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SUMMARY

The enhancing effect of cholera toxin B subunit (CTB) on primary antibody responses to keyhole
limpet haemocyanin (KLH) and the cellular basis of the effect were investigated, using in vitro
cultures of mousc spleen cells. CTB (1-100 ng/ml) enhanced anti-KLH IgM, IgG and IgA antibody
responses in a dose-dependent manner, when added to the cultures with KLH. This immunoenhance-
ment was antigen specific, but not due to either polyclonal activation of the spleen cells or antigenic
cross-reactivity between CTB and KLH. CTB did not affect the kinetics of the anti-KLH antibody
responses. Early (Days 0-1) addition of CTB to the cultures enhanced the anti-KLH antibody
production, whereas late (Days 5-7) addition of CTB did not. Addition of CTB with KLH to splenic
adherent cells (SAC) resulted in a dose-dependent enhancement of the anti-K LH antibody responses,
when the SAC were reconstituted with unimmunized non-adherent cells. Moreover, CTB enhanced
IL-1 secretion from SAC incubated with KLH. These results suggest that CTB enhances the primary
anti-KLH antibody responscs in vitro by acting on carly events in the responses, and that antigen-

presenting cells play a major role in the enhancement.

INTRODUCTION

Cholera toxin (CT), a bacterial exotoxin derived from Vibrio
cholerae, is composed of an A subunit which elevates intracellu-
lar levels of cyclic adenosinc monophosphate (cCAMP) by
activation of adenylate cyclase, and five B subunits which bind
to cell membrane GM, ganglioside with high affinity."?
Although CT is widely known to be a potent adjuvant on
immune responsces in vivo.* ® we demonstrated that the B subunit
of CT (CTB) also markedly enhanced antibody responses to
unrelated protein antigens which were administered together
with CTB into mice.”!” Other investigators reported that
antigens conjugated to CTB induced enhanced antibody re-
sponses and, thercfore, suggested that CTB functioned as a
carrier protein.''? However, the mechanism by which CTB
enhances antibody responses to CTB-unconjugated proteins so
far remains unclear.

Recently, it has been demonstrated that CTB has various
effects on murine lymphocytes in vitro: CTB inhibited both
mitogen- or antigen-induced T-cell proliferation and anti-IgM-
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induced B-cell proliferation.'? CTB also promoted isotype
differentiation of lipopolysaccharide-stimulated B cells.'* More-
over, CTB was mitogenic for rat thymocytes.'* These findings
suggest that the mechanism of immunoenhancement by CTB
may involve direct effects of CTB on the cells of the immune
system.

In this study, we examined the cellular basis of the immu-
nocnhancing cffect of CTB, using an in vitro antibody produc-
tion system with mouse spleen cells. The data indicate enhance-
ment by CTB of in vitro primary antibody responses to keyhole
limpet haemocyanin (KLH), and further, substantial involve-
ment of antigen-presenting cells (APC) in the enhancement. On
the basis of these results, the possible mechanisms of the in vivo
adjuvant action of CTB are discussed.

MATERIALS AND METHODS

Animals
Female C57BL/10 mice were obtained from Japan SLC Inc.,
Hamamatsu, Japan and used at 22-26 weeks of age.

Antigen and agent

KLH was purchased from Calbiochem Corp., La Jolla, CA.
CTB was obtained from Sigma Chemical Co., St Louis, MO.
The purity of the CTB preparation used in these studies was
verified by intracellular cAMP assay with CTB-trcated CHO
cells, sodium dodecyl sulphate-polyacrylamide gel electrophor-
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esis and the Limulus and rabbit pyrogen tests, as described
previously. '

Whole-spleen cell culture

Spleens were removed from intact mice and teased to create a
single-cell suspension. After lysis of erythrocytes, cells were
washed in RPMI-1640 media (Nissui Pharmaccutical Co.,
Tokyo. Japan), and resuspended at 107 cells/ml in RPMI-1640
supplemented with 10% foetal calf serum (Gibco., Chagrin Falls,
OH), 2 mM L-glutamine (Flow Lab., McLean, VA), 50 um 2-
mercaptoethanol (Wako Junyaku Co., Osaka, Japan), S mM
HEPES (Gibco), 1:6 mg/ml sodium bicarbonate and 60 ug/ml
kanamycin (Meiji Seika Co., Tokyo, Japan). The cells were
incubated with KLH and/or CTB in 24-well plates (Linbro,
Flow Lab.) at 37 and 5% COa-. After 24 hr of culture, the cells
were washed, resuspended in fresh medium, and then cultured
for an additional 6 or 10 days. Culture fluids were replaced by
fresh media every 48 hr, and the fluids were centrifuged and
stored at —40 for later antibody titration. In other experiments
CTB was added to cultures for periods other than the first 24 hr.

