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Abstract

Escherichia coli and Vibrio cholerae produce structurally related AB5-type heat-labile
enterotoxins which are classified into two major types. The Type | subfamily includes cholera
toxin and E. coli LT-I, whereas the Type Il subfamily comprises LT-1la and LT-1Ib. In addition to
their roles in microbial pathogenesis, the enterotoxins are widely and intensively studied for their
exceptionally strong adjuvant and immunomodulatory activities, which are not necessarily
dependent upon their abilities to elevate intracellular cAMP levels. Despite general structural
similarities, these molecules, in intact or derivative form, display notable differences in their
interactions with gangliosides or Toll-like receptors. This divergence results in differential
immune response outcomes, the underlying mechanisms of which remain largely uncharacterized.
Whereas the study of these molecules has been pivotal in understanding basic mechanisms of
immune regulation, a formidable challenge is to dissociate toxicity from useful properties that can
be exploited in vaccine development or for the treatment of autoimmune inflammatory diseases.

Introduction

The heat-labile enterotoxins of Escherichia coli and Vibrio cholerae have been extensively
studied for their virulence in microbial infections and for their immunomodulatory
properties (Connell 2007; Hajishengallis et al. 2005a; Holmes et al. 1995; Lavelle et al.
2004). These toxins are classified into two major types on the basis of genetic, biochemical,
and immunological properties (Holmes et al. 1995). Type I includes the cholera toxin (CT)
and the E. coli heat-labile enterotoxin (LT-I), whereas Type Il includes E. coli LT-Ila and
LT-I1b. Both types share an ABs5 oligomeric structure in which an enzymatically active and
toxic A subunit is noncovalently linked to a pentameric ganglioside-binding (Bs) subunit
(Gill et al. 1981; van den Akker et al. 1996). The main antigenic differences between Type |
and Type |l enterotoxins are due to significant divergence in the amino-acid sequence of
their B subunits, which share less than 14% amino-acid sequence identity, resulting in
differential binding to ganglioside receptors (Holmes et al. 1995). Type | toxins bind with
high affinity to GM1 ganglioside. On the other hand, LT-Ila displays a more promiscuous
binding profile, which includes GD1b, GD1a, and GML, in order of decreasing affinity,
whereas LT-11Ib, the B subunit of which shares 56% aminoacid sequence identity with that of
LT-lla, lacks affinity for GM1 or GD1b but binds avidly to GD1a (Holmes et al. 1995).
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The actual catalytic moiety of the A subunit is the A1 subcomponent, which is formed by
proteolytic cleavage and reduction of an intrachain disulfide bond, while the C-terminal A2
subcomponent is inserted noncovalently into the central pore of the ring-shaped B pentamer
(Gill et al. 1981; van den Akker et al. 1996). The B subunit is nontoxic by itself but, upon
high-affinity binding to cell surface gangliosides, delivers the A subunit intracellularly. The
internalized A subunit can then activate the Gsa component of adenylate cyclase via its
ADP-ribosyltransferase activity, leading to unregulated elevation of intracellular cAMP
(Holmes et al. 1995). In gut epithelial cells, cAMP elevation leads to massive secretion of
electrolytes and water into the gut lumen, which is clinically manifested as diarrhea in
humans and animals. As a consequence of this intrinsic toxicity, the use of intact
enterotoxins as adjuvants in human vaccine formulations is precluded, despite their potent
mucosal adjuvanticity in experimental animal immunizations (Hajishengallis et al. 2005a).
The paucity of adjuvants licensed for human use, however, and the tremendous health
impact of infectious diseases, which remain leading causes of mortality and morbidity,
create an urgent need to develop novel and improved adjuvants (Holmgren and Czerkinsky
2005; Kwissa et al. 2007; Mestecky et al. 2008). In this regard, research on the adjuvant
properties of enterotoxins is performed under the premise that it is possible to dissociate
useful adjuvant properties from undesirable toxic effects.

