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Abstract
The heat-labile enterotoxins (HLTs) of Escherichia coli and Vibrio cholerae are classified into two
major types on the basis of genetic, biochemical, and immunological properties. Type I and Type
II HLT have been intensively studied for their exceptionally strong adjuvant activities. Despite
general structural similarities, these molecules, in intact or derivative (non-toxic) forms, display
notable differences in their mode of immunomodulatory action. The molecular basis of these
differences has remained largely uncharacterized until recently. This review focuses on the Type II
HLTs and their immunomodulatory properties which depend largely on interactions with unique
gangliosides and Toll-like receptors that are not utilized by the Type I HLTs.

1. Introduction
The heat-labile enterotoxins (HLT) of E. coli and Vibrio cholerae belong to a family of
structurally-related proteins that is divided into two major groups based on genetic,
biochemical, and immunological characteristics. The Type I subfamily consists of cholera
toxin (CT) from Vibrio cholerae, the LT enterotoxin (referred herein as LT-I) of E. coli, and
antigenically-related enterotoxins from other enteric bacteria (Connell and Holmes, 1995).
LT-IIa, LT-IIb, and LT-IIc comprise the Type II subfamily of HLT (Holmes et al., 1995;
Nawar et al., 2011; Nawar et al., 2010b). Type I and Type II heat-labile enterotoxins are
oligomeric ‘AB5’ proteins, i.e., composed of a single A polypeptide which is non-covalently
bound to a pentameric array of B polypeptides (Gill et al., 1981b; Mekalanos et al., 1979).
The A subunit possesses strong ADP-ribosyltransferase activity and consists of two
subcomponents: the N-terminal A1, which represents the actual catalytic moiety, formed by
proteolytic cleavage and reduction of an intrachain disulfide bond in the A polypeptide, and
the C-terminal A2 tail that is inserted noncovalently into the central pore of the ring-shaped
B pentamer (Gill et al., 1981a; van den Akker et al., 1996). The B pentameric subunit is
nontoxic by itself but, upon high-affinity binding to receptors on the plasma membrane,
delivers the A subunit intracellularly. Intoxication by an HLT constitutively activates the
Gsα regulatory subunit of adenylate cyclase which, in most mammalian cells, substantially
increases intracellular concentration of cAMP, a secondary messenger within the cell. In gut
epithelial cells, cAMP elevation causes massive secretion of electrolytes and water into the
gut lumen, which is clinically manifested as diarrhea in humans and animals.

Correspondence g0haji01@louisville.edu (GH) and connell@buffalo.edu (TDC).
*These authors contributed equally.

NIH Public Access
Author Manuscript
Vet Immunol Immunopathol. Author manuscript; available in PMC 2014 March 15.

Published in final edited form as:
Vet Immunol Immunopathol. 2013 March 15; 152(1-2): 68–77. doi:10.1016/j.vetimm.2012.09.034.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The amino acid sequences of the A polypeptides of the Type I and Type II enterotoxins are
highly homologous, which reflects the conservation in structures required for retention of
enzymatic activity. In contrast, the amino acid sequences of the B polypeptides of the type I
and type II HLTs are highly divergent (Connell, 2007; Mekalanos et al., 1979; Pickett et al.,
1986). It is this divergence in sequences of the B polypeptides that underlies the differences
observed in the binding activities of the members of both subfamilies for their respective
cellular receptors. This in turn determines, in great part, their distinct immunomodulatory
activities (see section 3).

2. Interactions of Type II enterotoxins with gangliosides
Receptors for the Type I and Type II heat-labile enterotoxin subfamilies are one or more
members of the family of gangliosides (Table 1), a structurally complex group of sialic acid-
decorated glycolipids that are located in the plasma membrane of the cells of most higher
eukaryotes (Sonnino et al., 1986). Structurally, gangliosides are oligoglycosylceramides that
contain one or more N-acetylneuraminic acid (NeuAc) or N-glycolylneuraminic acid
(NeuGc) forms of sialic acid that are conjugated by glycosidic linkages to the ceramide core.
While the ceramide core is commonly embedded in the plasma membrane, the sugar groups
are exposed on the surface of the cells (Levery, 2005). It is proposed that gangliosides are
structural components of the plasma membrane. Yet, it is also clear that gangliosides have
roles in regulating various cellular metabolisms and responses. Platelet-derived growth
factor, epidermal growth factor, and insulin each bind to gangliosides (Hakomori and
Igarashi, 1995; Zeller and Marchase, 1992). It is likely that binding of ligands to
gangliosides, either directly or indirectly, transduces signals across the plasma membranes
that drive specific cellular responses (Fishman, 1986; Hakomori, 1993; Hakomori and
Igarashi, 1995; Hannun and Linardic, 1993; Nagai and Iwamori, 1984).

Notably, the types of gangliosides that are expressed are heterogeneous, differ between
species and different cell types within a single species may express different forms of
gangliosides (Levery, 2005). For example, gangliosides GM3 and GD1a are highly
expressed on the surface of resting T cells (Levery, 2005; Nohara et al., 1997; Nohara et al.,
1992) and gangliosides GD1a, GM1b, and GM1a are found on the plasma membranes of
mouse macrophages (Yohe et al., 1997). While cows, sheep, mice, and other higher
mammals express gangliosides containing both NeuAc and NeuGlc, due to a frameshift
mutation in the Cmah gene which encodes CMP-Neu5Ac hydroxylase, the enzyme that
converts NeuAc to NeuGc, humans express only NeuAc gangliosides (Brinkman-Van der
Linden et al., 2000; Chou et al., 1998). The ramifications of this restricted expression of
gangliosides in humans has only recently determined to have importance in enterotoxin
biology (Nawar et al., 2010a).

