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Abstract: Cholera toxin subunit B (CTB) is the nontoxic portion of cholera toxin. Its affinity
to the monosialotetrahexosylganglioside (GM1) that is broadly distributed in a variety of cell
types including epithelial cells of the gut and antigen presenting cells, macrophages,
dendritic cells, and B cells, allows its optimal access to the immune system. CTB can easily
be expressed on its own in a variety of organisms, and several approaches can be used to
couple it to antigens, either by genetic fusion or by chemical manipulation, leading to
strongly enhanced immune responses to the antigens. In autoimmune diseases, CTB has the
capacity to evoke regulatory responses and to thereby dampen autoimmune responses, in
several but not all animal models. It remains to be seen whether the latter approach translates
to success in the clinic, however, the versatility of CTB to manipulate immune responses in
either direction makes this protein a promising adjuvant for vaccine development.
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1. Introduction

Cholera toxin is the soluble toxin secreted by the Gram negative bacteria Vibrio cholerae. The toxin
is composed of two proteins, the subunit A (CTA) that exists as a monomer in the complex, and the
subunit B (CTB) that forms a pentamer. The dual protein nature of cholera toxin was initially recognized
by Lonnroth and Holmgren in 1973 [1], and structural studies of the closely related heat-labile
enterotoxin from Escherichia coli [2] and subsequently of cholera toxin and CTB confirmed these initial
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findings [3,4]. CTB forms a ring-like structure composed of five CTB monomers. Each monomer
interacts with two neighboring molecules through hydrogen bonds and salt bridges without being
covalently linked to each other. The center of this pentameric formation adopts a tunnel-like structure,
the wall of which is formed by five alpha helices (a2), each one belonging to a different monomer. CTA
has a globular structure with a protruding C-terminal alpha helical extension. This extension inserts into
the tunnel formed by the CTB pentamer that accepts only a single CTA molecule, leading the final ABs
hexameric structure of cholera toxin [5]. CTA is generated as a single protein chain, however, due to a
proteolytic cleavage CTA is split into two subunits, CTA1 and CTA2, that remain combined in the
hexamer until the complex has entered the host cells and reached the endoplasmatic reticulum. CTA1
corresponds to the globular portion of CTA, while CTA2 forms the protruding alpha helix that inserts
into the tunnel by the pentamer. The toxic portion of cholera toxin is CTA, and more specifically, CTA1.
After cell entry, CTA1 eventually reaches the endoplasmatic reticulum and next the cytosol [6] where it
interacts with adenylate cyclase, leading to its activation. Adenylate cyclase catalyzes the conversion of
ATP to 3',5'-cyclic AMP which in turn is responsible for the activation of cystic fibrosis transmembrane
conductance regulator (CFTR) channel [7]. This leads to a salt imbalance of the epithelial cells in the
gut characteristic for enterotoxic poisoning. Epithelial cells under these conditions increase the extrusion
of chloride ions, and simultaneously the uptake of sodium is prevented. This leads to a fatal loss of water
by the intestine.

The cellular uptake of cholera toxin is regulated by the recognition of its receptor, the
monosialotetrahexosylganglioside (GM1a, GalB3GalNAcB4(NeuSAca3)Galp4GlcCer; for nomenclature
and structure please view [8]). The identity of GM1 as a receptor for cholera toxin was elaborated by
Holmgren and colleagues in 1973 [9]. CTB interacts with GM1 through its pentasaccharide moiety.
Each CTB monomer interacts primarily with one pentasaccharide, however, each pentasaccharide also
extends its contacts to an adjacent CTB molecule. This explains why CTB needs to adopt a pentameric
formation to gain maximal function. The optimal sugar binding of two B subunits is only then combined
with the additional avidity obtained by simultaneous interaction with more than one GM1 ganglioside.
The pentasaccharide-CTB interaction further enhances the interaction between B subunits within the
pentamer [10].

The fact that CTB is non-toxic has made this molecule an excellent delivery vehicle, given the cellular
distribution of its receptor. GM1 is found on a broad variety of cell types including neurons [11].
Pertinent to this review is the presence of this ganglioside on the surface of the epithelial cells in the gut
as this is a crucial entry point into the body when using CTB in oral vaccine formulations, and on antigen
presenting cells. Apart from macrophages and dendritic cells [12], GM1 is also expressed by B cells in
which upon CTB binding expression of MHC class II is increased [13]. This vastly increases antigen
presentation of CTB and molecules coupled to it in the organism. In a homeostatic setting, typically only
a very limited number of Ag-specific B cells exists in the total B cell repertoire that will efficiently
capture Ag via the B cell receptor (BCR) recognizing the Ag and guide it towards the MHC class 11
loading compartment. Ag capture via CTB and GM1 bypasses this loophole, which therefore potentially
converts the entire B cell compartment into potential antigen presenters, in addition to macrophages and
dendritic cells.
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2. CTB Expression in Bacteria and Yeast

The CTB monomer is composed of 124 amino acids including the leader peptide of 21 residues. The
mature form contains 103 amino acids and has a molecular weight of 11.6 KD [14]. CTA and CTB, after
synthesis in the cytoplasm, are guided to the periplasm. Here, CTB assembles to form the pentamer
which is either secreted separately or may bind to CTA to form the holotoxin AB5 which next is
secreted [15]. Its relatively small size and its close similarity to the enterotoxin from E. coli facilitates
its recombinant expression in this host. In E. coli, recombinant overexpression of CTB is generally
carried out omitting the leader peptide in the expression constructs, leading to the formation of inclusion
bodies. However, the protein can be solubilized in urea and readily refolds under proper conditions [16].
The protein is well expressed, with typical yields of purified protein exceeding 100 mg/L of bacterial
culture volume in our laboratory. Proper refolding and formation of the pentameric structure needs to be
verified e.g., by size exclusion chromatography and by SDS-PAGE under native conditions in which the
pentamer maintains its conformation [17]. The functionality of the pentamer can be tested by its binding
capacity to immobilized D-galactose [18]. CTB has further been expressed in Lactobacillus and its
immunogenicity verified by challenging mice intranasally with purified CTB [19].

Miyata and colleagues reported the expression of CTB in methylotrophic yeast (Pichia pastoris) [20]
(Table 1). Compared to bacterial expression, the expression in yeast has the advantage of being
conveniently similar to bacterial culture, yet without the generation of endotoxins. Other advantages of
yeast, to take into consideration when fusing CTB to proteins that need proper folding, are the disulfide
bond formation and the glycosylation. Approximately 50 mg/L of culture can be obtained in this system.
Another methylotrophic yeast species, Hansenula polymorpha, has been used to express CTB fused
N-terminally to short epitopes of the foot-and-mouth disease virus. Up to 100 mg of the fusion protein
was obtained per liter of culture volume in this system [21].

Table 1. Expression systems of CTB and CTB-fusion proteins.

Expression System CTB Fused to Reported Yields Ref.
E. coli BL21 Fimbria 2 (Bortedella pertussis), C-term. Not specified [22]
Adhesin from Streptococcus, fused to
CTA2, CTB coexpressed but unfused
Albumin binding region (BB) of
E. coli KS476 Streptococcus protein G N-terminal, 6—-12 mg/L of culture [24]
C-terminal and both, N- and C-terminal

E. coli BL21 3.5 mg/L of culture [23]

Cedar pollen Agcryj 1 and cry j 2,

E. coli BL21 (DE3) 120 mg/L culture volume  [25]

C-terminal
Lactobacillus casei . 0.05 mg/L unfused, 1 mg/L
Hexahistidine t fused 19
Lactobacillus reuteri exANISHAmE fag of untuse when fused to histidine tag [19]
YVAD tet tid -1 inhibit
Lactobacillus casei sirapeptice (C?Spase inhibitor), 1 mg/L culture volume [26]
C-terminal
CTB stabilized by fusion to five stranded
Yeast (Pichia pastoris) a-helical coiled-coil domain of cartilage Not specified [27]

oligomeric matrix protein (COMP)
Silkworm (Bombyx mori) amyloid-P peptide(Ap42), C-term 0.5 pg/g silkworm pupae [28]
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Table 1. Cont.

