (1,006–5,941)

a) Results are from four experiments with neonatal cord blood and four with adult blood. Values are expressed as the geometric
mean (range).

we evaluated the response of naive cells from human
neonatal cord blood.

When purified cord blood B cells were cultured with
OMPC, a substantial fraction expressed the activation
marker CD69 and the costimulatory molecule CD86
(Fig. 4) in each of three experiments (Table 1). OMPC
also induced the expression of CD80 and CD40
(Table 1). Although the cell preparation shown in Fig. 4
contained 7% non-B cells, similar results were obtained
with preparations that were G 98% B cells, suggesting
that OMPC can directly activate naive, human B cells.
Similar results were obtained with B cells from human
adults (Table 1). OMPC also up-regulated CD69 expres-
sion on G 75% of neonatal NK cells and monocytes in
mixed mononuclear cell preparations and on ˚ 30% of
purified neonatal T cells (Fig. 5). OMPC stimulated the

production of IFN- + and TNF- § by blood mononuclear
cells from adults and to a lesser extent from neonates
(Table 2). IL-2 and IL-15 were not detected (data not
shown).

OMPC contains porins and LPS. However, neither E. coli
LPS, nor meningococcal porin B fully reproduced the
effects of OMPC on human B cells (Fig. 4, Table 1).
Results obtained using lipid A purified from OMPC were
similar to those with E. coli LPS: each induced the
expression of CD69 and CD86 in approximately one third
as many cells as OMPC (Table 1 and data not shown).
LPS and porin B did stimulate the production of IFN- +
and TNF- § (Table 2) and induced CD69 expression on
NK cells and monocytes (Fig. 5). Thus, OMPC was
uniquely effective in its ability to enhance costimulatory
molecule expression on human B cells, including B cells
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Fig. 5. OMPC activates human neonatal NK, monocytes and T cells. OMPC activates human neonatal blood T cells (CD3+, A), NK
cells (CD16+, B) and monocytes (CD14+, C). T cells purified by negative selection (A) or whole mononuclear cells (B and C) were
culture and analyzed for expression of CD69 as described in Fig. 4.

from human neonates, although its components were
sufficient to activate cells of the innate immune system.

3 Discussion

The current findings indicate that OMPC enhances cog-
nate T cell-dependent antibody production to PRP, act-
ing as an adjuvant to induce costimulatory molecule
expression on human neonatal and murine B cells, and
production of the Th1 cytokines, IFN- + and TNF- § . The
carrier effect of OMPC is essential for the response to
the polysaccharide, since mixture without covalent link-
age of OMPC to PRP does not stimulate IgG anti-PRP
antibody responses [11]. Since T cells direct cytokine
and CD40L-mediated help in a vectorial manner towards
the APC [40], conjugation of OMPC to PRP may allow its
adjuvant effect to be focused at sites of T cell-B cell
interaction.

The current results do not exclude the possibility that a
component of CD40L-dependent T cell help induced by
PRP-OMPC may result from nonspecific, polyclonal B
cell activation. However, this is not likely to be substan-
tive. Nonspecific ligation of CD40 enhances the antibody
response to polysaccharides but does not induce mem-
ory [41]. By contrast, PRP-OMPC induces anti-PRP
memory B cells in humans at least as effectively as PRP-

TT [42], and a robust, CD40L-dependent, recall response
to PRP-OMPC was observed in mice in the current
studies. CD40L may contribute to the T cell-dependent
antibody response both through its effects on B cells and
by enhancing the generation of carrier-specific T cells
through priming of APC. Nonetheless, some [42], but
not other [43], studies suggest that antibody response
and avidity maturation after booster immunization of
infants with PRP-OMPC may be less than with other
conjugates, which could reflect a nonspecific compo-
nent to its effects. However, the predominant effect
appears to be the enhancement of antigen-specific T cell
help.

