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INTRODUCTION For the sake of brevity, many important contributions could

During the past four decades, we have witnessed remarkable
changes in the environment and human society. The human
population has doubled, from about 2.8 billion in 1955 to over
5.8 billion in 1995. There has been a significant shift in living
conditions from rural to urban settings. The average human
life span has increased by about 30 years, and childhood mor-
tality has declined by about 50%. In the United States and
many other parts of the world, the quality of life and life
expectancy have continued to improve consistently during the
past 100 years (143). These changes have been attributed to
many public health achievements of the last century, including
improvements in nutrition, fluoridation of drinking water, im-
provement in sanitation, recognition of tobacco use as a health
hazard, safer work place, motor vehicle safety, decline in
deaths from coronary heart disease and stroke, control of in-
fectious diseases, and, most significantly, the introduction of
vaccines (143). This overview will focus on vaccines, especially
those with potential for modulating immune responses to mi-
crobial agents and other environmental antigens introduced
via external mucosal surfaces.

* Corresponding author. Mailing address: Division of Infectious
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not be discussed in detail. However, these are extensively re-
viewed in two recent texts on mucosal immunology (99) and on
mucosal vaccines (66).

IMPACT OF CURRENT VACCINES

The use of vaccines against infectious diseases has been one
of the true success stories of modern medicine. This is best
exemplified by the fact that there has been a 90 to 100%
decline in mortality and morbidity with several childhood in-
fections since the introduction of vaccines and their universal
use in children. It is remarkable that no case of smallpox has
been reported in the world during the past three decades, and
poliomyelitis has now been eradicated from Europe and the
North American hemisphere and most other parts of the
world. Similarly impressive is the observation that over the past
50 years, there has been a 95 to 100% reduction in morbidity
and mortality associated with diphtheria, pertussis, tetanus,
Haemophilus influenzae type B, measles, mumps, and rubella in
the United States (summarized in Table 1). Although these
accomplishments have not been inexpensive from a financial
standpoint, the costs of vaccines and other preventive public
health measures represent a small fraction of the national per
capita income, and the cost-benefit ratios of their use have
ranged from 1:2 (pertussis) to 1:10 or more for poliomyelitis
and measles (19). In terms of actual lives saved, it is estimated
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TABLE 1. Provisional morbidity for certain infectious diseases in
the United States in 1998, compared to peak morbidity prior to
1990, before universal use of vaccines in children®

Disease Annual morbidity 1998 pro_vi_sional %
o (peak yr) morbidity Decrease

Smallpox 48,164 (1900) 0 100
Diphtheria 175,885 (1920) 1 100
Pertussis 147,271 (1922) 6,279 95.7
Tetanus 1,314 (1922) 34 97.4
Paralytic poliomyelitis 16,316 (1952) 0 100
Measles 503,282 (1958) 89 99.8
Mumps 152,209 (1968) 606 99.6
Rubella 47,745 (1967) 345 99.3
H. influenzae type B 20,000 (1985) 54 99.7

“ Data are from reference 20.

that the use of appropriate vaccines has prevented 150,000 and
750,000 deaths per year from poliomyelitis and measles, re-
spectively (20).

To date, over 25 vaccines have become available for human
use (Table 2). With the exception of vaccines against poliomy-
elitis (Sabin oral polio vaccine [OPV]), typhoid, cholera, ade-

TABLE 2. Available vaccines listed by year of first vaccine
development or licensure in the United States, 1700-2000

Efficacy by
recommended route

Period Yr Vaccine of administration:
Mucosal  Systemic
1700-1799 1798  Smallpox - 0
1800-1899 1885  Rabies - +
1896  Typhoid - +
1896  Cholera - +
1897  Plague - +
1900-1959 1923  Diphtheria - +
1926  Pertussis - +
1927  Tetanus - +
1927  Tuberculosis - +
1945  Influenza - +
1953  Yellow fever - +
1955  Poliomyelitis (IPV) - +
1960-2000 1960  Poliomyelitis (OPV) + -
1963  Measles - +
1969  Mumps - +
1969  Rubella - +
1970  Anthrax - +
1975  Meningococcus (Aac) - +
1977  Streptococcus pneumoniae - +
1980  Adenovirus® + —
1981  Hepatitis B - +
1985  Haemophilus influenzae B - +
1992 Japanese encephalitis - +
1995  Hepatitis A - +
1995  Varicella-zoster - +
1998  Lyme disease +

1998  Rotavirus’
1999  Typhoid®
1999  Cholera”

— Influenza A©

++ 4+ +
|

“ Not available for routine use.
" Discontinued.
¢ Recently developed.
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TABLE 3. New and emerging infectious diseases
identified in the past 30 years

Period Agent?

1970-1980 ... Rotavirus
Parvovirus B19
Cryptosporidia
Ebola virus
Legionella
Campylobacter sp.
HTLV-I

19801990 ...t HTLV-II
HIV
Staphylococcal toxins
Escherichia coli 0157
Borrelia burgdorferi
Helicobacter pylori
Human herpesvirus type 6
Ehrlichia chalffeensis

1990-2000 ....cveerrerereirereeiereeeee e eenns Hepatitis C
Guanarito virus
Vibrio cholerae O139
Bartonella
Hantavirus
Sabia virus
Nipah virus

“HTLV, human T-cell lymphotropic virus.

novirus, and live reassortant rotavirus vaccine, all currently
available vaccines are licensed for use only via a nonmucosal
route, usually subcutaneous or intramuscular inoculation.
Since poliomyelitis has been eradicated in the North American
hemisphere, OPV is no longer recommended for routine use in
the United States. The recently licensed rotavirus vaccine has
been withdrawn because of its possible association with the
development of intussception in some vaccine recipients (21).

Although many vaccine-preventable diseases have been con-
trolled in the developed world, such diseases continue to pose
major public health problems in the economically underprivi-
leged countries. Furthermore, during the past two decades, a
number of new human infectious diseases have been identified.
Severe infections with otherwise low-virulence pathogens and
some infections believed to have been extinct have reemerged
with increasing frequency in many parts of the world, including
the United States. At least 22 new and reemerged infections
have been identified to date (Table 3). With increasing use of
antibiotics in veterinary and agricultural products and for pro-
phylaxis and treatment of infectious diseases in humans, a
significant increase in the emergence of antibiotic-resistant
organisms, especially Streptococcus pneumoniae, enterococci,
and gram-negative enteric pathogens, has been observed
worldwide. The total annual national costs associated with a
representative sample of such diseases (acquired immune de-
ficiency, tuberculosis, hospital-acquired infections, food-borne
infections, human papillomaviruses, bacterial vaginosis, and
neonatal sepsis with group B streptococcal disease) have been
estimated to be in the range of about US$10 to US$12 billion
(19). Thus, concerns about emergence of new pathogens or
reemergence of old infectious diseases reinforce the need for
availability of additional vaccines to prevent existing as well as
emerging infectious diseases identified to date. However, de-
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TABLE 4. Components of common mucosal immune
system in humans

Induction site: organized
lymphoid follicle site

Effector site: lymphoid cells in
lamina propria of:

NALT, tonsils «.cceveeevereereenrccrenecerececenenee Salivary glands

BALT................ ....0cular tissues

GALT... ....Conjunctiva

AppendiX.....cococeeeeeeceeeenenes ....Bronchial mucosa

Rectal lymphoepithelial tissue..........c.c....... Gastrointestinal mucosa,
urogenital tract

Peritoneal B cells? ......coccevveevneccniccnnnee Mammary glands, middle
ear mucosa

spite and to some extent because of the remarkable progress in
the vaccine development and delivery systems, it is apparent
that other immunization strategies need to be explored in
order to simplify the increasingly complex childhood vaccina-
tion schedules. It is estimated that about 11,000 children are
born each day in the United States. Each child will require 20
to 25 vaccinations by about 18 months of age. These vaccines
are generally administered via nonmucosal or percutaneous
injections (20).

MUCOSAL IMMUNITY

The mucosal surfaces of the gastrointestinal and respiratory
tracts represent the principal portals of entry for most human
pathogens. Direct inoculation of pathogens into the blood-
stream and sexual contact are other important routes of infec-
tion. Most external mucosal surfaces are replete with orga-
nized follicles and scattered antigen-reactive or sensitized
lymphoid elements, including B cells, T lymphocytes, T-cell
subsets, plasma cells, and a variety of other cellular elements
involved in the induction and maintenance of immune re-
sponse.