In vitro binding assays using commercially-available gangliosides was employed to define
the ganglioside-binding activities of the type I and type II HLTs. These data demonstrated
that each member of the two subfamilies of enterotoxins has a distinctive pattern of binding
to one or more gangliosides (Table 1). CT and LT-I bind avidly to ganglioside GM1
(Critchley et al., 1981; Fukuta et al., 1988; Orlandi et al., 1994; Yamada et al., 1983); LT-I
also has affinity for one or more glycoproteins identified on the surface of rabbit intestinal
cells (Holmgren et al., 1982) or on human CaCo-2 cells (Orlandi et al., 1994). LT-IIb binds
avidly to GD1a, GT1b, GM2, and GM3 (Berenson et al., 2010); LT-IIa binds to GD1b,
GD1a, and GM1 (Fukuta et al., 1988). LT-IIc has significant binding affinity for GM1,
GM2, GM3, and GD1a (Nawar et al., 2010a; Nawar et al., 2011) (Table 1). Immunoblotting
experiments using total gangliosides from murine macrophages and thin-layer
chromatography revealed that the number of ganglioside receptors recognized by LT-IIb
was more extensive than indicated by experiments using commercial gangliosides (Nawar et
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al., 2010a). In addition to GD1a, GT1b, GM2, and GM3, these high-resolution experiments
revealed that LT-IIb binds to gangliosides GM1b and GD1α. Binding of LT-IIb was
independent of whether these gangliosides were decorated with NeuAc or NeuGlc. The
diversity in binding of the various type I and type II HLTs to different gangliosides likely
dictates the types of cells, and thus, the types of animals for which each of the enterotoxins
have the capacity to intoxicate (Connell, 2007; Orlandi et al., 1994). As will be evident later
in this review, the differences in binding to different gangliosides also mediate the
distinctive immunomodulatory properties that are exhibited by each HLT.

To identify the domain(s) that were essential for binding to ganglioside GM1, mutants of CT
and LT-I were engineered in which alternative amino acids were substituted at various
positions in the B polypeptides of the enterotoxins. Substitution of the glycine at amino acid
position 33 for aspartic acid (G33D) in the B polypeptides of CT and LT-I was found to
abrogate binding of the holotoxins to ganglioside GM1. Concurrently, the G to D
substitution highly decreased the enterotoxins’ ability to intoxicate cells (Jobling and
Holmes, 1991, 2002). Similar mutants with altered affinities for binding to their ganglioside
receptors were also engineered for LT-IIa and LT-IIb (Connell and Holmes, 1992; Connell
and Holmes, 1995). Mutants of LT-IIa with threonine to isoleucine substitutions at amino
acid positions 13, 14, and 34 (T13I, T14I, and T34I) in the B polypeptide had no detectable
binding to ganglioside GD1b, the receptor for which the wild-type (wt) enterotoxin
exhibited the highest binding affinity and a much reduced binding to GD1a. Binding to
GM1, a ganglioside that is bound at lower affinity by wt LT-IIa, was not bound by either
LT-IIa(T13I) and LT-IIa(T34I); in contrast, LT-IIa(T14I) and wt LT-IIa bound GM1 with
similar avidity. LT-IIa(T13I), LT-IIa(T14I), and LT-IIa(T34I) all lacked toxicity in a cell
bioassay. Amino acid positions 13 and 14 in the B polypeptides of LT-IIb also are required
for binding to GD1a, the ganglioside for which that enterotoxin binds with highest avidity.
Neither LT-IIb(T13I) nor LT-IIb(T14I) were capable of intoxicating cells. In comparison, a
T to I substitution at amino acid position 34 in LT-IIb [LT-IIb(T34I)] had no effects on
binding to GD1a or on toxicity.

In contrast to the binding affinities of LT-IIb, which binds equally well to NeuAc
gangliosides and to NeuGlc gangliosides, LT-IIb(T13I) was found to have diminished
binding to NeuAc gangliosides and preferentially bound to NeuGlc gangliosides. Thus, this
difference in binding affinities between NeuAc gangliosides and NeuGlc gangliosides
combined with the observation that LT-IIb(T13I) was non-toxic, suggested that high affinity
binding to NeuAc ganglioside receptors by LT-IIb was required for toxicity.

These functional results correlated well with the structural data obtained from protein
crystallization studies of CT, LT-I, and LT-IIb in that amino acid positions 13, 14, 33, and
34 are likely in or near the carbohydrate binding pockets of the B pentamers of each of the
holotoxins (Sixma et al., 1993; Sixma et al., 1991; van den Akker et al., 1996; Zhang et al.,
1995).