OMPC stimulated CD86, CD80 and CD40 expression on
purified human B cells, where E. coli LPS, menigococcal
porin B and lipid A from OMPC were much less effective.
It is possible that porins contributed to the actions of
OMPC on human B cells, but differences in conformation
or composition of porins between OMPC and meningo-
coccal porin B preparation masked their effects. The lat-
ter possibility seems unlikely, since multiple classes of
Neisserial porins activate murine B cells [10]. Stimulation
with porin B plus LPS also failed to fully reproduce the
effects of OMPC (unpublished observations). Thus, it is
likely that the conformation of these components in
OMPC or the presence of additional components con-
tribute to its activity.
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The results in the present report help to explain the
enhanced, early immune response to PRP-OMPC in
human infants and have implications for future vaccine
development. The need for multiple vaccine administra-
tions to induce protective antibody responses may reflect
in part diminished efficiency of antigen presentation in early
infancy [44]. Naive, neonatal T cells respond when antigen
is presented by dendritic cells, or by B cells primed to
express costimulatory molecules [10, 45], but may become
tolerant when antigen is presented by resting B cells [29,
30]. These studies identify activities of OMPC that allow it
to act as an adjuvant and carrier, which should facilitate
development and testing of other adjuvants to enhance
vaccine immunogenicity in young infants.

4 Materials and methods

4.1 Reagents

Murine CTLA4Ig, L6 (an isotype control), MR1 (Bristol Myers
Squibb, Princeton, NJ), and hamster IgG (Accurate Chemi-
cal, Westbury, NY) were used as described [46]. PRP-OMPC
(Meck, West Point, PA) and PRP-TT (SmithKline Beecham)
were provided by Merck Research Laboratories (West Point,
PA), and reconstituted with sterile, pyrogen-free saline
before administration. T/D vaccine adsorbed to alum was
purchased from Connaught Laboratories (Swiftwater, PA).
OMPC [11, 13] was provided by Merck. Meningococcal
porin B (class 3 protein) [47] was provided by North Ameri-
can Vaccine, Beltsville, MD. PRP conjugated to human
serum albumin (PRP-OA) was provided by Dr. Moon Nahm,
University of Rochester. TT for antibody assays was pur-
chased from the Massachusetts Biological Laboratories,
Boston, and LPS (E. coli 011:B4) and polymixin were pur-
chased from Sigma. By chromogenic Limulus amebocyte
lysate assay (Microbiological Associates, Gaithersburg,
MD), these reagents contained the following amounts of
endotoxin: E. coli LPS =6711.4 EU/ ? g, CTLA4Ig X 0.2 EU/
mg, MR1 =0.3 EU/mg, OMPC =4.6 EU/ ? g, PRP-OMPC
=18.3 EU/ ? g OMPC and 305 EU/ ? g PRP, PRP-TT =1.2 EU/
? g TT and 1.4 EU/ ? g PRP, T/D vaccine =9.9 EU/ml, porin B

=2.1 EU/ ? g. OMPC did not contain detectable amounts of
DNA. Culture supernatant containing anti-murine CD3 mAb
(145–2C11) was prepared in our laboratory. OMPC used
for in vitro studies was provided by Margaret Liu, Merck
Research Laboratories. LPS was isolated from OMPC by
Mg2+-ethanol precipitation as described [48]. LPS fatty acids
(lipid A) was obtained by hydrolysis of LPS in 1% SDS at
pH 4.5 [49]. Lipid A was derivatized to fatty methyl esters
and analyzed by gas chromatography [50, 51].