The mucosal surfaces represent a critical component of the
mammalian immunologic repertoire. The major antibody iso-
type in external secretions is secretory immunoglobulin A (S-
IgA). Approximately 40 mg of IgA per kg of body weight is
secreted daily, especially from the gastrointestinal tract, and
the total amount of IgA synthesized is almost twice the amount
of IgG produced daily in humans. It is, however, interesting
that the major effector cells in the mucosal surfaces are not IgA
B cells, but T lymphocytes of CD4™" as well as CD8" pheno-
types. It is estimated that T lymphocytes may represent up to
80% of the entire mucosal lymphoid cell population (29).

Common Mucosal Immune System

The immunologic network operating on external mucosal
surfaces consists of gut-associated lymphoid tissue (GALT),
the lymphoid structures associated with bronchoepithelium
and lower respiratory tract (BALT), occular tissue, upper air-
way, salivary glands, tonsils and nasopharynx (NALT), larynx
(LALT), middle ear cavity, male and female genital tracts,
mammary glands, and the products of lactation (Table 4). The
organized lymphoid follicles in the GALT and BALT are con-
sidered the principal inductive sites of mucosal immune re-
sponse (124). It appears that appendix, peritoneal precursor
lymphoid cells, and rectal lymphoepithelial tissue (rectal ton-
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sils) also serve as inductive sites of local immune responses
(Table 4).

GALT and BALT. A substantial body of information has
been generated with Peyer’s patches and other organized lym-
phoid follicles in the GALT, including the appendix (33), and
the BALT concerning the induction of mucosal immune re-
sponses and the development of systemic hyporesponsiveness
following oral exposure to an antigen (oral tolerance). This
information has been extensively reviewed in several recent
publications (58, 79, 138).

The common features of all inductive mucosal sites include
an epithelial surface containing M cells (cells with microfold)
overlying organized lymphoid follicles. Mucosal epithelium is a
unique structure, and in addition to M cells, it contains mucin-
producing glandular cells, lymphocytes, plasma cells, dendritic
cells, and macrophages. The mucosal epithelial cells express
polymeric immunoglobulin receptor (pIgR) and secretory
component, major histocompatibility complex (MHC) class I
and II molecules, other adhesion molecules, and a variety of
cytokines and chemokines (77).

The dendritic cells are present in different components of
the common mucosal immune system, including the organized
lymphoid tissue and the mucosal epithelium. These cells can be
strongly associated with potentiation of immune response and
promote development of active immunity (74, 75). However,
other recent studies have suggested that dendritic cells may
also enhance the induction of mucosal tolerance in in vivo
settings (137). Recent observations have suggested that den-
dritic cells are potent antigen-presenting cells (APC) and are
critical in initiating primary immune responses, graft rejection,
autoimmune disease, and generation of T-cell-dependent B-
cell responses. The APC function is attributed in part to their
ability to express costimulatory molecules (CD80 and CD86)
and other accessory ligands necessary for upregulation or in-
duction of tolerance (125).

The M cells are important in luminal uptake, transport,
processing, and, to a smaller extent, presentation of mucosally
introduced antigens. The M cells appear to be critical in trans-
port of luminal antigens and entry of organisms such as reovi-
rus, poliovirus, rotavirus, and salmonellae into the human host
(93). M-cell-mediated antigen uptake is characteristically as-
sociated with the development of an S-IgA response (63).

The luminal appearance of S-IgA in mucosal secretions re-
sults from transcytosis of polymeric IgA (pIgA) across mucosal
epithelium via binding to the pIgR. The receptor is eventually
cleaved resulting in association of pIgA with a substantial part
of pIgR. The complex of IgA and plgR is referred to as S-IgA.

Following exposure to an antigen and its uptake via the M
cells, there is a variable degree of activation of T cells, den-
dritic cells, and B cells, especially of the IgA isotype. The
interaction of lymphocytes with mucosal epithelium is impor-
tant in differentiation of some segments of mucosal epithelium
into M cells (63). Activation of T cells results in the release of
a number of distinct cytokines or chemokines from different
T-cell subsets and recognition of antigenic epitopes involving
MHC class 1 or 2 molecules. Both T-cell activation and release
of specific cytokines are involved in the eventual process of
B-cell activation, isotype switch, and specific integin expression
on antigen-sensitized B cells (Table 5). Both Th1 and Th2 cells
appear to benefit the development of S-IgA responses (62).
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TABLE 5. Events of immunologic activity associated with mucosal immune responses

Events at inductive sites (cytokines involved)

Events at effector sites (cytokines involved)

Antigen exposure

M-cell activation and antigen uptake, transport, and processing

Dendritic cell maturation (CSF, TNF-a, IL-4 1, IL-10 | )

Activation of T cells: (i) TCR + CD4", MHC class II; (ii) TCR
+ CD8*, MHC class 1

B-cell activation” isotype switch (TGF-p, IL-5, IL-6)

Integrin expression: a3, L-selectin

Selective migration of B and T (?) cells to effector sites

Homing of antigen-reactive lymphocytes (integrin mediated) to sites of
primary immunization

Selective seeding of other distant effector sites

Induction of pIgR (IFN-v)

Activation, proliferation, and terminal differentiation of antigen-reactive
IgA B cells to plasma cells (IL-4, IL-5, IL-6)"

“ Additional contribution from dendritic cells, CD40-CD40ligand B-cell antigen receptor.

> Additional contribution from CD4" Th2 or Thl cells.

Th2 cytokines (interleukin-4 [IL-4] IL-5, IL-6, IL-9, IL-10, and
IL-13) are thought to be of significant help in antibody pro-
duction. S-IgA antibody response is also enhanced by immu-
nologic adjuvants such as cholera toxin, which results in polar-
ized Th2 cell response (38). S-IgA antibody response may also
be induced through Th1 cytokines (IL-2 and gamma interferon
[IFN-v]), as shown with studies on intracellular pathogens such
as Salmonella (92).

It appears that the process of isotype switching of B cells to
plgA-producing plasma cells begins in the mucosal inductive
sites. Such switching requires specific signals by costimulating
molecules, including cytokines and T helper cells. However,
Th1- and Th2-type cytokines do not contribute significantly to
the switching of B cells to surface IgA-positive B cells. Such
switching is greatly enhanced by transforming growth factor
beta (TGF-B). Following activation and acquisition of antigen
specificity, the IgA-producing cell migrates to the lamina pro-
pria of the effector sites in the mucosal tissues, regardless of
the site of initial antigen exposure. There is, however, a pre-
ponderance of homing to the original site of antigenic exposure
(78). The migration of antigen-sensitized cells is preferentially
determined by the concurrent expression of homing-specific
adhesion molecules in the tissue endothelium, especially mu-
cosal addressin cell adhesion molecule-1 (MAdCAM-1) and
the specific receptors (integrins) expressed on the activated
lymphoid cells. Oral (intestinal) mucosal exposure to antigen
seems to favor expression of o, integins, and intranasal im-
munization has been shown to induce expression of L-selectin
as well as o,B- integins. However, systemic immunization is
generally restricted to the expression of L-selectin (109, 110).
The antigen-sensitized B cells undergo terminal differentiation
in the mucosal lamina propria to IgA-producing plasma cells.
Such differentiation involves interaction with a variety of cyto-
kines and T-cell subsets.

Locally produced IgA consists mainly of J chain-containing
dimers and larger p-IgA that is selectively transported through
epithelial cells by the pIgR, the secretory component. The
resulting S-IgA molecules are designed to participate in im-
mune exclusion and other immunologic functions at the mu-
cosal surface. IgG also contributes to such surface defense. It
often reaches the secretions by passive diffusion from the
bloodstream and, less frequently, by local synthesis (98, 117).
However, its proinflammatory properties render IgG antibod-
ies of potential immunopathologic importance when IgA-me-
diated mucosal elimination of antigens is unsuccessful. T

helper cells activated locally, mainly by a Th2 cytokine profile,
promote persistent mucosal inflammation with extravasation
and priming of inflammatory cells, including eosinophils. This
development may be considered “pathologic enhancement” of
local defenses. It appears to be part of the late-phase allergic
reaction, perhaps initially driven by IL-4 released from mast
cells subjected to IgE-mediated or other types of degranula-
tion, and subsequently maintained by further Th2 cell stimu-
lation (146). Eosinophils are potentially tissue damaging, par-
ticularly after priming with IL-5. Various cytokines upregulate
adhesion molecules on endothelial and epithelial cells, thereby
enchancing accumulation of eosinophils and, in addition, re-
sulting in aberrant immune regulation within the epithelium
(53, 76, 145). It would seem that soluble antigens available at
the epithelial surfaces normally appear to induce various im-
munosuppressive mechanisms, but such homeostasis seems to
be less potent in the airways than the induction of systemic
hyporesposiveness to dietary antigens operating in the gastro-
intestinal tract. Numerous cytokines and chemokines have
been shown to be intimately involved in the induction and
maintenance of mucosal immune responses and the level of
mucosal inflammation during infections and exposure to envi-
ronmental agents (100, 110, 116).