In addition to its toxic effects on gut epithelial cells, elevated intracellular cAMP mediates
important regulatory effects in a variety of immune cell types, mainly through activation of
protein kinase A (PKA) and downstream phosphorylation of additional kinases or
transcription factors that act through cAMP-responsive elements in the promoter region of
target genes (Lalli and Sassone-Corsi 1994). In this context, the enterotoxins exert a variety
of regulatory effects that could be harnessed for the treatment of autoimmune inflammatory
diseases, although some of these effects can be exerted in the absence of cAMP signaling
(Gaupp et al. 1997; Sun et al. 1996; Yura et al. 2001). This review will summarize and
discuss CAMP-dependent and —independent properties of heat-labile enterotoxins and how
these impact on immunity and inflammation.

Immunostimulatory properties of enterotoxins: Role of cAMP and
ganglioside binding

Most infectious diseases occur, or are initiated, at mucosal surfaces. Indeed, the vast
majority of pathogens colonize or invade the mucosae via oral, respiratory, or urogenital
routes (Holmgren and Svennerholm 2005; Mestecky et al. 2008). At least in principle, oral
and other mucosal infectious diseases could be prevented by mucosal immunization for
induction of specific secretory IgA antibodies (Hajishengallis and Russell 2008; Holmgren
and Czerkinsky 2005) which can interfere with microbial adherence and colonization
(Hajishengallis et al. 1992). Purified vaccine proteins, however, generally do not stimulate
immune responses, at least in part, due to failure to induce appropriate activation signals in
antigen-presenting cells (APC) (Akira et al. 2001; Hajishengallis et al. 2005a; Kwissa et al.
2007). In fact, mucosal administration of protein immunogens without adjuvants often
induces a state of immunologic unresponsiveness (tolerance) rather than active immunity
(Czerkinsky et al. 1999). APC activation signals, nevertheless, are readily induced by
noxious microbial molecules, or intact pathogens, and are essential for bridging innate
immune recognition to activation of adaptive immunity (Akira et al. 2001; lwasaki and
Medzhitov 2004). Induction of such activating signals is a major mechanism of action for
adjuvants, although their immunostimulatory effects should be free of concomitant toxicity.

In their efforts to identify adjuvants that could overcome tolerance and induce active
immune responses, researchers have discovered that heat-labile enterotoxins possess
exceptionally potent mucosal adjuvant properties and act through activation of a variety of
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immunocompetent cells (Elson and Dertzbaugh 2005). Early work on the adjuvanticity of
enterotoxins was performed using CT or LT-I. In terms of mechanisms of action, CT was
shown to enhance the antigen-presenting capacity of APC by upregulating the expression of
co-stimulatory molecules and MHC class 11 (Bromander et al. 1991; Cong et al. 1997).
Moreover, CT promotes B cell isotype-switch differentiation and stimulates production of
IgA and IgG antibodies (Holmgren et al. 1993). Although CT displays complex stimulatory
or inhibitory effects on T cell proliferation in vitro (Elson et al. 1995), it is well established
that it promotes Th2 responses in vivo, partly through induction of IL-4 (Marinaro et al.
1995; Munoz et al. 1990). Moreover, CT proactively inhibits Thl responses by inhibiting
APC induction of IL-12 through cAMP-dependent suppression of the interferon regulatory
factor-8, a critical transcription factor for IL-12 p35 and p40 gene expression (la Sala et al.
2009). Another mechanism whereby CT can inhibit IL-12 induction is through inhibition of
CDA40 ligand (CD40L) expression on CD4+ T cells (Martin et al. 2001). This results in
suppression of CD40-CD40L interactions between APC and T cells which would otherwise
promote the production of IL-12 other (Martin et al. 2001). Interruption of CD40-CD40L
interactions between B cells and T helper cells can moreover stop B cell proliferation and
initiate their differentiation into plasma cells (Liu and Banchereau 1997).

LT-I shares at least some of the immunostimulatory properties of CT, as it can also stimulate
antigen presentation via upregulation of costimulatory molecules and MHC Class |1
expression (Arce et al. 2005; Nashar et al. 1997). Furthermore, LT-I can similarly interfere
with CD40-CD40L interactions between APC and T cells through its ability to downregulate
CDA40 expression on dendritic cells (Petrovska et al. 2003). However, LT-1 appears to
promote a more balanced T cell response involving aspects of both Thl and Th2 responses
(Takahashi et al. 1996).