Expression System CTB Fused to Reported Yields Ref.
0.58 mg/mL of hemolymph
Silkworm (Bombyx mori) Insulin-GFP fig/m Y OF 1emOZyImph, [29]
0.23 mg/larva
Tobacco nfused >1 g/kg of fresh leaves [30]
unfu T v
(Nicotiana benthamiana) gke
Tobacco HIV membrane proximal (ectodomain) 1-2 mg purified protein/kg (31]
(Nicotiana benthamiana) region of gp41, C-term of fresh leaves
Tobacco
4.1% of total soluble leaf
(Nicotianatabacum var. unfused o of fota S,O ublelea [32]
. protein
Petit havana)
Tob Mycobacterium Ag ESAT-6 (6 kDa early 0.95 mg/g fresh leaf
obacco .
L secretory antigenic target) and Mtb72F (a (CTB-ESAT-6), 1.1% of
(Nicotiana tabacum var. ) ) . : [33]
Petit h ). chl last fusion polyprotein from two TB antigens, total soluble protein
etit havana), chloroplas
P Mtb32 and Mtb39) (CTB-Mtb72F)
Tob N-terminal fused to p201 epitope
obacco
L. from ApoB100 and CETP 461-476, 10 mg/kg of fresh plant leaf  [34]
(Nicotiana tabacum) .
C-terminal
Tobacco MBP,C-terminal 2% of total leaf protein [35]
Rice (Oryza sativa japonica, ~ Unfused, Asn to Gln substitution at 4th 2.3 mg/g of seed CTB 36]
Nipponbare) glycosylation position unglycosylated

Apo: Apolipoprotein; CETP: cholesteryl ester transfer protein, CETP: cholesteryl ester transfer protein;
MBP: myelin basic protein.

3. CTB Expression in Plants

CTB has been expressed successfully in various plant systems, for example in tobacco (Nicotiana
benthamiana), where the protein, unlike the bacterially expressed form, gets glycosylated, presumably
at position Asn25, which does not affect the pentamer formation [31]. Its binding capacity to GM1 was
found to be decreased approximately five-fold in an ELISA assay in comparison to bacterially expressed
CTB, however, in a hemagglutination assay using GM1 coated sheep red blood cells both proteins were
indistinguishable, probably as this assay is less sensitive [31]. In this particular case, CTB was fused to
the membrane proximal (ectodomain) region of gp41 (MPR649-684), and made up 0.14% of the total
soluble protein, or approximately 20 mg per kg of fresh leaf material. The protein was immunogenic,
and although no direct side-by-side comparison with the bacterial version of the same construct in the
study was carried out, the authors noted that three doses were sufficient to raise a vaginal IgA towards
the protein, something they did not achieve in previous studies using bacterially expressed protein [37].
The authors speculated that this might be due to the interaction between the high mannose glycans of
the glycosylated CTB and the mannose receptors on the surface of APCs. The same group reanalyzed in
a subsequent study unfused glycosylated CTB versus bacterial CTB and found that both proteins bound
almost equally well to GM1 in a low nanomolar range [38]. In that case a side-by-side comparison of
immunogenicity between both proteins was conducted. No statistically significant differences were
detected in fecal IgA, serum IgG or the composition of IgG subtypes. Preventing the N-terminal
glycosylation led to necrosis in the plant tissue and a reduction in production yields. N-glycosylation
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reduced ER stress and improved proper folding of the protein [38]. CTB expression in this system fused
to epitopes of proteins relevant to arteriosclerosis, namely the apolipoprotein ApoB100 that has been
implicated in inflammation and depositions, leading to chronic inflammation of the arteries, as well as a
second protein implicated in this process, the cholesteryl ester transfer protein (CETP), has been
achieved. The fusion proteins were capable to generate Abs in vivo against the epitopes of interest in
BALB/c mice [34]. Thus, the integrity of the epitopes was maintained in the plant. Another group,
however, reported that elimination of N-glycosylation of CTB, expressed by its own, led to an improved
expression yield in Nicotiana. The authors showed that this nonglycosylated CTB had similar properties
compared to bacterial CTB, and when orally administered to mice could generate protective anti-toxin
Abs [30].

A different approach of subcellular localization in Nicotiana, i.e., the expression in chloroplasts, has
been chosen by Lakshmi ef al. [33]. This was achieved by cloning CTB fused to Mycobacterium
tuberculosis derived epitopes, i.e., the 6 KD early secretory antigenic target (ESAT-6) and Mtb72F
(a protein resulting from the fusion of two TB antigens, Mtb32 and Mtb39), downstream of the psbA
promoter that normally regulates expression of the protein D1, a component of the Photosystem II.
CTB in chloroplasts formed functional GM1 binding pentamers, however, whether or not the vaccine
lead to a protective immune response was not investigated in this study. Chloroplast expression of CTB
has also been achieved by the generation of targeting vectors, leading to insertion of CTB coding DNA
into chloroplast DNA. The expressed protein was found to make up 4% of the total plant protein, and
functional pentamers accumulated in the chloroplasts. The plant-expressed pentamers bound to GM1 in
an ELISA format as did bacterially expressed CTB; however, since total plant extract was used rather than
purified CTB, no detailed comparative conclusions on the GM1 binding capacity could be drawn [32].

Expression of CTB has also been successful in rice to serve as cholera vaccine [39—41] that was
protective in mice and macaques when administered orally [36,41]. The intent to reduce by RNAI the
expression of rice allergens that could lead to adverse effects in humans had the beneficial effect that in
these plants CTB expression was improved several-fold. This was accompanied with a change of
intracellular localization of CTB. Whereas in plants without RNA1 suppression CTB was detected in the
cytoplasm and in protein bodies II, in the presence of RNAi suppression CTB was found in the
cytoplasm, the plasma membrane and the cell wall [42].

4. CTB Expression in Silk Worms

CTB fusion proteins have further been successfully produced in silkworms. In one study, CTB fused
to the 42 amino acid isoform of the amyloid-B peptide AB42 in this system was successfully used in a
mouse model for Alzheimer’s disease to reduce AP deposition in the brain [28]. A fusion product of
CTB and insulin in the same system has been claimed to reduce insulitis and diabetes onset when
administered orally in a relevant type 1 diabetes model, the nonobese diabetic (NOD) mouse [43,44].
The same results were obtained with a GFP-tagged CTB-insulin fusion protein (CTB-INS-GFP)
generated to analyze binding of the protein to the intestinal wall [29].
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5. Formulation of CTB as Adjuvant

When using CTB as adjuvant to direct the protein of interest to the desired cells, several approaches
can be taken (Tables 1 and 2). A common form is to fuse CTB recombinantly to the antigen of interest.
A systemic analysis has evaluated the C-terminal versus the N-terminal fusion to CTB [24]. For this
study, a 25 KD fusion partner, the serum albumin binding region (BB) of protein G from Streptococcus,
was fused either N-terminally, C-terminally, or C and N-terminally simultaneously. While CTB as fusion
partner was found to be quite permissive, i.e., all three proteins were expressed and formed pentamers,
of the three fusion proteins, the C-terminal fusion led to the best pentamer formation and showed highest
affinity to GMI. In case that either CTB does not fold properly, the pentamer does not form or the
binding capacity to GMI is affected, a different approach can be used by replacing CTA1 with the Ag
and fusing it N-terminally to CTAZ2; if this construct is coexpressed together with wild type CTB [23],
a CTB pentamer will form, into which CTA2 will insert via the tunnel formed by CTB, leaving the Ag
protruding out of the ring structure. This construct leaves the CTB moiety without any modification, and
GM1 binding by the pentamer is thus optimal. However, this approach also decreases the molecular ratio
of Ag to the CTB pentamer from 5:1 to 1:1, which would need to be taken into account when comparing
vaccine dose of different fusion proteins, unless several Ag molecules or peptide epitopes are fused to
each other in combination with CTA2. If the stability of CTB is an issue, e.g., when fused to larger
proteins, the CTB pentamer can be further stabilized by engineering either cysteine bridges that
interconnect the monomer between each other [45], or by the introduction of coiled coils at the C-terminus
of recombinant CTB [46], leading to heat-stable formation of the pentamer in both cases.

