
Advances in mucosal vaccination

Els N. T. Meeusen,1* Jean-Pierre Y. Scheerlinck,1 Sean Wattegedera2 and
Gary Entrican2

1Centre for Animal Biotechnology, School of Veterinary Science, The University of Melbourne,
Australia and 2Moredun Research Institute, Pentlands Science Park, Edinburgh, UK

© CAB International 2004 Animal Health Research Reviews 5(2); 209–217
ISSN 1466-2523 DOI: 10.1079/AHR200470

Abstract
Pathogens that enter the body via mucosal surfaces face unique defense mechanisms that
combine the innate barrier provided by the mucus layer with an adaptive response typified
by the production and transepithelial secretion of pathogen-specific IgA. Both the measure-
ment and induction of mucosal responses pose significant challenges for experimental and
practical application and may need to be adapted to the species under study. In particular,
for livestock, immunization procedures developed in small rodent models are not always
effective in large animals or compatible with management practices. This paper reviews the
latest advances in our understanding of the processes that lead to secretory IgA responses
and how this relates to the development of mucosal immunization procedures and adjuvants
for veterinary vaccines. In addition, it highlights the complex interactions that can take place
between the pathogen and the host’s immune response, with specific reference to
Chlamydia/Chlamydophila infections in sheep.
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Introduction

Mucosal immunity refers literally to the immunity induced
at the mucus-covered epithelial surfaces typically present
in the gastrointestinal, upper respiratory and lower repro-
ductive tracts. The mucus that covers these epithelial
surfaces is produced by specialized high-mucus-produc-
ing goblet cells interspersed at varying densities within
the epithelial layer and by epithelial cells themselves. This
mucus layer consists of an extensive network of secreted
polymers (mucins) and provides a first and important bar-
rier against the external environment from physical (e.g.
sharp objects) and chemical (e.g. stomach acids) injury as
well as infectious injury. Mucus exists in a dynamic state,
so that particles, including pathogens, can be physically
removed by peristaltic movement (gut) or coughing and
cilia movements (airways). Pathogens that enter the
mucus layer are further confronted by innate defense
molecules secreted by epithelial cells, including trefoil
peptides (Podolsky, 1999) and antimicrobial peptides

(defensins) (Ayabe et al., 2000). In addition, the mucus
layer of the intestinal tract, which is in continuous contact
with a rich broth of commensal bacteria, contains IgA spe-
cific for the bacterial cell walls, produced in a primitive,
T-cell-independent manner by plasma cells scattered
throughout the lamina propria (Macpherson et al., 2001).

While the mucus layer forms an important environ-
ment in which both innate and adaptive immune
effector mechanisms take place, not all tissues that form
part of the mucosal immune system secrete or are cov-
ered by mucus. ‘Mucosal’, non-mucus producing tissues
include the epithelium of the mammary gland and
upper reproductive and the lower respiratory tract. The
absence of mucus in these tissue compartments proba-
bly reflects a less frequent contact with the external
environment, combined with functional necessities (e.g.
gas exchange) and energy preservation. The characteris-
tic feature of mucosal immunity is therefore not
necessarily the presence of mucus-covered epithelium
but may be more accurately defined by the presence of
an epithelial layer that has the property of actively pro-
moting the secretion of immune defense molecules, in
particular IgA, into the luminal environment.
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Despite these defense mechanisms, many pathogens
still cause disease by colonizing mucosal surfaces and/or
disseminating from the initial site of infection and invad-
ing other tissues and organs. A clear understanding of
immune regulation at mucosal surfaces, coupled with
knowledge of the protective mechanisms to a particular
pathogen, underlies rational vaccine design for disease
control. Here we discuss advances in mucosal vaccina-
tion and highlight some of the problems that have
hindered the development of safe and effective vaccines
to mucosal pathogens, using Chlamydia/Chlamydophila
infections of sheep as a specific example.