NALT. Recent studies in the rat, mouse, and hamster have
shown the presence of organized lymphoid tissue at the en-
trance of the nasopharyngeal duct. This represents an impor-
tant component of mucosal lymphoid tissue in the rodents
(119). It bears a striking morphologic and functional resem-
blance to other central lymphoid tissues, such as GALT or
BALT (Table 4). The NALT appears to have better-developed
lymphoid follicles, with marked intraepithelial infiltration by
lymphocytes. The follicular areas are organized into B cells and
intrafollicular (T-cell) areas of approximately similar size. The
rodent NALT contains a wealth of dendritic cells. The lym-
phoid follicles are covered by ciliated epithelium containing
few goblet cells and numerous M cells. The NALT M cells
appear to be identical to those in Peyer’s patches and BALT
and are involved in similar immunological functions, including
antigen uptake and subsequent mucosal immune responses to
specific antigens (120).

In humans the nasopharyngeal lymphoid tissue is repre-
sented by the salivary glands and other glandular tissue in the
Waldeyer’s ring, which consists of paired palatine and tubal
tonsils and unpaired pharyngeal and lingual tonsils. It is not
clear how comparable the functional role of Waldeyer’s ring in
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humans is to the NALT in rodents. However, there is increas-
ing evidence to suggest that human tonsillar and adenoidal
tissues are important components of mucosal immunity and
function in a manner similar to those of GALT or BALT (16).
The tonsils consist of several lymphoid elements. These in-
clude follicular germinal centers, mantle zones of lymphoid
follicles, the extrafollicular areas, and the reticular crypt epi-
thelium on the surface in constant contact with the external
environment. The tonsillar epithelium contains a significant
number of dendritic cells, M cells, memory B cells, and scat-
tered B and T cells. The formation of the germinal center takes
place shortly after birth, secondary to the activation by envi-
ronmental antigens, and plasma cells appear in tonsils by 2 to
3 weeks of age. Unlike Peyer’s patches, tonsils exhibit consid-
erable in situ differentiation to plasma cells. The germinal
centers (which typically arise during T-cell-dependent B-cell
responses) generate plasma blasts and plasma cells of both IgG
and IgA isotypes. There is, however, a predominance of IgG
isotype (60 to 70% IgG versus 15 to 20% IgA). The follicular
germinal centers are often associated with clonal expansion of
B cells, somatic hypermutation in the B-cell immunoglobulin
variable-region gene, positive selection of B cells, and eventual
B-cell differentiation to memory cells and isotype-specific
plasma cells (16).

The tonsils, nasal and bronchial mucosa, and salivary glands
exhibit similar distribution of IgA and IgD immunocytes. In
addition, scattered areas in the crypt epithelium of nasopha-
ryngeal tonsils (but not palatine tonsils) express secretory com-
ponent.

Another important feature of mucosal lymphoid tissue and
the follicular germinal center is induction of the J-chain gene
in some B-cell subsets. Tonsillar germinal centers express a
very high percentage of extrafollicular immunocytes with J-
chain expression. More than 90% of these immunocytes are of
the IgA isotype (16).

LALT. Some evidence suggests the existence of organized
lymphoid tissue in the larynx in humans. Lymphoid aggregates
have been observed at the laryngeal side of the epiglottis in
>80% of infants and children younger than 22 months of age.
In the follicular areas of the aggregates, most cells appear to be
B lymphocytes, with some CD4™" lymphocytes in the germinal
centers, and the interfollicular areas contain equal numbers of
B and T cells. Other investigators have also observed scattered
lymphocytes in the laryngeal epithelium. It remains to be de-
termined whether LALT is a distinct physiologic entity or a
pathologic reaction in response to local infections or other
environmental insults. Many children in whom LALT was
identified postmortem had died because of sudden infant
death syndrome (68, 135). Little or no information is available
regarding the role of LALT in antigen processing or presen-
tation or the development of immunologic reactivity in the
upper airway.

MUCOSAL TOLERANCE

The hallmark of mucosal immune response is the develop-
ment of S-IgA antibody. However, it is clear that mucosal
immune functions also include vital participation of other im-
munoglobulin isotypes and cellular elements, including IgE,
intraepithelial lymphocytes, dendritic cells, T lymphocytes and
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their subsets, and a wide spectrum of immunoregulatory and
proinflammatory cytokines and chemokines available locally in
the mucosal tissues.

Mucosal immunoglobulin exhibit antibacterial, antiviral, an-
tiparasitic, and antifungal specificity in both in vitro and in vivo
settings. Protection against mucosal infections has been fre-
quently correlated with the presence and levels of specific
antibody activity existing in the mucosal surface (91, 98). Se-
cretory antibodies contribute to the process of immune exclu-
sion by complexing with the antigen and limiting its luminal
uptake. Recently, IgA antibody has also been found to facili-
tate uptake and intracellular neutralization of viruses under
certain experimental conditions (77, 115).

Little is known about the mechanisms underlying the induc-
tion of mucosal immunity to soluble proteins, chemicals, and
environmental macromolecules and dietary products which are
in constant contact with the external mucosal surface of all
mammalian species, including humans. In a classic experiment
in the early 1940s, Chase (23) demonstrated that feeding of a
single chemical such as picryl chloride resulted in significant
loss of the systemic immune response to subsequent systemic
exposure to the protein. This phenomenon of tolerance to
systemic delayed hypersensitivity by prior oral feeding of hap-
tens became known as the Chase-Sulzberger phenomenon.
Since then, one of the most reliable means of inducing systemic
immunologic tolerance in experimental animals is to present
such antigens via the oral route (90, 131). Development of oral
tolerance has now been demonstrated with a variety of anti-
gens. These include heavy metals, contact-sensitizing agents,
haptenated proteins, superantigens, red blood cells, protein
extracts, mites, inactivated viruses, bacteria, and allogenic leu-
kocytes. Treatment of atopic diseases in humans by induction
of oral tolerance has also been reported. Systemic hyporespon-
siveness has also been induced by administration of antigens
via the nasal route or by an aerosol (90).

It appears that an immune response to a protein antigen
administered via the mucosal route can be expressed as (i)
mucosal immune response with S-IgA antibody, (ii) systemic
immune responses priming, with development of serum IgG,
IgM, and specific cellular immunity, and (iii) development of
mucosal tolerance with systemic immunologic hyporesponsive-
ness with or without any change in IgA-specific mucosal im-
mune reactivity (90).

The mechanisms underlying the development of mucosal
tolerance have been studied quite extensively over the past
decade (10, 86, 90). These include direct inactivation of anti-
gen-sensitized lymphocytes via clonal deletion or anergy, in-
teraction between regulatory and effector T cells (CD4™,
CD8", Th1 versus Th2, and y3 T-cell receptor [TCR]), regu-
latory T cells and bystander suppression, tolerogenic proteins,
hepatic processing of antigen, and other (immune complexes,
antibody, and anti-idiotypes). The potential role of CD8™,
CD4™", Th1, and Th2 subsets of T lymphocytes in the mecha-
nism of mucosal tolerance has been the subject of considerable
debate (47, 60, 145). It has recently been suggested that mu-
cosal tolerance may be a unique function of T cells expressing
the yd form of TCR, based on studies with aerosol-induced
mucosal tolerance. T cells bearing yd TCR may act to suppress
conventional antigen-specific af T-cell-specific responses (60).
Earlier reports have indicated that other mechanisms involving
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TABLE 6. Effects of immunoregulatory cytokines and other
proteins on systemic immunologic hyporesponsiveness
(mucosal tolerance)®

Induction or

persistence Noninduction or breakdown

IL-2 IFN-y
IL-4/IL-10 Depletion of regulatory T cells
TGF-B Activation of APC
Anti-IL-12 Very low dose antigens
CTB Neonates
Lipopolysaccharide Anti-MCP-1
INF-B8 CT (intact molecule)
IL-12
Anti-yd TCR antibody
GVHR
Cyclophosphamide
Estradiol

