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bstract

Mucosal immunisation may be used both to protect the mucosal surfaces against infections and as a means for immunological t
f peripheral immunopathological disorders through the induction of systemic antigen-specific tolerance (‘oral tolerance’). The devel
f mucosal vaccines, whether for prevention of infectious diseases or for oral tolerance immunotherapy, requires efficient antigen
nd adjuvant systems that can help to present the appropriate vaccine or immunotherapy antigens to the mucosal immune system
otent (but also toxic) mucosal adjuvants are cholera toxin (CT) and the closely relatedEscherichia coliheat-labile enterotoxin (LT), and
uch effort and significant progress have been made recently to generate toxicologically acceptable derivatives of these toxins with
djuvant activity. Among these are the non-toxic, recombinantly produced cholera toxin B-subunit (CTB). CTB is a specific protective
omponent of a widely registered oral cholera vaccine as well as a promising vector for either giving rise to mucosal anti-infective im
r for inducing peripheral anti-inflammatory tolerance to chemically or genetically linked foreign antigens administered mucosally. C
TB have also recently been used as combined vectors and adjuvants for markedly promoting ex vivo dendritic cell (DC) vaccinati
ifferent antigens and also steering the immune response to the in vivo-reinfused DCs towards either broad Th1 + Th2 + CTL im
CT) or Th2 or tolerance (CTB). Another type of mucosal adjuvants is represented by bacterial DNA or synthetic oligodeoxynucle
ontaining CpG-motifs, which especially when linked to CTB have been found to effectively stimulate both innate and adaptive m
mmune responses. The properties and clinical potential of these different classes of adjuvants are being discussed.
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1. Introduction

Mucosal immunisation has for good reasons attracted
much interest, mainly as a means to induce protective immu-
nity against infections but also as a possible approach towards
specific immunotherapy in conditions caused by harmful im-
mune responses to autoantigens or selected foreign antigens
resulting in tissue-damage (Fig. 1) [1–3].

The majority of infectious agents use a mucosal surface as
their entry point for infection. In these infections topical ap-
plication of a vaccine at the mucosal surface is often needed
to induce a protective immune response. Several gastroin-
testinal infections caused by e.g.Helicobacter pylori, Vibrio
cholerae, enterotoxigenicEscherichia coli(ETEC),Shigella
spp.,Clostridium difficile, rotaviruses and calici viruses are
examples of such infections. Similarly, respiratory infections
caused by e.g.Mycoplasma pneumoniae, influenza virus and
respiratory syncytial virus, and genital infections caused by
e.g. HIV,Chlamydia,Neisseria gonorrhoeaeand herpex sim-
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plex virus are other examples of infections where a mucosal
route of vaccination may be more effective than parenteral
vaccination. Collectively, these infections represent an enor-
mous challenge for vaccine development.

There are also important logistic reasons that have made
mucosal immunization attractive for public health use, espe-
cially in developing countries. Mucosal vaccines, especially
oral vaccines, should be easier to administer than parenteral
vaccines and also have reduced risk of transmitting the types
of infection that are still sadly enough associated with the
use of injectable vaccines in several parts of the world, such
as hepatitis B virus and HIV infections. Mucosal vaccines
should also in many settings have greater acceptability than
injectable vaccines.

Much less well appreciated than vaccination against in-
fections is that mucosal immunisation may also be used to
induce peripheral tolerance to prevent or suppress the devel-
opment of harmful immune responses to ingested or inhaled
foreign proteins. This phenomenon, often referred to as ‘oral
tolerance’, because it was initially documented by the effect
of oral administration of antigen, is characterized in that an
individual who has ingested or inhaled an antigen may be-
come refractory or have diminished capability to develop an
immune response when re-exposed to the same antigen intro-
duced by a parenteral injection. Oral tolerance is an important
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ig. 1. Possible outcomes of mucosal immunization: a local mucosa
une response and/or peripheral tolerance. The mucosal immune re
ay comprise either or both of secretory IgA antibodies and T cell m
ted immunity, whereas the peripheral immunological tolerance (‘ora
rance’ when induced by an orally administered antigen) mainly com
ifferent types of regulatory T cells, which can suppress systemic im
esponses including allergic responses to ingested or inhaled unde
ntigens. Important practical applications of mucosal immunization in
oth the development of vaccines that can protect against infection a

