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Mucosal iImmunity and vaccines

Jan Holmgren' & Cecil Czerkinsky?

There is currently great interest in developing mucosal vaccines against a variety of microbial pathogens. Mucosally induced
tolerance also seems to be a promising form of immunomodulation for treating certain autoimmune diseases and allergies.
Here we review the properties of the mucosal immune system and discuss advances in the development of mucosal vaccines
for protection against infections and for treatment of various inflammatory disorders.

The mucous membranes covering the aerodigestive and the urogenital
tracts as well as the eye conjunctiva, the inner ear and the ducts of all
exocrine glands are endowed with powerful mechanical and chemical
cleansing mechanisms that degrade and repel most foreign matter. In
addition, a large and highly specialized innate and adaptive mucosal
immune system protects these surfaces, and thereby also the body inte-
rior, against potential insults from the environment. In a healthy human
adult, this local immune system contributes almost 80% of all immu-
nocytes. These cells are accumulated in, or in transit between, various
mucosa-associated lymphoid tissues (MALT), which together form the
largest mammalian lymphoid organ system!.

The mucosal immune system has three main functions: (i) to protect
the mucous membranes against colonization and invasion by potentially
dangerous microbes that may be encountered, (ii) to prevent uptake of
undegraded antigens including foreign proteins derived from ingested
food, airborne matter and commensal microorganisms, and (iii) to
prevent the development of potentially harmful immune responses to

Yo, these antigens if they do reach the body interior. At variance with the

@)
@systemic immune apparatus, which functions in a normally sterile milieu

= and often responds vigorously to invaders, the MALT guards organs

that are replete with foreign matter. It follows that upon encountering
this plethora of antigenic stimuli, the MALT must economically select
appropriate effector mechanisms and regulate their intensity to avoid
bystander tissue damage and immunological exhaustion.

Mucosal immune responses

The MALT represents a highly compartmentalized immunological sys-
tem and functions essentially independent from the systemic immune
apparatus. It is comprised of anatomically defined lymphoid micro-
compartments such as the Peyer patches, the mesenteric lymph nodes,
the appendix and solitary follicles in the intestine, and the tonsils and
adenoids at the entrance of the aerodigestive tract, which serve as the
principal mucosal inductive sites where immune responses are initi-
ated®?. Small but numerous clusters of immature lymphocytes and den-
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dritic cells have also been described in the subepithelial compartment of
the mouse intestine and may represent sites of extrathymic lymphopoi-
esis®?; such cryptopatches have not been found in humans, however. The
MALT also contains diffuse accumulations of large numbers of lymphoid
cells in the parenchyma of mucosal organs and exocrine glands, which
form the mucosal effector sites where immune responses are manifested.
Consistent with a high degree of compartmentalization, the MALT is
populated by phenotypically and functionally distinct B cell, T cell and
accessory cell subpopulations as compared with systemic lymphoid tis-
sues, and has also developed strong restrictions upon lymphoid cell
recirculation between mucosal sites.

As more extensively reviewed elsewhere®, antigens taken up by
absorptive epithelial cells and specialized epithelial cells (membrane,
or ‘M, cells) in mucosal inductive sites can be shuttled to, or directly
captured by, ‘professional’ antigen-presenting cells (APCs; includ-
ing dendritic cells (DCs), B lymphocytes and macrophages), and
presented to conventional CD4" and CD8" a3 T cells, all located
in the inductive sites. Certain antigens may also be processed and
presented directly by epithelial cells to neighboring intraepithelial
T cells, including T cells with limited repertoire diversity (Y0 T cells
and NKT cells). Immune responses in mucosal tissues are governed
by the nature of the antigen, the type of APCs involved, and the local
microenvironment. With most types of nonpathogen antigens (e.g.,
food proteins), the ‘default’ pathway for mucosal DCs and other APCs
seems to be to generate T helper 2 (T};2) and various regulatory T cell
types of responses’; this usually also results in active suppression of
systemic immunity—‘oral tolerance.” Antigens and adjuvants, includ-
ing most pathogens, harboring motifs sensed by mucosal APCs as
‘danger signals’ (e.g., Toll-like receptor (TLR) ligands), on the other
hand, and proinflammatory conditions in general, favor the develop-
ment of stronger and broader immune responses engaging both the
humoral-secretory and cellular immunity effector arms and also do
not lead to oral tolerance>®”. It has been widely assumed that the
recognition of pathogens by TLRs on mucosal APCs was distinct from
the response to the commensal flora, but recently it was found that
microbial commensals are also recognized by TLRs under normal
conditions, and that this interaction seems crucial for maintaining
epithelial homeostasis in the gut®.