2'-Deoxyguanosine

“ Adapted from reference 90 with permission of the publisher. MCP, mono-
cyte chemotactic protein; GVHR, graft-versus-host reaction.

specific antibodies or immune complexes (131) may also par-
ticipate in the mechanisms of mucosal tolerance. For example,
tolerance to sheep red blood cells and some skin-sensitizing
agents has been transferred by serum from antigen-fed mice,
and milk from mice made tolerant orally during pregnancy was
shown to induce tolerance in the neonate via anti-idiotypic
antibodies. It is now generally accepted that induction of mu-
cosal tolerance is a reflection of how antigen in the mucosa is
processed and presented to T lymphocytes. Tolerance may also
be determined by generation of “tolerogenic” protein mole-
cules in the mucosa (90). It has been known for many years
that direct administration of antigen into the portal vein can
induce a state of systemic immunologic hyporesponsiveness.
Considerable information is now available to suggest a direct
relationship between different cytokines and the development
of mucosal tolerance (Table 6). Briefly, factors which favor the
Thl type of response (IFN-y, IL-12, and intact cholera toxin)
abrogate mucosal tolerance, while factors which favor Th2
(IL-4 and IL-10) or Th3 (TGF-B) response enhance the de-
velopment and persistence of mucosal tolerance (10, 90).

STRATEGIES TO ENHANCE MUCOSAL IMMUNITY

Mucosal exposure to infectious agents and other foreign
antigens often culminates in the development of mucosal and
frequently serum antibody and cell-mediated immune re-
sponses. Therefore, the use of natural or induced infections
and mucosal immunization with specific vaccine antigens con-
tinue to remain an attractive possibility for immunization
against infections, especially those acquired through mucosal
surfaces.

Induction of IgA response provides specific protection
against many respiratory, enteric, and genital infections. The
role of IgA is supported by many carefully conducted studies in
experimental animals and humans. Passive transfer of specific
monoclonal IgA antibodies against influenza virus, rotavirus,
respiratory syncytial virus, poliovirus, Vibrio cholerae, Salmo-
nella enterica serovar Typhi and Helicobacter felis have been
able to provide a high degree of protection against reinfection
challenge. In a series of experiments, passive transfer of mono-
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clonal antibodies by a backpack hybridoma method was shown
to provide protection against mucosal challenge with several
virulent pathogens. However, such antibodies failed to protect
against challenge by the systemic route (81, 142).

In general, factors which favor development of mucosal an-
tibody and cell-mediated immune responses include the oral or
respiratory immunization and the replicating nature of the
vaccine agents. Live or live attenuated vaccines administered
by the oral route have been associated with effective develop-
ment of serum and generalized mucosal immune responses,
superior protection against reinfection, persistence of immu-
nologic memory, better herd immunity because of secondary
spread and contact immunization, and ease of administration.
Recent studies have shown that mucosal immunization is more
effective in inducing CD4" Th2 response and expression of
homing integrin receptors on antigen-sensitized cells (13, 109).

However, to date only a few vaccines have become available
for mucosal use. These include OPV, adenovirus, rotavirus,
cold-adapted influenza virus, S. enterica, and cholera vaccines.
OPV is no longer used in the United States for routine child-
hood immunization, and rotavirus vaccine has been withdrawn
from the market because of its potential to induce intusscep-
tion in young children. The other vaccines have been licensed
but not recommended for use in routine childhood immuniza-
tion. The paucity of available mucosal vaccines is related in
part to potential dangers perceived with replicating agents,
when the risk of continued vaccination may exceed the benefits
of preventing a disease of low prevalence. It has also been
difficult to induce a mucosal response consistently after admin-
istration of nonreplicating agents by the mucosal route because
of their rapid elimination in the feces or inactivation by mu-
cosal enzymes and bacterial flora. Other potential limitations
include lack of optimal contact of immunizing agents with M
cells and other mucosal tissues involved in antigen uptake or
processing. Several new approaches to mucosal immunization
have now been proposed to address these issues (Table 7). This
information has also been reviewed previously (66).

Recombinant Vaccines and Live Vectors

The use of recombinant techniques to generate protein-
based vaccines has resulted in the production of several vac-
cines, including hepatitis B virus surface antigen vaccine, using
different vector systems, including bacculovirus and Saccharo-
myces cerevisiae. Similar approaches have been employed with
other nonreplicating, purified antigens and subunit vaccines.
Recombinant vaccines containing tetanus toxin, diphtheria
toxin, and acellular pertussis toxoid are other examples of the
use of recombinant technology in generating purified antigen
in large quantities for vaccines.

Improved antigen mass can also be delivered through the
use of live vector vaccines. Initial studies explored the concept
with Salmonella strains and have now been extended to other
bacterial organisms, including Mycobacterium bovis BCG,
streptococci, lactobacilli, and yersiniae (3, 26, 27, 59, 120, 121).
Salmonella has continued to remain the prototype. Since it is
an enteric organism, it colonizes and penetrates the intestinal
mucosal following oral administration. The organism has the
advantage of being taken up by the intestinal M cells (73).

Significant progress has also been made in the use of viral
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TABLE 7. Approaches to enhancement of mucosal immunity to vaccines

Goal

Approach

Reduce virulence and enhance antigen load..........c.ccccoeviiiiiiiiiininacns

Improve delivery into the mucosa

Recombinant proteins, live vectors
Subunit vaccines

DNA vaccines

Transgenic edible plants

Non-living microparticle carriers (copolymer microspheres, liposomes)
VLP
ISCOM

Improve mucosal interaction with antigens

Enhancement of immune IeSPONSE .......ccocueueueuiucuiiieciieciieeceeeeeeenens

Adhesive antigens
Adjuvants

Mucosal adjuvants
Combination systemic-mucosal immunization
Transcutaneous and other routes of immunization

agents for antigen delivery as live vectors; vaccinia virus has
been particularly favored and used successfully for several an-
tigens. Poliovirus and adenovirus are other attractive vectors
for delivery of mucosal vaccines (41, 106). It appears that
poliovirus can be used as an antigen delivery vehicle to induce
CD4 helper T-cell activity, which in turn regulates IgA B-cell
response, in addition to specific cytotoxic T lymphocytes (CTL)
(41).

Another interesting approach used a chimeric human im-
munodeficiency virus (HIV)-poliovirus genome in which HIV
pol and gag genes replaced poliovirus capsid genes (85, 107,
108). Transfection of such RNA constructs was shown to result
in the replication and eventual expression of the desired fusion
protein. In subsequent studies, minireplicons of the RNA con-
structs were prepared by coinfection with recombinant vaccinia
virus expressing capsid protein P1 of type 1 Sabin poliovirus.
Such minireplicons represent an orally administered candidate
HIV vaccine (74). Other viral antigens such as rotavirus and
respiratory syncytial virus (RSV) have also been employed with
poliovirus as the vector.

DNA Vaccine

In initial experiments, direct injection of nucleic acid con-
structs (RNA or DNA) containing the firefly luciferase re-
porter gene into the skeletal muscle of mice was shown to
result in long-term expression of foreign protein in such ani-
mals (17). Subsequent studies have demonstrated that intra-
muscular injection of plasmid DNA encoding nucleoprotein
from influenza A virus induced a protective immune response
against lethal challenge with influenza virus. This technology
has now been applied to the development of DNA vaccines for
a number of other pathogens (17, 45, 136). DNA vaccination
has been attempted by intranasal administration of a plasmid
expression system for herpes simplex virus (HSV), HIV, and
influenza virus, with significant protection against mucosal
challenge (45, 69, 70, 101).

DNA vaccines may be useful in viral infections, in which
induction of cytotoxic T-cell-mediated immune responses are
essential for protective immunity. Live replicating agents, be-
cause of endogenous production of cell-associated antigens
and their association with MHC class 1 molecules, often result
in CTL responses. The use of DNA technology may be partic-

ularly useful when live vaccines may be contraindicated, such
as in immunologically compromised or suppressed hosts. Like
live vaccines and recombinant vectors, DNA vaccination has
been shown to result in the presentation of antigenic determi-
nants in association with MHC class I molecules. This vacci-
nation approach appears to be safe, the vaccine can be pre-
pared rapidly, and the DNA stability is not affected by high
environmental temperatures (69). Plasmid DNA vaccine en-
coding the circumsporozoite protein of the malarial parasite
has been shown to elicit protective immunity against live
sporozoite challenge in mice. Interestingly however, the same
DNA vaccine was shown to induce tolerance after nonmucosal
administration in neonatal mice (86). Thus, the spectrum of
difference in the development and nature of the immune re-
sponse following conventional and DNA vaccination must be
considered relative to the goals of immunization.