hough as yet less advanced in their development, vaccine formulatio
mmunotherapy of, for instance, autoimmune and allergic disorders.
natural physiological mechanism to avoid development
cell mediated delayed type hypersensitivity and other a
gic reactions to ingested food proteins and other antige
case these antigens would reach the body interior in an u
graded form. Since oral tolerance, at variance with many o
forms of immunotheraphy, is antigen specific, the induc
of oral tolerance has become an attractive strategy for
vention and potential treatment of illnesses that are ca
by immunopathological reactions against specific antig
encountered or expressed in preferentially non-muc
tissues including both foreign antigens and autoantig
[1–3].

Although oral tolerance and induction of mucosal imm
nity in response to a mucosal immunisation usually invo
different types of antigens, they are, however, not mutu
exclusive aspects of an immune response. Oral toleran
the default response to ingested food proteins or auto
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gens and is difficult or impossible to induce with strong im-
munogens, whilst the converse is true for a mucosal immune
response. However, sometimes the same mucosal immunisa-
tion may concomittantly give rise both to a significant IgA
antibody response locally and to tolerance or suppressed im-
mune responsiveness peripherally. Indeed, certain cytokines,
such as transforming growth factor (TGF)-� and interleukin
(IL)-4, are known to be involved both in the development
of the mucosal immune response associated with local pro-
duction of secretory IgA at the mucosal surface and in the
induction of oral tolerance peripherally.

However, despite the many attractive features of mucosal
immunization it has often proved difficult in practice
to stimulate strong mucosal IgA immune responses and
protection by oral-mucosal administration of antigens, and
the results to date of mucosal vaccination efforts using
soluble protein antigens have, with a few notable exceptions,
been rather disappointing. Indeed, only half a dozen of
the vaccines that are currently approved for human use are
administered mucosally: the oral polio vaccine, two types
of oral vaccines against cholera (composed of either killed
whole-cell cholera vibrios plus CTB or of a live-attenuated
cholera vaccine strain), an oral live-attenuated typhoid
vaccine, an oral adenovirus vaccine (restricted to military
personnel), an oral BCG strain used in Brazil for vaccination
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by certain strains ofEscherichia coli, and different detox-
ified derivatives of CT and LT including their completely
non-toxic B subunit components (CTB or LTB) (Fig. 2).
The other group of recently described mucosal adjuvants to
be discussed is represented by bacterial DNA or synthetic
oligodeoxynucleotides containing CpG-motifs, especially as
linked to CTB, which through binding to Toll-like recep-
tor 9 (TLR9) on mucosal antigen-presenting cells (APC)
can effectively stimulate both innate and adaptive immune
responses.

2. Oral cholera B subunit—whole cell (CTB–WC)
cholera vaccine

As mentioned, CTB is a protective antigen component
together with inactivated whole cellVibrio choleraebacte-
ria in a widely registered (ca. 50 countries world-wide) oral
cholera vaccine (Dukoral®), thus representing one of very
few mucosal vaccines available for human use[4,5]. Many
studies have shown that the CTB–WC vaccine is safe and
immunogenic in both children and adults in cholera endemic
as well as non-endemic countries, stimulating gut mucosal
immune responses to the CTB and WC vaccine components.
A good protective efficacy of the vaccine has been demon-
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gainst tuberculosis, and since July 2004, also an
otavirus vaccine initially licensed in Mexico. At the sa
ime, two recent additional mucosal vaccines, an
ive-attenuated vaccine against rotavirus diarrhoea a
asal enterotoxin-adjuvanted inactivated influenza vac
ere withdrawn after a short time on the market bec
f potential serious adverse reactions (intussusception

acial paresis, respectively), thus illustrating the comple
f mucosal vaccine development. Likewise, in the are
ral tolerance, although promising results were obtaine

nitial clinical trials that used this principle for immunoth
py of autoimmune diseases, such as multiple sclerosi
heumatoid arthritis, larger randomised placebo-contro
ulti-center trials failed to show any significant therape
enefits of these agents over those achieved by the pl

