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The cholera-like enterotoxins (CLETS), cholera toxin (CT) and Escherichia coli heat-labile toxin (LT), are
powerful mucosal adjuvants. Here we show that these toxins also induce a long-lived blockade (of at least 6
months) on the induction of oral tolerance when they are coadministered with the antigen ovalbumin.
Strikingly, only enzymatically active CLETS induced this blockade on the induction of oral tolerance. In this
regard, the enzymatically inactive mutants of CT and LT, CTK63 and LTK63, and their recombinant B
pentamers, rCTB and rLTB, failed to block the induction of oral tolerance, demonstrating a stringent
requirement for an enzymatically active A domain in this phenomenon. Together with the results of other
recent studies, these results indicate that the enzymatic activity of CLETS, most likely cyclic AMP elevation,
is responsible for their adjuvant effects. The results of this study also indicate that measuring the ability of
putative mucosal adjuvants to block the induction of oral tolerance may be a superior method for measuring
mucosal adjuvanticity.

Oral tolerance is a state of systemic hyporesponsiveness that
occurs after the ingestion of protein antigens and is thought to
be important for the maintenance of homeostasis between the
immune system and food antigens (33). Systemic challenge
with an antigen in Freund’s adjuvant following prior oral ad-
ministration of that antigen results in diminished antibody and
cytolytic responses (36). Feeding of a single high dose or mul-
tiple low doses of a protein antigen induces oral tolerance to
that antigen (33). The mechanism of oral tolerance is poorly
understood; however, at least two independent mechanisms
appear to be involved. First, feeding of a high dose of antigen
induces clonal T-cell anergy or deletion, as evidenced by re-
duced interleukin-2 production and a lack of T-cell prolifera-
tion (8, 27, 37). Second, feeding of multiple low doses of
antigen induces suppressor T cells that secrete transforming
growth factor � (9, 22). Interestingly, mucosal adjuvants such
as the cholera-like enterotoxins (CLETS), cholera toxin (CT),
and Escherichia coli heat-labile enterotoxin (LT) block the
induction of oral tolerance when coadministered with an anti-
gen. In the present study, we determined whether the blockade
on the induction of oral tolerance to antigens induced by
CLETS is transient or long-lived and what role the enzymatic
activity of the toxins plays in this phenomenon.

CT and LT are AB5 enterotoxins consisting of a 27-kDa
catalytic A domain anchored in a pentamer of identical 11.7-
kDa B subunits (28). The B pentamer of CT (CTB) binds

exclusively to GM1 gangliosides on the surfaces of cells, while
the B pentamer of LT (LTB) binds to other gangliosides in
addition to GM1 (16, 20). These toxins exploit the host protein
retention and degradation pathways to gain access to the cy-
toplasm (reviewed in reference 19). In the cytosol, their A1
subunits catalyze the transfer of an ADP-ribose from NAD to
stimulatory alpha subunits of G proteins. After ADP ribosyla-
tion, the stimulatory alpha subunits of the G proteins bind to
adenylate cyclase and constitutively activate it, leading to a
sustained increase in intracellular cyclic AMP concentration
(7). This sustained increase in intracellular cyclic AMP levels is
responsible for the toxicity to intestinal epithelial cells and for
the massive fluid secretion and diarrhea associated with infec-
tions by pathogens producing these toxins.

CLETS are also powerful mucosal immunogens and adju-
vants that block the induction of oral tolerance and induce
strong primary and secondary antibody responses and long-
lasting immunologic memory to themselves and to coadminis-
tered antigens (23, 34). These toxins are routinely used as
adjuvants in mice, where antibody responses to CT and by-
stander antigens can last for at least 2 years (23, 34). Unfor-
tunately, severe toxic effects make CLETS unsuitable mucosal
adjuvants for human use (reviewed in reference 15). To avoid
toxicity, enzymatically inactive derivatives of CLETS have been
developed either by removing the A domain (32) or by ren-
dering it enzymatically inactive by site-directed mutagenesis
(10, 12, 13, 14, 17, 26, 40). Adjuvant studies using recombinant
CTB (rCTB) or recombinant LTB (rLTB) have generated con-
flicting results. Several studies reported an adjuvant effect us-
ing rCTB or rLTB (11, 21, 39), while others reported no ad-
juvant effect (6, 24, 34). Likewise, adjuvant studies using
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enzymatically inactive mutants of CLETS have generated con-
flicting results. For instance, CTK63 and LTK63 are two well-
studied examples of enzymatically inactive mutants of CLETS
(12, 13, 40). These mutants have a lysine residue substitution in
the ADP-binding cleft of the A domain. This substitution ren-
ders the A domain enzymatically inactive without altering the
native structure (10, 14, 17, 26). Several studies have reported
that enzymatically inactive mutants retain adjuvanticity (10, 12,
13, 14, 17, 26, 40), while another has reported that they do not
(25). Although most of these studies reported adjuvanticity for
these mutants, the effects were generally weak compared to
wild-type toxins. Of note, the effects of these mutants on the
induction of oral tolerance to coadministered antigens have
never been directly studied.