Plant Vaccines

In an approach somewhat similar to the use of recombinant
bacteria and viruses, plants have been successfully employed to
express foreign genes and specific gene products. The feasibil-
ity of recombinant plants for generation of vaccine antigens
has been demonstrated in tobacco plants, potato tubers, and
other foods. Studies with potato tubers have successfully ex-
pressed several protein antigens for a number of human patho-
gens, including Escherichia coli heat-labile toxin B subunit (LT-
B), hepatitis B virus surface antigen, rotavirus, virus-like
particles (VLP), and functional IgA immunoglobulin mole-
cules (99, 130). The level of protein expressed in the recom-
binant plant system appears to be variable and often low.
However, this approach offers unique opportunities to develop
vaccine strategies which can induce mucosal as well as systemic
immunologic responses and can be delivered as part of a nor-
mal human biologic function, i.e., eating.

Subunit Vaccines and Synthetic Peptides

The polysaccharide capsule used in the preparation of vac-
cines against H. influenzae and Neisseria meningitidis as well as
Streptococcus pneumoniae are purified polysaccharide products
generated in vitro. Similarly, RSV F and G proteins have been
purified from tissue culture-grown viruses and subsequently
tested in humans as vaccine candidates (12, 134). To date,
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these products have been used occasionally for mucosal immu-
nization. However, purified diphtheria toxin incorporated in
egg proteins has been used for oral immunization in rabbits
(83). Such animals were found to be partially protected against
lethal challenge with diphtheria toxin. Rabbits and monkeys
orally immunized with diphtheria and tetanus antigens have
demonstrated significant immune response and total protec-
tion against lethal challenge (83). Similarly, mucosal immuni-
zation with filamentous hemagglutinin of Bordetella pertussis by
the respiratory or enteric route was found to protect mice
against B. pertussis infection of the trachea and lungs (118).

Peptide antigens are of great interest as potential vaccines
because they do not require live organisms for synthesis and
can be customized to specific antigenic determinants mediating
protection against illness or infection. It is known that synthetic
peptides can induce active immune response or tolerize the T
cells. Several reports have demonstrated T-cell immunity in-
duced with peptides in vivo. These findings, together with the
development of methods to identify naturally processed pep-
tides and to predict peptide-binding motifs for MHC mole-
cules, opened up the possibility of using synthetic peptides as
safe vaccines. Recent reports, however, have also documented
that peptide antigens may be used to downregulate T-cell-
mediated immune responses (4). Peptide-induced T-cell toler-
ance may represent a tool to prevent or even treat T-cell-
mediated autoimmune diseases. Peptides are able to induce
both immunity and tolerance. T-cell priming can be achieved
without inducing tolerance, and tolerance can be established
without activation of T cells. In a recent study it was shown that
a single local subcutaneous injection of 50 to 500 g of peptide
emulsified in incomplete Freund’s adjuvant protected mice
against lymphocytic choriomeningitis virus (LCMV) infection,
whereas repetitive and systemic intraperitoneal application of
the same dose caused tolerance of LCMV-specific CTL. The
peptide-induced tolerance was transient in euthymic mice but
permanent in thymectomized mice (4). Currently, there are
several possible candidate vaccines of this nature. To date,
synthetic peptides for adherence pilus proteins of N. gonor-
rhoeae have been tested in humans (132).

Nonliving Microparticle Carriers

A number of investigations have been carried out during the
past two decades to improve delivery of antigens to the induc-
tive sites of mucosal epithelium. These efforts have focused on
natural barriers related to inefficient antigen retention and
biodegradability of antigen, especially with nonreplicating vac-
cines in the intestine. The delivery systems tested so far include
biodegradable microspheres. Immunization with polylactide-
coglycolide microspheres has been studied extensively with a
number of infectious agents, including staphylococcal entero-
toxin, pertussis filamentous hemagglutinin, RDEC-1 strains of
E. coli, simian immunodeficiency virus (SIV), and influenza
virus (36, 82, 84).

Microsphere-encapsulated antigens offer several potential
advantages as mucosal vaccines. It is possible to encapsulate
antigen in rapidly degrading microspheres of different sizes
which favor either rapid uptake across the epithelium or pro-
longed retention over the mucosal lymphoid tissue and/or ep-
ithelium. Microencapsulated antigens have been found to
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prime systemic immune responses more effectively than free
antigen and have the potential to disseminate antigens to var-
ious systemic lymphoid tissues, depending upon the size of the
microsphere. After oral administration, microspheres have
been detected in Peyer’s patches, mesenteric lymph nodes, and
spleen. Larger microspheres (>5 pm) usually are not well
absorbed and remain in the Peyer’s patches (37). On the other
hand, smaller microsphere (<5 pwm)-incorporated antigens are
quite effective in inducing systemic and frequently mucosal
immune responses. Oral immunization with E. coli antigens
encapsulated in microspheres has been shown to result in the
release of IL-2 and significant proliferative responses in Pey-
er’s patch lymphocytes (R. Reid, D. Jarboe, C. McQueen, et
al., abstract,. Vaccine 10:283, 1992). However, M-cell-specific
uptake of microsphere-encapsulated antigen does not appear
to be very effective.

Liposomes have also been used as delivery systems. Lipo-
somes consist of layers of synthetic globules in which different
antigens can be incorporated. Liposomes containing pertussis
toxin, Streptococcus mutans, bovine serum albumin, CT, and
several viruses as vaccine antigens have been tested in exper-
imental models. Systemic immunization with liposomes has
been associated with effective antibody- and cell-mediated im-
mune response. However, in general, they have been less ef-
fective for mucosal immunization than microspheres. A mod-
ified liposome system termed novasomes, based on the use of
nonphospholipid amphiphiles, has recently been developed
and may offer some advantages over conventional liposomes
(22, 57, 96).

Other delivery systems developed for mucosal immuniza-
tion include VLP (2, 72) and immune-stimulating complexes
(ISCOM) (27, 88). VLP have been constructed by using ex-
pression systems that produce a desired protein antigen as well
as empty viral nucleic acid protein-free VLP. ISCOM are cage-
like structures about 30 to 40 nm in diameter composed of
glycosides present in the adjuvant Quil-A, cholesterol, immu-
nizing protein antigen, and phospholipids. Antigens of differ-
ent origins including viruses, bacteria, and parasites have been
incorporated into ISCOM.

ISCOM have been shown to induce protective immune re-
sponses to a large number of pathogens when administered
systemically. ISCOM may represent an approach to induce
effective mucosal immune response to soluble antigens admi-
ninstered mucosally. For example, oral delivery of ovalbumin
in saline was not found to be immunogenic. However, mucosal
delivery of ISCOM containing ovalbumin resulted in antibody-
as well as cell-mediated immune responses. It has been pro-
posed that mucosal delivery of antigens with ISCOM may
provide the means to induce antibody as well as cellular im-
mune responses without the use of live vectors (80).

Adhesins

Effective adhesion of antigens to the mucosal epithelium
and to the M cells is critical to the eventual development of
mucosal immune responses. Proteins exhibiting adhesive prop-
erties, such as pili, the B subunit of E. coli LT toxin, the
hemagglutinin of influenza virus, and cholera toxin, are highly
effective in inducing mucosal responses and elicit serum anti-
body responses when administered orally (103, 104, 105). The
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adhesive antigens have also been explored as potential vehicles
for delivery of other antigens (1). For example, meningococcal
outer membrane proteins and proteosomes hydrophobically
bound to meningococcal or H. influenzae type b polysaccharide
or Shigella lipopolysaccharide have been used successfully to
induce specific systemic and mucosal immune response in ex-
perimental animals (1, 140).