3].
To overcome the obstacles to the development of a bro

ange of mucosal vaccines and mucosal immunothera
here is a need to find more efficient means of delivering
ppropriate antigens to the mucosal immune system, and
evelop effective, safe mucosal adjuvants or immunore

ory agents that, depending on the goal and the systems
ill provide protective immunity against infectious agent

nduce suppression of peripheral immunopathological
rders, respectively. In this brief review, we will descr
ome recent advances made with the oral cholera va
nd discuss the two potentially most promising classe
ucosal antigen-delivery and adjuvant systems availab
ither or both of inducing mucosal immunity and syste

olerance. The first group comprises cholera toxin (CT)
he closely analogous heat-labile enterotoxin (LT) produ
,

trated, being 85% for the first 6 months after vaccinatio
oth endemic and non-endemic populations, and rema
t or above 60% for at least 2 years in vaccinated adults a
hildren above age 5 years. In children below age 5, the s
erm efficacy is very high (100% for the first 6 months w
ested in a field trial in Bangladesh), but of shorter dura
han in older children and adults. Protection is mediate
ocally produced IgA anti-bacterial and anti-toxic antibod
locking bacterial colonization and cholera toxin action
pectively, for longer term protection mucosal memory
apid induction of mainly anti-colonisation IgA antibodies
mportant since these antibodies can then block bacteria
nization and multiplication at the intestinal surface be

he infection has progressed to cause disease[5].

Fig. 2. Molecular model of cholera toxin and its B subunit pentame
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The CTB–WC cholera vaccine also offers significant
short-term cross-protection (through the CTB component)
against diarrhea caused by LT-producing enterotoxigenicE.
coli (ETEC), for which there is currently no other vaccine
available[5]. The CTB–WC cholera vaccine has recently
also been shown to give rise to substantial herd immunity
(Clemens et al., to be published) and has been found to sub-
stantially reduce overall diarrhea morbidity in areas where
cholera and ETEC-diarrheas are common. A large effective-
ness study to assess the role of the vaccine in public health
control programs against cholera in Africa has recently also
been undertaken. Results indicate that protection even under
these conditions and in a population where ca. one-third may
be HIV-infected is similar to the efficacy demonstrated in the
previously cited phase three efficacy trials, being ca. 80%
against cholera as presented to the local treatment centers
and near 90% against severe cholera disease associated with
dehydration (Clemens, personal communication).

A second type of oral cholera vaccine, based on a live at-
tenuatedV. choleraestrain deleted in its cholera toxin gene
from the ability to make the toxic-active A subunit, is also
registered in some countries for use in travelers. However,
different from the CTB–WC vaccine the live, attenuated
cholera vaccine failed to generate significant protection when
tested in a large field trial in Indonesia, and thus is not rec-
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abrogate otherwise efficient regimens for tolerance induction
by oral antigen administration[6–8].

Among these many effects, those leading to enhance anti-
gen presentation by various APC are probably of the greatest
importance for the adjuvant activity. CT markedly increases
antigen presentation by dendritic cells (DC), macrophages
and B cells and has also been found, at least in vitro, to make
intestinal epithelial cells to become effective APC. Consis-
tent with this activity, CT up-regulates the expression of
MHC/HLA-DR molecules, CD80/B7.1 and CD86/B7.2 co-
stimulatory molecules as well as chemokine receptors such as
CCR7 and CXCR4 on both murine and human DC and other
APC[9,10]. Importantly, CT also induces the secretion of IL-
1� from DC[10] thus supporting similar observations made
earlier for macrophages. IL-1 not only induces the maturation
of DC, but is also by itself an efficient mucosal adjuvant when
co-administered with protein antigens and might mediate a
significant part of CTs adjuvant activity.