The sensitized mucosal immunocytes, both Band T cells, leave the site
of initial encounter with antigen (e.g., a Peyer patch), transit through the
lymph, enter the circulation and then seed selected mucosal sites, mainly
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Figure 1 Expression of mucosal IgA immune responses after different routes
of vaccination. The ‘common mucosal immune system’ is more restricted
than previously thought. In humans, immunization studies with cholera
toxin B subunit by different mucosal routes have clearly shown that the
strongest response takes place at the directly vaccine-exposed mucosa

and the second-best responses at adjacent mucosae or at specifically
interconnected inductive-expression mucosal systems such as the gut-
mammary gland link in lactating women. A notable exception is the fact that
nasal mucosal immunization not only stimulates an immune response in the
respiratory tract, but also can give rise to a strong genital-vaginal mucosal
immune response. Shading indicates strength of response.

the mucosa of origin, where they differentiate into memory or effec-
tor cells. The anatomic affinity of such cells seems to be largely deter-
mined by site-specific integrins (‘homing receptors’) on their surface
and complementary mucosal tissue—specific receptors (‘addressins’) on
vascular endothelial cells®. In addition, chemokines produced in the local
microenvironment promote chemotaxis toward mucosal tissues and
regulate integrin expression on mucosal immunocytes, thereby control-
ling cell migration!®. Of particular interest are recent studies indicating
that mucosal DCs, in addition to presenting antigen to cognate T cells,

can also influence their homing properties. Thus, mouse DCs isolated
from mesenteric lymph nodes and Peyer patches, but not from spleen
and peripheral lymph nodes, increase the expression of the mucosal
homing receptor a4f7 (refs. 11,12) and CCR9 (ref. 12), the receptor
for the gut-associated chemokine TECK/CCL25 on memory T cells,
and license effector/memory CD8* T cells to home preferentially to the
intestinal epithelium. Notably, DC imprinting of gut homing specificity
has recently been shown to involve retinoic acid, which is uniquely pro-
duced by intestinal DCs, but not by DCs from other lymphoid organs'?.
Taken together, these observations may explain the notion of a ‘common
mucosal immune system’ whereby immunocytes activated at one site
disseminate immunity to remote mucosal tissues rather than to systemic
sites. At the same time, because chemokines, integrins and cytokines are
differentially expressed among mucosal tissues, this fact may also partly
explain why, within the mucosal immune system, there is a significant
degree of compartmentalization linking specific mucosal inductive sites
with particular effector sites (e.g., the gut with the mammary glands and
the nose with the respiratory and genital mucosae).

The compartmentalization within the mucosal immune system
places constraints on the choice of vaccination route for inducing
effective immune responses at the desired sites (Fig. 1). Thus, whereas
oral immunization may induce substantial antibody responses in the
small intestine (strongest in the proximal segment), ascending colon
and mammary and salivary glands, it is relatively inefficient at evoking
an IgA antibody response in the distal segments of the large intes-
tines, tonsils or female genital tract mucosal4-16, Conversely, rectal
immunization evokes strong local antibody responses in the rectum
but little, if any, response in the small intestine and in the proximal
colon'>~17, Nasal or tonsilar immunization in humans results in anti-
body responses in the upper airway mucosa and regional secretions
(saliva, nasal secretions) without evoking an immune response in the
gutl&lg; however, and of special interest for possible vaccination against
HIV and other sexually transmitted infections, not only vaginal but also
nasal immunization has been found to give rise to substantial IgA and
IgG antibody responses in the human cervicovaginal mucosae!®1%20,
Another notable finding, if it can be confirmed in humans, is that in
mice, transcutaneous immunization may induce a mucosal immune
response in the female genital tract?!. It should also be borne in mind
that the menstrual status of females may influence the intensity of
immune responses in genital secretions!>20,

Effector mechanisms

In addition to the barrier function, mechanical cleansing mechanisms
and different chemical antimicrobial factors or defensins provided by
the lining epithelium of different mucosal tissues, the mucosa con-
tains a number of other cells of the innate immune system, including
phagocytic neutrophils and macrophages, DCs, NK cells and mast cells.
Through a variety of mechanisms these cells contribute significantly to
host defense against pathogens?? and for initiating adaptive mucosal
immune responses.

The adaptive humoral immune defense at mucosal surfaces is to a
large extent mediated by secretory IgA (SIgA) antibodies, the predomi-
nant immunoglobulin class in human external secretions. The resis-
tance of SIgA to proteases makes these antibodies uniquely suited
for functioning in mucosal secretions (Box 1). The induction of IgA
against mucosal pathogens and soluble protein antigens is dependent on
T helper cells?®?4, although IgA immunity to commensal flora may be
thymus independent? and of low affinity?®. In humans, transforming
growth factor (TGF)- and interleukin (IL)-10 in concert with IL-4 have
been shown to promote B-cell switch to IgA and differentiation into
IgA-producing cells?”>?8, In this regard, in addition to mucosal T cells,

S46

VOLUME 11 | NUMBER 4 | APRIL 2005 NATURE MEDICINE SUPPLEMENT



© 2005 Nature Publishing Group http://www.nature.com/naturemedicine

which produce large amounts of IL-4, IL-10 and TGF-f, human muco-
epithelial cells provide a major source of TGF-3 and IL-10, suggesting
that cooperation between neighboring lymphocytes and epithelial cells
in the mucosal microenvironment is pivotal for programming prefer-
ential maturation of IgA-committed B cells.

Although SIgA is the predominant humoral defense mechanism at
mucosal surfaces, locally produced IgM and IgG, and in the lower respi-
ratory tract and in the genitourinary mucosa, serum-derived IgG can
also contribute significantly to immune defense.