Mucosal Adjuvants

A number of chemical agents have been tested to enhance
the immunogenicity of mucosally administered antigens (espe-
cially for nonreplicating antigens), including cholera toxin
(CT) holotoxin (B subunit), E. coli heat-labile toxin, lectins and
polyelectrolytes, ISCOM, actins, avridine, low-oil emulsion
(MF59), lipid A, lysophosphatidyl glycerol, and cytokines (IL-
5). Such antigens in general induce only weak or insufficient
immune responses when administered mucosally. Adjuvants
influence virtually every aspect of immune response to an an-
tigen (38). Although vaccine antigens contribute to the active
expression of cytokines in in vivo and in vitro situations, the use
of cytokines may be important in generating the desired en-
hancement of immune response or induction of tolerance. The
effect of any cytokine on the modulation of immune response
depends on a large number of other cellular phenomena, in-
cluding the synthesis and availability of other cytokines (129).
These include the kinetics and functional nature of the anti-
body response and the generation of specific T-cell reacitivity
and development of CD4™" as well as CD8* T-cell-mediated
specific immune responses. The mechanism by which adjuvants
affect immune responses is not well understood.

The most potent and possibly the most studied adjuvants to
date are the protein enterotoxins of V. cholerae CT and the
heat-labile toxin (LT) of enterotoxigenic E. coli (38, 42, 122).
The two toxins have about 80% sequence homology and ex-
hibit significant immunologic cross-reactivity. The holotoxin
consisting of A and B subunits is required for adjuvant effects.
CT binds to M cells and to the GM,-ganglioside receptors on
the mucosal epithelium. CT has been shown to enhance the
immunogenicity of relatively weak mucosal antigens when con-
jugated or mixed with the antigen and delivered via the mu-
cosal route. The adjuvant effects are seen on serum IgG and
mucosal IgA responses to unrelated antigens administered
orally at the same time. Either free or conjugated CTB subunit
(CTB) can act as an adjuvant in intranasal immunization.
However, unconjugated CTB is not very effective as an adju-
vant in oral immunization. On the other hand, unconjugated
holotoxin can exhibit a high level of adjuvant effect for antigens
administered orally. CTB with small (subadjuvant) qualities of
CT can act synergistically and exhibit an adjuvant effect on
orally administered antigens. In general, this adjuvant activity
of native CT is directly related to the enterotoxicity. Although
CT is toxic in doses of 5 to 10 pg in animal studies, animals
given smaller doses of CT (100 to 500 ng) exhibit adjuvant
effects on coadministered antigens (38, 47). It has been difficult
to segregate toxigenic effects from adjuvant effects of CT.
However, substantial effort is currently under way to generate
mutant strains with reduced or absent toxicity but with signif-
icant adjuvant activity. CT, CTB, and LT have been used ex-
tensively as adjuvants in mucosal immunization studies with
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keyhole limpet hemocyanin, Helicobacter pylori, Campylobacter
jejuni, Pseudomonas aeroginosa, ovalbumin, bovine serum al-
bumin, and many other microbial and dietary protein antigens.
The mechanism underlying the immune-enhancing effect of
adjuvants remains to be defined. The adjuvant effects of CT
and LT are associated with ADP-ribosylation and cyclic AMP
induction with a variety of effects on lymphoid cells. These
studies have recently been reviewed in extensive detail by El-
son and Dertzbaugh (38).

Avridine, a lipoidal amine, functions by facilitating uptake
and release of antigens in the macrophages in mucosal tissue,
with subsequent production of immunoregulating cytokines.
Other adjuvants may improve mucosal contact with antigens
with or without enhancement of the release of immunoregu-
latory cytokines (129).

Mucosal Immunity and Immunization Routes

Although different mucosal surfaces are intimately net-
worked with one another through the common mucosal im-
mune system and homing of antigen-reactive cells from the
organized lymphoid follicles, there is evidence of a significant
degree of compartmentalization within the system. It has been
shown previously that immunization of the inductive sites in
the GALT and BALT is associated with the development of
IgA antibody response and distribution of specific antigen-
reactive plasma cells in the lamina propria of respiratory, in-
testinal, and genital mucosa and in the nasopharynx and mam-
mary glands (32, 67). However, differences exist in the
magnitude of immune reactivity in different sites. In a series of
experiments, rectal immunization with CT resulted in anti-CT
antibody response in the rectal mucosa as well as in the genital
tract and small intestine. Oral CT immunization resulted in
antibody response in saliva and genital tract secretions. On the
other hand, intragastric immunization resulted in IgA antibody
response restricted to the small intestine. In other studies,
intranasal immunization has been shown to result in develop-
ment of antibody response in the mammary glands and in the
genital tract (49). Oral immunization with live Chlamydia tra-
chomatis induced IgA response in the genital tract, lungs, and
intestine. However, booster immunization of the genital tract
induced a higher antibody response in the genital tract than
when the booster immunization was administered orally (31,
49). Similar observations have been made with immunization
with P. aeruginosa in the rat after priming by the oral or
intrabronchial route followed by booster immunization in the
respiratory tract (44). These findings suggest that after the
seeding of antigen-reactive cells to distant mucosal sites fol-
lowing initial immunization at the inductive sites in GALT or
BALT, reexposure to the antigen at the distant mucosal site
results in enhanced immune response, possibly because of local
proliferation of antigen-reactive cells in response to the
booster exposure to the antigen. Intranasal immunization of
mice with pneumococcal surface protein A or a capsular po-
lysaccharide-tetanus toxoid conjugate has been shown to in-
duce effective mucosal as well as systemic immune responses
and long-lasting protection against nasopharyngeal carriage
(144). In particular, resistance to carriage was directly depen-
dent on mucosal rather than serum antibody activity. Intrana-
sal immunization was also highly effective against systemic
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TABLE 8. Distribution and magnitude of specific antibody response following primary or booster immunization by different routes

IgA response”
Route of immunization Mammary gland Naso/oropharynx Respiratory tract Intestine Genital tract
Primary Booster Primary Booster Primary Booster Primary Booster Primary Booster

Oral + ++ ++ +++ + + + +++ + ++
Nasal + ++ + +++ + ++ + ++ ++ +++
Rectal + ++ + ++ + ++ ++ +++ + ++
Genital - - - - - - - - + ++
Systemic + + + + + ++° + ++° + ++
Transcutaneous ? ? + ++° ? ? ? ? ? ?

“ 4+ to +++, minimal to very high levels of IgA antibody response;
® Mostly IgG and less often IgA antibody activity detected locally.

infection8 following intravenous, intratracheal, or intraperito-
neal challenge (144). Nasal immunization has been used suc-
cessfully with live influenza A and B virus vaccines in both
children and adults (11, 71). Thus, it appears that nasal immu-
nization may be superior to oral or intestinal immunization in
inducing superior antibody response in the genital tract. Both
the nasal and oral immunization routes appear to be quite
effective in inducing antibody response in the milk and mam-
mary glands (127).

Rectal immunization has not been studied as intensely as
other mucosal sites. However, studies carried out with polio-
virus, SIV, influenza virus, and S. enterica have demonstrated
that intrarectal administration of antigens is highly effective in
inducing specific antibody responses in the intestine and other
sites in the common mucosal system (14, 15, 43). Earlier stud-
ies with polio vaccine in subjects with double-barreled colos-
tomies provided evidence to suggest selective compartmental-
ization in the common mucosal system, with the highest
antibody response observed in the immunized segments of the
intestine (97). Subsequently, adult volunteer studies with in-
trarectal immunization with S. enterica demonstrated that such
immunization can induce effective immune responses in the
intestine and frequently in other distant mucosal sites as well as
in the serum (43).

More recent studies have focused on immunization by mixed
mucosal routes or a combination of mucosal and parenteral
routes of vaccine administration. Comparative studies follow-
ing parenteral immunization with cholera vaccine in Pakistani
and Swedish women demonstrated that Pakistani women (who
may have had prior natural mucosal infection with cholera)
had a significant rise in IgA antibody titer in milk and saliva.
On the other hand, Swedish women with no prior exposure to
cholera did not exhibit a significant rise in antibody activity in
the mucosal secretions (127). Other studies have also sup-
ported the beneficial effects of oral priming on parenteral
booster immunizations with cholera, S. enterica influenza, and
other vaccines (Table 8).

Mucosal immune responses have also been enhanced by
parenteral priming followed by oral booster immunization,
based on investigations carried out with Shigella, N. gonorrheae,
S. pneumoniae, V. cholerae, S. enterica, poliovirus, and HSV.
Enhancement of mucosal immune response can thus be
achieved by parenteral or mucosal priming with infectious
agents, although the mechanism underlying the enhancement

—, no detectable IgA response; ?, not known.

of mucosal immune response following either route of priming
remains to be defined (28, 65, 77).