Properties and function of secretory IgA

IgA is the most prominent antibody present at mucosal
surfaces and plays a major role in protection against
invading pathogens. In contrast to monomeric IgA pro-
duced in peripheral tissues, plasma cells in the lamina
propria of mucosal surfaces produce IgA in the form of
two or more (polymeric) IgA units linked together by an
additional polypeptide, the J chain. This J chain is criti-
cal in targeting the polymeric IgA to the polymeric IgA
receptor (pIgR) expressed on the basolateral surface of
epithelial cells, its subsequent transport through the
epithelial cells and its secretion at the luminal surface.
Before secretion, the pIgR is enzymatically cleaved and
the remaining fraction bound to the IgA-J chain complex
is called the secretory component. IgA secreted into the
lumen (secretory IgA or SIgA) therefore consists of a
complex of dimeric or polymeric IgA molecules linked
with two additional polypeptides: a J chain and an
epithelial-derived secretory component. This configura-
tion of the antibody confers additional properties on the
complex, including protease resistance (Crottet and
Corthesy, 1998), anchoring antibody to mucus (Phalipon
and Corthesy, 2003) and activating effector cells such as
eosinophils (Lamkhioued et al., 1995). Expression of J
chain by B cells and pIgR by epithelial cells is therefore
a distinguishing characteristic of ‘mucosal’ or ‘secretory’
immunity. Polymeric Ig receptor expression has also
been observed in the epithelium of the upper reproduc-
tive tract (Kutteh et al., 1988) and mammary glands
(Rincheval-Arnold et al., 2002) and is therefore not
linked to mucus production.

As well as protecting mucosal surfaces against colo-
nization and invasion by pathogens, SIgA also functions
in eliminating antigens from tissues via immune com-
plex formation (Robinson et al., 2001) and intraepithelial
neutralization of virus replication (Fujioka et al., 1998).
In addition, as IgA is a non-inflammatory antibody that
binds complement only weakly, it protects the tissues
from excessive immune-mediated damage.

Transforming growth factor-β (TGF-β) produced by
non-bone marrow-derived stromal cells in the lamina
propria is abundantly expressed in mucosal tissues and

is critical for switching the antibody isotype to IgA
through TGF-βRII expressed by B cells. Except for the
T-cell independent, early switch to IgA by locally gener-
ated lamina propria B cells, the T-cell dependent
differentiation of IgM+ to IgA+ B cells that takes place in
Peyer’s patches and other organized lymphoid tissues
also requires Th2 cytokines and cellular signals
(Fagarasan and Honjo, 2003). The final differentiation of
IgA+ B cells to IgA producing plasma cells takes place
once they migrate back into mucosal tissues, under the
influence of locally produced factors including inter-
leukin (IL)-6.

Mechanisms and sites of induction of mucosal
immune responses

It has been a long-standing paradigm of mucosal
immunology that mucosal immune responses are gener-
ated in restricted, specialized areas of the mucosal
tissues. In the intestinal tract, the most studied mucosal
compartment, the inductive sites for mucosal immunity
were thought to reside solely in the Peyer’s patches and
many vaccination studies aim to specifically target these
structures. Peyer’s patches are distinctive lymphoid
aggregates in the intestinal tract with defined B- and T-
cell areas similar to lymph nodes. The epithelial layer
overlying the Peyer’s patches is distinct from the sur-
rounding mucosal epithelium in that the enterocytes
produce less mucus and digestive enzymes and are
interspersed by microfold or membranous cells (M cells)
that lack a brush border glycocalyx or microvilli. M cells
display increased pinocytic activity and can transport
antigen and microbes, via a transepithelial vesicular
transport system, to underlying antigen-presenting cells
(APC). Lymphocytes primed in the Peyer’s patches
migrate to the mesenteric lymph nodes, where they
undergo further proliferation and differentiation before
exiting via the blood to the thoracic duct and extravasat-
ing into the mucosa. IgA+ B cells and CD4+ T cells
stimulated at mucosal sites such as the Peyer’s patches
preferentially migrate back to mucosal tissue and less
effectively to systemic sites, where they can respond
rapidly to the next antigenic challenge (Meeusen et al.,
1996; Reinhardt et al., 2001; McSorley et al., 2002).
Peyer’s patch-like structures have also been identified in
the other epithelial tissues of many species, including
the rectal and nasal tissues of sheep (Stanley et al., 2001;
Sedgmen et al., 2002)