Observations that pure B pentamers (CT-B or LT-1-B) are relatively weak adjuvants and that
a point mutant (E112K) of LT-I, which lacks ADP-ribosylating activity, is essentially
devoid of adjuvant properties (Lycke et al. 1992), initially suggested a link between
enzymatic activity and adjuvanticity. That the ADP-ribosylating activity of the Al subunit
plays a role in adjuvanticity is additionally suggested by an adjuvant construct, designated
CTAL1-DD. In this construct, the toxic Al subunit of CT is coupled to the Ig-binding domain
of staphylococcal protein A and is thus targeted to B cells in a GM1-independent manner
(Agren et al. 1999). Although the adjuvanticity of CTA1-DD is dependent upon intact
enzymatic activity, the construct is devoid of toxicity, raising the possibility for CAMP-
independent but still enzymatically dependent adjuvanticity. Moreover, despite the original
results with the E112K mutant of LT-1 (Lycke et al. 1992), subsequent work showed that a
number of other catalytically defective mutants of LT-1 or CT retain significant
adjuvanticity, although the mechanisms of action remain largely uncharacterized (Fontana et
al. 1995; Pizza et al. 1994; Pizza et al. 2001; Yamamoto et al. 1999). The results of these
studies imply that neither induction of cCAMP nor enzymatic activity is essential for adjuvant
action. Interestingly, elevation of intracellular cAMP is not even sufficient for adjuvanticity
since forskolin, a potent adenylate cyclase activator, lacks adjuvant activity (Wilson et al.
1993).

Furthermore, if the cAMP-inducing activity of the enterotoxins was a crucial and
determining factor for adjuvanticity, one would not expect significant differences in
adjuvant mechanisms between the Type | and the equipotent (in terms of ADP-ribosylating
activity) Type Il enterotoxins. In fact, this is not the case since CT, LT-lla, and LT-1lb
induce distinct type of mucosal immune responses to the same co-administered immunogen
(Arce et al. 2005; Martin et al. 2000). Moreover, in contrast to Type | enterotoxins, LT-1la
and LT-11b do not influence CD40L expression on CD4* T cells (Martin et al. 2001) and are
thus biased to skew immune responses more towards Th1, as seen in vivo especially for LT-
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I1b (Martin et al. 2000) (Table 1). Another possible consequence of the failure to interrupt
CD40-CDA40L signaling could be that Type Il enterotoxins may preferentially foster the
formation of memory B cells, a process that depends upon the continuation of CD40-CD40L
interactions (Liu and Banchereau 1997). These differences suggest that it is possibly the
different ganglioside-binding specificities of these enterotoxins that determine distinct
immunoregulatory effects. In this regard, CT, LT-lla, and LT-1Ib bind differentially to
immunocompetent cells, as a result of their different ganglioside-binding specificities (Arce
et al. 2005; Martin et al. 2000). Additional mechanistic insights, regarding the roles of
gangliosides in adjuvanticity and tocxicity, have been obtained using modified versions of
LT-lla and LT-I1b with intact A subunits but mutated B subunits (LT-11a[T34I] and LT-
I1b[T13I]). As expected, these point mutations resulted in altered ganglioside-binding
activities, but, intriguingly, the constructs lost cAMP-inducing activity and retained
significant adjuvanticity (Nawar et al. 2005). These findings suggest that toxicity and
adjuvanticity may be mediated by different gangliosides, although other, unidentified
receptors cannot be excluded. If the ganglioside specificities are important determining
factors of enterotoxin immunomodulatory properties, one would also expect to find
differences between LT-1la and LT-1lb. Indeed, LT-Ila (and CT), but not LT-11b, selectively
induces apoptosis in CD8* T cells (Arce et al. 2005; Elson and Dertzbaugh 2005; Nashar et
al. 1996) (Table 1), implying a role for GM1 binding in this function. Since CD8" cells
constitute a major source of IFN-y, which promotes cell-mediated immunity and fosters the
development of Th1 cells (Sad et al. 1995), this may explain the LT-11b bias for supporting
Th1 responses, although additional unidentified mechanisms are likely involved. In
summary, Type | and Type Il holotoxins arguably contain A subunit-dependent
adjuvanticity that is independent of their CAMP-inducing activity, whereas their ganglioside-
binding characteristics determine in large part the nature of their immunomodulatory effects.