Instead of recombinant fusion, CTB may be coadministered with Ag without being physically linked
to each other, or it may be chemically coupled to the Ag. Furthermore, the protein can either be expressed
and purified, or in the case of expression in plants, the purification may be omitted by generating an
edible plant vaccine. Another way to circumvent protein purification is to include CTB into DNA vaccines.

Chemical coupling has the advantage that CTB on its own normally expresses very well while its
expression with a fusion partner might decrease expression levels. In our hands for example, expression
levels of CTB in E. coli were very high, reaching more than 100 mg of purified CTB per liter of culture
volume. Fusion of even small peptides to the C-terminus led to decreased expression levels depending
on the peptide, cutting down the total yield to a third in some cases (unpublished observation). Chemical
coupling can be convenient when the response to synthetically produced peptides or commercially
available proteins are to be analyzed. Chemical coupling can be achieved randomly by targeting
amino groups [47]. A different approach to link antigen to CTB was used recently by Miyata and
colleagues [20]. The group expressed CTB in yeast and coupled the antigen of interest, merozoite surface
protein-1 from Plasmodium yoelii, via N-linked oligosaccharides of CTB. The authors reported that this
conjugation led to a higher protection against a challenge with Plasmodium in mice compared to
conjugation of the same protein to the CTB core protein.



Vaccines 2015, 3

Table 2. Adjuvant effect of CTB.
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Antigen Fused to CTB (Animal) Model, Pathogen, Route Analyzed Response Ref.
Induction of CD25 + Treg > 2-fold dto OVA
OVA conjugated DOI11.100VATCR transgenic mice, i.g. faueton o e © compa.lre © [47]
only, Treg have suppressor function
DC in vitro exposed to OVA, CFA + IgG titers >3-fold increase, upregulation of CD80 and CD86
OVA unfused or conjugated CTB, OVA coupled to CTB and transfer (CTB coupled to OVA vs. CTB + OVA or OVA only) [48]
to BALB/c mice, boost with OVA + CFA  Upregulation of IFN-y (CTB coupled to OVA vs. OVA)
BALB/c mouse, asthma OVA aerosol Suppressi.on of airway 'eo'sinophili.a, Th2. cytokine synthe'sis,
OVA unfused ) del bronchial hyperreactivity, Treg induction >10-fold anti- [49]
airway mode
Y OVA IgA increment in lung (OVA + CTB vs.OVA only)
OVA li
) fmyetin BALB/c, C57BL/6, induced EAE ex vivo . .
oligodendrocyte ) ) ) : IL-10 production by B cells; >50-fold increase of
) ) conjugated incubation of B cells with Ag + CTB and } ) ) ) [50]
glycoprotein peptide 1 vivo transfer anti-OVA Foxp3 + Treg; prevention of EAE induction
in vivo
(MOG 35-55)
C-terminal, DNA vaccine
’ C57BL/6 1, i.n. pri ith
(pSV-OVA-CTB) combined Touse, 01‘2.1 > 1 prlme.w1 Triplication of Ag-specific T cells compared to same
OVA . . i pSV-OVA-CTB, i.m. boost with . ) [51]
with recombinant Tiantan TTV-OVA-CTB DNA vaccines lacking CTB
r - -
vaccinia (rTTV-OVA-CTB)
unfused, combined with . Serum Ing, 20.-f01d increase (pr(.>teasome vs. proteasome
HIVrgp160 BALB/c mouse, oral/i.n. + CTB), intestinal IgA, 60-fold increase (proteasome vs. [52]
proteasomes or emulsomes
proteasome + CTB)
HIV gp120 codi
DNA %IF; NA(;? H};ﬁ unfused, +/— IL-12 coding BALB/ in Ag-specific T cell response duplicated (DNA-EnvB + (53]
-Env ¢ mouse, i.n.
DNA ’ IL-12 + CTB vs. DNA-EnvB)
+ MVA-EnvB (boost)
Envelope GP1455
e OP:HV m unfused BALB/c mouse, i.m. IgG titers 10-fold increased (DNA + CTB vs. DNA only)  [54]
HIV b
) merrbrane ) ) BALB/c mouse. i.n., liposome Serum IgG and vaginal IgA detected, titer increased
proximal (ectodomain) C-terminal [31]

region of gp41

conjugated + CT, i.p. boost without CT

100-fold, however, not all mice responding
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Antigen Fused to CTB (Animal) Model, Pathogen, Route Analyzed Response Ref.
Hemagglutinin fused
to major
immunodominant : ) BALB/c mouse, in vivo challenge with 50% increase of survival at low Ag dose
. fused, d with 0.2%CT . 55
region (MIR) of Hnused, mixed wi ° Influenza, i.n. (HA + CTB vs. HA) (5]
Hepatitis B virus core
protein (HBc)
I IgA ti \ T AL(OH); i
Adhesin from BALB/c mouse, i.n. or orally, +/— CT, gGandlg tlte.rs analyzed CT and AL(OH); 1nc.rease
fused to CTA2, CTB ) IgG and IgA titers 2—10 fold when added to fusion
Streptococcus —/+ Al(OH)s3, no comparison to Agl/I1 . [23]
(Agl/II) Coexpressed but unfused onl construct CT augments serum IgA titers over 2-fold
8 4 compared to AI(OH)3
IgGi lose to ducplicated after int 1
Fimbria2 ) BALB/c mouse respiratory model, .g .1n serum.c ose fo quepticate a. erim rar?asa
) C-terminal .. ) vaccination, IgG in bronchoalveolar fluid 4-fold increased  [22]
(Bortedella pertussis) Bortedella pertussis 1.p. or i.n. ) } )
(CTB-Fim2 vs. recombinant Fim2)
Urease fragments, 5T . . . o
. C-terminal, transformed BALB/c, oral immunization with live . ) L )
and B cell epitopes . >100-fold reduction of gastric colonization by H. pylori [56]
. . Lactococcus lactis Lactococcus
(Heliobacterpy lori)
CTB interfers with LPS-induced maturation I1L-12
CTB N/A Monocyte-derived DC production reduced by >50% CTB-treated DC reduce [57]
IFN-y by Tcells (>60%), IL-10 and TGF-B unchanged
Kkli del, femal
‘suc 1n.g m(?use rode i emales 60%—-100% survival of offsprings from immunized vs.
CTB N/A immunized i.p., s.c. or i.n., pups [58]
i PBS treated females
challenged with V. cholerae
unfused, Asn to Gln Mice: protection against diarrhea, detection of serum IgG,
CTB substitution at 4th Macaque, oral BALB/c mouse, oral fecal IgA; [36]
glycosylation position Macaques: detection of serum IgG, no fecal IgA
Nafl BALB/c mouse, amoebic 60% vs. 0% Survival (Nafl + CTB vs. Nafl) of mice
unfused [59]