Interestingly, other studies have indicated a prominent role
for the enzymatic activity of CLETS in their adjuvant effects.
For example, a mutant LT toxin (LTR72) with reduced but not
abolished enzymatic activity is a much more potent mucosal
adjuvant than the enzymatically inactive LTK63 mutant (18,
29). Another group tested the role of the enzymatically active
A domain CT by genetically fusing the active A domain to a
synthetic analogue of protein A (1–3). This construct was
found to possess potent adjuvant effects (1–3). A role for the
enzymatic activity of CT in its adjuvanticity was also indicated
when we showed that the A1 subunit of CT possesses potent
adjuvant effects when coexpressed in a DNA vaccine (4). Also,
we investigated the roles of the enzymatic activity and nontoxic
AB complexes of CLETS in their ability to induce the matu-
ration of monocyte-derived dendritic cells (DCs) in vitro. This
investigation was of interest, as emerging evidence suggests
that DCs may be the principal mediators of the adjuvant effects
of CLETS in vivo (30, 38). We found that enzymatic activity is
strictly required for CLETS to activate monocyte-derived DCs
to mature and that the nontoxic AB complex plays no role in
maturation (5).

It is well known that CLETS block the induction of oral
tolerance when administered at the same time as the antigen.
Likewise, it is well known that CLETS do not break previously
established oral tolerance. However, it has never been shown if
oral tolerance to an antigen can be induced in animals previ-
ously immunized with that antigen in the presence of CT or
LT. In this regard, it is not known if the blockade on the
induction of oral tolerance to coadministered antigens induced
by CLETS is transient or long-lived. As there is conflicting
evidence with regard to the roles of the enzymatic activity of
CLETS and their nontoxic AB complexes in adjuvanticity, we
studied their contributions to the blockade on the induction of
oral tolerance. This phenomenon is important because true
oral adjuvants must block the induction of oral tolerance to
coadministered antigens at the time of immunization and pre-
vent induction of oral tolerance to a coadministered antigen in
the event of subsequent exposures.

In the present study, we determined whether the blockade
on the induction of oral tolerance induced by CLETS is long-
lived and what roles are played by the enzymatic activity and
the nontoxic AB complexes of CLETS in this phenomenon.
Strikingly, we found that wild-type CLETS induce a long-lived
blockade (of at least 6 months) on the induction of oral toler-
ance to a coadministered antigen (ovalbumin [OVA]) and that
this blockade is strictly dependent on enzymatic activity.

MATERIALS AND METHODS

Reagents. Complete Freund’s adjuvant (CFA), incomplete Freund’s adjuvant
(IFA), and phosphate-buffered saline (PBS) were purchased from GIBCO BRL
(Grand Island, N.Y.). CT and rCTB were purchased from List Biological Lab-
oratories (Campbell, Calif.). LT and OVA were purchased from Sigma (St.
Louis, Mo.). CTK63, LTK63, and rLTB were a kind gift from Rino Rappouli
(Chiron Immunological Research Institute, Siena, Italy). CTK63, LTK63, rCTB,
and rLTB were passed over Detoxi-Gel columns (Pierce, Rockford, Ill.) to
remove contaminating lipopolysaccharides (LPS). LPS levels were quantified by
a Limulus assay (Bio-Whittaker, Walkersville, Md.). There were no more than
100 pg of LPS in the oral inoculations described below.

Animals. BALB/C mice, 6 to 8 weeks old, were obtained from Harlan (Indi-
anapolis, Ind.).