Non-ganglioside receptors and enterotoxin adjuvanticity: Interactions with

TLRs

Although gangliosides are prominent receptors for Type | or Type Il enterotoxins, it is
becoming increasingly evident that at least some of the immunomodulatory properties of the
enterotoxins may involve interactions with additional receptors. In this regard, point
mutations in the B subunits of CT (H57A) or LT-I (H57S) render the molecules defective in
immunomodulatory signaling and toxicity despite retaining high-affinity binding to GM1
ganglioside (Aman et al. 2001). It is thus conceivable that structural alterations in these
mutants, while not preventing binding to GM1, may preclude interactions with additional,
cooperative receptor(s) required for signaling. Furthermore, as alluded to above, the
participation of non-ganglioside receptors in mediating the adjuvant effects of LT-11a(T341)
and LT-I1b(T131) (Nawar et al. 2005) cannot be formally ruled out. In this context,
microbial ligand interactions with a single receptor often represent an oversimplified model.
Rather, cellular activation by microbial molecules may actually involve interactions with
several co-operating host receptors within lipid rafts, which function as cellular signaling
platforms (Simons and Toomre 2000; Triantafilou et al. 2002).

In our efforts to identify immunostimulatory activities mediated exclusively by the non-
catalytic B pentameric subunits, we discovered that a member of the Toll-like receptor
(TLR) family of pattern-recognition receptors (Beutler et al. 2006), the TLR2, is uniquely
activated by the B pentamers of Type Il but not Type | enterotoxins (Hajishengallis et al.
2005b). This finding suggested a novel mechanism whereby enterotoxin derivatives can be
exploited as vaccine adjuvants, i.e., by eliciting TLR-dependent immunostimulatory activity.
In this context, TLRs, by virtue of their ability to detect and respond to conserved structures
from pathogens (e.g., lipopolysaccharide (LPS) and lipopeptides), play a key role in
stimulating APC function and bridging innate to adaptive immunity (Akira et al. 2001;
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Iwasaki and Medzhitov 2004). To harness these TLR properties, TLR agonists and synthetic
analogues are currently major targets for developing vaccine adjuvants to prevent infectious
diseases (Gearing 2007).

Mechanistic investigation of the B pentamer of LT-Ilb (LT-11b-Bs) has shown that its
interaction with TLR2 takes place in lipid rafts and is actually facilitated by the lipid raft-
resident GD1a ganglioside (Liang et al. 2007a) (Fig. 1). Moreover, binding to TLR2 is
mediated by the hydrophaobic upper pore region of LT-11b-Bs (Liang et al. 2009a). TLR1
serves as a signaling partner of TLR2 and is similarly recruited to lipid rafts, whereas the
intracellular adaptor proteins TIRAP and MyD88 colocalize with the LT-11b-Bg receptor
complex (GD1a/TLR2/TLR1) and are essential for activation of nuclear factor (NF)-xB and
induction of cytokines by LT-11b-Bs (Liang et al. 2007a; Liang et al. 2009b) (Fig. 1). As a
consequence of its TLR2/TLR1-activating capacity, LT-11b-Bg provides appropriate APC-
activating signals, manifested as upregulated expression of costimulatory molecules (CD40,
CD54, CD80, CD86) and MHC Class I, and production of TNF-a and IL-6. Moreover, LT-
I1b-Bs induces functional costimulation of dendritic cells, which thereby stimulate CD4* T
cell proliferation and production of immunostimulatory cytokines. These adjuvant effects
are dependent on TLR2 and its signaling adaptor MyD88 (Liang et al. 2009a; Liang et al.
2009b). Moreover, in cocultures of LT-I1b-Bg-stimulated dendritic cells and CD4* T cells,
the relative numbers of T regulatory cells (Tregs) are decreased, whereas the numbers of
Th1, Thl7, and especially Th2 are increased (Liang and Hajishengallis; unpublished
observations), in contrast to the intact holotoxin, which preferentially induces Thl (Martin et
al. 2000). Therefore, it appears that LT-11b-Bg-activated dendritic cells cause an in
imbalance between Treg and other helper T cell subsets, favoring the expansion of T cell
effector subsets. In fact, it is possible that LT-11b-Bs may be able to directly suppress the
activity of Tregs. This is because TLR2 signaling transiently suppresses the induction of the
transcription factor Foxp3 in Tregs, which are thereby temporarily switched off and allow
strong activation of effector T cells (Liu et al. 2006). These in vitro properties readily
explain why LT-11b-Bsg functions as a useful in vivo adjuvant (Liang et al. 2009b).
Importantly, this B pentamer stimulates induction of salivary IgA response to a mucosally
co-administered immunogen at levels comparable to that achieved using intact LT-11b
adjuvant. However, the holotoxin is more potent in augmenting vaginal IgA or serum IgG
antibody responses (Liang et al. 2009b). Similarly to LT-11b-Bs, the related B pentamer of
the LT-1la enterotoxin (LT-Ila-Bs) also induces TLR2-dependent activation of antigen-
presenting function resulting in enhanced CD4* T cell proliferation and augmentation of
mucosal antibody responses in vivo (Terry Connell; personal communication).