Microbes are generally more closely associated with
the Peyer’s patch epithelium than the surrounding
mucosal membranes, and this is usually interpreted to
indicate that Peyer’s patches are the predominant site of
entry for pathogens and the induction of immune
responses. However, few M cell-specific receptors have
been identified and preferential microbial adhesion to M
cells may be more a consequence of their increased
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accessibility through the lack of a protective filamentous
brush border glycocalyx. It would seem counterintuitive
that the mucosal tissues have specifically created vulner-
able spots that attract pathogens so they can then
induce a protective immune response. In addition, sev-
eral epithelial surfaces lack Peyer’s patches or Peyer’s
patch-like structures, including the stomach, lungs and
reproductive tract, and most parasites do not specifically
target Peyer’s patches but can still induce vigorous
mucosal immune responses. It may therefore be that
Peyer’s patches have evolved primarily to sample the
intestinal microflora and induce tolerance to continuous
stimulation by non-pathogenic organisms. This may also
be the case for the isolated lymphoid follicles (ILF) that
have similar structure (including M cells) and function to
Peyer’s patches and are induced after birth in parallel
with colonization of the gut (Mowat, 2003). If infection
can occur at any mucosal tissue site, how can mucosal
immunity, commonly induced by antigen-presenting
dendritic cells, be initiated? It has often been observed
that dendritic-like cells are located beneath the epithe-
lium of mucosal tissues, and if the pathogen breaks the
epithelial barrier it can be assumed that antigens
released by the pathogen in the tissue can be taken up
by these subepithelial dendritic cells and transported via
the afferent lymph to the draining lymph nodes for initi-
ation of an immune response. Very recently, it has been
shown that dendritic cells present throughout the
mucosa can play a more active role by extending cellu-
lar processes through epithelial tight junctions into the

lumen, take up bacteria and retreat back into the tissues
(Rescigno et al., 2001). Both pathogenic and non-patho-
genic organisms can be sampled in this way, but only
pathogens seem to induce the migration of dendritic
cells to the mucosal lymph nodes (MLN), while dendritic
cells that take up non-pathogens remain in the lamina
propria. This differential activation of dendritic cells may
be controlled by signaling through innate response
receptors, such as toll-like receptors (TLRs). Within the
lymph nodes, mucosal dendritic cells can present anti-
gen to naive T cells and thereby govern immunity as
well as tolerance (Nagler-Anderson, 2001). A schematic
representation of the different antigen presentation path-
ways is shown in Figure 1.

Mucosal adjuvants and other factors affecting the
generation of a secretory immune response