Immunization strategy for preliminary experiment. Groups of five mice were
immunized twice orally 1 week apart by using a ball-tipped feeding needle with
100 �g of OVA and 20 �g of CT in a total volume of 200 �l of PBS. Oral
tolerance and systemic immunization control mice received PBS alone. One
week later, all mice except the systemic immunization control mice were fed 25
mg of OVA in 250 �l of PBS once per day for 5 days by using a ball-tipped
feeding needle. One week after the last OVA feeding, all mice were immunized
intraperitoneally (i.p.) with 100 �g of OVA in CFA. Two weeks later, all mice
were bled from the tail vein, an equal volume of blood from each mouse within
a group was pooled, and the sera were isolated. Endpoint titers of anti-OVA
immunoglobulin G (IgG) from pooled sera were determined by enzyme-linked
immunosorbent assay (ELISA) (below).

Immunization strategy for long-term experiment. Groups of five mice were
immunized twice orally 1 week apart by using a ball-tipped feeding needle with
100 �g of OVA and 20 �g of CT or LT in a total volume of 200 �l of PBS. Oral
tolerance and systemic immunization control mice received PBS alone. Six
months later, all mice except the systemic immunization control mice were fed 25
mg of OVA in 250 �l of PBS once per day for 5 days by using a ball-tipped
feeding needle. One week after the last OVA feeding, all mice were immunized
i.p. with 100 �g of OVA in CFA. Two weeks later, all mice were given booster
inoculations of 100 �g of OVA in IFA i.p. Four weeks after the booster inocu-
lations, all mice were bled from the tail vein and serum from individual mice was
isolated. Endpoint titers of anti-OVA IgG from the serum of individual mice
were determined by ELISA (below).

Immunization strategy for mutant toxin experiment. Groups of five mice were
immunized twice orally 1 week apart by using a ball-tipped feeding needle with
100 �g of OVA and 20 �g of CT, LT, CTK63, LTK63, rCTB, or rLTB in a total
volume of 200 �l of PBS. Oral tolerance and systemic immunization control mice
received PBS alone. One week later, all mice except the systemic immunization
control mice were fed 25 mg of OVA in 250 �l of PBS once per day for 5 days
with a ball-tipped feeding needle. One week after the last OVA feeding, all mice
were immunized i.p. with 100 �g of OVA in CFA. Two weeks later, all mice were
given booster inoculations of 100 �g of OVA in IFA i.p. Four weeks after the
booster inoculations, all mice were bled from the tail vein and serum from
individual mice was isolated. Endpoint titers of anti-OVA IgG from the serum of
individual mice were determined by ELISA (below).

ELISA. Solid-phase ELISA was used to determine OVA-specific antibody
titers in the sera. Briefly, 96-well microtiter plates (Nunc, Rochester, N.Y.) were
coated with 10 �g of OVA/ml in PBS at 37°C for 1 h. The plates were washed
three times with Tris-buffered saline (TBS) and then blocked with BLOTTO (5%
wt/vol nonfat dried milk in TBS) at room temperature for 30 min. Serially diluted
sera were added to the wells and incubated at room temperature for 1 h and then
washed three times with TBS. Peroxidase-conjugated goat anti-mouse IgG
(Kirkegaard & Perry, Gaithersburg, Md.) diluted 1/1,000 in BLOTTO was added
and incubated at room temperature for 1 h. The plates were washed three times
with TBS before TMB peroxidase substrate (Kirkegaard & Perry) was added and
they were incubated for 1 to 3 min. The reaction was stopped by adding 1 N
H2SO4. Absorbance was read at 450 nm by using a Victor 1420 multilabel
counter (EG&G Wallac, Turku, Finland).

Endpoint titer determination. ELISA endpoint titers were calculated as the
inverse of the last serum dilution that produced an increase in the absorbance at
450 nm greater than the mean of the negative control wells plus three standard
error values.

RESULTS

Oral immunization with CT or LT and OVA prevents the
subsequent induction of oral tolerance to OVA. It is well
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known that the simultaneous feeding of CT and antigen ren-
ders the antigen immunogenic and prevents the induction of
oral tolerance; however, it has not been determined if the
blockade on the induction of oral tolerance induced by CT is
transient or long-lived. In addition, true oral adjuvants must
block the induction of oral tolerance to coadministered anti-
gens at the time of immunization and prevent induction of oral
tolerance to a coadministered antigen in the event of subse-
quent exposures. For this reason, in a preliminary experiment
we determined if oral immunization with CT and OVA could
inhibit the induction of oral tolerance to OVA 1 week after

immunization. For this experiment, groups of five mice were
immunized as described in Materials and Methods and out-
lined in Fig. 1A. As shown in Fig. 1B, oral tolerance to OVA
was not induced in mice previously immunized orally with CT
and OVA. In this regard, anti-OVA endpoint titers for mice
previously immunized orally with OVA and CT and subse-
quently fed large doses of OVA followed by a systemic chal-
lenge with OVA in CFA (CT group) are similar to those for
systemic immunization control mice challenged with OVA in
CFA. The anti-OVA endpoint titers for the mice in the sys-
temic immunization control group and the CT group were