Antibody assay

The levels of anti-KLH IgM, IgG and IgA antibodies in the
samples were measured by enzyme-linked immunosorbent assay
(ELISA), as described elsewhere.”!* Briefly, KLH-coated wells
of an ELISA platc (Costar, Cambridge. MA) were sequentially
incubated with the samples, alkaline phosphatase-coupled goat
anti-mouse IgM, I1gG or IgA (u-. ;- or 2-chain specific; Zymed
Lab., San Francisco, CA), and finally p-nitrophenyl phosphate
(Sigma). The chromogen produced was measured by absor-
bance at 405 nm in a SJ Auto Reader (Sanko Junyaku Co..
Tokyo, Japan). As a 16-unit standard for cach antibody, a
constant dilution (approximately 1:10% to 1:10°) of pooled
scrum from mice hyperimmunized with KLH was used. The
antibody concentration of unknown samples was expressed in
units of standard.

The concentration of total IgM or IgG was also determined
by ELISA. The procedure was the same as described above.
except that the plate was coated with goat anti-mouse 1gM or
IgG (Zymed), and that purified mouse IgM or IgG (Cappel
Products, West Chester, PA) was used as a standard for 1000 ng
ml of total IgM or IgG.

Cell separation and reconstitution
Splenic adherent cells (SAC) were prepared by the method
described previously!'” with minor modifications. In brief,
whole-spleen cells were incubated in foetal calf serum-precoated
plastic dishes (Falcon, Becton Dickinson Co.. Lincoln Park. NJ)
at 37 for 60 min. The dishes were repeatedly rinsed to remove
completely non-adherent cells. Adherent cells were then treated
with anti-Thy-1.2 monoclonal antibody (Meiji Nyugyo Co..
Tokyo, Japan) and guinea-pig complement (Denka Seiken Co.,
Tokyo, Japan). The resulting cell population contained no
detectable Thy-1.2+* cells and less than 2% of surface-Ig* cells as
determined by immunofluorescence staining. Splenic non-
adherent cells were prepared as described elsewhere.”™ Briefly,
spleen cells were incubated in serum-uncoated dishes at 37 for
2 h, and non-adherent cells containing T cclls and B cells were
collected.

SAC were cultured with KLH alone or with KLH plus CTB
for 24 hr and then washed. The immunized SAC at 8 x 10* cells/

ml were reconstituted with 8 x 10° cells of unimmunized splenic
non-adherent cells, and cultured for an additional 6 days.
Culture fluids were replaced and stored as described above.

IL-1 production and assay
SAC at 4 x 10° cells/ml were incubated with KLH in the absence
or presence of CTB in culture medium containing 1% foetal calf
serum. After 24 hr of culture, the supernatants were collected for
interleukin-1 (IL-1) assay.

IL-1 activity was determined by the thymocyte co-mitogenic
assay.' Briefly, thymocytes from C3H/He mice (Japan SLC
Inc.) were cultured with various dilutions of the supernatants in
the presence of phytohemagglutinin-P (Difco, Detroit, MI) for
72 hr. Before addition to the culture, all supernatants were
incubated with 10 nmol/ml of GM, ganglioside (Bachem Inc.,
Torrance, CA) to protect the thymocytes from any direct effect
of CTB remaining in the supernatants; the GM itself was shown
to have no cffect on cell proliferation. The proliferation of
thymocytes was estimated by the reduction of a tetrazolium salt,
MTT.* In brief, culture fluids of the thymocytes were replaced
with fresh media containing MTT (Sigma) and the thymocytes
were recultured for 4 hr. Formazan crystals generated by
thymocytes were dissolved in isopropanol and measured by
absorbance at 570 nm in a SJ Auto Reader. Thus, the IL-1
activity was expressed as the optical density.

Statistical analysis

Results were expressed as the geometric means+ 1 standard
deviation of the original distribution. The significance of
differences between experimental groups was analysed by the
unpaired form of Student’s ¢-test. Probability (P) values <0-05
were considered significant.

RESULTS

Dose-dependent effect of CTB on anti-KLLH antibody responses

Whole-spleen cells, prepared from intact mice, were incubated
with 2 ug/ml of KLH and various doses of CTB for the first 24 hr
of culture. Culture fluids were replaced every 48 hr, and the
fluids on Day 7 were assayed for anti-KLH IgM, IgG and IgA
antibody titres. As shown in Fig. 1, addition of 1-100 ng/ml of
CTB to the cultures caused a dose-dependent enhancement of
the anti-KLH antibody production. However, higher doses of
CTB (1-10 pg/ml) depressed the antibody production to
background levels. Among IgM, IgG and IgA anti-KLH
antibody responses, the same dose-response patterns werc
observed. These results were reproducible when different doses
of KLH were added to the cultures and when a different lot of
CTB was used (data not shown).