3. HLTs and the mucosal immune system
Mucosal surfaces are confronted continuously with antigenic substances in the environment.
The vast majority of those substances are harmless. In most cases, the mucosal immune
system is unresponsive to these Ags or responds only in a muted manner (Kuper et al.,
1992). In the gastrointestinal tract, lymphoid tissue comprising the gut-associated lymphoid
tissue (GALT) is concentrated in cellular aggregates known as Peyer’s Patches (PP) (Kiyono
and Fukuyama, 2004). After traversing the epithelial layer of the PP through specialized
cells known as M cells, Ags are processed and presented by APC to naive B and T cells,
which along with Ag and APC, migrate out of the PP into the draining mesenteric lymph

Hajishengallis and Connell Page 3

Vet Immunol Immunopathol. Author manuscript; available in PMC 2014 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nodes for further rounds of activation and proliferation. In the nasal/oral mucosae, a similar
arrangement of cells and tissues mediates mucosal immune responses. The nasal/oral-
associated lymphoid tissue (NALT) in humans is located in the tonsils and adenoids and
within tissue designated as Waldeyer’s ring (Goeringer and Vidic, 1987; Kuper et al., 1992).
In the mouse, the functional equivalent of Waldeyer’s ring is located in the nasal cavity. The
murine NALT, including overlying epithelia, M-like cells, T cells, B cells, dendritic cells,
macrophages, and other immunocompetent cells (Asanuma et al., 1997; Heritage et al.,
1997; Wu et al., 1997) responds to intranasally applied HLTs by initiating cascades of
molecular and cellular events which induce enhanced mucosal immune responses to foreign
Ags.

As alluded to above, most purified microbial proteins do not generally stimulate immune
responses. In contrast, Type I and Type II HLTs are potent immunogens when administered
by mucosal routes (Connell, 2007; Elson and Dertzbaugh, 2005; Hajishengallis et al.,
2005a). In fact, mucosal administration of most protein immunogens often induces a state of
immunologic unresponsiveness (tolerance) rather than active immunity (Czerkinsky et al.,
1999) due to, at least in part, their failure to induce appropriate activation signals in APC
(Akira et al., 2001; Hajishengallis et al., 2005a; Kwissa et al., 2007). On the other hand,
induction of such activating signals is a major mechanism of adjuvant action. Importantly,
Type I and Type II HLTs are also potent mucosal adjuvants for co-administered protein
immunogens, as shown by a great number of experimental animal immunization studies
(Hajishengallis et al., 2005a). In this regard, the enterotoxins stimulate the production of
specific secretory IgA (S-IgA) Abs against both themselves and co-administered
immunogens after stimulation of mucosal inductive sites (see below). However, due to their
intrinsic toxicity, the use of intact enterotoxins as adjuvants in human vaccine formulations
is definitely precluded. On the other hand, the tremendous health impact of infectious
diseases, which remain leading causes of mortality and morbidity, and the paucity of
adjuvants licensed for human use create an urgent need for novel, safe, and improved
adjuvants (Holmgren and Czerkinsky, 2005; Kwissa et al., 2007; Mestecky et al., 2008).
This is especially true for mucosal adjuvants since 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, mucosal infectious diseases could be prevented
by mucosal immunization for induction of specific S-IgA Abs (Hajishengallis and Russell,
2008; Holmgren and Czerkinsky, 2005) which can interfere with microbial adherence and
colonization (Hajishengallis et al., 1992).

In view of the above discussed considerations, research on the adjuvant properties of heat-
labile enterotoxins is performed under the premise that it is possible to dissociate adjuvant
activities from undesirable toxic effects. This work has led to the development, at least at the
experimental level, of a number of modified molecules, such as non-toxic point mutants of
otherwise intact enterotoxins (holotoxins) or recombinantly expressed B pentamers (i.e.,
lacking the entire A subunit), which have retained useful adjuvant properties. For relevant
work on the Type I HLTs, the reader is referred to excellent recent reviews (Connell, 2007;
Cox et al., 2006; Langridge et al., 2010; Liang and Hajishengallis, 2010; Lycke and Bemark,
2010). This review will focus on the progress made with Type II enterotoxins and
derivatives thereof, which possess distinct immunostimulatory properties when compared to
the Type I molecules (Table 2), in part due to differential ganglioside utilization and,
moreover, the ability to activate non-ganglioside receptors.
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4. Adjuvant activities of Type II HLTS
The oral/gastrointestinal, nasopharyngeal, respiratory, and vaginal mucosae represent natural
sites for entry of many human pathogens. Protection against those pathogens requires
vaccines to evoke strong pathogen-specific, protective mucosal immune responses. To avoid
responding to the myriad of harmless antigens (Ags) in the environment, however,
endogenous immunoregulatory systems at the mucosae routinely suppress immune
responses to most Ags. To overcome those barriers, mucosal adjuvants must be employed.

A plethora of studies have demonstrated that the most powerful mucosal adjuvants are
members of the type I and type II subfamilies of HLTs. Using various mucosal
immunization models, it has been shown that CT, LT-I, LT-IIa, LT-IIb, and LT-IIc are
potent mucosal adjuvants which, when co-administered with a weak Ag in a murine
intranasal immunization model alters or bypasses those endogenous immunoregulatory
systems in the mucosa, the result of which is to dramatically enhance mucosal (IgA) and
systemic (IgG) immune responses to that weak Ag (Connell, 2007; Connell et al., 1998;
Nawar et al., 2005, 2007).