4.2 Murine studies

C57BL/6, BALB/c, C3H/HeN and C3H/HeJ mice were
purchased from Jackson Laboratories (Bar Harbor, ME).
CD40L-knockout mice have been described [52]. Wild-type

or heterozygous littermates of the CD40L-knockout mice or
C57BL/6 mice were used as controls and gave similar
results, so they were pooled for analysis. All mice were
housed under specific pathogen-free conditions and used at
8–12 weeks of age. On days 0 and 28, mice were immunized
intraperitoneally with PRP-OMPC or PRP-TT (containing
2.5 ? g, or where indicated 10 ? g, of PRP in 0.1 ml) as
described [11, 36]. Accordingly, T/D vaccine (containing 1 Lf
unit of TT in 0.1 ml) was co-administered with both PRP
conjugated vaccines. Where indicated, mice received
0.2 mg muCLTA4Ig or L6, or 0.25 mg MR1 or hamster IgG,
which was diluted in pyrogen-free saline and given intra-
venously on days 0, 2 and 4.

4.3 Antibody assays

Plates were coated overnight with PRP conjugated to
human albumin (PRP-OA) or TT in carbonate buffer, pH 9.6,
blocked with PBS containing 3% BSA and 0.05% Tween-
20, washed and incubated with serum samples that were
diluted serially in PBS, 0.3% Tween-20 and 0.01 M EDTA,
then developed as described [53]. The reciprocal of the low-
est dilution yielding an increase in A405 of n 0.2 compared to
the pre-immune sample for that mouse was taken as the
titer. The lowest detectable titer was 50; values less than this
were assigned a titer of 25 for purposes of analysis. Anti-
bodies to ¤ X174 were determined as described [37].

4.4 Analysis of lymphocyte responses in vitro

Splenocytes and human neonatal cord blood or adult
peripheral blood mononuclear cells were prepared and cul-
tured as described [53, 54]. Purified resting B cells were pre-
pared by initial removal of T cells after rosetting with sheep
erythrocytes [55], followed by isolation of cells not stained
with mAb to CD3, CD4, CD8, CD14 and CD16, using a
FACStar cell sorter (Becton Dickinson, San Jose, CA). Highly
purified preparations of resting T cells were obtained by iso-
lation of cells not stained with mAb to CD14, CD16 and
CD20. Cells were cultured at 106 cells/ml with OMPC (50 ? g/
ml), E. coli LPS (150 ng/ml), porin B (1 ? g/ml), the lipid A
component of OMPC (4.2 ? g/ml) or the lipid A component of
E. coli LPS (57 ng/ml). Where indicated polymixin was
added (10 ? g/ml). After 48 h culture supernatants were col-
lected for cytokine determination, and cells were stained
and analyzed by flow cytometry. In preliminary experiments
these concentrations of OMPC and porin B, and this dura-
tion of cell culture, were found to give optimal expression of
CD69 and CD86 on human and murine lymphocytes,
although qualitatively similar effects were seen with lower
concentrations of OMPC and higher concentrations of porin
B (5–10 ? g/ml). The concentration of E. coli LPS, lipid A from
OMPC and lipid A from E. coli LPS were chosen to approxi-
mate the amounts found in OMPC, but higher concentra-
tions were not more active on human or C3H/HeJ cell prepa-
rations. Cytokines were assayed by ELISA in supernatants
from whole mononuclear and T cell cultures using reagents
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obtained from Genzyme (Cambridge, MA), the detection limit
of the assay is 15–30 pg/ml for IFN- + and TNF– § . Two-color
flow cytometry was performed as described [3, 55], using
fluorochrome- or biotin-labeled antibodies purchased from
Caltag or PharMingen for murine cells, and from Dako, Bec-
ton Dickinson or PharMingen for human cells, with the excep-
tion of antibodies to murine (MR1-biotin) or human (mAb 1.7,
Bristol Myers Squibb) CD40L, which were prepared in our
laboratories. A minimum of 10,000 events per sample was
analyzed using a FACScan flow cytometer (Becton Dickin-
son). Analysis of the data was performed using CellQuest
software (Becton Dickinson, Sunnyvale, CA).

4.5 Immunohistochemistry

Immunohistochemical analysis was performed on frozen
sections of spleens obtained from mice immunized intraperi-
toneally 72 h previously [56]. Data were derived from scores
of four to five sections for each antibody on each of three or
more spleens per group by an observer blinded to the treat-
ment received.
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