Antigen specificity of the CTB effect

In order to investigate whether the immunoenhancing effect of
CTB described above is antigen specific or polyclonal, the ratio
of anti-KLH IgG level to total IgG concentration and that of
anti-KLH IgG level to viable cell number were determined for
each culture. Both ratios increased with increasing CTB dose
(Fig. 2). These ratios for IgM also increased in a dose-dependent
fashion (data not shown). Furthermore, cultures which had
been incubated with CTB alone produced no detectable levels of
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Figure 1. Effect of CTB on anti-KLH antibody responses. Mouse spleen cells were incubated with 2 ug/ml KLH and various doses of
CTB (®) or with CTB alone (a) for the first 24 hr of culture. Culture media were replaced every 48 hr, and anti-KLH IgM (a), IgG (b)
and IgA (c) antibody titres in culture supernatants were measured by ELISA on Day 7. Each point represents the mean + SD of the titres
from quadruplicate cultures. *P <0-05 or +P <0-01 for differences from the group incubated with KLH alone.
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Figure 2. Specificity of the enhancement by CTB of anti-KLH antibody
responses. Cells were incubated with 2 ug/ml KLH and various doses of
CTB for the first 24 hr. Anti-KLH IgG antibody titres and total IgG
concentrations in culture supernatants and viable cell numbers were
determined on Day 7, and the ratios of anti-KLH IgG to total IgG (a)
and those of anti-KLH IgG to cell numbers (b) were calculated. For
other details, see legend to Fig. 1.

anti-KLH IgM, IgG and IgA antibodies on Day 7, regardless of
CTB dose (open triangles in Fig. 1). Thus, relatively low
concentrations of CTB (1-100 ng/ml) induce antigen-specific
immunoenhancement.

It was also examined whether higher concentrations of CTB
cause antigen-specific immunosuppression. Total IgG and IgM
concentrations, total cell number and per cent cell viability were
markedly lower in cultures incubated with high doses of CTB
(1-10 pug/ml) plus KLH than in those incubated with low doses
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T
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Figure 3. Effect of CTB on the kinetics of anti-KLH antibody responses.
Cells were incubated with 2 ug/ml KLH with (®) or without (a) 100 ng/
ml CTB for the first 24 hr. Anti-KLH IgM (a) and IgG (b) antibody
titres in culture supernatants were measured on Days 3, 5, 7,9 and 11.
For other details, see legend to Fig. 1.

of CTB (1-100 ng/ml) plus KLH or with KLH alone, respect-
ively (data not shown). Similar findings were observed between
the groups treated with high doses of CTB alone and those
treated with low doses of CTB alone (data not shown). Thus, the
decrease in antibody production by relatively high doses of CTB
(1-10 pug/ml) is not antigen specific.

Kinetics of the immunoenhancement by CTB

The temporal kinetics of the enhancement of anti-KLH anti-
body responses by CTB was investigated. Spleen cells were
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Table 1. Effect of time of CTB treatment on anti-KLH antibody responses*

Treatment Anti-KLH antibody titres

KLH CTB Day 7 Day 9
Dose Period Dose Period IgM IgG IgM 1gG
(ug/ml) (days) (ng/ml) (days) Uyt Ut Ut (Ut
2 0-1 0 — 6:0+1:6 62417 22408 112408
2 0-1 100 0-1 18-1+4-0f 19-74+3-7% 7-54+1-8% 39+09%
2 0-1 100 13 72424 6:0+2:1 29410 1-1+0-8
2 0-1 100 5-7 3614138 46+15 1:54+0-7 1-0+0-5

* Spleen cells were incubated with 2 ug/ml KLH for the first 24 hr and with 100 ng/ml CTB for
different periods. Anti-KLH IgM and IgG antibody titres in culture supernatants were measured by

ELISA on Days 7 and 9.

+ Values represent the means + SD of the titres from quadruplicate cultures.
1 P<0-01 for differences from group incubated with KLH alone.
§ P<0-05 for differences from group incubated with KLH alone.