STRATEGIES TO ENHANCE MUCOSAL TOLERANCE

The information summarized in the preceding sections of
this review has provided ample evidence that mucosal exposure
to environmental macromolecules, infectious agents, and di-
etary antigens can result in immunologic outcomes ranging
from the induction of specific immune responses in mucosal
and/or systemic sites (infectious agents) to the development of
systemic immunologic hyporesponsiveness (mucosal toler-
ance). The implications of some of these observations have
been successfully applied to the development of vaccines
against infectious diseases. Currently, efforts are under way to
apply the principles of mucosal tolerance to development of
vaccines against autoimmune diseases.

Several human diseases are attributed to the impairment of
immunologic tolerance and enhanced reactivity to autoanti-
gens or environmental agents. These diseases involve a wide
range of human tissues and organ systems. Human diseases
include multiple sclerosis, rheumatoid arthritis, autoimmune
uveitis, type I diabetes, thyroiditis, systemic lupus erythemato-
sus, inflammatory bowel disease, and possibly other ill-defined
disease syndromes. It is believed that the presence and extent
of immunologic hyporesponsiveness, in particular the existence
of oral tolerance, is an essential determinant of protection
against hypersensitivity reactions to food proteins, normal bac-
terial flora, and other common environmental macromolecules
(90). Oral tolerance to dietary proteins in normal mice can be
abrogated by regulatory T cells and by activation of APC. It has
been shown that oral tolerance cannot be induced after ad-
ministration of very low doses of dietary antigens and in the
neonatal or weaning period after birth. Interestingly, however,
subsequent oral challenge in such animals with the antigen has
been shown to result in the development of mucosal pathology,
accompanied by local cell-mediated immune response in the
draining lymph nodes (87, 89). The mucosal pathology ob-
served is similar to that seen in food hypersensitivity or early in
the course of inflammatory bowel disease (34, 35). Studies
have suggested that rodents and humans are relatively tolerant
to the inactive “normal” flora in the intestine. A breakdown in
the state of tolerance is associated with the development of
IL-12- and IFN-y-dependent inflammatory bowel disease. It
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TABLE 9. Possible approaches to prevent or alter the course of autoimmune diseases

Approach

Mechanism of action (possible target diseases)

Induction of iMMUNE tOIETANCE ......ccveveriereriereirteieeeertee e

IMMUNE dEVIATION ..ovivieieeieiieieieeeect ettt ese b sa e s s e neeaens

Regulatory peptides of TCR ......ccccciiiiiiiiiiiiiccccccccccececeenne
Treatment directed against receptors or cytokine mediators....................

Gene therapy, genes coding for specific antigen products...........ccccccceuee

Defined antigens or peptides, bystander regulation (multiple sclerosis,
type I diabetes)

Shift Th clones from Th1 to Th2 or Th3; change in cytokine production
profile (type I diabetes)

Activation of T cell by B-cell receptor peptides (lupus)
TNF and anti-TNF-a receptor interaction (rheumatoid arthritis)

IL-12, other cytokine genes (possible for most autoimmune diseases)

has been proposed that the role of mucosal tolerance is to
provide immunologic homeostasis in the gastrointestinal tract
and possibly in the respiratory tract, which prevents develop-
ment of immune response to otherwise harmful dietary and
bacterial antigens present constantly and often in large quan-
tities in external mucosal surfaces. The breakdown of tolerance
may thus lead to systemic or mucosal immunopathology di-
rected against environmental or autoantigens in the mamma-
lian host (90).

Several possible appraoches have been explored to prevent
or alter the course of atuoimmune disease in humans (10, 46,
60, 125, 137). These include induction of mucosal tolerance
employing specific antigens or peptides, immune deviation by
directing T-cell responsiveness from Thl to Th2 or Th3, sup-
pression of immunologic reactivity by the use of regulatory
peptides derived from T-cell receptors, use of specific treat-
ment modalities directed against specific cytokines or recep-
tors, and use of gene therapy using viral receptor-carrying
genes coding for specific antigen products and/or cytokines and
chemokines (Table 9).

Administration of antigens via the nasal, aerosol, or oral
route has been explored in several recent studies (Table 10)
involving experimentally induced diseases in animal models or
naturally occurring autoimmune diseases in humans.

EAE and Multiple Sclerosis

The clinical manifestation of acute experimental autoim-
mune encephalomyelitis (EAE) in mice and rats can be effec-
tively suppressed by oral administration of high doses of myelin

basic protein (MBP) (24, 58, 61). Tolerance induction in such
a situation appears to be mediated by clonal anergy. Tolerance
can also be induced by low doses of antigen and is mediated in
part by downregulation of tumor necrosis factor (TNF) and
IFN-vy and upregulation of TGF-B. EAE can be suppressed in
animals transgenic for an MBP-specific TCR after feeding with
MBP (25, 61). Induction of tolerance for EAE has also been
achieved with administration of MBP and MBP-peptides via
the nasal route (5).

In human multiple sclerosis, clinical trials employing oral
treatment with bovine myelin preparations are under way. Use
of bovine myelin in such patients has been shown to result in
the appearance of MBP and proteolipid protein-specific TGF-
B-secreting T cells. However, no increase in IFN-y-secreting
cells was noted in myelin-treated patients. Analysis of magnetic
resonance imaging data has revealed significant changes in
such patients (141). In a small pilot study, myelin-treated pa-
tients, especially responders with similar HLA-DR gene pro-
files, exhibited positive clinical effects from such treatment.
However, a subsequent larger study has failed to confirm the
observation of the pilot study (90).

Insulin-Dependent Diabetes

The nonobese diabetic (NOD) mouse spontaneously devel-
ops an autoimmune syndrome similar to human insulin-depen-
dent diabetes mellitus (6). In this disease, the development of
autoimmunity against B cells is believed to require the predis-
position of both genetic and environmental factors. The acti-
vation of lymphocytes recognizing B-cell determinants may

TABLE 10. Suppression of systemic immunologic reactivity: induction of mucosal tolerance with oral antigen feeding”

Species Disease Antigen fed orally Beneficial effect”
Human Multiple sclerosis Bovine myelin +
Mouse or rat EAE MBP +++
Human Type 1 diabetes Insulin -
Mouse Diabetes Insulin ++
Human Uveitis Bovine S-antigen +
Mouse EAU IRBP ++
Human Rheumatoid arthritis Chicken type III cartilage +
Mouse Collagen-induced arthritis Type 1II collagen peptides +++
Mouse Colitis Haptenized colonic protein ++
Mouse Thyroiditis Thyroglobulin ++
Rat Transplantation Alloantigens-MHC peptides ++

“ Data taken from reference 90.
b — not known; *, some; +++, highly significant.
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therefore be triggered by environmental antigens, possibly via
molecular mimicry (18, 45, 102). In the NOD mouse model,
the use of oral insulin delays and in some cases prevents onset
of diabetes. Such suppression is transferable by CD4™ T cells.
These animals also exhibit decreased IFN-y and increased
expression of TNF, IL-4, IL-10, TGF-B, and prostaglandin E,.
Several investigations have suggested that the mucosal vascular
addressin (MAdCAM-1) is constitutively expressed at low lev-
els on pancreatic vasculature. In conjunction with the appear-
ance of lymphocyte infiltrates (insulitis) in pancreatic islets,
MAdCAM-1 is strongly induced on islet vessels. This integrin
has recently been shown to be necessary for the development
of diabetes in such mice. MAdCAM-1 may be required during
two distinct steps in an early phase of diabetes development:
for the entry of naive lymphocytes into the lymphoid tissues in
which diabetes-causing lymphocytes are originally primed, and
for the subsequent homing of these lymphocytes into the pan-
creas. Nasal administration of insulin 8 chain or aerosol insulin
also suppresses onset of diabetes in NOD mice. Feeding of
insulin has been shown to suppress diabetes in an LCMV-
induced diabetes model (139). Thus, it is suggested that mu-
cosal lymphoid tissues may be significantly involved in the
initiation of pathologic immune responses in NOD mice (50,
51).

Recently, clinical trials have been initiated with recombinant
human insulin administered orally in subjects at risk of devel-
oping type I diabetes. A double-blind study involving oral feed-
ing of insulin in newly diagnosed immune-mediated type I
diabetes has suggested possible beneficial effects. Results of
detailed long-term studies are not yet available to determine
the effect of mucosal exposure to insulin on the outcome of
type I diabetes (30).