4.1 Adjuvant properties of LT-IIa and LT-IIb
Recent investigations have revealed that the mucosal and systemic adjuvant properties of
LT-IIa and LT-IIb are equivalent, and in some cases, more potent than those of CT and LT-I
(Arce et al., 2005; Connell, 2007; Connell et al., 1998; Nawar et al., 2005, 2007; Nawar et
al., 2010b). Co-administration either LT-IIa or LT-IIb, by the intranasal (mucosal) or
intradermal (systemic) route, of a weak antigen augmented both antigen-specific mucosal
(IgA) and antigen-specific systemic (IgG) responses to that weak antigen (Mathias-Santos et
al., 2011; Nawar et al., 2005, 2007). LT-IIa and LT-IIb, however, exhibit distinctive
immunomodulatory properties in comparison to those induced (or suppressed) by CT and
LT-I, to augment those responses. For example, CT and LT-I routinely induce Th2
responses to co-administered antigen. Based on patterns of cytokine expression and antibody
isotype distributions, LT-IIa or LT-IIb, when employed as mucosal adjuvants, have a
propensity to elicit a more balanced Th1/Th2 immune response. These data suggested that
LT-IIa and LT-IIb either interact with one or more types of immunocompetent cells than are
influenced by either CT or LT-I, or LT-IIa and LT-IIb interact differently with
immunocompetent cells as compared to CT or LT-I. This model is supported by
experimental evidence. CT binds to virtually all CD4+ T cells, CD8+ T cells, B cells,
dendritic cells, and macrophages; in contrast, LT-IIa and LT-IIb, while binding to most
dendritic cells and macrophages, binds only to a limited percentage of CD4+ T cells, CD8+

T cells, and B cells (Arce et al., 2005). Functionally, neither LT-IIa nor LT-IIb suppress
production of IL-2, TNF-α, or IL-12 in anti-CD3 stimulated human peripheral blood
monocytes to the same degree as when the cells were treated with CT (Arce et al., 2005;
Martin et al., 2001). CD4+ T cells stimulated by LT-IIa and LT-IIb induced production of
greater amounts of TNF-α and IL-12p40 by monocyte-derived dendritic cells than were
induced by treatment of those cells with CT (Martin et al., 2001). Polarization to a Th2
response is often mediated by reduction in the CD8+ T cell population. CT and LT-IIa, but
not LT-IIb, stimulate apoptosis in CD8+ T cells (Arce et al., 2005). Neither LT-IIa nor LT-
IIb has a negative effect on mitogen-driven CD4+ T cell proliferation, in contrast to the
effects of CT on those cells (Arce et al., 2005). These and other immunomodulatory effects
stimulated by LT-IIa and LT-IIb, and their differences from the effects of CT, are
summarized in Table 2 (Arce et al., 2007; Arce et al., 2005; Nawar et al., 2007; Nawar et al.,
2010b).

Hajishengallis and Connell Page 5

Vet Immunol Immunopathol. Author manuscript; available in PMC 2014 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.2 Adjuvant properties of LT-IIc, the newest member of the type II HLT subfamily
LT-IIc is the most recent addition to the type II subfamily of HLTs (Nawar et al., 2010b)
and, as such, has not been as extensively investigated in respect to immunodulatory
properties. When used as intranasal adjuvant, LT-IIc is also capable of augmenting mucosal
(IgA) and systemic (IgG) responses to AgI/II, a surface antigen from Streptococcus mutans
(Russell et al., 1980). Cellular analysis indicates that the immunomodulatory properties of
LT-IIc are similar to those of LT-IIb; splenic cells from mice administered either LT-IIc or
LT-IIb as mucosal adjuvants exhibit enhanced production of IL-2, IL-6, IL-17a, IFN-γ, and
TNF-α in comparison to mice that received only the immunizing antigen (Nawar et al.,
2011). Production of the anti-inflammatory IL-10 is suppressed in cells from mice that
received LT-IIc (or LT-IIb) as a mucosal adjuvant, a cytokine response which might be
expected to be produced by an efficient adjuvant. Interesting, LT-IIc differs from LT-IIb in a
capacity to stimulate production by peritoneal macrophages of the pro-inflammatory
cytokines IL-1α and IL-1β (Nawar et al., 2011). While LT-IIa and LT-IIb appear to drive a
more balanced Th1/Th2 immune response to a co-administered antigen, recent studies
suggest that, in comparison to LT-IIa or LT-IIb, LT-IIc has a greater capacity to drive
antigen-specific Th1 type immune responses (T.D.C., unpublished observations).

4.3 Gangliosides and adjuvanticity
It is likely that the unique patterns of immunostimulatory responses that are induced by CT,
LT-I, LT-IIa, LT-IIb, and LT-IIc are modulated by the enterotoxins’ distinctive binding
affinities for different gangliosides (Arce et al., 2005; Berenson et al., 2010; Nawar et al.,
2005, 2007) that likely participate directly as signal transducers or indirectly as co-factors
for immunological-associated signal transduction pathways. To investigate the correlation
between immunomodulation and GM1-binding, LT-I(G33D) [and CT(G33D)] were
employed in various immunization and immunomodulation models. LT-I(G33D), unlike the
parental LT-I, was unable to augment the levels of IgA or IgG against a co-administered
antigen in an oral immunization model [113]. Interestingly, LT-I(G33D) retained some toxic
activity in a mouse Y1 adrenal cell bioassay and stimulated increased production of cAMP
in CaCo-2 cells. These data indicated that the mutation in LT-I did not fully abrogate
binding of the mutant enterotoxin to GM1. It is clear that binding to ganglioside GM1 is an
essential feature for the adjuvant properties of CT and LT-I. But, could other gangliosides
participate in requisite molecular and cellular events needed to promote adjuvanticity?