In contrast to its B pentamer, intact LT-11b does not bind or activate TLR2, owing to the
presence of the A subunit which sterically interferes with TLR2 binding (Liang et al.
2007b). In this regard, the TLR2-binding site of LT-11b-Bs is defined by a ring of four upper
region residues (M69, A70, L73, and S74) (Liang et al. 2009a), which, strikingly, are also
critical for hydrophobic interactions between the B pentamer and the A2 segment of the A
subunit in the fully-assembled LT-I1b holotoxin (van den Akker et al. 1996). As a result, the
TLR2-binding site is blocked in the intact holotoxin. Intriguingly, M69, A70, L73, and S74
are exactly shared by LT-I1a-Bs, the only other known enterotoxin B pentamer that activates
TLR2 (Hajishengallis et al. 2005b), but not by the Type | B pentamers, LT-1-Bs and CT-Bsg
(van den Akker et al. 1996).

Anti-inflammatory effects of enterotoxins and applications for suppressing
autoimmunity

Both Type | and Type Il enterotoxins (CT, LT-l1la and LT-IIb) inhibit NF-xB activation and
production of TNF-a and IL-8 in monocytic cells stimulated with LPS or other
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proinflammatory stimuli (Hajishengallis et al. 2004). However, their respective B pentamers
lack this regulatory activity, suggesting possible involvement of cAMP signaling
(Hajishengallis et al. 2004). Indeed, membrane-permeable cAMP analogs and cAMP-
elevating agonists (e.g., forskolin) mimick the anti-inflammatory action of LT-I1b, whereas
pharmacological inhibition of cAMP synthesis, or inhibition of its downstream target PKA,
completely reverses the inhibitory effect of LT-11b on cell activation (Liang et al. 2007Db).
Furthermore, catalytically-defective point mutants of LT-1Ib, which do not elevate cAMP,
fail to inhibit NF-«xB activation and proinflammatory cytokine induction (Liang et al.
2007h).

CT has been studied more extensively than Type Il toxins for its anti-inflammatory
properties and was shown to additionally inhibit induction of IL-12, macrophage-
inflammatory protein (MIP)-1a, MIP-1B, and monocyte chemoattractant protein-1 (MCP-1)
in dendritic cells (reviewed by Lavelle et al. 2004). On the other hand, CT can induce the
production of certain other cytokines, like IL-6 and IL-10, the transcription of which is
minimally dependent upon or independent of NF-«xB activation. For instance, the genes for
IL-6 and IL-10 contain cAMP-responsive elements and their transcription is positively
regulated by cAMP (Brenner et al. 2003; Krueger et al. 1991).