Mucosal cytotoxic T lymphocyte (CTL) responses have been described
after oral, nasal, rectal or vaginal immunization?®3°, and recently also
after transcutaneous immunization’!. Mucosal CTLs have been shown
to be crucial for the immune clearance of pathogens in several animal
models of infection with enteric or respiratory viruses and intracellular
parasites®?=4, In most studies, wild-type or attenuated viruses and bac-
teria have been required to induce CTLs in mucosal tissues. There are,
however, exceptions to this rule, inasmuch as use of certain adjuvants
such as cholera toxin and related enterotoxins can promote mucosal CTL
development when administered orally or nasally with soluble proteins
and peptides®>3°. Besides CTLs, interferon (IFN)-y—producing CD4*
T cells, induced either by the live pathogens or by mucosal immuni-
zation with inactivated vaccines in combination with cholera toxin or
other mucosal adjuvants, have been found to be important for mucosal
immune defense to both viral and bacterial infections; their protective
mechanism(s), however, remain to be defined®”°. Thus, appropriate
adjuvants or delivery systems, or both, may critically favor the induction
of protective mucosal cellular responses, and this notion is of importance
for developing mucosal vaccines against intracellular pathogens.

Regulatory mechanisms

The mucosal immune system has evolved a variety of mechanisms to
achieve and maintain tolerance against self-antigens and against the
plethora of environmental antigens present in the microflora, in food
and among airborne matter. Studies in animal models have identified
that mucosal tolerance can be achieved through different mechanisms,
including activation-induced cell death, anergy and, most important,
the induction of regulatory T cells*’. Anergy of antigen-specific T cells

=te) has been reported after inhalation or ingestion of large quantities of

@soluble proteins*!, and deletion of specific T cells only after mucosal

=" administration of massive, nonphysiological antigen doses*2. Induction

of regulatory cells after mucosal delivery of antigens has been reported
in animal models for more than 25 years*? and has received a major

BOX 1 SECRETORY IgA IN MUCOSAL DEFENSE

e Excessive production: >50 mg per kg body weight per 24 h

e Specific transport into mucosal secretions

¢ Resistant to host proteases

e |nhibits bacterial adhesion

e [nhibits macromolecule absorption (including uptake of or
binding of allergens to mucosal target cells)

e |nhibits inflammatory effects of other immunoglobulins

e Neutralizes viruses (both extracellularly and within epithelial
cells) and bacterial toxins

e Enhances nonspecific defense mechanisms (e.g., lactoperoxidase
and lactoferrin)

e Eliminates antigens in tissue through binding to IgA and
subsequent polyimmunoglobulin receptor-mediated transport of
immune complexes through epithelial cells

REVIEW

attention during the last few years given the potential of such regulatory
cells as therapeutic agents in immune-mediated diseases.

In mice, four main types of regulatory T cells have been described:
(i) antigen-induced CD4" Ty;2-like cells that produce IL-4 and IL-10
and antagonize the activity of Ty;1 effector cells**; (ii) CD4*CD45RBloW
Tr1 cells that function through the production of IL-10 (ref. 45); (iii)
CD4" or CD8" T cells producing TGF-f (T3 cells)*; and apparently
most important, (iv) a population of naturally occurring CD4*CD25%
regulatory T cells (T, cells) that suppress proliferation through a cell
contact-dependent mechanism*”#8, Although anergic in vitro, the latter
cells can be expanded in an antigen-specific manner in vivo after immu-
nization*®>%, Notably, these cells may also confer suppressor activity
on other CD4* T cells by inducing the expression of the transcription
factor Foxp3 and/or the major histocompatibility complex (MHC) class
II-binding molecule LAG-3 in such cells (‘infectious tolerance’)>"2.
Thereby, they may also provide a direct link between effector T-cell
inhibition by Treg, Ty3 and Tr1 cells. Thus, natural human CD4*CD25*
T,eq expressing the mucosal 0437 integrin, when co-cultured with con-
ventional CD4* T cells, induced Tr1-like IL-10-secreting T cells with
strong suppressor activity on effector T cells, whereas another, 04p31-
positive Ty, subset in similar cultures instead induced Ty3-like TGF-
B—secreting suppressor T cells®!. Recent evidence indicates that all of
these different regulatory T cell types and mechanisms can be induced
or expanded by mucosal administration of antigens leading to periph-
eral tolerance (oral tolerance; J.-B. Sun et al., unpublished data).

Intraepithelial CD8" y3 T cells from the respiratory mucosa and from
the small intestine have also been suggested to be involved in mucosal
tolerance®>>%, Despite their strategic location as the first immunocytes
to encounter pathogens that have invaded an epithelial surface, the
mechanisms of action of intraepithelial regulatory T cells are still largely
unknown. The liver also seems to have a significant role in maintaining
immunological silence to harmless antigenic material present in food.
Regulatory T cells as well as NK and CD1-restricted NKT cells seem to
contribute to the overall bias of hepatic immune responses toward tol-
erance and this bias may account for the survival of liver allografts and
the persistence of certain liver pathogens such as hepatitis viruses>>¢,
Thus, protection of mucosal organs from autoagressive and allergic
diseases seems to involve several layers of regulation.

Activation, expansion and survival of these various regulatory cells
seem to be controlled by specialized types of APCs, especially tissue-
specific DCs such as liver sinusoidal DCs, certain subpopulations of
DCs in Peyer patches, mesenteric lymph nodes and small intestinal villi,
or in the lungs®”%%7. Thus, mucosal DCs, depending on several major
factors such as their tissue location, lineage to which they belong and
the nature of maturation stimuli, can determine the character of the
ensuing immune responses. Targeting regulatory or immunostimula-
tory mucosal DCs constitutes a major challenge to the development of
adjuvants and vaccine formulations.