As noted above, LT-IIa and LT-IIb, when employed as adjuvants, induce immune responses
that are distinctive from those induced by the use of either CT or LT-I. Since LT-IIa and LT-
IIb bind to a number of gangliosides in addition to GM1, the ganglioside receptor for CT
and LT-I, it is intriguing to speculate that binding of LT-IIa and LT-IIb to non-GM1
gangliosides, or the differential affinities of LT-IIa and LT-IIb for particular gangliosides
including GM1, is essential for modulating those distinctive patterns of immune responses
that are observed. Furthermore, it is clear that single amino acid changes in the B pentamers
of the type II HLT dramatically alter toxicity (see above) without significantly reducing
adjuvancity which is best illustrated by a series of ganglioside-binding mutants of LT-IIa.
Members of this group of mutants exhibit stepwise reductions in binding affinities for the
ganglioside receptors bound avidly by wt LT-IIa. LT-IIa(T14S), a mutant with a serine
substitution for threonine at amino acid position 14 in the B polypeptide of LT-IIa, binds
avidly to GD1b, GD1a, and GM1, and with lesser avidity to GM2, GM3, and GQ1b, a
pattern that is identical to the binding patterns of wt LT-IIa (Nawar et al., 2007). Toxicity of
LT-IIa(T14S) is equivocal to the toxicity of wt LT-IIa. Alternatively, LT-IIa(T14I) and LT-
IIa(T14D), mutants substituted at amino acid position 14 with isoleucine or aspartic acid,
respectively, have significantly reduced binding to those gangliosides, and exhibit little or
no toxicity. Yet, all three mutants retained strong adjuvant properties for enhancing mucosal
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and systemic immune responses to a co-administered antigen (Nawar et al., 2007). These
results suggested that weaker binding to one or more ganglioside receptors by LT-IIa was
sufficient for immune augmentation, while strong binding was required for toxicity.

A similar pattern of loss of ganglioside-binding activity, toxicity, and adjuvanticity is
observed for LT-IIb and its respective mutant holotoxins. Specifically, the non-toxic LT-
IIb(T13I) mutant, which in comparison to the binding patterns of wt LT-IIb is observed in
mucosal immunization model to have adjuvant properties nearly equivalent to those
exhibited by LT-IIb (Nawar et al., 2005). As noted above, while LT-IIb(T13I) binds to many
of the NeuAc gangliosides and NeuGlc gangliosides bound by wt LT-IIb, the mutant binds
with much lower affinities. And, it binds preferentially to NeuGlc gangliosides (Berenson et
al., 2010; Nawar et al., 2010a). Again, these data indicate that strong binding to the
endogenous ganglioside receptors is required to mediate toxicity of LT-IIb, while less avid
binding to gangliosides is sufficient for the enterotoxin’s adjuvant properties. This model is
further strengthened by the use of a Cmah knock-out mouse, which expresses only NeuAc
gangliosides for which LT-IIb(T13I) has limited avidity for binding. When co-immunized
with AgI/II, Cmah-deficient mice receiving LT-IIb(T13I) as a mucosal adjuvant respond by
elevating the levels of antigen-specific IgA in the saliva and vaginal fluids and antigen-
specific IgG in the serum (Nawar et al., 2011).

Overall, these mutants indicate that potentially useful clinical adjuvants can be genetically
engineered by altering the ganglioside-binding properties of LT-IIa, LT-IIb, and LT-IIc to
eliminate toxicity while retaining adjuvanticity. Furthermore, these mutants will be critical
reagents in experiment to define the roles of gangliosides in immunomodulation, a field that
has not received significant attention in immunology.

5. Interactions of Type II B pentamers with Toll-like receptors
It is now firmly established that cellular activation by microbial molecules generally
involves interactions with several co-operating host receptors within membrane lipid rafts,
which serve as signaling platforms (Simons and Toomre, 2000; Triantafilou et al., 2002;
Triantafilou and Triantafilou, 2005). Conversely, the interaction of ligands of microbial
origin with a single host receptor (i.e., in isolation from co-receptors) may often represent an
oversimplified model. As discussed above, gangliosides are the predominant receptors for
Type I or Type II enterotoxins. However, circumstantial evidence accumulating since the
2000s has suggested that at least some of the immunomodulatory properties of the heat-
labile enterotoxins could involve interactions with non-ganglioside receptors. In this regard,
point mutations in the B subunits of Type I enterotoxins, specifically CT(H57A) and LT-
I(H57S), rendered the molecules defective in immunomodulatory signaling and toxicity
although both mutants retained high-affinity binding to GM1 (Aman et al., 2001). These
data could be interpreted to mean that structural alterations in CT(H57A) and LT-I(H57S),
while not preventing GM1 binding, inhibited their ability to interact with co-receptor(s)
requiredfor signaling.

In an effort to identify immunostimulatory activities mediated exclusively by the non-
catalytic B subunits of the enetrotoxins, it was discovered that the B subunits of the Type II,
but not Type I, enterotoxins uniquely interact with Toll-like receptors (TLR). Specifically,
LT-IIa-B5 and LT-IIb-B5 were shown to activate human monocytes or mouse macrophages
in a TLR2-dependent way (Hajishengallis et al., 2005a). Moreover, it was shown that TLR1
was a signaling partner for TLR2 in response to cell activation by LT-IIa-B5 or LT-IIb-B5
(Hajishengallis et al., 2005a).