It has been claimed that CT primarily induces Th2 type
immune responses characterized by CD4+ T cells producing
IL-4, IL-5, IL-6 and IL-10 and by the production of IgA,
IgG1 and IgE antibodies. LT, on the other hand, has been
reported to induce a mixed Th1 and Th2 types immune re-
sponse. However, other studies have shown that also CT can
induce mixed Th1 and Th2 type of immune responses, in
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. CT and LT and derivatives as mucosal adjuvants

Besides being strong mucosal immunogens, both CT
T are powerful mucosal adjuvants. They strongly poten
he immunogenicity of most other antigens, whether t
re linked to or simply admixed with the toxins, provided

he other antigen is given at the same time and at the
ucosal surface as the toxins. However, since both CT

T are normally considered to be much too toxic for hum
se, great efforts have recently been made to define whe
ould be possible to separate the adjuvant and toxic acti
s a basis for development of mucosal adjuvants for hu
se.

.1. The adjuvant action of CT and LT

CT and LT can affect several steps in the induction
mucosal immune response. These effects, which alo

n combination might explain their strong adjuvant ac
fter oral immunisation, include: (1) increased permeab
f the intestinal epithelium leading to enhanced uptak
o-administered antigen, (2) enhanced antigen presen
y various APCs, (3) promotion of isotype differentiation
cells leading to increased IgA formation, and (4) comp

timulatory as well as inhibitory effects on T cell proliferat
nd cytokine production. In addition, CT and LT have b
hown to not only avoid to induce oral tolerance but als
ontrast to CTB, which appears to induce a more restr
h2 type of immune response[10]. Thus DC, which had bee
re-treated in vitro with a protein antigen (ovalbumin, OV

inked to or admixed with CT and then injected into m
n an antigen-specific manner induced both Th1 and CT
ponses in addition to a Th2 response. In contrast, DC p

n vitro with OVA linked to CTB only gave rise to a Th2 typ
f immune response.

.2. Development of non-toxic derivatives as mucosal
djuvants

To avoid toxicity, isolated CTB and LTB have been
lored for their ability to augment immune responses
gainst co-administered antigens. However, their capac
ucosal adjuvants has proved to be much less than that
olotoxins. Indeed, both CTB and LTB are poor adjuv
hen given to animals together with non-coupled antig
y the oral route, although they display a more signifi
djuvant activity when administered via the nasal route.

uvanticity of CTB or LTB is much improved when coupl
o antigens, due to the increased uptake of coupled an
cross the mucosal barrier and its more efficient presen
oupled antigen not only by DC and macrophages but
y näıve B cells.

Recently, site-directed mutagenesis has permitted the
ration of LT and CT mutants that have reduced toxicity
hich retain significant adjuvanticity when given to anim
y the nasal-mucosal route or, even though they then pe

ess well, by the oral-mucosal route[8] (Fig. 3). Two such mu
ants, LTK63 and LTK72, are currently clinically evalua
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Fig. 3. Examples of mucosal adjuvant molecules based on detoxified cholera
toxin orE. coli heat labile enterotoxin.

as adjuvants for intranasally administered influenza vaccine
(Podda et al., to be published).

To achieve detoxification of CT, another type of mutants
was recently described in which peptides are added to the
CTA1 amino end (Fig. 3). The added peptides seem to re-
duce both enterotoxicity and ADP-ribosylating activity by
sterical hindrance with the CTA1 active site[11]. In general,
in these (like in all other detoxified) constructs, adjuvanticity
decreased with decreasing enterotoxicity/ADP-ribosylation.
However, a mutant (eCT6), with 10–20-fold lower entero-
toxicity, displayed a level of adjuvanticity comparable to that
of the wild type CT. Another mutant with a longer peptide
linked to CTA1 (eCT23) and no detectable toxic activity, al-
though being also much less potent in adjuvant activity than
either CT or eCT6, was superior to CTB as both mucosal
immunogen and as adjuvant for a co-administered antigen.