(Naegleriafowleri)

meningoencephalitis, i.n.

infected with N.f.
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Antigen Fused to CTB (Animal) Model, Pathogen, Route Analyzed Response Ref.
Pl di i
asn'rlo fmvivax conjugated or mixed with ) : 10-fold increase of IgG sera titers using conjugated
ookinete surface BALB/c mouse, i.n. or i.p., +/— [FA . [60]
. CTB protein vs. P vs. 25 only or P vs. 25 + CTB
protein (P vs. 25)
. . >10-fold increase of IgG sera titer (conjugated vs. MSP1
Plasmodium yoelii . . . .
. . ) C57BL/6 mouse, i.n., s.c., immunized  only), conjugated MSP + CT or IFA leads to further 5-10
Merozoite surface conjugated to CTB or mixed ) ; L .
; ; mice challenged with lethal dose of fold titer increase compared to conjugated only, full [20]
protein-1(MSP1) with CT or [FA . . . . .. .
) : P. yoelii protection against parasite only when mixing conjugated
C-terminal region . .
MSP with CT or IFA (survival 10/10 vs. 0-2/10)
Human Pro-insulin C-terminal monocyte-derived denfiriti‘c cells Tolerogenic effect on DCs, indo.leamine 2,3-dioxygenase [61]
(MoDCs), human, in vitro upregulation
Insulin C-terminal +/— GFP NOD mouse, T1D model, oral feeding 50% reduction of T1D incidence [29]
Reduction of loid loads by 70% in hi d
MBP C-terminal 3x TgAD mice (Alzheimer disease), oral eduction of amlylold foads .y N i Aippocatipus an [35]
cortex brain region
Human GADSS C-termina.l, 'recc?mbinant NOD mouse, i.p., +/— CFA Diabetes reduction betwes:n 50 and 20% compared to 62]
vaccinia virus same vaccine w/o CFA
amyloid-p peptide ) B6C3-Tg (APPswe, PSEN1dE9) Ab titers augmented but n.s. (Ap42 vs. CTB-AB42)
C-terminal [28]

(AP42)

transgenic mice (Alzheimer), oral Learning improved but n.s. (Ap42 vs. CTB-AB42)

MVA: modified vaccinia Ancara; gp: glycoprotein; IFA: incomplete Freund’s adjuvant; CT: cholera toxin; i.n.: intranasal; i.p.: interperitoneal; s.c.: subcutaneous; MBP:

myelin basic protein; GAD: glutamic acid decarboxylase; CFA: complete Freund’s adjuvant; OVA: ovalbumin.
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CTB may also be introduced into DNA vaccines. For example, it has been shown that CTB fused
to ovalbumin formulated as DNA vaccine leads to a strong anti-OVA T cell response when combined
with a recombinant vaccinia boost regimen [51], and salivary IgA levels directed against the
Streptococcus mutans wall associated protein A increased when a CTB encoding plasmid was coinjected
with the protein A coding plasmid [63]. CTB may also be coadministered together with DNA vaccines
that do not code themselves for CTB [54]. CTB activates murine bone marrow derived dendritic cells
and macrophages cells via Toll-like receptor signaling pathways, leading to the expression of chemokines,
mainly Th2 (IL-4, IL-10) but also Th1 cytokines (IFN-y), and inflammatory cytokines (IL-1P) in vitro
and in vivo [53,59]. The generation of Th2 versus Thl cytokines is independent from the route of
immunization or the Ag as in several studies using one route and one Ag both types of cytokines were
observed simultaneously [17,59]. When CTB and a DNA vaccine encoding for HIV Env were coinjected
intramuscularly into mice, the response generated against Env was enhanced 10-fold, approximately,
compared to the DNA vaccine administered alone [54]. It is possible, however, that some of these
observations were due to contamination with LPS as a different report found that CTB can imprint
dendritic cells to promote IgA production by B cells in vitro only in presence of LPS [64]. Direct
interaction between CTB and TLR4 has nevertheless been show via ELISA [65].

As mentioned above, CTB has been used as adjuvant without being physically linked to the Ag.
In the ovalbumin (OVA) asthma model, induced by aerosol formulation of the Ag and administration
via the airway, CTB combined with OVA led to the suppression of airway eosinophilia, bronchial
hyperreactivity and secretion of Th2 cytokines, i.e., IL-4, IL-10 and IL-5 that were reduced 2—5 fold,
while IFN-y was two-fold upregulated. Ag-specific I[gA concentration in the lung was more than 10-fold
incremented in comparison to administration of OVA alone [49]. Unfused CTB has also been combined
with HIV recombinant gp160 and proteosomes [52] where it led to a 20- and 60-fold increase of serum
and intestinal IgA, respectively. Hemagglutinin, formulated as a fusion protein with the major
immunodominant region of the hepatitis B virus core protein (HBc) increased the survival rate of
BALB/c mice challenged with Influenza virus by 50% when administered together with instead of
without CTB [55]. CBT as unfused adjuvant was further used successfully in prevention infection
against amoeba Naegleria fowleri (see below). Nevertheless, coadministration of CTB with the Ag
without coupling the proteins is not always successful. In a detailed study the authors compared the
immunogenic effect of the Plasmodium vivax ookinete surface protein Pvs25, injected subcutaneously
either alone, coinjected with CTB, or coupled chemically to CTB, with or without incomplete Freund’s
adjuvant (IFA), or with or without CT as additional adjuvant. Ab titers were indistinguishable when
either Ag alone or Ag mixed with CTB was injected. Coupling to CTB augmented titers 16-fold. Ab
titers of free Ag plus IFA versus free Ag incremented 19-fold, thus IFA and CTB were approximately
comparable in terms of adjuvant efficacy. When IFA was combined with CTB-conjugated Ag, the titers
incremented another 10-fold. The addition of CT to these three Ag formulations was analyzed via
intranasal immunization. CT had a considerable effect (>10-fold increase of Ab titers) when combined
with CTB-conjugated Ag, but no effect when combined with Ag alone or Ag plus CTB [60]. This study
shows an advantage of conjugated Ag-CTB formulations, i.e., the possibility to combine it with another
adjuvant leading to its further potentiation. When OVA was either injected as mixture with CTB or
conjugated to CTB, the conjugated version elicited a 10-fold stronger Ab response [48]. As mentioned
above, CTB can lead to activation of APCs and to the secretion of chemokines, thereby enhancing
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immune responses. This could explain why CTB administered in an uncoupled form augments the
immune response in some cases, although the latter two mentioned studies argue that coupling of CTB
to the Ag is more efficient.

6. CTB as Vaccine Adjuvant in Infectious Diseases

As mentioned above, the presence of GM1 on the gut epithelium facilitates the entry of CTB
into the body and the access to the immunological system. CTB has been used for two apparently
contradictory goals, to improve protective immunity against infectious diseases and to reduce undesired
autoimmune reactions.