FIG. 1. Cholera toxin induces a blockade on the induction of oral tolerance. (A) Table displaying immunization strategy. (B) Endpoint titers
of OVA-specific IgG in total serum are shown. Five mice per group were immunized as outlined in panel A and detailed in Materials and Methods.
Blood was collected from the tail vein at the indicated time point, and an equal volume from each mouse within a group was pooled before isolating
the sera. Endpoint titers were determined by serial dilutions by using IgG ELISA with OVA-coated plates.
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more than 10-fold higher than those for mice in the oral tol-
erance control group that were fed large doses of OVA without
receiving oral immunizations with OVA and CT. These results
also indicate that CT blocks the subsequent induction of oral
tolerance to coadministered antigens.

Interestingly, the anti-OVA endpoint titers for mice in the
oral immunization control group (mice immunized orally with
CT and OVA and systemically with OVA in CFA) were equal
to those for mice in the systemic immunization control group.
This result indicates that oral immunization with OVA and CT
before systemic immunization with OVA in CFA does not
boost anti-OVA endpoint titers over those for mice immunized
with OVA in CFA alone.

The preliminary experiment above showed that the blockade
on the induction of oral tolerance induced by CT lasts at least
1 week. Next, we determined if this blockade is long-lived and
if the related enterotoxin LT shares this ability. For this ex-
periment, groups of five mice were immunized as described in
Materials and Methods and outlined in Fig. 2A. As shown in
Fig. 2B, oral tolerance to OVA was not induced 6 months after
oral immunization with OVA and CT or LT. In this regard,
anti-OVA endpoint titers for mice previously immunized orally
with OVA and CT or LT and 6 months later fed large doses of
OVA followed by systemic challenges with OVA were similar
to those for systemic immunization control mice. The anti-
OVA endpoint titers for the mice in the systemic immunization

FIG. 2. The blockade on the induction of oral tolerance induced by CT and LT lasts for at least 6 months. (A) Table displaying immunization
strategy. (B) Groups of mice were immunized as outlined in panel A and detailed in Materials and Methods. Blood was collected from the tail
vein and serum was isolated from individual mice. Endpoint titers were determined by serial dilutions by using IgG ELISA with OVA-coated
plates. Endpoint titers of OVA-specific IgG in total serum are shown.
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control group, the CT group, and the LT group were greater-
than-60-fold higher than those for mice in the oral tolerance
control group that were fed large doses of OVA without re-
ceiving oral immunizations with OVA and CT or LT.

Note that giving booster immunizations with OVA in IFA to
the mice and waiting an additional 3 weeks before determining
IgG concentrations in serum helped reduce the variability be-

tween individual mice and enhanced the difference between
the endpoint titers for mice in the systemic immunization con-
trol group and the oral tolerance group (data not shown). In
addition, the variability in endpoint titers between the mice in
these groups was less than that for groups of mice that received
between 1 and 4 oral immunizations of CT with OVA from
other immunization experiments (data not shown). Together,

FIG. 3. Enzymatic activity is required for CLETS to induce a blockade on the induction of oral tolerance. (A) Table displaying immunization
strategy. (B) Groups of five mice were immunized as shown in panel A and detailed in Materials and Methods. Blood was collected from the tail
vein, and serum was isolated from individual mice. Endpoint titers were determined by serial dilutions by using IgG ELISA with OVA-coated
plates. Endpoint titers of OVA-specific IgG in total serum are shown. The values shown are representative of the results of two experiments.
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the results of these experiments indicate that the blockade on
the induction of oral tolerance to coadministered antigens
induced by CT and LT is long-lived and possibly lifelong.

An enzymatically active A domain is necessary for CLETS to
block the induction of oral tolerance to OVA. There is consid-
erable interest in identifying nontoxic derivatives of CT and LT
that retain adjuvant activity. The enzymatically inactive non-
toxic derivatives of CT and LT, CTK63, LTK63, CTB, and
LTB, have all been reported to retain adjuvant effects, al-
though the reported effects are generally weaker than those for
the native toxins (10, 12, 13, 14, 17, 26, 40). As was stated
previously, true oral adjuvants must block the induction of oral
tolerance to coadministered antigens at the time of immuni-
zation and prevent induction of oral tolerance to a coadmin-
istered antigen in the event of subsequent exposures. The re-
sults above clearly demonstrate that the wild-type CLETS are
true oral adjuvants. We speculated that constructs based on
CLETS that lack enzymatic activity may not be true oral ad-
juvants and may not prevent the induction of oral tolerance to
the coadministered antigen upon subsequent exposures. For
this reason, we determined if CTK63, LTK63, rCTB, or rLTB
shared the ability of the wild-type CLETS to induce a blockade
on the induction of oral tolerance.