Mucosal vaccines against infections

The primary reason for using a mucosal route of vaccination is that most
infections affect or start from a mucosal surface, and that in these infec-
tions, topical application of a vaccine is often required to induce a pro-
tective immune response. Examples include gastrointestinal infections
caused by Helicobacter pylori, Vibrio cholerae, enterotoxigenic Escherichia
coli (ETEC), Shigella spp., Clostridium difficile, rotaviruses and calici
viruses; respiratory infections caused by Mycoplasma pneumoniae,
influenza virus and respiratory syncytial virus; and sexually transmit-
ted genital infections caused by HIV, Chlamydia trachomatis, Neisseria
gonorrhoeae and herpes simplex virus. These infections represent an
enormous challenge for development of vaccines targeted to induce
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immunity that can either prevent the infectious agent from attaching
and colonizing at the mucosal epithelium (noninvasive bacteria), or
from penetrating and replicating in the mucosa (viruses and invasive
bacteria), and/or that can block microbial toxins from binding to and
affecting epithelial and other target cells.

A topical-mucosal route of vaccination seems to be crucial for pro-
tective efficacy against noninvasive infections at mucosal surfaces that
are normally impermeable to serum antibody transudation, or passive
passage across an epithelium. Gastrointestinal infections with V. cholerae
or ETEC are examples of such infections, in which vaccine-induced
protection is mediated mainly, if not exclusively, by locally produced
SIgA antibodies and is associated with immunologic memory. In other
instances, such as in H. pylori gastrointestinal infection and chlamydial
or herpes simplex virus genital infections, the protective immunity is
mediated mainly by mucosal CD4" T helper cells and possibly also CD8*
CTL and NK cells>’~3°. When, on the other hand, the infection occurs
at mucosal surfaces such as the respiratory and urogenital mucosae,
which are more permeable than the intestine to transudation of serum
antibodies, a parenteral route of vaccination may also be effective. The
same may hold true for enteric infections in which the pathogen is first
translocated across the epithelial barrier by intestinal membrane, or M,
cells and then infects the basolateral side of the epithelium as is the case
with Shigella spp., or causes disease only after multiplying and inducing
inflammation in the submucosal lymphoid tissues (most salmonellae)
and/or as for Salmonella typhi after further bacteremic spread in sys-
temic tissues.

But despite the many attractive features of mucosal vaccination, it
has often proven difficult in practice to stimulate strong SIgA immune
responses and protection by mucosal administration of antigens. In fact,
as yet only half a dozen of the vaccines that are currently approved for
human use are administered mucosally (Table 1).

Oral polio vaccine. The oral polio vaccine (OPV) is the classical oral-
mucosal vaccine. In addition to its enormous impact for reducing polio in
the world, this vaccine has also served as a useful tool for elucidating fun-
damental aspects of mucosal immunity in humans. Like the injectable
inactivated polio vaccine (IPV), OPV produces antibodies in the blood

to the nervous system. But, superior to IPV, OPV also produces a local
SIgA immune response in the intestinal mucosa—the primary site for
poliovirus entry and multiplication. This intestinal immune response can
rapidly stop person-to-person transmission of wild poliovirus, making
mass campaigns with OPV a powerful strategy for the global eradication
of polio. At the same time, there is a low but real risk of reversion of OPV
virus strains toward neurovirulence, which has led to the replacement of
OPV by IPV in most industrialized countries. As the global eradication of
polio is now approaching, concerns have been raised about the continued
use of OPV in most developing countries after such eradication, and how
to financially and logistically make it possible in these countries to use
the safe but more expensive IPV instead.

la.l that will protect against myelitis by preventing the spread of poliovirus

Vaccines against enteric infections. Enteric infections resulting in diar-
rheal disease or typhoid fever remain a leading global health problem,
causing an estimated 3 billion disease episodes and 3 million deaths
annually in developing countries. Efficacious vaccines are now available
against three of the main pathogens—V. cholerae, S. typhi and rotavirus
—whereas vaccines are still lacking against the two other most important
causes of disease, ETEC and Shigella.

Cholera vaccines. Almost half of all diarrheas are the result of entero-
toxin-producing bacteria. Among these, V. cholerae causes the most

Table 1 Internationally licensed vaccines against mucosal infections

Infection and vaccine(s) Route Trade name (producer(s))
Polio

Live attenuated vaccine (OPV) Oral Many

Cholera

Cholera toxin B subunit + Oral Dukoral (SBL Vaccin)
inactivated V. cholerae O1

whole cells

CVD 103.HgR live attenuated Oral Orochol (Berna, SSVI)

V. cholerae 01 strain
Typhoid

Deep subcutaneous
or intramuscular

Vi polysaccharide TyphimVi (Aventis)