Yet another approach that is used to circumvent the harm-
ful drawbacks of CT or LT adjuvants is to link the enzymat-
ically active A subunit domain of the toxin to a cell-binding
moiety other than the natural B subunit, such as the cell-
binding domain ofStaphylococcus aureusprotein A (CTA1-
DD) (Fig. 3) [12]. CTA1-DD, like most other toxin derivates,
functions when applied nasally but not when given orally.
This limitation has recently been overcome by the incorpo-
ration of CTA1-DD fused to a short peptide into immune
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with an appropriate antigen together with a suitable adjuvant
ex vivo represents a promising approach to immunothera-
peutic vaccination in e.g. patients with cancer or severe in-
fections. The fact that the ex vivo-pulsed DC are autologous
and can be extensively washed free from any unprocessed
antigen and adjuvant before being reinfused to the patient
makes it promising to also be able to use even such strong
(but toxic) adjuvants as unmodified CT for stimulating the DC
to become maximally immunogenic without risks of causing
toxic side effects in vivo.

Conjugation of Ag to either CT or CTB greatly facilitated
MHC class II-restricted antigen presentation by DC asso-
ciated with both an upregulated secretion of IL-1� by the
pulsed DC and increased expression of CD80 and CD86 on
the DC surface, effects that are linked to the adjuvant ac-
tivity of CT. DC pulsed with CT- or CTB-conjugated anti-
gen were found to be superior to DC pulsed with free anti-
gen at inducing CD4+ T cell and B cell responses in vivo.
However, whilst CTB-antigen conjugates almost exclusively
stimulated immune responses with a Th2 type profile, conju-
gates based on CT were shown to drive the in vivo responses
towards a mixed Th1 and Th2 phenotype (Fig. 4a)[10]. Vac-
cination with antigen-CT-pulsed DC, but not DC pulsed with
antigen-CTB or antigen alone, also induced antigen-specific
CD8+ T cells that produced IFN-� and were cytotoxic for
a nd
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timulating complexes (ISCOMS). Oral vaccination with
SCOM-CTA1-DD complex induced systemic and muco
esponses with both Th1 and Th2 characteristics[13].

. CT and CTB as adjuvants for dendritic cell
accination

Dendritic cells (DC) are professional antigen-presen
ells, which act as sentinels throughout the body. Vaccin
ith autologous monocyte/bone-marrow-derived DC pu
ntigen (OVA)-expressing E.G7 tumour cells in vitro a
ere able to infiltrate and eliminate an already establi
VA-expressing E.G7 tumour in vivo (Fig. 4b) [14,15]. We
ropose that the use of CT as a combined carrier-del
ystem and adjuvant for DC vaccination represent a n
ttractive strategy for therapeutic anti-tumour vaccinatio

east for tumours that express sufficient amounts of M
lass I carrying tumour-specific peptide antigens.

. CTB::CpG—a novel potent immuno-modulating
djuvant

Bacterial DNA contains unmethylated CpG motifs. T
istinguishes bacterial DNA from vertebrate DNA, wh
ontains a lower frequency of CpG motifs, and these are
lly methylated[16,17]. Vertebrate immune systems app

o have evolved TLR9, that distinguishes bacterial DNA f
elf-DNA. Interactions between unmethylated CpG moti
acterial DNA or in synthetic oligodeoxynucleotide (OD
nd TLR9 rapidly activate DC, splenocytes, monocy
nd macrophages through the Toll/IL-1-receptor signa
athway to produce Th1-polarizing cytokines such as IF�,