Subsequently, on the basis of combined molecular, biophysical, and cell imaging
approaches, it was established that GD1a and TLR2/TLR1 cooperate in molecular proximity
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for recognition of LT-IIb-B5 and induction of immunostimulatory signaling (Liang et al.,
2007a). These studies led to a model according to which LT-IIb-B5 initially binds the lipid
raft-associated GD1a ganglioside which facilitates the interaction of LT-IIb-B5 with the
TLR2/TLR1 signaling complex that is recruited ad hoc to lipid rafts. Moreover, the
intracellular adaptor known as TIRAP (Toll/IL-1R domain-containing adaptorprotein) or
Mal (MyD88-adaptor-like) is induced to colocalize with the LT-IIb-B5 receptor complex
(GD1a/TLR2/TLR1) and is essential for NF-κB activation and induction of cytokine
production by LT-IIb-B5 (Liang et al., 2007a). Additionally, the MyD88 signaling adaptor is
also required for cell activation by LT-IIb-B5 (Liang et al., 2009b). These experiments were
initially performed in primary cells but were confirmed by mechanistic studies in transfected
cell lines, which additionally established the specificity of these interactions. Indeed,
irrelevant gangliosides (GM1, GD1b) or TLRs (TLR4) could not support the
immunostimulatory activity of LT-IIb-B5 (Liang et al., 2007a). These findings are
summarized in a mechanistic model that is shown in Figure 1.

Additional evidence for the exquisite specificity of the B pentamer of LT-IIb in its
interactions with TLRs, as depicted in Figure 1, was provided by findings that the LT-IIb
holotoxin does not bind or activate the TLR2/TLR1 complex, although LT-IIb binds GD1a
with high-affinity (Liang et al., 2007a). This was attributed to the presence of the A subunit
which, in either wild-type or catalytically inactive version, appears to sterically interfere
with TLR2 binding (Liang et al., 2007b). In fact, LT-IIb inhibits LT-IIb-B5-induced NF-κB
activation through cAMP-dependent protein kinase A signaling (Liang et al., 2007b) (Figure
2). These data were pivotal for determining the molecular basis of the LT-IIb-B5 interaction
with the TLR2/TLR1 heterodimer (see below).

Although TLR2/TLR1 employs hydrophobic interactions for ligand binding (Jin et al., 2007;
Nishiguchi et al., 2001; Okusawa et al., 2004), LT-IIb-B5 participates in both hydrophilic
and hydrophobic interactions mediated by distinct regions of the molecule. The so-called
lower region interacts hydrophilicly with the oligosaccharide moiety of GD1a, whereas the
upper region of the B pentamer pore contains a large hydrophobic surface (494-Å2) which
engages in hydrophobic interactions with the A2 segment of the A subunit (van den Akker et
al., 1996). In the absence of the A subunit, however, the upper region hydrophobic surface
becomes solvent accessible (van den Akker et al., 1996). It was, therefore, hypothesized that
the solvent-accessible hydrophobic upper region of LT-IIb-B5 was critical for TLR2
binding, since the TLR2 binding interaction was abrogated when the upper region is masked
by the A subunit in the LT-IIb holotoxin (Liang et al., 2007b). This region comprises a ring
of hydrophobic residues, namely M69, A70, L73, and the Cβ of S74 (the Oγ atom of S74 is
involved in a hydrogen bond in a way that leaves the hydrophobic Cβ atom of S74 pointing
towards the interior of the pore), of each of the five B subunits. To address the hypothesis,
point substitution mutations rendering these residues hydrophilic were engineered. All four
point mutants constructed (M69E, A70D, L73E, S74D) were defective in binding TLR2 and
inducing TLR2/TLR1-dependent cell activation, but retained full GD1a-binding capacity,
thus confirming the hypothesis (Liang et al., 2009a). Moreover, the results implied that these
point mutations do not cause global alterations in the B pentamer, since GD1a binding
requires successful assembly of the B pentamers (van den Akker et al., 1996). Intriguingly,
M69, A70, L73, and S74 are exactly shared by LT-IIa-B5, which also activates TLR2
(Hajishengallis et al., 2005b), but not by the Type I B pentamers, LT-I-B5 and CT-B5 (van
den Akker et al., 1996). The fact that LT-IIc-B5 also shares these critical residues predicts
that this B pentamer may also activate TLR2, although this hypothesis has not been tested
yet.

To determine which segment(s) of TLR1 are required for cooperative TLR2-induced cell
activation in response to LT-IIb-B5, TLR1/TLR6 chimeric receptors were constructed by
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reciprocally exchanging increasing segments of N-terminal leucine-rich repeat (LRR)
modules between these two highly homologous receptors. The rationale was based on the
finding that TLR6 does not support LT-IIb-B5-induced TLR2 activation (Hajishengallis et
al., 2005b). It was found that the LRR9–12 region of TLR1 is critical for cooperative TLR2-
induced cell activation by LT-IIb-B5 (Liang et al., 2009a). Moreover, specific point
mutations in the TLR2/TLR1 dimer interface resulted in diminished cell activation by LT-
IIb-B5 (Liang et al., 2009a). Subsequent docking analysis of the LT-IIb-B5 interaction with
TLR2/TLR1 revealed that the most possible model involves interaction between the
hydrophobic surface in the upper region of LT-IIb-B5 and the convex surface of the central
domains of TLR2/TLR1 (Liang et al., 2009a). LT-IIb-B5 interacts primarily with the TLR2
component of the complex (the TLR1/LT-IIb-B5 interface is relatively smaller) and the
putative contact surface partially overlaps with the crystallographically determined
Pam3CSK4-binding site (Jin et al., 2007). This theoretical prediction was confirmed by the
finding that the Pam3CSK4 lipopeptide dose-dependently inhibits TLR2 binding of LT-IIb-
B5, albeit not as potently as self-competitive inhibition (Liang et al., 2009a). Therefore, the
interaction of LT-IIb-B5 with TLR2/TLR1 depends on specific hydrophobic interactions.
The TLR2-binding site of LT-IIb-B5 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-IIb holotoxin (van den Akker et al., 1996). As a result, the TLR2-
binding site is blocked in the intact holotoxin.