Ty21a live attenuated vaccine Oral Vivotif (Berna, SSVI)
Rotavirus

Live attenuated monovalent Oral RotaRix

human rotavirus strain

Influenza

Live attenuated cold-adapted Nasal FluMist (MedImmune)

influenza virus reassortant strains

severe disease and epidemic outbreaks. Previously used injectable chol-
era vaccines, which did not induce significant gut mucosal immune
responses, afforded poor protection and have been abandoned. Recently,
however, two improved oral cholera vaccines have become available. The
most widely used of these vaccines (Dukoral), consisting of recombi-
nantly produced cholera toxin B subunit (CTB) and inactivated V. chol-
erae O1 whole cells covering different serotypes and biotypes, has proven
to be safe and stable and has in large efficacy (designed to measure the
intrinsic effects of vaccination when given under ideal conditions) and
effectiveness (designed to measure the vaccination effect under condi-
tions likely to predict how well the vaccine will perform in public health
practice) trials in Bangladesh, Peru and Mozambique conferred 85-90%
short-term (first 6 months) and 60% long-term (first 3 years) protection
against cholera®®-®! together with evidence of strong herd immunity®2.
Protection is mediated by local production of antitoxic and antibacte-
rial SIgA antibodies in the gut. Through its CTB component, this vac-
cine also affords significant cross-protection against ETEC producing
cholera toxin-like heat-labile toxin; ETEC is the most common cause
of diarrheal disease both in children living in developing countries and
among travelers to such countries. A simplified killed whole-cell cholera
vaccine, without the CTB component, has also been produced, tested
and licensed locally in Vietnam®.

The second internationally licensed oral cholera vaccine is the live,
attenuated vaccine CVD 103-HgR, containing a genetically manipulated
classical V. cholerae O1 Inaba strain with a deletion in the gene encod-
ing cholera toxin>%%4. The vaccine has proven to be safe and has con-
ferred 60—-100% protection against experimental challenge with cholera
organisms in North American volunteers. Based on this, CVD 103-HgR
(Orochol) is licensed in several countries for use in travelers. But when
the vaccine was tested in a large field trial in Indonesia, no significant
protection was observed®, and hence the usefulness of this vaccine in
cholera-endemic areas remains to be established.

Typhoid fever vaccines. The old parenteral, killed whole-cell typhoid
vaccine was effective, but it gave rise to severe local reactions and often
fever. More recently, two safe and effective vaccines against typhoid fever
have been licensed. The most widely used of these vaccines consists
of purified capsular polysaccharide Vi antigen. This vaccine, which is
given parenterally in a single dose, and is assumed to protect by way of
serum antibodies, is well tolerated and, when tested in high-endemic
countries, it gave 70% protection against typhoid fever during the first
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12-18 months and 55% protection over a 3-year study period®®7. A
locally produced Chinese Vi vaccine has afforded comparable (70%)
protection®,

The other licensed vaccine against typhoid fever is a live, attenuated
oral vaccine, Ty21a, developed by chemical mutagenesis of a pathogenic
S. typhi strain. Ty21a is well tolerated, and in schoolchildren in Chile three
doses of the commercial enteric-coated capsule formulation were shown
to provide 67% protective efficacy during the first 3 years of follow up®’.
The extent to which protection by this oral vaccine is mediated by local
mucosal immunity in the gut or by systemic immunity is not known.
Rotavirus vaccines. Rotavirus together with ETEC is the most important
cause of diarrheal mortality in infants and children below 2 years of age,
causing 500,000-600,000 deaths annually, mostly in developing countries.

Most rotavirus strains belong to one of five antigenic groups. A quad-
rivalent vaccine based on a Rhesus monkey rotavirus strain equipped
with human rotavirus genes was licensed for a short time (RotaShield),
but was withdrawn after it was suggested that the vaccine caused intus-
susception (intestinal invagination)’?, Recently, however, a new oral
attenuated rotavirus vaccine (RotaRix) has been approved for human
use in a few countries’". This single-strain vaccine is based on an atten-
uated human rotavirus strain and has shown good safety, and when
tested in an efficacy trial in Brazil, Mexico and Venezuela, it conferred
61-92% protection against rotavirus hospitalizations. The vaccine is
currently being further evaluated in Europe, Latin America, Africa
and Asia. Another oral attenuated vaccine (RotaTeq) is also expected
to be licensed soon in the United States and other countries”’. This is
a pentavalent reassortant bovine-human vaccine generated to con-
tain human rotavirus genes for each of the main rotavirus serotypes.
In Finnish infants, three doses of vaccine in different concentrations
gave 59-77% protection against any rotavirus disease (T. Vesikari,
H.E Clark and P.A. Offit, personal communication).

Respiratory infections. Injectable vaccines against influenza and pneu-
mococcal infections have been in use for along time. Their main protec-
tive mechanism is the induction of serum antibodies, mainly IgG, which
prevent systemic spread of the pathogen and which may also, through
transudation, exert a local protective effect at the mucosal surfaces of the

ered by intranasal spray (FluMist), comprising cold-adapted, tempera-
ture-sensitive attenuated virus reassortant strains that are being adjusted
to the antigenic needs for the actual influenza season, was licensed in the
United States’2. This vaccine induces an immune response that more
closely resembles natural immunity than the response elicited by the
injectable vaccine’3. Both mucosal and systemic immunity contribute to
resistance to influenza infection and disease: locally produced SIgA anti-
bodies to virus surface hemagglutinin and neuraminidase are impor-
tant for protection of the upper respiratory tract and corresponding
serum IgG antibodies for protection of the lower respiratory tract and
against viremia. Cell-mediated immunity, mainly against virus matrix
and nucleoprotein antigens, does not protect against infection, but is
important for clearance of virus and recovery from illness. The nasal
vaccine induces significantly higher local IgA antibodies in nasal wash-
ings and local cell-mediated immunity but less high serum antibody
titers than the injectable vaccine. Despite these differences in immune
responses, the two types of vaccine have comparable protective efficacy
(60-90%), and in elderly people, their combined use may increase the
efficacy compared with the use of either vaccine alone.