The mucosal tissues constitute an environment con-
ducive to the induction of tolerance, IgA and
anti-inflammatory Th2-type responses. This Th2-biased
microenvironment can be seen in (i) the abundant pro-
duction of TGF-β and IL-10 by epithelial and
mesenchymal cells (Mowat, 2003), (ii) a cytokine profile
dominated by IL-4 and IL-10 in mucosal but not periph-
eral lymph nodes (Premier and Meeusen, 1998) and (iii)
the presence in most mucosal tissues of distinct subsets
of dendritic cells that produce IL-10 or TGF-β instead of
IL-12 (Nagler-Anderson, 2001).
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Fig. 1. Pathways for induction of immune responses at mucosal surfaces. The way pathogens or antigens (Ag) come in contact
with antigen presenting cells influences the type of immune response that is induced and includes the following steps. (1)
Uptake of antigen by M cells in Peyer’s patches/isolated lymphoid follicles and transfer to underlying dendritic cells (DC). DC
can initiate an immune response in the Peyer’s patches, with a biased Th2-type phenotype, or migrate to draining mucosal
lymph nodes (MLN), where both Th1 and Th2 responses can be generated. (2) Damage of the epithelial layer and uptake of
antigen by underlying DC, which migrate to the MLN. (3) Sampling of luminal antigen by lamina propria DC that extend den-
drites through the epithelial junctions and migrate to MLN. GC = germinal center; T = T cell.
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Therefore, introducing antigen into a mucosal site will
generally default to a Th2-type response. For example,
Leishmania major is normally a strong Th1-inducing
[high interferon (IFN)-γ] pathogen after subcutaneous
delivery in C57BL/6 mice, but induces a Th2 response in
the lungs after intranasal delivery (Constant et al., 2002).
The main property of a ‘mucosal adjuvant’ may there-
fore be to direct the antigen for uptake by mucosal
tissues and/or to deliver appropriate stimulatory signals
to activate APCs. The bacterial products cholera toxin
and heat-labile enterotoxin provide both these proper-
ties, the B subunits facilitating adherence to epithelial
cells and the enzymatically active A subunits increasing
antigen presentation through its cyclic AMP-inducing
ability. Other bacterial products have recently also been
shown to have adjuvant properties through their ability
to act as danger signals or pathogen-associated molecu-
lar patterns for recognition by innate response receptors
(e.g. TLRs) on epithelial cells or APCs. These include
bacterial DNA or synthetic oligodeoxynucleotides con-
taining unmethylated cytosine-phosphate-guanosine
(CpG) motifs, which bind to TLR-9 to activate APCs and,
when delivered at mucosal surfaces, can induce strong
mucosal responses (Holmgren et al., 2003). In addition,
the proinflammatory cytokine IL-1, previously used as
an adjuvant for peripheral immunization, has also been
shown to be particularly effective for mucosal vaccina-
tion when delivered at mucosal surfaces (Staat and
Ennis, 1999). In the absence of these molecular stimuli,
antigen delivered at mucosal tissues may result in spe-
cific systemic and/or local tolerance.

The immune response generated by delivery of anti-
gen via the mucosal route can result in different
outcomes depending on the site of priming (Fig. 1).
Generation of the immune response in mucosal tissues,
including Peyer’s patches and ILFs, generally results in
typical SIgA responses with little or no systemic
response, while initiating of immune responses in the
mucosal lymph nodes can induce both mucosal immune
responses and systemic immunity or tolerance, depend-
ing on the activating signals provided with the antigen.

Mucosal pathogens that elicit inflammatory
responses

The balance of inflammatory and regulatory cytokine
production at mucosal surfaces is important not only for
the generation of protective immune responses, but also
to avoid immunopathology. The predominance of anti-
inflammatory, Th2-type cytokines may be one of the
reasons that Chlamydia/Chlamydophila are successful
mucosal pathogens. Chlamydia/Chlamydophila are obli-
gate intracellular Gram-negative bacteria that cause a
wide variety of diseases in a diverse group of host
species (Longbottom and Coulter, 2003). The develop-
mental cycle of the organism is biphasic, consisting of

the extracellular, infectious, metabolically inactive ele-
mentary body and the intracellular, non-infectious,
multiplying reticulate body. The reticulate bodies exist
within a specialized intracellular compartment, termed
the inclusion body, that actively inhibits fusion with host
cell lysosomes.