As for protective immunity against infections, oral coadministration of CTB with recombinant Nfal
protected mice against infection with the amoeba Naegleria fowleri, that can exist as a virulent pathogen
causing amebic meningoencephalitis in humans and experimental animal models [59]. Nfal is a protein
localized in the pseudopodia of the pathogen, and antibodies against this protein have been reported to
reduce its pathogenicity [66]. In the study, IgG as well as IgA titers increased when CTB was added as
adjuvant, leading to a 60% survival rate compared to 0% of animals immunized with Nfal only [59].
An enhanced Ab response to the HIV Env protein encoded by a DNA vaccine when coadministered with
CTB was already mentioned above [54]. Similarly, an elevated CD8 response was observed in mice
immunized with a DNA vaccine coding for HIV gp120 when coadministered nasally/mucosally together
with CTB and plasmid-encoded IL-12 [53]. As mentioned above, CTB coupled to merozoite surface
protein-1 (MSP1-19) enhances the protection of mice against Plasmodium yoelii infection, a murine
malaria model system, when administered either intranasally or subcutaneously, leading to increased
serum IgG titers [20]. In a murine gastritis model a multiple epitope vaccine (CTB-UE) directed against
Heliobacter pylori reduced IL-17 in the plasma, which went in parallel with a reduction of the pathogen
burden in the stomach [67]. Off note, CTB immunization, independently of the route of administration
(intranasally, i.p. or subcutaneously), can lead to protection in the suckling offspring as has been shown
in mice [58].

7. CTB in Immune Suppression

CTB has been analyzed for its capacity to induce immune suppression against allergic reactions and
autoimmune disorders. Allergen epitopes have been successfully expressed as fusion proteins with CTB,
such as Japanese Cedar pollen-derived T cell epitopes (Cry J 1 and Cry J 2 antigen) [25]. An experimental
allergic rhinitis setup based on OVA as model antigen was used to analyze the effect and mechanism of
CTB coadministration. CTB reduced several symptoms including TH2 cytokines, airway eosinophilia,
and bronchial hyperreactivity. Mechanistically, CTB interfered with the capacity of dendritic cells to
generate a TH2 response, increased their capacity to generate Foxp3+ Treg that, however, were not able
to confer protection, and led to the production of IgA. Consequently, protection was obtained by the
transfer of B cells from CTB treated animals [49]. A recent in vitro study using human dendritic cells
(DC) has analyzed the mechanism further by which CTB in combination with autoantigen might
contribute to active immune suppression. Co-culture of CTB fused to the autoantigen insulin with DCs,
but neither insulin alone nor CTB alone induced up-regulation of the tryptophan catabolic enzyme
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indoleamine 2,3-dioxygenase (IDO1) that has been shown to have immunosuppressive function [61]. IDO1
expression was linked to NF-kB signaling as its blockage downregulated its production.

B cells have been shown to play an important role in CTB-mediated sublingual tolerance induction.
In B cell deficient mice, the induction of Treg was reduced compared to wild type animals. This could
be corrected by adoptive B cell transfer prior to tolerance induction. However, B cell-sufficient as well
as B cell-deficient mice treated sublingually with CTB-OVA suppressed an anti-OVA response after
parenteral challenge with the Ag. It was shown that in B cell deficient mice, Foxp3-CD4+ T cell
expressing TGF-f increased strongly [68], leading the authors to speculate about two parallel pathways
leading to oral tolerance induction, one being dependent on B cells but not the other. B cell-dependent
oral tolerance was further found to necessitate expression of FcyRIII by these cells [69]. An alternative
approach implicating B cells to induce tolerance has been their in vitro incubation with CTB-coupled
Ag and their subsequent transfer to mice. This led to TGF- and IL-10 expression by these cells in vivo
and subsequently to the generation Foxp3+ regulatory cells. This was tested successfully using either
OVA as model antigen or myelin oligodendrocyte glycoprotein peptide 35-55, the latter of which could
be shown to prevent experimental autoimmune encephalomyelitis in this format [50].

In type 1 diabetes, CTB has been used as adjuvant to prevent diabetes in a relevant mouse model, the
autoimmunity prone non-obese diabetic (NOD) mouse. Most of these reports, using CTB as a fusion
protein, in a conjugated or unconjugated form or included in recombinant vaccinia viruses, in combination
with a variety of autoantigens relevant to this disease such as insulin or glutamic acid decarboxylase,
have advertised success in disease prevention [70,71], claiming the induction of regulatory T cells or a
Th2 response. However, we recently came to a different conclusion by employing a MHC-tetramer CD4
T cell tracing approach in NOD mice. Using disease-relevant peptides fused to CTB and administrated
orally we showed that in NOD mice Ag-specific CD4 T cells were not tolerized, but rather activated
after parenteral challenge with the peptides, despite the generation of Ag-specific Foxp3+ CD4 T cells.
Likewise, diabetes was not prevented in our hands. However, in diabetes-resistant F1 mice generated by
crossing diabetes prone NOD mice with disease-resistant C57BL/6 mice, oral tolerance, i.e., the inability
of Ag-specific T cells to proliferate in vivo after parenteral immunization, was restored using the
above-mentioned prime-boost regimen [17]. These results show that when analyzing oral tolerance
induction by CTB to treat autoimmune diseases, a background truly prone to autoimmunity such as the
NOD mouse is needed in order to gain meaningful insights. This is easier to achieve in the case of type
1 diabetes than in diseases currently needing induced model systems such as EAE.

Since CTB can prevent infection but also autoimmune reactions, the question is how these two
apparently opposite immune reactions can be achieved by the same adjuvant. As we have mentioned,
CTB can induce Thl and Th2 cytokines, thus leading to the generation of neutralizing Abs helpful in
the protection against infectious diseases and activating protective T cell responses. When using CTB to
prevent autoimmune diseases, the balance between Thl and Th2 cytokines will likely decide whether
the response will be protective rather than deleterious. Since in this scenario autoantigens are employed,
this seems to generally favor Th2 responses and regulatory T cell generation or activation.
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8. Conclusions

The lack of toxicity combined with the stability and relative ease to express CTB either by its own or
fused to peptides or proteins has made CTB an adjuvant easy to handle. The possibility to express the
protein in a large variety of organisms further broadens its application potential. Its capacity to reduce
antigen amounts up to 100-fold for immunization, due to its efficient binding to APCs and epithelium
surfaces should make CTB a cost-effective adjuvant. To what extent it will serve to indeed prevent or
reverse autoimmune diseases in humans remains an open question and a further challenge. However,
our growing understanding of the immune system is likely to pave further roads in the future in order to
modulate immune responses in the desired direction, be it immunostimulatory or immunomodulatory.
CTB is currently being used in vaccines such as Dukoral, an anti-V. cholerae vaccine consisting of killed
V. cholerae and recombinant CTB. CTB as adjuvant for human vaccines has been approved in Europe
and Canada. Given the superb adjuvant effect of CTB it is likely that this protein should play an
important role in the formulation of vaccines in the future.

Acknowledgments

This work was supported by grants from the Spanish Ministry of Science and Innovation and
European Regional Development Fund (FEDER; SAF2004-02666, SAF2007-65291, SAF2010-18548,
SAF2011-29319, and SAF2013-45140-R), from the Spanish Ministry of Health and Consumption
(P1040587), and from the European Community (MIRG-CT-2004-012692).

Abbreviations

CT: cholera toxin; CTB: cholera toxin subunit B; CTA: cholera toxin subunit A; GMI:

monosialotetrahexosylganglioside.
Conflicts of Interest

The authors declare no conflict of interest.
References

. Lonnroth, I.; Holmgren, J. Subunit structure of cholera toxin. J. Gen. Microbiol. 1973, 76, 417-427.

2. Sixma, T.K.; Pronk, S.E.; Kalk, K.H.; van Zanten, B.A.M.; Berghuis, A.M.; Hol, W.G.J. Lactose
binding to heat-labile enterotoxin revealed by X-ray crystallography. Nature 1992, 355, 561-564.