Although Type Il enterotoxins induce little or no proinflammatory cytokine release, their
respective B pentamers (LT-I1a-Bs and especially LT-11b-Bs) induce high levels of
proinflammatory cytokines in human or mouse monocytes/macrophages, attributable to their
TLR2-stimulating activity (Hajishengallis et al. 2004; Hajishengallis et al. 2005b).
Moreover, the ability of the Type Il B pentamers to induce NF-«B activation is antagonized
by the holotoxins, as long as they are catalytically active (Hajishengallis et al. 2004; Liang et
al. 2007b) (Fig. 2). This inhibitory effect is minimally dependent on endogenous production
of IL-10, even though the combination of holotoxins and B pentamers synergistically
induces IL-10 (Hajishengallis et al. 2004). Rather, the antagonistic effect of the holotoxins is
mediated through their ability to activate cAMP-dependent PKA signaling (Liang et al.
2007b) (Fig. 2). In this regard, PKA has been shown to phosphorylate the cAMP response
element-binding protein (CREB), which can thereby effectively compete with the p65
subunit of NF-xB for limiting amounts of a common transcriptional co-activator, the CREB-
binding protein (CBP) (Parry and Mackman 1997). Consequently, this leads to decreased
NF-«xB activation and reduced transcription of NF-xB-dependent cytokine genes like TNF-a.
In addition, PKA was also shown to phosphorylate glycogen synthase kinase-3p on Ser9
(Fang et al. 2000), an event that inactivates this kinase that would otherwise positively
regulate cell activation (Martin et al. 2005).

It is conceivable that the ability of Type | or Type I1 11 enterotoxins to inhibit LPS-induced
cellular activation and to suppress the inherent proinflammatory potential of their own B
subunits (Hajishengallis et al. 2004; Liang et al. 2007b) may serve to downregulate innate
immunity and increase the survival capacity of enterotoxigenic E. coli or Vibrio cholerae,
thereby prolonging infections with these pathogens. Whereas this concept has not been
experimentally addressed, the in vitro anti-inflammatory behavior of the enterotoxins is
consistent with in vivo observations. Specifically, cholera toxin is non-inflammatory in an
animal model at doses that readily induce intestinal fluid secretion (Triadafilopoulos et al.
1989). This is in stark contrast to the proinflammatory Clostridium difficile toxin A, another
toxin which causes intestinal fluid secretion (Triadafilopoulos et al. 1989). Moreover, in
humans, V. cholerae induces either non-inflammatory diarrhea or inflammatory
gastroenteritis, determined exclusively by a single virulence factor, cholera toxin.
Specifically, cholera toxin-producing strains induce watery diarrhea in the absence of
inflammation, whereas strains that do not produce cholera toxin cause inflammatory
diarrhea (Satchell 2003). Similar observations have not yet been made for enterotoxigenic E.
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coli, although it is reasonable to assume that the presence of LT-1 or LT-I1 toxins may
downregulate inflammatory responses.

As mentioned above, the same four residues of LT-11b-Bs residues that mediate TLR2
binding are also critical for hydrophobic interactions with the A2 segment in the fully-
assembled LT-11b (van den Akker et al. 1996; Liang et al. 2009a) and, therefore, the TLR2-
binding site is masked in the intact holotoxin (Liang et al. 2007b). Since evolution does not
work with preconceived plans to generate a fully assembled ABsg toxin by design, the
expression of the B pentamer in free form is likely to predate the fully assembled LT-1lb
molecule. Despite the lack of any relevant data, it is intriguing to speculate that, at least in
part, the evolutionary pressure for the development of fully assembled LT-I1b holotoxin was
to suppress TLR2-induced activation of innate immunity in response to the free B pentamer.

Tregs constitute an important subset of helper T cells capable of suppressing the activation
of effector T cells. An additional mechanism whereby CT can exert anti-inflammatory
action is through induction of antigen-specific Tregs which secrete high levels of IL-10 and
IL-13 but little or no I1L-4 (Lavelle et al. 2003). This is consistent with findings that cAMP
induces IL-10 and IL-13 but not IL-4 in Th2 cells (Chen et al. 2000), which may give rise to
Tregs if they lose the ability to produce IL-4 (Mendel and Shevach 2002). As a result of its
strong anti-inflammatory action, CT has been successfully used to suppress T cell-mediated
autoimmune conditions, such as experimental autoimmune encephalomyelitis (Yura et al.
2001) and experimental autoimmune neuritis (Gaupp et al. 1997), models for multiple
sclerosis and inflammatory demyelinating neuropathies, respectively.