6. TLR-dependent adjuvant activities of Type II B pentamers
The demonstration that Type II B pentamers interact with TLR2 suggested a novel
mechanism whereby enterotoxin derivatives can be exploited as vaccine adjuvants, i.e., by
eliciting TLR2-dependent immunostimulatory activity. Indeed, TLRs can function as
adjuvant receptors by virtue of their ability to stimulate APC function and thereby bridge
innate to adaptive immunity (Iwasaki and Medzhitov, 2004). In this regard, TLR agonists
and synthetic analogues are currently major targets for developing vaccine adjuvants to
prevent infectious diseases (Gearing, 2007).

To assess the immunostimulatory potential of LT-IIb-B5 in dendritic cells, a TLR pathway-
focused real-time PCR array analysis was performed in LT-IIb-B5-stimulated bone marrow-
derived dendritic cells (BMDC). Significantly upregulated genes included those for various
cytokines (Il10, Il1a, Il12a, Il1b, Tnf, and Il6), TLRs or co-receptors (Tlr1, Tlr2, Cd14), or
co-stimulatory molecules (Cd80) (Liang et al., 2009b). However, the upregulation in the
expression of these genes was abrogated in LT-IIb-B5–stimulated MyD88-deficient BMDC
(Liang et al., 2009b), consistent with the requirement for MyD88 in TLR2
immunostimulatory signaling. These findings implied that LT-IIb-B5 may enhance the Ag-
presenting function of BMDC. Indeed, it was shown that LT-IIb-B5, but importantly not the
TLR2-nonbinding mutant S74D, stimulates TLR2-dependent activation of BMDC, which in
turn provide functional costimulation to CD4+ T cells. Specifically, LT-IIb-B5 induces
cytokine production (e.g., IL-6 and TNFα) and upregulates the expression of class II MHC
and costimulatory molecules (CD40, CD54, CD80, and CD86) in BMDC, resulting in
costimulation of co-cultured CD4+ T cells as evidenced by their enhanced proliferation and
IL-2 production (Liang et al., 2009a; Liang et al., 2009b).

To determine whether LT-IIb-B5 exerts mucosal adjuvant activity in vivo, groups of mice
were immunized intranasally with a streptococcal protein immunogen– the AgI/II adhesin of
Streptococcus mutans (10 μg) – in the absence or presence of LT-IIb-B5 or intact LT-IIb
(both at 1 μg) (Liang et al., 2009b). Mice given AgI/II with either LT-IIb-B5 or LT-IIb
elicited significantly higher mucosal and systemic AgI/II-specific Ab responses than mice
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immunized with AgI/II alone (Liang et al., 2009b). Strikingly, the capacity of LT-IIb-B5 to
stimulate salivary IgA Ab responses to AgI/II was comparable to that of LT-IIb, although
the holotoxin was more potent in augmenting vaginal IgA or serum IgG Ab responses
(Liang et al., 2009b). As discussed above, LT-IIb does not activate TLR2 (Liang et al.,
2007b) and its powerful adjuvant properties clearly indicate that induction of TLR signaling
is not an obligatory mechanism for adjuvanticity. Thus, LT-IIb and LT-IIb-B5 appear to
function through distinct adjuvant mechanisms, although the intrinsic enterotoxicity of LT-
IIb precludes its use in human vaccines.

Similarly to LT-IIb-B5, LT-IIa-B5 also induced TLR2-dependent activation of Ag-
presenting function resulting in enhanced CD4+ T cell proliferation in vitro. Specifically, the
expression of co-stimulatory molecules (CD40, CD80, CD86, and MHC-II) and cytokines
(IL-12p40, TNF-α, and IFN-γ) was increased in LT-IIa-B5-treated BMDC. Moreover, LT-
IIa-B5 enhanced the uptake of a model Ag (OVA-FITC) by BMDC, in contrast to CT- B5
which had no effect (Lee et al., 2010). The ability of LT-IIa-B5 to enhance Ag uptake and to
induce expression of co-stimulatory molecules and cytokines by BMDC was strictly
dependent upon cellular expression of TLR2. Importantly, the improved Ag uptake induced
by LT-IIa-B5 was correlated with increased Ag-specific proliferation of CD4+ T cells in an
in vitro syngeneic DO11.10 CD4+ T cell proliferation assay (Lee et al., 2010). These
experiments suggested that LT-IIa-B5 exhibits potent immunostimulatory properties which
could be exploitable as a non-toxic mucosal adjuvant.