L-1�, tumor necrosis factor-� (TNF-�), and IL-12, to up
egulate co-stimulatory molecules on APCs, and to activa
ells for proliferation and IL-6 secretion. In vivo, systemic
inistration of CpG DNA was demonstrated to promote

ell activity, to increase the total number of B-lymphocy
n the spleen, and to elevate plasma levels or tissue m
xpression of IFN-�, IL-12 , and TNF-�. Altogether, CpG
NA induces a predominantly Th1 type immune activat
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Fig. 4. Use of cholera toxin (CT) and cholera toxin B subunit (CTB) as
adjuvants for dendritic cell vaccination: (a) Vaccination with bone-marrow
derived dendritic cells (DC) pulsed ex vivo with a protein antigen (oval-
bumin, OVA) in different formulations with or without CT or CTB in mice
demonstrates a strong adjuvant action by coupling OVA to either CTB or CT
on antibody responses and shows pronounced differential effects of CT and
CTB on Th1 and Th2 responses: conjugation of antigen to CTB promotes a
Th2 type of antibody response, whereas CT promotes a mixed Th1 and Th2
response (data from [10]), (b) DC vaccination with a tumor-specific antigen
(OVA) coupled to CT can eliminate even an established tumor. Mice were
subcutaneous inoculated with the OVA expressing E.G7 tumor cells, and
then after 3 days and 10 days vaccinated with DC pulsed ex vivo with either
OVA, OVA conjugated to CTB or OVA conjugated to CT. Vaccination with
OVA-CT-pulsed DC efficiently eliminated the tumors (data from[14,15]).

Despite the documented effects of CpG DNA on systemic
innate and adaptive immunity, little is known until recently
about the role of CpG DNA in induction of innate immu-
nity at mucosal surfaces. We have recently documented the
impact of vaginal-mucosal administration of immunostimu-
latory CpG ODN on induction of innate immune responses
in the murine female genital tract mucosa. Thus, a single
mucosal-vaginal administration of immunostimulatory CpG
ODN induces rapid production of Th1 associated cytokines
IFN-�, IL-12, and IL-18 in the female genital tract[18].
Further, such treatment stimulates rapid production of CC
chemokines RANTES, MIP-1�, and MIP-1� in the murine
female genital tract mucosa. The significance of the rapid
CpG ODN-induced production of CC chemokines in the gen-
ital tract mucosa is highlighted by finding that infection of
CD4+ T cells by HIV-1 is antagonized by RANTES, MIP-
1�, and MIP-1�, the natural ligands of the HIV coreceptor
CCR5[19]. Strikingly, a single vaginal dose of CpG ODN, in
the absence of any viral antigen, elicits protective immunity

against genital herpes infection and disease[18]. The protec-
tion led to the development of memory response conferring
protection against reinfection. These data warrant further ex-
ploration for the use of immunostimulatory CpG ODN as a
novel strategy to induce innate protective immunity against
other sexually transmitted viral infections such as HIV infec-
tion.

It was also shown that immunostimulatory CpG DNA elic-
its innate immunity in the gastrointestinal tract mucosa. Thus,
intragastric administration of mice with CpG ODN was found
to elicit local production of CC chemokine RANTES, MIP-
1� and MIP-1� and CXC chemokine IP-10 in the stomach
and/or intestine. Importantly, intragastric administration of
CpG ODN, in the absence of any exogenous bacterial antigen,
suppressed bacterial colonization in the stomach of mice with
an already establishedHelicobacter pyloriinfection[20].