Table 2. Effect of CTB treatment of SAC on anti-KLH antibody
responses*

Treatment of SAC Anti-KLH antibody titres

Spleen cells cultured with 2 ug/ml of KLH for the first 24 hr were
incubated with 100 ng/ml of CTB for different periods, and anti-
KLH IgM and IgG antibody titres were measured on Days 7
and 9. The results are summarized in Table 1. Early (Days 0-1)
treatment with CTB induced a significant enhancement of the

Exp. KLH (ug/ml) CTB (ng/ml) IgM (U)t 1gG (U)t antibody responses as already shown. In contrast, late (Days 5-
7) treatment with CTB caused a mild inhibition of the responses.
! 0 0 1-24+0-7¢ 1'1£0-7% This inhibition was not accompanied with a decrease in viable
2 0 40412 38£10 cell numbers (data not shown). Treatment with CTB for Days 1-
2 10 8<9i2-’2,f 871 1'81? 3 caused neither enhancement nor inhibition. These findings
z 100 10-1£2:2 99+ 19 suggest that CTB enhances the anti-K LH antibody responses by
2 1000 12-1+£2-5§ 12:6+2-6§ . . .. .
acting on early events involved in induction of the responses.
2 2 0 341407 33+0-8
2 100 93+ 17§ 9-0+1-8§
P 1000 11-3+ 1-9§ 11:7+2:5§ SAC-mediated immunoenhancement by CTB
2 10,000 14-1+2-7§ 14-1 +3-0§

* SAC were incubated with 2 ug/ml KLH and various doses of CTB
for 24 hr, and then co-cultured with unimmunized splenic non-adherent
cells. Anti-KLH IgM and IgG antibody titres in culture supernatants
were measured by ELISA on Day 7.

t Values represent the means+SD of the titres from triplicate
cultures.

+ P <005 for differences from group incubated with KLH alone.

§ P<0-01 for differences from group incubated with KLH alone.

incubated with 2 ug/ml of KLH with or without 100 ng/ml of
CTB for the first 24 hr. Culture fluids were replaced every 48 hr
and each fluid was assayed for anti-KLH IgM and IgG antibody
levels. As shown in Fig. 3, CTB-treated cultures produced
higher levels of these antibodies than did CTB-untreated
cultures at each time-point. Peak production of these antibodies
was observed in the samples collected on Day 7, whether or not
CTB had been added to the cultures. Thus, CTB has no
influence on the kinetics of the anti-KLH antibody responses,
although CTB enhances the responses themselves.

Influence of time of CTB treatment on the immunoenhancement

It was examined which phase(s) of anti-KLH antibody re-
sponses CTB affects to result in enhancement of the responses.

Whether CTB has an effect on SAC population to enhance anti-
KLH antibody responses was investigated by cell separation
and reconstitution. SAC, purified from spleens of intact mice,
were incubated with 2 ug/ml of KLH and various doses of CTB
for 24 hr, and then reconstituted with unimmunized splenic non-
adherent cells. Anti-KLH IgM and IgG antibody levels in
culture supernatants were assayed on Day 7. Table 2 presents
the data from two experiments. The cultures immunized with
KLH plus CTB produced higher levels of the antibodies than
did those immunized with KLH alone, in each experiment.
Morcover, the antibody levels increased with an increase of
CTB dose. Thus, CTB enhances the anti-KLH antibody
responses through its effect on SAC.

Enhancement of IL-1 secretion from SAC by CTB

It was determined whether addition of CTB to SAC cultures at
the time of incubation with KLH causes enhancement of I1L-1
production from the SAC. SAC were cultured with 2 ug/ml of
KLH and various doses of CTB for 24 hr, and the culture
supernatants were then assayed for IL-1 activity. As summar-
ized in Table 3, IL-1 levels were higher in cultures incubated with
KLH and CTB than in those incubated with KLH alone, and
furthermore, the level was higher in the group cultured with 10
pg/ml CTB plus KLH than in that cultured with 100 ng/ml CTB
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Table 3. Effect of CTB on IL-1 secretion from SAC*

Treatment
IL-1 activityt

KLH (pg/ml) CTB (ng/ml) (ODs7)

2 0 0-094+0-019%
2 100 0-193+0-051%
2 10,000 0-230 £ 0-048%
2 10,000 0-098 +£0-030§

* SAC were incubated with 2 ug/ml KLH and various doses of CTB
for 24 hr, and then IL-1 activity in the culture supernatants was
determined by thymocyte co-mitogenic assay. For details, see Materials
and Methods.

+ Values represent the means 4+ SD of the activity from triplicate
cultures.

1 Dilutions (1/3) of culture supernatants were assayed.

§ Dilutions (1/10) of culture supernatants were assayed.

plus KLH. Table 3 also shows that 10 pg/ml of CTB induced an
approximately threefold increase in IL-1 over CTB-untreated
cultures. Thus, CTB enhances IL-1 secretion from SAC when
they are incubated with KLH.