3. Merritt, E.A.; Sixma, T.K.; Kalk, K.H.; van Zanten, B.A.M.; Hol, W.G.J. Galactose-Binding site in
Escherichia coli heat-labile enterotoxin (LT) and cholera toxin (CT). Mol. Microbiol. 1994, 13,
745-753.

4. Merritt, E.A.; Sarfaty, S.; Akker, F.V.D.; L’Hoir, C.; Martial, J.A.; Hol, W.G.J. Crystal structure of
cholera toxin B-pentamer bound to receptor GM1 pentasaccharide. Protein Sci. 1994, 3, 166—175.

5. Sixma, T.K.; Kalk, K.H.; van Zanten, B.A.M.; Dauter, Z.; Kingma, J.; Witholt, B.; Hol, W.G.J.
Refined structure of Escherichia coli heat-labile enterotoxin, a close relative of cholera toxin.
J. Mol. Biol. 1993, 230, 890-918.



Vaccines 2015, 3 592

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Feng, Y.; Jadhav, A.P.; Rodighiero, C.; Fujinaga, Y.; Kirchhausen, T.; Lencer, W.I. Retrograde
transport of cholera toxin from the plasma membrane to the endoplasmic reticulum requires the
trans-Golgi network but not the Golgi apparatus in Exo2-treated cells. EMBO Rep. 2004, 5, 596—601.
Kopic, S.; Geibel, J.P. Toxin mediated diarrhea in the 21(st) century: The pathophysiology of
intestinal ion transport in the course of ETEC, V. cholerae and Rotavirus Infection. Toxins 2010, 2,
2132-2157.

Chester, M.A. IUPAC-IUB joint commission on biochemical nomenclature (JCBN) nomenclature of
glycolipids. Eur. J. Biochem. 1998, 257, 293-298.

Holmgren, J.; Lonnroth, I.; Svennerholm, L. Tissue receptor for cholera EXOTOXIN: Postulated
structure from studies with G(M1) ganglioside and related glycolipids. Infect. Immun. 1973, 8,208-214.
Schoen, A.; Freire, E. Thermodynamics of intersubunit interactions in cholera toxin upon binding
to the oligosaccharide portion of its cell surface receptor, ganglioside GM 1. Biochemistry 1989, 28,
5019-5024.

Kozireski-Chuback, D.; Wu, G.; Ledeen R.W. Developmental appearance of nuclear GM1 in
neurons of the central and peripheral nervous systems. Dev. Brain Res. 1999, 115, 201-208.
Moreno-Altamirano, M.M.B.; Aguilar-Carmona, I.; Sdnchez-Garcia, F.J. Expression of GM1, a
marker of lipid rafts, defines two subsets of human monocytes with differential endocytic capacity
and lipopolysaccharide responsiveness. Immunology 2007, 120, 536-543.

Francis, M.L.; Ryan, J.; Jobling, M.G.; Holmes, R.K.; Moss, J.; Mond, J.J. Cyclic AMP-independent
effects of cholera toxin on B cell activation. II. Binding of ganglioside GM1 induces B cell
activation. J. Immunol. 1992, 148, 1999-2005.

Lebens, M.; Holmgren, J. Structure and arrangement of the cholera toxin genes in Vibrio cholerae
O139. FEMS Microbiol. Lett. 1994, 117, 197-202.

Hirst, T.R.; Sanchez, J.; Kaper, J.B.; Hardy, S.J.; Holmgren, J. Mechanism of toxin secretion by
Vibrio cholerae investigated in strains harboring plasmids that encode heat-labile enterotoxins of
Escherichia coli. Proc. Natl. Acad. Sci. USA 1984, 81, 7752-7756.

Paula de Mattos Areas, A.; Leonor Sarno de Oliveira, M.; Raul Romero Ramos, C.;
Sbrogio-Almeida, M.E.; Raw, I.; Ho, P.L. Synthesis of cholera toxin B subunit gene: Cloning and
expression of a functional 6 XHis-tagged protein in Escherichia coli. Protein Expr. Purif. 2002, 25,
481-487.

Presa, M.; Ortiz, A.Z.; Garabatos, N.; Izquierdo, C.; Rivas, E.L; Teyton, L.; Mora, C.; Serreze, D.;
Stratmann, T. Cholera toxin subunit B-peptide fusion proteins reveal impaired oral tolerance induction
in diabetes-prone but not in diabetes-resistant mice. Eur. J. Immunol. 2014, 192, 3080-3090.
Tinker, J.K.; Erbe, J.L.; Holmes, R.K. Characterization of fluorescent chimeras of cholera toxin and
Escherichia coli heat-labile enterotoxins produced by use of the twin arginine translocation system.
Infect. Immun. 2005, 73, 3627-3635.

Okuno, T.; Kashige, N.; Satho, T.; Irie, K.; Hiramatsu, Y.; Sharmin, T.; Fukumitsu, Y.; Uyeda, S.;
Yamada, S.; Harakuni, T.; ef al. Expression and secretion of cholera toxin B subunit in Lactobacilli.
Biol. Pharm. Bull. 2013, 36, 952-958.

Miyata, T.; Harakuni, T.; Taira, T.; Matsuzaki, G.; Arakawa, T. Merozoite surface protein-1 of
Plasmodium yoelii fused via an oligosaccharide moiety of cholera toxin B subunit glycoprotein



Vaccines 2015, 3 593

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

expressed in yeast induced protective immunity against lethal malaria infection in mice. Vaccine
2011, 30, 948-958.

Song, H.; Zhou, L.; Fang, W.; Li, Y.; Wang, X.; Fang, H.; Li, X.; Wu, M.; Qiu, B. High-level
expression of codon optimized foot-and-mouth disease virus complex epitopes and cholera toxin B
subunit chimera in Hansenula polymorpha. Biochem. Biophys. Res. Commun. 2004, 315, 235-239.
Olivera, N.; Castuma, C.E.; Hozbor, D.; Gaillard, M.E.; Rumbo, M.; Gomez, R.M. Immunization
with the recombinant cholera toxin B fused to fimbria 2 protein protects against Bordetella pertussis
infection. BioMed Res. Int. 2014, doi:10.1155/2014/421486.

Hajishengallis, G.; Hollingshead, S.K.; Koga, T.; Russell, M.W. Mucosal immunization with a bacterial
protein antigen genetically coupled to cholera toxin A2/B subunits. J. Immunol. 1995, 154, 4322-4332.
Liljeqvist, S.; Stahl, S.; Andéoni, C.; Binz, H.; Uhlén, M.; Murby, M. Fusions to the cholera toxin
B subunit: Influence on pentamerization and GMI1 binding. J. Immunol. Methods 1997, 210,
125-135.

Hoang, V.V.; Zou, Y.; Kurata, K.; Enomoto, K. Expression of recombinant T-cell epitopes of
major Japanese cedar pollen allergens fused with cholera toxin B subunit in Escherichia coli.
Protein Expr. Purif. 2015, 109, 62—69.

Hiramatsu, Y.; Yamamoto, M.; Satho, T.; Irie, K.; Kai, A.; Uyeda, S.; Fukumitsu, Y.; Toda, A.;
Miyata, T.; Miake, F. Recombinant fusion protein of cholera toxin B subunit with YVAD secreted
by Lactobacillus casei inhibits lipopolysaccharide-induced caspase-1 activation and subsequent
IL-1 beta secretion in Caco-2 cells. BMC Biotechnol. 2014, doi:10.1186/1472-6750-14-38.
Arakawa, T.; Yu, J.; Chong, D.K.X.; Hough, J.; Engen, P.C.; Langridge, W.H.R. A plant-based
cholera toxin B subunit-insulin fusion protein protects against the development of autoimmune
diabetes. Nat. Biotech. 1998, 16, 934-938.