In addition to the effect of CpG DNA on induction of in-
nate immune response, several features of the immune stim-
ulation induced by CpG DNA, including the generation of a
Th1-like cytokine milieu, antiapoptotic activity on B cells and
DCs, and upregulation of costimulatory molecule expression
on antigen presenting cells suggest potential efficacy of CpG
DNA as a vaccine adjuvant. The utility of CpG DNA as a po-
tent Th1-like adjuvant for mucosal vaccination of primate and
non-primate animals with various antigens, including hepati-
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nfuenza virus (intranasally or orally), MAP-M2, a synthe

easles virus peptide (intranasally), envelope glycopr
from HSV-1 (intranasally), tetanus toxoid (intranasally,

rarectally, orally),Mycobacterium bovisBCG (intranasally
ave been demonstrated[21,22]. Importantly, some of thes
tudies confirmed that CpG DNA is a stronger Th1-like a
ant for inducing B cell and T cell responses than comp
reund’s adjuvant, while the toxicity of CpG DNA was sho

o be far less. It has also been reported that CpG cova
onjugated to protein antigen exhibits novel joint prope
s promoters of antigen uptake and DC activation, the
otentiating the ability of DCs to generate Th1-mediated
une response.
Most strikingly, it has recently been shown that the

unostimulatory effect of CpG DNA is significantly e
anced when chemically conjugated to CTB ([22], Harandi e
l., to be published). When compared for their immunost

atory effect on murine splenocytes, the CpG coupled to
nduced much stronger cheokine responses than ach
ith CpG alone, and when tested on human white b
ells even more pronounced differences were found. T
n vitro treatment of human peripheral blood mononuc
ells (PBMC) with an optimal human CpG ODN did not g
ise to any appreciable levels of CC chemokine respo
pG ODN coupled to CTB elicited strong CC chemokine
ponses by human PBMC. The corresponding optimal C
pG conjugate when administered intravaginally, elic
tronger CC chemokine responses in the murine female
tal tract mucosa compared with those of CpG ODN.
ncreased immunostimulatory property of CTB::CpG co
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gate could be explained by the increased uptake of coupled
CpG ODN by target cells and across the mucosal barrier and
possibly also by CTB/GM1-directed intracellular transport
of CpG into endoplasmic reticulum (Harandi et al., to be
published).

6. Use of CTB for mucosal immunotherapy with
proof-of-principle clinical study in patients with
Behcet’s disease

In many preclinical studies mucosal administration of anti-
gens (Ag) linked to CTB has been shown to represent a very
efficacious way of inducing peripheral tolerance (so-called
oral tolerance) and thus suppressing the development of
autoimmune or allergic reactions involving the coupled or
bystander Ag[23–38]. The mechanisms for the strong poten-
tiation of oral tolerance induction by using CTB-coupled Ag
and not fully understood but appear to include the following
CTB-mediated effects: (i) increased uptake of Ag across the
mucosal barrier, (ii) increased Ag binding, uptake and pre-
sentation by DC and other APC, and (iii) providing selected
DC (and other APC?) subsets with increased ability to in-
duce different types of TGF-� expressing suppressor T cells
including CD4+ CD25+ T regulatory T cells (Sun et al., to be
p with
B 51)
i tein
( TB
p

clin-
i ree
t wal
o ease
i by
c ex-
t n of

F duced
u iffer-
e mu-
n
(

p336–351::CTB had no adverse effect and withdrawal of the
immunosuppressive drugs gave no relapse of uveitis in 5 of
8 patients or 5 of 6 selected patients who were free of dis-
ease activity prior to initiating the tolerization regimen. After
tolerization was discontinued, 3 of 5 patients remained free
of relapsing uveitis for 10–18 months after cessation of all
treatment. Control of uveitis and extra-ocular manifestations
of BD was associated with a lack of peptide-specific CD4+ T
cell proliferation, a decrease in expression of Th1 type cells
(CCR5, CXCR3), IFN-� and TNF-� production, CCR7+ T
cells and costimulatory molecules (CD40 and CD28), as com-
pared with an increase in these parameters in patients in
whom uveitis had relapsed.

The efficacy of oral peptide-CTB tolerization needs to be
confirmed in a phase III trial, but this novel strategy in hu-
mans might be applicable generally to autoimmune diseases
in which specific antigens have been identified.
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