However, protection against experimental autoimmune encephalomyelitis was also observed
after oral administration of CT-B linked to myelin basic protein (Sun et al. 1996). Similarly,
oral delivery of CT-B conjugated to a peptide from the heat-shock protein-60 (Phipps et al.
2003) or to insulin (Aspord et al. 2002) inhibits induction of experimental uveitis or
diabetes, respectively. Although the immunosuppressive mechanism of orally administered
CT-B is cAMP-independent, it appears to involve induction of TGF-p at the effector sites
(Phipps et al. 2003; Sun et al. 2000). The B pentamers from LT-Ila and LT-I1b have not
been investigated for therapeutic tolerance induction; however, both molecules are unlikely
to have such function given their ability for TLR2-mediated cell activation (Hajishengallis et
al. 2005b; Liang et al. 2009a). On the other hand, like CT-B, LT-1-B has been exploited for
induction of mucosal tolerance against autoimmune inflammatory conditions, such as
collagen-induced arthritis (Luross et al. 2002). Since LT-I-B inhibits Th1 development
without concomitant activation of Th2, it was originally thought that its protective effect
against collagen-induced arthritis involved its Th1-suppressive activity. Recent evidence,
however, has implicated Th17, a novel Th cell subset characterized by IL-17 production,
rather than the Th1 lineage in the development of collagen-induced arthritis or experimental
autoimmune encephalomyelitis (Weaver et al. 2007). The initial implication of Th1 was
based on the apparent resistance of IL-12-deficient mice against these autoimmune diseases.
However, these I1L-12-deficient mice lacked the 1L-12p40 subunit (as opposed to the unique
IL-12p35 subunit), which is shared by IL-23, a heterodimer consisting of 1L-12p40 and a
unique 1L-23p19 subunit (Trinchieri 2003). The importance of IL-23 in Th17 development
and demonstrations that 1L-23p19-deficient mice, but not 1L-12p35-deficient mice, are
resistant to collagen-induced arthritis and experimental autoimmune encephalomyelitis, has
conclusively implicated Th17 and *“acquitted” Th1 (Langrish et al. 2005; Murphy et al.
2003). It is, therefore, possible that LT-1-B might have inhibited Th17 in that model of
collagen-induced arthritis (Luross et al. 2002). However, LT-I-B treatment has failed to
inhibit Th17 and, in fact, promoted the proportion and number of Th17 cells, at least in a
model of experimental autoimmune uveoretinitis (Raveney et al. 2008).
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A dramatic Th17-drving effect was recently demonstrated for intranasally administered CT
in mice (Lee et al. 2009). This effect was dependent on IL-6 induction, since the CT-induced
Th17 activity was abrogated in 1L-6-deficient mice (Lee et al. 2009). Since Th17 have been
shown to mediate protection against a variety of infectious diseases, involving bacterial,
fungal, or parasitic pathogens (Kolls and Linden 2004), this might be another mechanism
whereby CT could be useful as a vaccine adjuvant, although, as stated above, any protective
mechanism needs to be dissociated from toxicity. At a first sight, the Th17-inducing effect
of CT appears to be inconsistent with its ability to promote Treg function. However, TGF-3
is required for induction of both Th17 and T reg. Moreover, TGF-B-induced signals in the
absence of signal transducer and activator of transcription protein-3 (STAT3), which is
inducible by IL-6, drives the development of the Treg lineage (Gaffen and Hajishengallis
2008). Thus, IL-6 may be a crucial factor which determines whether CT can function as an
adjuvant that promotes Th17 responses, or as an immunosuppressive agent that promotes
Treg function.

Conclusions and future utility

The heat-labile enterotoxins are fascinating molecules in terms of their diverse, often
complex, effects on the immune system and are ideal molecular tools for discovering basic
mechanisms of adjuvanticity or immune regulation. However, from a translational point of
view, the enterotoxins raise serious safety issues. Until recently, the adjuvant effect of heat-
labile enterotoxins has been thought to depend on their ganglioside-binding and toxic-
enzyme activities, although arguably certain catalytically defective mutants retain significant
adjuvanticity. By contrast, the B subunits of type Il enterotoxins are immunostimulatory by
novel mechanisms that depend on TLR activation (Hajishengallis et al. 2005b; Liang et al.
2007a; Liang et al. 2007b; Liang et al. 2009a; Liang et al. 2009b). As a result, it was
recently shown that Type Il B pentamers display adjuvant properties, free of toxic effects
associated with the use of intact holotoxins (Liang et al. 2009b). However, proof-of-concept
studies for the utility of Type Il B pentamers as adjuvants in stimulating protective
immunity against mucosal pathogens are not yet available. Such preclinical studies in
appropriate animal models are necessary, as are Phase | (safety) clinical trials, before these
molecules are fully considered for practical applications in vaccines for human use. It should
be noted, however, that native or recombinant CT-B, a Type | B pentamer, has an excellent
safety record as a component of a licensed oral vaccine against cholera (van Loon et al.,
1996). However, whether B pentamers, in general, or engineered holotoxin adjuvants
lacking enterotoxicity are safe for applications in human vaccines can only be determined
empirically.