la.l lower respiratory tract. Recently, however, a live influenza vaccine deliv-

Mucosal vaccines for immunotherapy
Immune responses are not fail-safe and may underserve or be excessive
in protecting the host. As discussed above, several regulatory mecha-
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nisms to maintain control of mucosal immune reactivity are in place
and are becoming increasingly appreciated as targets for manipulat-
ing immunopathologic responses. Mucosally induced immunological
tolerance has become an attractive strategy for preventing and possibly
treating illnesses resulting from the development of untoward immune
reactions against allergens as well as self-antigens.

Vaccines against autoimmune diseases. Because induction of muco-
sal tolerance is antigen-specific but can be expressed in a nonspecific
manner (‘bystander suppression’) through the production of sup-
pressive cytokines by regulatory T cells in the inflamed microenviron-
ment of the target organ, this approach has been utilized to suppress
immune responses against self-antigens; however, it should be noted
that bystander suppression remains to be documented in humans. It has
been possible to prevent or to delay onset of experimental autoimmune
diseases in various animal systems by feeding subjects selected autoanti-
gens or peptide derivatives*? (for example, in rodent models of autoim-
mune arthritis, type 1 diabetes, experimental autoimmune encephalitis,
myasthenia gravis, autoimmune ear chondritis, autoimmune uveitis and
autoimmune thyroiditis). In addition to the oral route, virtually all other
routes of mucosal administration (nasal, buccal, rectal, genital) are also
effective to induce tolerance, although to varying degrees. The dosage,
the route and frequency of autoantigen administration have proven to
be crucial. Thus, whereas low doses of nasally administered antigens
favor expansion of regulatory T cells producing IL-10, low doses of orally
administered antigen promote activation of CD8* and/or CD4* regula-
tory T cells producing TGF-. Large doses of antigens seem to induce
anergy of effector CD4* T cells, whereas massive doses can induce their
apoptosis.

Although mucosal tolerance is usually effective in animal models for
preventing inducible autoimmune diseases, its efficacy has been more
variable and limited when utilized as an intervention strategy in animals
in which the disease had already been induced or had spontaneously
developed. This may explain, in part, the disappointing results of recent
phase 3 clinical trials of oral tolerance in individuals with type 1 diabetes’,
multiple sclerosis’> and rheumatoid arthritis’®, diseases in which there
may be multiple target autoantigens that remain largely unknown.

A significant improvement has been achieved by coadministering
immunomodulating agents to enhance the tolerogenic activity of auto-
antigens as well as allergens given orally or nasally. The most promising
such agent is CTB, which when conjugated or coadministered with sev-
eral autoantigens or allergens can markedly enhance tolerance induction
in already sensitized animals and thereby effectively suppress progres-
sion of various autoimmune diseases’’~8!, Recently, a small phase 1-2
trial in individuals with Behcet disease, an autoimmune eye disease often
associated with extraocular manifestations and abnormal T cell reactiv-
ity to a specific peptide within the human 60-kDa heat-shock protein,
has shown the safety and clinical efficacy of treatment with an oral vac-
cine comprised of this specific peptide linked to CTB®2.

Antiallergy vaccines. Less well appreciated, this approach has given
almost uniformly promising results in individuals with allergic disorders,
to the extent that a World Health Organization expert group in a posi-
tion paper recommended sublingual allergen-specific immunotherapy
as the suitable treatment for allergic rhinitis in adults. The prevalence
and severity of allergic diseases, in particular those affecting the respira-
tory tract, are increasing, and up to 20% of the population in developed
countries are affected. Allergic rhinitis is one of the most common types
of mucosal allergies, leading to asthma and early symptoms caused by
a hypersensitivity response to airborne allergens such as pollens, dust
mites, spores and animal dander. Type I allergy seems to result from
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the selective activation of allergen-specific Ty;2 CD4* T cells providing
cognate help to IgE-committed B cells and resulting in hyperproduction
of IgE. Specific inactivation of these allergen-specific Ty;2 cells through
clonal anergy, induction of Ty;1-like cells, which are known to antago-
nize T2 cells (immune deviation), or induction of regulatory cells, are
considered to be promising approaches for intervention in type I allergic
diseases. Systemic allergen-specific immunotherapy by the injection of
multiple (20 doses or more) small but increasing amounts of allergen
can change a pre-existing allergic Tj;2 immune response to a nonal-
lergic Ty;1 response. But this usually requires several years of treatment
to be effective and the success rate is well below 50%. It is expensive and
complicated, and also carries the risk of allergic and sometimes even
life-threatening anaphylactic reactions.