For this experiment, groups of five mice were immunized as
described in Materials and Methods and outlined in Fig. 3A.
As expected, Fig. 3B shows that both CT and LT blocked the
subsequent induction of oral tolerance to OVA. In contrast to
the wild-type toxins, Fig. 3 shows that the ADP ribosylation-
defective mutants CTK63 and LTK63 and the recombinant B
subunits rCTB and rLTB failed to block the induction of oral
tolerance to OVA. In this regard, the anti-OVA endpoint titers
for mice previously immunized orally with OVA and CTK63,
LTK63, rCTB, or rLTB and subsequently fed large doses of
OVA followed by a systemic challenge with OVA are similar to
those for oral tolerance control mice fed large doses of OVA
followed by a systemic challenge with OVA. The results of
these experiments indicate that enzymatic activity is required
for CLETS to block the induction of oral tolerance.

DISCUSSION

In general, adjuvants boost the immune response to coad-
ministered antigens. This ability may stem from their ability to
activate DCs at the immunization site. In this regard, LPS, CT,
and LT each activate DCs to mature (5, 35). Recently, we
showed that the enzymatically inactive derivatives of CT and
LT, CTK63, LTK63, rCTB, and rLTB, failed to activate DCs to
mature (5). For this reason, we speculated that these enzymat-
ically inactive derivatives of CLETS may not be true adjuvants.
For instance, effective mucosal adjuvants must overcome the
induction of mucosal tolerance and induce immunologic re-
sponses to coadministered antigens. Wild-type CLETS are
powerful mucosal adjuvants that block the induction of oral
tolerance and induce both strong primary and secondary anti-
body responses and long-lasting immunologic memory to
themselves and to coadministered antigens. Although applying
antigens to mucosal surfaces induces mucosal tolerance, this
tolerance is not characterized by a complete lack of immuno-
logic responsiveness to the antigen. By contrast, low level IgA
and IgG antibodies can be detected after mucosal administra-

tion of antigen. Therefore, it is possible that a putative mucosal
adjuvant could increase the IgA and IgG response to coadmin-
istered antigens without affecting the induction of mucosal
tolerance. Indeed, the results of this study show that enzymatic
activity is required for CLETS to block the induction of oral
tolerance.

The results of this study further indicate that mutants of
CLETS with reduced but not abolished enzymatic activity, such
as the LTR72 mutant (18, 31), may be more practical as non-
toxic mucosal adjuvants than mutants completely devoid of
enzymatic activity. These results also indicate that constructs
based on the enzymatic activity of CLETS employing alternate
targeting strategies may hold promise as mucosal and systemic
adjuvants. In support of this notion, one group has constructed
an adjuvant based on the enzymatically active A domain of CT
by fusing the A1 domain of CT to a synthetic analogue of
protein A (1–3). This construct specifically targets B cells and
has been shown to be a potent adjuvant (1–3). Recent evidence
indicates that DCs may also be good targets for CTA1-based
adjuvants. In this regard, we are currently designing constructs
to target CTA1 to DCs. In addition, we recently demonstrated
a role for the enzymatic activity of CLETS in their adjuvantic-
ity by showing that the A1 subunit of CT is a potent adjuvant
when coexpressed in a DNA vaccine (4).

The immunization regimen described in this study measures
the ability of a putative mucosal adjuvant to block the induc-
tion of oral tolerance, not the immune response generated
from the mucosal immunization. For this reason, this regimen
may provide a clearer picture of the adjuvanticity of putative
mucosal adjuvants. In addition, this immunization regimen
consistently yields clear differences in endpoint titers between
mice that have and have not been made orally tolerant, and the
variability among endpoint titers within groups is lower than
that we observed with other mucosal immunization regimens.
For these reasons, measuring the ability of a putative mucosal
adjuvant to block the induction of mucosal tolerance to coad-
ministered antigens may provide a superior method for deter-
mining its usefulness as a mucosal adjuvant.
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