Intriguingly, the mechanisms of adjuvant action of Type Il B pentamers are antagonized by
the intact holotoxins (Liang et al. 2007b), which are also potent, if not stronger, adjuvants.
This, however, is only an apparent paradox since TLR activation is not an obligatory
mechanism of adjuvant action. Indeed, unlike TLR-based adjuvants, the intact enterotoxins
can elicit adjuvant activity in the absence of proinflammatory activity (Lavelle et al. 2003;
Lavelle et al. 2004; Ryan et al. 2000; Satchell 2003). For instance, CT, the most widely
studied enterotoxin, promotes the induction of Th2 cells and Tregs, whereas it proactively
inhibits Th1 cell differentiation and induction of proinflammatory cytokines, such as IL-12
and TNF-a (Holmgren et al. 2003; la Sala et al. 2009; Lavelle et al. 2003; Lavelle et al.
2004; Satchell 2003) (Table 1). Nevertheless, it exhibits exceptionally potent adjuvant
properties (Elson and Dertzbaugh 2005), although its anti-inflammatory action and ability to
promote Treg function has also been exploited for the treatment of experimental
autoimmune diseases (Gaupp et al. 1997; Yura et al. 2001). It appears unlikely that every
useful property of Type | or Type Il enterotoxins can be dissociated from toxicity. However,
available data indicate that it is feasible to construct enterotoxin derivatives, with minimal or
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no toxic effects, that can be used either for enhancing immunity or mitigating inflammatory
tissue damage, although their safety and efficacy in preclinical models will need to be
confirmed in clinical trials.
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Figure 1. Model for ganglioside-TLR cooperation for cell activation by LT-11b-Bg

Upon binding of LT-11b-Bs to GD1a, GD1a facilitates the interaction of LT-11b-Bs with the
TLR2/TLR1 signaling complex, which is recruited to lipid rafts. Induction of TLR2/TLR1
signaling for NF-xB activation by LT-11b-Bg occurs at the cell surface and requires the
adaptor proteins TIRAP and MyD88, which colocalize with the LT-11b-Bs receptor complex
(GD1a/TLR2/TLR1) (Hajishengallis et al. 2005b; Liang et al. 2007a; Liang et al. 2009b).
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Figure 2. Differential and antagonistic effects on proinflammatory cytokine induction by LT-11b
holotoxin and its B pentamer

LT-I1b-Bs activates the TLR2/TLR1 heterodimer and induces NF-kB-dependent production
of proinflammatorry cytokines (Liang et al. 2009a; Liang et al. 2007a; Liang et al. 2007b).
In contrast, the holotoxin does not interact with TLR2/TLR1 due to A subunit-dependent
steric hindrance (Liang et al. 2007b; Liang et al. 2009). However, upon GD1a binding and
internalization of the holotoxin, the ADP-ribosyltransferase activity of its A subunit
activates the Gsa component of adenylate cyclase (AC). This leads to elevation of
intracellular cAMP, activation of cAMP-dependent PKA, and inhibition of NF-kB-
dependent transcription of proinflammatory cytokines (e.g., TNF-o) (Liang et al. 2007b).
This cAMP-dependent antagonistic action is not restricted to LT-I1b, since both CT and LT-
Ila can similarly inhibit LT-11b-Bs-induced cell activation (Hajishengallis et al. 2004). The
cAMP signaling pathway was shown to also inhibit IL-12 expression through suppression of
the interferon regulatory factor-8 (a critical transcription factor for IL-12 p35 and p40 gene
expression) (la Sala et al. 2009). It is possible that, in addition to CT (la Sala et al. 2009),
other cAMP-inducing enterotoxins can also inhibit IL-12 transcription.
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