Li, S.; Wei, Z.; Chen, J.; Chen, Y.; Lv, Z.; Yu, W.; Meng, Q.; Jin, Y. Oral administration of a fusion
protein between the cholera toxin B subunit and the 42-amino acid isoform of amyloid-beta peptide
produced in silkworm pupae protects against Alzheimer’s disease in mice. PLoS ONE 2014, 9,¢113585.
Meng, Q.; Wang, W.; Shi, X.; Jin, Y.; Zhang, Y. Protection against autoimmune diabetes by
silkworm-produced GFP-tagged CTB-insulin fusion protein. Clin. Dev. Immunol. 2011,
doi:10.1007/s00299-013-1513-3.

Hamorsky, K.T.; Kouokam, J.C.; Bennett, L.J.; Baldauf, K.J.; Kajiura, H.; Fujiyama, K.; Matoba, N.
Rapid and scalable plant-based production of a cholera toxin B subunit variant to aid in mass
vaccination against cholera outbreaks. PLoS Negl. Trop. Dis. 2013, 7, €2046.

Matoba, N.; Kajiura, H.; Cherni, 1.; Doran, J.D.; Bomsel, M.; Fujiyama, K.; Mor, T.S. Biochemical
and immunological characterization of the plant-derived candidate human immunodeficiency virus
type 1 mucosal vaccine CTB-MPR649-684. Plant Biotechnol. J. 2009, 7, 129-145.

Daniell, H.; Lee, S.-B.; Panchal, T.; Wiebe, P.O. Expression of the native cholera toxin B subunit
gene and assembly as functional oligomers in transgenic tobacco chloroplasts. J. Mol. Biol. 2001,
311,1001-1009.

Lakshmi, P.S.; Verma, D.; Yang, X.; Lloyd, B.; Daniell, H. Low cost tuberculosis vaccine antigens
in capsules: Expression in chloroplasts, bio-encapsulation, stability and functional evaluation in vitro.
PLoS ONE 2013, 8, e54708.



Vaccines 2015, 3 594

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Salazar-Gonzalez, J.; Rosales-Mendoza, S.; Romero-Maldonado, A.; Monreal-Escalante, E.;
Uresti-Rivera, E.; Bafiuelos-Hernandez, B. Production of a plant-derived immunogenic protein
targeting ApoB100 and CETP: Toward a plant-based atherosclerosis vaccine. Mol. Biotechnol.
2014, 56, 1133-1142.

Kohli, N.; Westerveld, D.R.; Ayache, A.C.; Verma, A.; Shil, P.; Prasad, T.; Zhu, P.; Chan, S.L.; Li, Q.;
Daniell, H. Oral delivery of bioencapsulated proteins across blood-brain and blood-retinal barriers.
Mol. Ther. 2014, 22, 535-546.

Yuki, Y.; Mejima, M.; Kurokawa, S.; Hiroiwa, T.; Takahashi, Y.; Tokuhara, D.; Nochi, T.; Katakai, Y.;
Kuroda, M.; Takeyama, N.; ef al. Induction of toxin-specific neutralizing immunity by molecularly
uniform rice-based oral cholera toxin B subunit vaccine without plant-associated sugar modification.
Plant Biotechnol. J. 2013, 11, 799-808.

Matoba, N.; Magérus, A.; Geyer, B.C.; Zhang, Y.; Muralidharan, M.; Alfsen, A.; Arntzen, C.J.;
Bomsel, M.; Mor, T.S. A mucosally targeted subunit vaccine candidate eliciting HIV-1
transcytosis-blocking Abs. Proc. Natl. Acad. Sci. USA 2004, 101, 13584—135809.

Hamorsky, K.T.; Kouokam, J.C.; Jurkiewicz, J.M.; Nelson, B.; Moore, L.J.; Husk, A.S.;
Kajiura, H.; Fujiyama, K.; Matoba, N. N-Glycosylation of cholera toxin B subunit in Nicotiana
benthamiana: Impacts on host stress response, production yield and vaccine potential. Sci. Rep.
2015, doi:10.1038/srep08003.

Nochi, T.; Takagi, H.; Yuki, Y.; Yang, L.; Masumura, T.; Mejima, M.; Nakanishi, U.; Matsumura, A.;
Uozumi, A.; Hiroi, T.; et al. Rice-Based mucosal vaccine as a global strategy for cold-chain- and
needle-free vaccination. Proc. Natl. Acad. Sci. USA 2007, 104, 10986—-10991.

Nochi, T.; Yuki, Y.; Katakai, Y.; Shibata, H.; Tokuhara, D.; Mejima, M.; Kurokawa, S.; Takahashi, Y.;
Nakanishi, U.; Ono, F.; ef al. A rice-based oral cholera vaccine induces macaque-specific systemic
neutralizing antibodies but does not influence pre-existing intestinal immunity. J. Immunol. 2009,
183, 6538-6544.

Yuki, Y.; Tokuhara, D.; Nochi, T.; Yasuda, H.; Mejima, M.; Kurokawa, S.; Takahashi, Y.; Kataokaa, N.;
Nakanishia, U.; Hagiwara, Y.; et al. Oral MucoRice expressing double-mutant cholera toxin A and
B subunits induces toxin-specific neutralising immunity. Vaccine 2009, 27, 5982—5988.
Kurokawa, S.; Kuroda, M.; Mejima, M.; Nakamura, R.; Takahashi, Y.; Sagara, H.; Takeyama, N.;
Satoh, S.; Kiyono, H.; Teshima, R.; et al. RNAi-Mediated suppression of endogenous storage
proteins leads to a change in localization of overexpressed cholera toxin B-subunit and the allergen
protein RAG?2 in rice seeds. Plant Cell Rep. 2013, 33, 75-87.

Gong, Z.; Jin, Y.; Zhang, Y. Oral administration of a cholera toxin B subunit, Aldinsulin fusion
protein produced in silkworm protects against autoimmune diabetes. J. Biotechnol. 2005, 119,
93-105.

Gong, Z.; Jin, Y.; Zhang, Y. Suppression of diabetes in non-obese diabetic (NOD) mice by oral
administration of a cholera toxin B subunit insulin B chain fusion protein vaccine produced in
silkworm. Vaccine 2007, 25, 1444-1451.

Miyata, T.; Oshiro, S.; Harakuni, T.; Taira, T.; Matsuzaki, G.; Arakawa, T. Physicochemically
stable cholera toxin B subunit pentamer created by peripheral molecular constraints imposed by de
novo-introduced intersubunit disulfide crosslinks. Vaccine 2012, 30, 4225-4232.



Vaccines 2015, 3 595

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Arakawa, T.; Harakuni, T. Cholera toxin B subunit -five-stranded alpha-helical coiled-coil fusion
protein: “Five-to-five” molecular chimera displays robust physicochemical stability. Vaccine 2014,
32,5019-5026.

Sun, J.-B.; Raghavan, S.; Sjoling, A.; Lundin, S.; Holmgren, J. Oral tolerance induction with antigen
conjugated to cholera toxin B subunit generates both Foxp3+CD25+ and Foxp3-CD25—CD4+
regulatory T cells. J. Immunol. 2006, 177, 7634-7644.

Eriksson, K.; Fredriksson, M.; Nordstrom, I.; Holmgren, J. Cholera toxin and its B subunit promote
dendritic cell vaccination with different influences on Th1l and Th2 development. Infect. Immun.
2003, 71, 1740-1747.

Smits, H.H.; Gloudemans, A.K.; van Nimwegen, M.; Willart, M.A.; Soullie, T.; Muskens, F.;
de Jong, E.C.; Boon, L.; Pilette, C; Johansen, F.-E.; et al. Cholera toxin B suppresses allergic
inflammation through induction of secretory IgA. Mucosal Immunol. 2009, 2, 331-339.