This notion was subsequently confirmed in vivo as LT-IIa-B5 was shown to enhance
mucosal immune responses by modulating the activities of DC. Specifically, intranasal (i.n.)
immunization of mice with OVA, in the presence of LT-IIa-B5, increased the uptake of the
Ag by DC in the NALT in wt but not TLR2-deficient mice (Lee et al., 2011). Furthermore,
LT-IIa-B5 enhanced the migration of DC from the NALT to the draining cervical lymph
nodes (CLN) in a manner that required cellular expression of TLR2 and the C-C chemokine
receptor 7 (CCR7). LT-IIa-B5 additionally augmented enhanced maturation of DC in the
CLN, as shown by elevated expression of costimulatory molecules (CD40, CD80, and
CD86). This was accompanied by Ag-specific CD4+T cell proliferation in the CLN of mice
that had received i.n. LT-IIa-B5. Finally, LT-IIa-B5 caused a dramatic increase in the levels
of OVA-specific salivary IgA and OVA-specific serum IgG in wild-type but not in TLR2-
deficient mice. These data firmly established that the immunomodulatory properties of LT-
IIa-B5 depend on appropariate immunomodulation of mucosal DCs (Lee et al., 2011).

Recently, the B pentamer of the third member of the LT-II enterotoxins, the LT-IIc-B5 was
also shown to enhance the uptake of Ag by BMDC. In fact, LT-IIc-B5 achieved this while
exceeding the levels attained by use of LT-IIa-B5,LT-IIb-B5, or LPS. It is not known yet
whether this activity of LT-IIc-B5 is similarly TLR2-dependent. In this regard, the ability of
LT-IIc-B5 to interact with TLR2 has not been addressed yet, although this is likely since it
shares the TLR2-interactive region (M69, A70, L73, and S74) of the other LT-II B
pentamers.

7. Conclusions
The HLTs are fascinating molecular tools for discovering basic mechanisms of adjuvanticity
or immunomodulation. The divergence in the sequences of their B polypeptides has led to
distinct binding activities for gangliosides, Toll-like receptors, and perhaps still unidentified
immunomodulatory receptors. This in turn determines, in great part, their distinct
immunomodulatory activities, outlined in this review. From a translational viewpoint, recent
discoveries have shown that catalytically defective holotoxin mutants retain significant
adjuvanticity, whereas the B pentamers of Type II HLTs can activate TLR2-dependent
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adjuvant action. Although it is unlikely that every useful adjuvant property of HLTs can be
dissociated from toxicity, available data indicate that it is feasible to construct HLT
derivatives, with minimal or no toxic effects, that can be used in vaccine formulations
against mucosal infections in the near future.
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Figure 1. Model for ganglioside-TLR cooperation for cell activation by LT-IIb-B5
Upon binding of LT-IIb-B5 to GD1a, GD1a facilitates the interaction of LT-IIb-B5 with the
TLR2/TLR1 signaling complex, which is recruited to lipid rafts. Induction of TLR2/TLR1
signaling for NF-κB activation by LT-IIb-B5 occurs at the cell surface and requires the
adaptor proteins TIRAP and MyD88, which colocalize with the LT-IIb-B5 receptor complex
(GD1a/TLR2/TLR1) (Hajishengallis et al., 2005a; Liang et al., 2009b; Liang et al., 2007a).
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Figure 2. Differential and antagonistic effects on NF-κB activation by LT-IIb holotoxin and its B
pentamer
LT-IIb-B5 activates the TLR2/TLR1 heterodimer and induces NF-κB-dependent production
of proinflammatorry cytokines (Liang et al., 2009a; Liang et al., 2007b). In contrast, the
holotoxin does not interact with TLR2/TLR1 due to A subunit-dependent steric hindrance
(Liang et al., 2009a; Liang et al., 2007b). However, upon GD1a binding and internalization
of the holotoxin, the ADP-ribosyltransferase activity of its A subunit activates the Gsα
component of adenylate cyclase (AC). This leads to elevation of intracellular cAMP,
activation of cAMP-dependent protein kinase A (PKA), and inhibition of NF-κB-dependent
transcription of proinflammatory cytokines (e.g., TNF-α) (Liang et al., 2007b).
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Table 1

Ganglioside-binding specificities of HLTs1

Enterotoxin Gangliosides bound: References

Cholera toxin Strong: GM1
Weaker: asialo GM1, GM2, GM3, GD1a, GD1b, GT1b

Kuziemko et al., 1996; Fukuta at al., 1988

LT-I Strong: GM1
Weaker: GM2, GD1b

Mudrak and Kuehn, 2010; Fukuta et al., 1988

LT-IIa Strong: GD1b
Weaker: GD1a, GM1, GT1B, GQ1B, GD2, GM2, GM3

Fukuta et al., 1988

LT-IIb Strong: GD1a
Weaker: GT1b, GM1b, GD1α, GM2, GM3

Fukuta et al., 1988; Berenson et al., 2010

LT-IIc Strong: GD1a, GM1, GM2, GM3, GD1a
Weaker: GQ1b

Nawar et al., 2010b

1
The binding activities of the different HLT for gangliosides were evaluated using different methods, e.g., ganglioside-dependent ELISA, surface

plasmon resonance, TLC immunoblotting, etc. Thus, it is difficult to compare the binding data between HLTs that were obtained using these
disparate assays or to determine for any of the HLTs which of the gangliosides have the potential to participate as receptors for modulating toxicity
and/or immune stimulation.
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