DISCUSSION

The present study was designed to investigate the enhancing
effect of CTB on the in vitro primary antibody responses to
KLH, and the cellular basis of the effect. Addition of nanogram
amounts of CTB to cultures stimulated with KLH caused a
dose-dependent enhancement of the anti-KLH antibody re-
sponses together with an increase in the specific activity of the
antibodies (Figs | and 2). Cultures incubated with CTB in the
absence of KLH produced no detectable levels of the anti-KLH
antibodies (Fig. 1). These indicate that the immunoenhance-
ment by CTB is attributed to ncither polyclonal activation and
non-specific proliferation of B cells, nor antigenic cross-reacti-
vity between CTB and KLH. The possibility that the enhanced
anti-KLH antibody responses are due to an alteration of the
kinetics of the antibody responses by CTB is also eliminated,
because CTB did not affect the kinetics (Fig. 3). Taken together,
these results show that CTB substantially and specifically
enhances the antibody responses to immunogens which are
present with CTB in cultures. In contrast, higher doses of CTB
markedly depressed the anti-KLH antibody production
together with cell viability and total cell number (Fig. 1). This
suppression would be at least in part attributable to cytotoxicity
of CTB. Since microgram amounts of CTB have been shown to
inhibit mitogen- or antigen-induced lymphocyte proliferation in
vitro,'**! such an inhibitory effect may be also involved in the
suppression observed here.

Early trecatment of KLH-stimulated cultures with CTB
cnhanced anti-KLH antibody responses regardless of the
isotype of the antibody, whercas the late treatment failed to
enhance the responses (Table 1). Therefore, we considered that
the cells which participate at carly stages of thc antibody
responses were most affected by CTB. In reconstitution studies
using SAC and splenic non-adherent cells, addition of CTB to
KLH-stimulated SAC resulted in enhancement of the anti-K LH
antibody responses (Table 2). Moreover, CTB enhanced 1L-1

secretion from KLH-stimulated SAC (Table 3). These findings
suggest that CTB acts on APC to exert an immunoenhancing
effect. Recently, whole CT has been shown to enhance antigen
presentation by macrophages in vitro.?> The present study is the
first to report that CTB potentiates APC function. On the other
hand, CTB is known to modulate proliferation and differentia-
tion of T cells and B cells in vitro.!3'32! It has been demonstrated
that the use of CTB or a CT/CTB mixture as an adjuvant in vivo
causes enhanced induction of antigen-specific memory B cells?*
or T cells.* The effects of CTB on T cells and B cells might also
be involved in its immunoenhancement. /n vitro studies focusing
upon T cells and B cells are in progress.

These in vitro data may help us to understand the mechan-
isms by which CTB acts as an adjuvant in vivo. The in vivo
adjuvant effect was exerted only when CTB and antigen were
given to mice at the same time and via the same route,”
suggesting that CTB acts on carly events in the antibody
responses at the administration site. This is consistent with the
present in vitro results. Further studies are in progress to
determine whether the adjuvant action of CTB observed in
nasal”'® or oral immunization® involves mucosal APC in the
respiratory tract or intestine. Apart from this, our colleagues
have recently demonstrated that CTB increases mucosal per-
meability for other proteins, using an Ussing chamber system,
an in vitro model of mucosal drug absorption®’*# (S. Gizurarson,
submitted for publication). The in vivo adjuvant action of CTB
might be achieved by a combination of its direct effects on the
cells of the immune system such as APC, and its diverse effects
on other cells and tissues such as mucosa.

Whole CT is widely known to enhance antibody responses to
other antigens both in vitro® and in vivo* *. The immunoen-
hancing effect of CT has been ascribed to its capacity to elevate
intracellular cAMP levels,' ¥ because the enhancing effect was
seen in vitro not only with CT but also with various cAMP-
elevating agents, e.g. aminophylline, isobutylmethylxanthine,
isoproterenol, prostaglandin E; and cAMP analogues.” *
However, the present study indicates that CTB, lacking cAMP-
clevating capacity,'* does have an immunoenhancing effect in
vitro. In this culture system, CT was approximately 20-fold
more effective on a molar basis than CTB in enhancing anti-
KLH antibody responses (Y. Hirabayashi, S. Tamura, K.
Shimada and T. Kurata, unpublished data). Taken together, the
in vitro immunoenhancing effect of CT appears to be exerted by
two different mechanisms which may work synergistically, i.c.
cAMP-dependent and independent mechanisms mediated by
the A subunit and the B subunit respectively, is consistent with
in vivo results.™ Further analyses are required to elucidate these
mechanisms.
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