The ability of secretory antibodies to interfere with the entry of aller-
gens through the airway and the gut epithelium has been underesti-
mated, despite the fact that SIgA is known to be noninflammatory and
its daily output in external secretions exceeds that of IgG and by far that
of IgE antibodies, which it could outcompete for binding to the target
allergen. Furthermore, and at variance with systemic immunization,
mucosal administration of antigens can induce SIgA antibody responses
and, concomitantly, local and peripheral suppression of inflammatory
responses. Because mucosal, especially oral or sublingual, vaccines are
easier to deliver and safer than injectable vaccines, the concept of ‘muco-
sal desensitization” has become increasingly attractive as an alternative
to subcutaneous immunotherapy against type I allergies.

To date, more than 20 double-blind, placebo-controlled clinical trials of
mucosal desensitization have been performed in individuals with allergic
rhinitis and in individuals with bronchial asthma®3 (Table 2). Most studies
have involved individuals with allergic rhinitis and have been based on oral
and/or sublingual administration of allergen extracts from grass pollen,
dust mites, cat, birch pollen, ragweed and Parietaria. Beneficial effects have
been reported in the majority of these studies. In long-term studies of indi-
viduals with allergic asthma to house dust mites, oral-sublingual immu-
notherapy with allergen extract was efficient in reducing the frequency of
asthmatic attacks and the use of antiasthmatic drugs®*. Promising results
have also been reported in individuals with atopic dermatitis®.

Overall, the doses of allergen used in these trials and the frequency

of trials, natural, and thus inherently heterogeneous, allergen extracts
have been used. New techniques including allergen modification, aller-
gen gene vaccination or peptide analogs in combination with selected
adjuvants should further increase the safety and efficacy of mucosal
immunotherapy in allergies and asthma®.

la.l of allergen administrations have been rather high and, in the majority

Needs for improved mucosal vaccine formulations

The development of mucosal vaccines, whether for prevention of infec-
tious diseases or for oral-tolerance immunotherapy, requires efficient
antigen delivery and adjuvant systems. Ideally, such systems should (i)
protect the vaccine from physical elimination and enzymatic digestion,
(ii) target mucosal inductive sites including membrane, or M, cells, and
(iii) at least for vaccines against infections, appropriately stimulate the
innate immune system to generate effective adaptive immunity.

Mucosal delivery systems. A multitude of such vehicles have been devel-
oped, including various inert systems as well as live attenuated bacterial
or viral vector systems®’-59,

Best known among the inert systems are various lipid-based struc-
tures with entrapped antigens, such as liposomes, immunostimulating
complexes (ISCOMs) and so-called cochleates; different types of biode-
gradable particles based on starch or copolymers of lactic and glycolic

acid; and different mucosa-binding proteins, including both classical

Table 2 Successful sublingual allergy immunotherapy trials?

N trials Allergen nindividuals  Adult or child Duration

1 Ragweed 55 Adults 7.5 months
6 House dust mite 118 Adults and children  3-24 months
2 Olive pollen 43 Adults and children 2 months

5 Parietaria 79 Adults and children  6-24 months
5 Grass 154 Adults 3-18 months
1 Cat dander 20 Adults 3-5 months
1 Tree pollen 15 Adults 4-6 months

2As assessed by reduction in both clinical symptoms and use of antiallergic medication.
Adapted from ref. 83. Duration indicates duration of treatment.

plant lectins and bacterial proteins such as the binding subunit portions
of cholera toxin or E. coli heat-labile enterotoxin, to which antigens have
been linked either chemically or as gene fusion proteins.

Among the many live bacterial vectors developed, two main catego-
ries can be distinguished: those based on attenuated pathogens such as
Salmonella typhi or S. paratyphi, Bacille Calmette-Guérin or Bordetella
pertussis; and those that use commensal bacteria, such as lactobacilli
or certain streptococci and staphylococci. The initial use of vaccinia as
the primary virus vector candidate has progressively been replaced by
other poxviruses, such as canary poxvirus, and by adenoviruses. Several
of the live vectors of both bacterial and viral origin have also been engi-
neered to provide various cytokines to further stimulate or modulate the
immune responses induced. But although many of these systems have
shown promise in animal studies, there is still neither an inert nor a live
vector approved for human use.

Promising results have recently been reported from the use of
so-called pseudoviruses, or virus-like particles (VLPs). These are
self-assembling, nonreplicating viral core structures, often from non-
enveloped viruses, that are produced recombinantly in vitro. VLPs are
cheap and easy to make, as well as highly immunogenic, and are there-
fore of commercial interest as viral vaccines in their own right. VLPs
can, however, also be used as combined carriers and adjuvants both
for foreign antigens expressed recombinantly on their surface, and for
DNA vaccines carried within VLPs. VLPs are especially interesting from
a mucosal vaccine point of view, as they offer the opportunity to use the
natural route of transmission of the parent virus for vaccine delivery.
Promising use of this principle, resulting in both SIgA and CTL mucosal
immune responses and protection against mucosal pathogen challenge,
has been reported from studies both in animals and in humans with

VLPs from several mucosal viral pathogens including papillomavirus®,

calicivirus®! and hepatitis E virus®2.

Mucosal adjuvants. When it comes to specific adjuvants, the best-stud-
ied and most potent mucosal adjuvants in experimental systems are
cholera toxin and E. coli heat-labile enterotoxin®>*4, and much effort has
been made recently to generate toxicologically acceptable derivatives of
these toxins with retained adjuvant activity for human use (Fig. 2).