Uveitis

Oral administration of S-antigen, a retinal autoantigen, pre-
vents or significantly reduces the clinical severity of experimen-
tal autoimmune uveitis (EAU) in experimental animal models.
In other studies, feeding of interphotoreceptor binding protein
(IRBP) has been shown to suppress IRBP-induced retinal dis-
ease in humans (94, 95).

In human uveitis, feeding of bovine S-antigen and S-antigen
mixtures with retinal antigens has been examined for benefits
on the outcome of disease. Oral feeding of peptides derived
from the patient’s own HLA antigens and oral feeding of
bovine S-antigen appear to provide some benefit against the
clinical symptoms. These patients appear to need reduced
doses of steroids and have significantly reduced intraocular
inflammation. The effects seem to be mediated by induction of
oral tolerance (95).

Arthritis

The course of experimental models of arthritis induced with
collagen, adjuvants, and other antigens can be significantly
altered by oral feeding of type II collagen, immunodominant
human collagen peptides, and mycobacterial 65-kDa heat
shock protein. Suppression of arthritis and induction of toler-
ance in these animals have also been achieved by nasal admin-
istration of collagen (52, 64).

Clinical trials with chicken type II collagen in suppression of
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disease in human rheumatoid arthritis have been encouraging.
Oral administration of the collagen in doses ranging from 20 to
2,500 pg have so far demonstrated significant beneficial effects.
Of particular importance is the observation that oral adminis-
tration of the type II collagen was not associated with any
major toxicity. Currently, several multicenter clinical trials are
under way to determine the long-term efficacy of oral collagen
in the treatment of rheumatoid arthritis (8, 9, 133).

Other Disease Models

The use of desensitization has been a longstanding and fre-
quently controversial practice in allergic disorders for many
decades. However, as early as the 1960s a good database was
available to suggest that oral tolerance could be induced in
humans to contact-sensitizing agents. During the past decade,
it has become clear that oral or nasal exposure can mediate
tolerance to a variety of allergens or antigens. It has been
shown in experimental models that oral or nasal administration
of keyhole limpet hemocyanin decreased subsequent cell-me-
diated immune responses. Factors which favor Thl response
can be expected to abrogate mucosal tolerance. Conventional
immunotherapy for allergens is being reexplored with new
therapeutic modalities which will direct Th response toward
the Th3 type of T-cell reactivity and favor induction or persis-
tence of tolerance (54, 55, 56, 57). Oral DNA vaccines and
boosting of tolerogenic responses with specific adjuvants are
two possible approaches.

It has recently been shown that oral administration of nickel
induces nickel-specific T cells and such desensitization is ef-
fective against nickel allergy and beneficial to patients with
nickel-associated cutaneous eczema (7). Finally, gene therapy
using virus vectors has been proposed as a localized short-term
but potent mechanism to modulate autoimmune disease states
(114, 123).

CONCLUSIONS AND FUTURE DIRECTIONS

Immunoprophylaxis by the mucosal route is an important
approach to controling mucosally acquired infections. The
ability to induce a balanced systemic and secretory immune
response following immunization is determined by a complex
set of interacting factors. These include the nature of the
antigens and route of administration, the nature of the mucosal
microenvironment, the immunologic vehicles employed for
vaccine delivery, and the effects of bystander immunologic and
antigen-related events occurring concurrently in the mucosal
environment. The development of mucosal and systemic im-
mune response or the induction of mucosally induced systemic
immunologic hyporesponsiveness (mucosal tolerance) depends
on the nature of antigenic simulation of specialized lymphoid
structures and the eventual expression of Thl versus Th2 or
Th3 T-cell responses and the expression of proinflammatory
versus immunoregulatory cytokines.

The mucosal vaccines currently approved for human use
include typhoid, cholera, adenovirus, OPV, and rotavirus vac-
cines. OPV is no longer recommended for routine use, and
rotavirus vaccine has been taken off the market because of its
possible association with intussception in young infants. Ty-
phoid, cholera, and adenovirus vaccines are not recommended
for routine childhood immunization. Thus, future mucosal vac-
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cine development must involve other strategies. These include
development of nonreplicating subunit vaccines, DNA vac-
cines, plant and other recombinant products, and the use of
mucosal adjuvants or more effective vaccine delivery systems to
conserve the functional integrity and the antigen mass of vac-
cines delivered into the relatively harsh mucosal microenviron-
ment.

Based on the experience with existing vaccines, the devel-
opment of mucosal immunity or administration of vaccines via
the mucosal route is clearly not a prerequisite for control or
prevention of most infectious diseases (112). This is illustrated
by the observation that the successful control of many infec-
tious diseases during the past four decades has been achieved
only with the use of parenterally administered vaccines, which
may or may not induce a specific mucosal immune response.
An important exception to this statement is the elimination of
poliomyelitis in the North American hemisphere by OPV.
While use of parenterally administered product is still a very
attractive and likely option for some of the newer vaccines
under development, the average infant will have received 20 to
25 vaccine doses by injection by the age of 18 months. The
availability of a mucosally delivered vaccine will represent a
painless way to provide additional vaccine antigens as a single
dose or up to three doses (for booster immunization) contain-
ing multiple antigens against more than one infectious disease.
In the next decade or two, it should be possible to have non-
living, recombinant replicating, transgenic, microbial vector- or
plant-based mucosal vaccines, and such vaccines may be pre-
ferred over injection-administered vaccines. Such vaccines
could be more effective in preventing systemic illness as well as
mucosal infections during subsequent natural challenge with
wild pathogens. The induction of tolerance is clearly a poten-
tial deterrent to the successful outcome of nonreplicating mu-
cosal vaccines. One of the goals of vaccine delivery by the
mucosal route must include approaches to overcoming the
potential for tolerance that may exist prior to exposure to an
antigen, including the presence of a reactive anergic state that
may exist in the very early neonatal period.

Abrogation of tolerance is feasible, since tolerance must be
reversible so that the host can respond to a surge of an antigen
during the time of peak antigen load. The role of the contra-
suppressor pathway, which has been described within the lym-
phoid cell populations of the intestine (48), remains to be seen.
Interestingly, contrasuppressor cells in Peyer’s patches can in-
crease antibody responses and seem to be capable of mediating
an isotype-specific response (39, 40, 126). It is possible that the
ability of contrasuppressors to abrogate the suppression of
specific responses may allow suppression of less desirable re-
sponses to remain in place. This may in part explain why
broadly different immune responses, such as allergic phenom-
ena like those induced with nematode infections, and IgA
responses are rarely seen together, even though both are
widely believed to be selected by the cytokine profiles secreted
by the Th2 subset of helper T cells.

Thus, the induction of mucosal tolerance, while detrimental
to infectious disease, could serve a very beneficial function in
preventing or modifying autoimmune disorders or disease
states associated with heightened immunologic reactivity to
foreign proteins (allergies) or autoantigens (autoimmune dis-
ease). The disease states for which oral immunization has been
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considered for suppression of autoimmune response include
rheumatoid arthritis, multiple sclerosis, experimental autoim-
mune encephalitis, myelitis, uveoretinitis, and diabetes melli-
tus. In these situations, it may be possible to enhance mucosal
tolerance by increased uptake of the putative etiologic antigens
in the mucosal inductive sites and prolonging antigen presen-
tation (128). Although the mechanism underlying the develop-
ment and persistence of tolerance to dietary antigens and nor-
mal microbial flora of the human mucosa is complex and still
incompletely defined, it appears that induction of mucosal
tolerance and mucosal immunity occur at the same site in the
gut and possibly other mucosal lymphoid sites. To date, devel-
opment of mucosal tolerance has not been demonstrated for
replicating or nonreplicating human pathogens when adminis-
tered by the mucosal route. However, it may be possible to
manipulate the mucosal system in a way that will enhance the
efficacy of mucosal and systemic immune response for anti-
infective vaccines and yet, when appropriate, induce mucosal
tolerance against autoimmune disorders. These two goals can
be accomplished by minimizing breakdown by enzymatic deg-
radation of antigens and enhancing presentation, uptake, and
processing of antigens in the mucosal epithelium, involving the
use of appropriate adjuvants and antigen delivery systems.

It is thus possible that mucosal immunization in the future
will yield benefits on two extremes of the spectrum of mucosal
immune function, induction of protective immunity against
infection and induction of tolerance against immune responses
in allergic and autoimmune diseases.
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