Sun, J.-B.; Czerkinsky, C.; Holmgren, J. B lymphocytes treated in vitro with antigen coupled to
cholera toxin B subunit induce antigen-specific Foxp3+ regulatory T cells and protect against
experimental autoimmune encephalomyelitis. J. Immunol. 2012, 188, 1686—1697.

Qiu, S.; Ren, X.; Ben, Y.; Ren, Y.; Wang, J.; Zhang, X.; Wan, Y.; Xu, J. Fusion-expressed CTB
improves both systemic and mucosal T-cell responses elicited by an intranasal DNA priming/
intramuscular recombinant vaccinia boosting regimen. J. Immunol. Res. 2014, doi:10.1155/2014/308732.
Lowell, G.H.; Kaminski, R.W.; VanCott, T.C.; Slike, B.; Kersey, K.; Zawoznik, E.; Loomis-Price, L.;
Smith, G.; Redfield, R.R.; Amselem, S.; et al. Proteosomes, emulsomes, and cholera toxin B
improve nasal immunogenicity of human immunodeficiency virus gpl60 in mice: Induction of
serum, intestinal, vaginal, and lung IgA and IgG. J. Infect. Dis. 1997, 175, 292-301.

Maeto, C.; Rodriguez, A.M.; Holgado, M.P.; Falivene, J.; Gherardi, M.M. Novel mucosal
DNA-MVA HIV vaccination in which DNA-IL-12 plus cholera toxin B subunit (CTB) cooperates to
enhance cellular systemic and mucosal genital tract immunity. PLoS ONE 2014, 9, e107524.

Hou, J.; Liu, Y.; Hsi, J.; Wang, H.; Tao, R.; Shao, Y. Cholera toxin B subunit acts as a potent
systemic adjuvant for HIV-1 DNA vaccination intramuscularly in mice. Hum. Vaccin. Immunother.
2014, 10, 1274-1283.

Chen, S.; Zheng, D.; Li, C.; Zhang, W.; Xu, W.; Liu, X.; Fang, F.; Chen, Z. Protection against
multiple subtypes of influenza viruses by virus-like particle vaccines based on a hemagglutinin
conserved epitope. BioMed Res. Int. 2015, 175, 292-301.

Li, X.; Xing, Y.; Guo, L.; Lv, X.; Song, H.; Xi, T. Oral immunization with recombinant Lactococcus
lactis delivering a multi-epitope antigen CTB-UE attenuates Helicobacter pylori infection in mice.
Pathog. Dis. 2014, 72, 78-86.

D’Ambrosio, A.; Colucci, M.; Pugliese, O.; Quintieri, F.; Boirivant, M. Cholera toxin B subunit
promotes the induction of regulatory T cells by preventing human dendritic cell maturation.
J. Leukoc. Biol. 2008, 84, 661-668.

Price, G.A.; McFann, K.; Holmes, R.K. Immunization with cholera toxin B subunit induces
high-level protection in the suckling mouse model of cholera. PLoS ONE 2013, 8, €57269.

Lee, J.; Yoo, J.-K.; Sohn, H.-J.; Kang, H.-k.; Kim, D.; Shin, H.-J.; Kim, J.-H. Protective immunity
against Naegleria fowleri infection on mice immunized with the rNfal protein using mucosal
adjuvants. Parasitol. Res. 2015, 114, 1377-1385.



Vaccines 2015, 3 596

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Miyata, T.; Harakuni, T.; Tsuboi, T.; Sattabongkot, J.; Kohama, H.; Tachibana, M.; Matsuzaki, G.;
Torii, M.; Arakawa, T. Plasmodium vivax ookinete surface protein Pvs25 linked to cholera toxin B
subunit induces potent transmission-blocking immunity by intranasal as well as subcutaneous
immunization. Infect. Immun. 2010, 78, 3773-3782.

Mbongue, J.; Nicholas, D.; Zhang, K.; Kim, N.-S.; Hamilton, B.; Larios, M.; Zhang, G.;
Umezawa, K.; Firek, A.F.; Langridge, W.H.R. Induction of indoleamine 2,3-dioxygenase in
human dendritic cells by a cholera toxin B subunit—Proinsulin vaccine. PLoS ONE 2015,
doi:10.1371/journal.pone.0118562.

Dénes, B.; Fodor, I.; Langridge, W.H.R. Persistent suppression of type 1 diabetes by a
multicomponent vaccine containing a cholera toxin B subunit-autoantigen fusion protein and
complete Freund’s adjuvant. Clin. Dev. Immunol. 2013, doi:10.1155/2013/578786.

Han, T.K.; Dao, M.L. Enhancement of salivary IgA response to a DNA vaccine against
Streptococcus mutans wall-associated protein A in mice by plasmid-based adjuvants. J. Med. Microbiol.
2007, 56, 675-680.

Gloudemans, A.K.; Plantinga, M.; Guilliams, M.; Willart, M.A.; Ozir-Fazalalikhan, A
van der Ham, A.; Boon, L.; Harris, N.L.; Hammad, H.; Hoogsteden, H.C.; et al. The mucosal
adjuvant cholera toxin b instructs non-mucosal dendritic cells to promote IgA production via
retinoic acid AND TGF-beta. PLoS ONE 2013, 8, €59822.

Phongsisay, V.; lizasa, E.A.; Hara, H.; Yoshida, H. Evidence for TLR4 and FcRgamma-CARD9
activation by cholera toxin B subunit and its direct bindings to TREM2 and LMIRS receptors.
Mol. Immunol. 2015, 66, 463-471.

Oh, Y.H.; Jeong, S.R.; Kim, J.H.; Song, K.J.; Kim, K.; Park, S.; Sohn, S.; Shin, H.-J. Cytopathic
changes and pro-inflammatory cytokines induced by Naegleria fowleri trophozoites in rat microglial
cells and protective effects of an anti-Nfal antibody. Parasite Immunol. 2005, 27, 453—-459.

Lv, X.; Song, H.; Yang, J.; Li, T.; Xi, T.; Xing, Y. A multi-epitope vaccine CTB-UE relieves
Helicobacter pylori-induced gastric inflammatory reaction via up-regulating microRNA-155 to
inhibit Th17 response in C57/BL6 mice model. Hum. Vaccin. Immunother. 20185, 10, 3561-3569.
Sun, J.-B.; Flach, C.-F.; Czerkinsky, C.; Holmgren, J. B lymphocytes promote expansion of
regulatory T cells in oral tolerance: Powerful induction by antigen coupled to cholera toxin B
subunit. J. Immunol. 2008, 181, 8278-8287.

Sun, J.-B.; Xiang, Z.; Smith, K.G.C.; Holmgren, J. Important role for FcgRIIB on B lymphocytes
for mucosal antigen-induced tolerance and Foxp3+ regulatory T cells. J. Immunol. 2013, 191, 44124422,
Ploix, C.; Bergerot, I.; Durand, A.; Czerkinsky, C.; Holmgren, J.; Thivolet, C. Oral administration
of cholera toxin B-insulin conjugates protects NOD mice from autoimmune diabetes by inducing
CD4+ regulatory T-cells. Diabetes 1999, 48, 2150-2156.

Aspord, C.; Czerkinsky, C.; Durand, A.; Stefanutti, A.; Thivolet, C. o4 Integrins and L-selectin
differently orchestrate T-cell activity during diabetes prevention following oral administration of
CTB-insulin. J. Autoimmun. 2002, 19, 223-232.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