One such product is the completely nontoxic recombinantly produced
CTB, which, depending upon the nature of the coadministered anti-
gen, can be used to promote either mucosal immunity (mainly SIgA)
to pathogens or peripheral anti-inflammatory tolerance to self-antigens
or allergens®; the latter approach has recently also been tested clinically
with promising results in individuals with Behcet disease®.

Mutant heat-labile enterotoxin or cholera toxin proteins have also
been made in which the toxic-active A (A1) subunit has been modified
in various ways to remove the ‘toxic’ ADP-ribosylating activity, which
leads to toxicity. In general, a loss of toxicity has been matched with a
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corresponding loss of adjuvanticity, but a few proteins are available with
significant adjuvanticity in the absence of detectable toxicity when given
intranasally®>—7.

Yet another approach has been to prepare hybrid molecules in which
the fully active cholera toxin A1 subunit has been linked to an engineered
specific APC-binding protein derived from Staphylococcus aureus protein
A (CTA1-DD)%. This specifically targets the molecule to B cells and has,
in experimental systems, proven to be a very efficient and safe adjuvant
for coadministered antigens when given intranasally. The incorporation
of CTA1-DD and antigen into ISCOM particles may render the adjuvant
effective for oral use®s.

Bacterial DNA or synthetic oligodeoxynucleotides containing
unmethylated ‘CpG motifs’ (CpG ODN) represent another promis-
ing type of mucosal adjuvant. CpG ODN stimulate cells that express
Toll-like receptor 9, thereby initiating an immunomodulating cascade.
Although as yet mainly considered for systemic use, CpG ODN has been
found after nasal, oral or vaginal administration to markedly enhance
both innate and adaptive mucosal immunity in animal models®®10°,
effects which were especially pronounced when CpG ODN was linked
to the B subunit protein of cholera toxin!%0,

Conclusions and perspectives

For many years, mucosal immunity and mucosal vaccines have attracted less
than their due share of research and development, considering that most
infections and environmental allergies have a mucosal portal of entry.

But in recent years, methodological advances allowing more intense
study of mucosal immune responses have led to growing interest in both
trying to better understand the specific features of mucosal as compared
with systemic immunity, and to develop mucosal vaccines for preventing
mucosal infections and for treating allergic or autoimmune diseases.
Methods that facilitate the monitoring of mucosal immune responses in
humans including infants and young children—the major target groups
for vaccination against infectious diseases—have been developed, pri-
marily for measuring secretory antibody responses. But practical assays
for assessing mucosal T cell reactivity in clinical and in field settings are
still scarce and methods for predicting efficacy of candidate mucosal
immunotherapeutics in humans are lacking.

Mucosal immune responses in the humoral-secretory arm of the
immune system develop earlier than systemic immune responsiveness,
conferring a logistical advantage for mucosal vaccination in infants. On
the other hand, it seems that mucosal tolerance develops much later,
explaining, in part, the frequency (and often transient nature) of food
allergies in young children. There is yet no precise knowledge regarding
the ontogeny of the different mucosal regulatory cells for which selective
targeting and activation by appropriate delivery systems and immuno-
modulating agents could be advantageous for preventing allergies and
tissue-damaging inflammatory reactions.

Although effective oral-mucosal vaccines for human use are available, it is
increasingly appreciated that the development of a broader range of muco-
sal vaccines, whether for prevention of infectious diseases or for immuno-
therapy of autoimmune, allergic or infectious inflammatory disorders, will
require access to antigen delivery systems that can help present the relevant
‘protective antigens’ efficiently to the mucosal immune system as well as
effective adjuvants to promote and direct the mucosal immune response
toward the desired effect. Significant advances have recently been made
in the development of improved mucosal vaccine delivery systems. Novel
mucosal adjuvants with prospects for human use have also been designed.

Although these developments may promising useful mucosal vac-
cines, their usefulness in humans has yet to be established. It remains
to be seen to what extent the safety and efficacy profiles established in
animal models hold true in genetically diverse human subjects who also
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Figure 2 Different approaches toward development of mucosal adjuvants
based on detoxified cholera toxin (CT) or E. coli heat-labile enterotoxin (LT).
(ADPR, ADP-ribosylating; APC, antigen-presenting cell; CTB, cholera toxin
subunit B.)

may differ significantly in their intestinal flora, nutritional status and
previous immunological experience, all of which are factors that have
been found to affect mucosal vaccine efficacy. Indeed, several muco-
sal vaccines, including oral live cholera vaccine and rotavirus vaccine
candidates as well as OPV, have been found to work less well in devel-
oping country settings than in industrialized countries. The pandemic
HIV infection problem presents additional challenges with regard to
both vaccine safety and efficacy, especially for live attenuated vaccines.
Although the main problems to date have dealt with lesser than expected
efficacy of mucosal vaccines when tested in specific populations and set-
tings, usually those prevailing in developing countries, it is also notable
that two recently developed mucosal vaccines for human use—a live
attenuated oral rotavirus vaccine and a nasal influenza subunit vaccine
given together with (unmodified) E. coli heat-labile enterotoxin as adju-
vant—were withdrawn after a short period because of adverse reactions,
underlining the difficult and challenging task for all vaccines to combine
vaccine and adjuvant efficacy with safety and public acceptability.
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