Chlamydia/Chlamydophila infect their hosts via
mucosal surfaces, causing disease in the respiratory, gas-
trointestinal and reproductive tracts, as well as the eye.
In some cases the infection remains limited to epithelial
cells; in others the organism disseminates to cause dis-
ease at distal anatomical sites. There are two striking
features common to these pathogens and the diseases
they cause. The first is that persistent infection and/or
reinfection is common, suggesting that the host’s
immune response is potent enough or sufficiently long-
lasting to provide sterile immunity. The second is that
persistent chlamydial infections are associated with
inflammation that leads to tissue damage and pathology
(Stephens, 2003). These factors have impeded the design
and implementation of vaccines to control
Chlamydia/Chlamydophila infections in humans. There
are two commercially available vaccines for the control
of chlamydial abortion in sheep. Both of these vaccines
involve immunization with whole organisms. One con-
sists of a live attenuated temperature-sensitive strain
developed by chemical mutagenesis; the other comprises
inactivated organisms delivered in adjuvant (Entrican et
al., 2001; Longbottom, 2003). The vaccines are not
administered mucosally and little is known about the
means by which they elicit protection. Such an empirical
approach does not easily lend itself to modification
should the vaccine fail. Additionally, the live vaccine
poses a risk of zoonotic infection since the temperature
mutation permits the attenuated strain to grow normally
at 37°C (but not 39°C, hence its application in sheep).
The use of whole organisms as chlamydial vaccines has
been abandoned in human medicine because of con-
cerns over immunopathology and enhanced tissue
damage during infection that followed vaccination
(Longbottom and Coulter, 2003). A subunit vaccine is a
desirable objective for both human and veterinary appli-
cation, but to achieve this requires an understanding of
protective host immunity and host–pathogen interactions
during acute and persistent infection.

Host immune control of Chlamydia/Chlamydophila can
be mediated through IFN-γ (Entrican et al., 1998). The
effects of recombinant ovine IFN-γ on the growth of C.
abortus in the ovine ST-6 cell line can be seen in Figure
2. Restriction of chlamydial growth is a result of IFN-γ-
induced expression of indoleamine-2,3 dioxygenase
(IDO), an enzyme that degrades tryptophan (Entrican et
al., 2002). Analysis of the recently-sequenced genome of
the S26/3 strain of Chlamydophila abortus reveals the
absence of a functional trp operon, thereby confirming
dependence of the organism on host cell tryptophan (D.
Longbottom, personal communication). The relationship
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between IFN-γ and control of chlamydial growth is com-
plex, since the cytokine can exert both chlamydiostatic
and chlamydiocidal effects (Brown et al., 2001). These fea-
tures are of great interest given the immunopathogenesis
of chlamydial abortion. IFN-γ is widely regarded as a
cytokine that is detrimental for pregnancy, and tryptophan
degradation by placental trophoblast cells is a mechanism
by which maternal T cells are tolerized to paternal histo-
compatibility antigens (Munn et al., 1998). There is a
paradox that remains unresolved: why is the placenta a
site of multiplication for C. abortus if Trp is degraded by
IDO? It is not yet known if placental IDO expression
occurs in sheep, or indeed if such a mechanism for toler-
ance to paternal antigens is necessary, given the structural
differences between the rodent and ruminant placentas
(Meeusen et al., 2001; Entrican et al., 2002). The placenta
is a highly specialized organ and the balance between reg-
ulatory and proinflammatory cytokines may be altered by
C. abortus to such an extent that immunopathology and
abortion are unavoidable consequences of the host
response (Entrican, 2002). The role of IDO in immune
regulation has broader implications than tolerance during
pregnancy. Expression of IDO by dendritic cells and the
ability of IFN-γ to inhibit dendritic cell activation of T cells
appear to be important immunoregulatory mechanisms
(Grohmann et al., 2003). This could impact on the quality
of an immune response elicited by vaccines that drive
inflammatory cytokine production at mucosal sites.

Although cell-mediated immunity is crucial for resolv-
ing an established chlamydial infection, experimental data
indicate that antibody can inhibit infection, particularly at
mucosal surfaces. Delivery of IgA or IgG monoclonal
antibodies directed against the major outer membrane
protein (MOMP) partially protect mice against genital C.
trachomatis infection if the monoclonal antibodies are
delivered by injecting the hybridoma cells directly into
mice (Cotter et al., 1995). The monoclonal antibodies are
found in both serum and vaginal secretions, but protec-
tion occurs only at low challenge doses of C. trachomatis.
It may be that serum antibody to MOMP has limited effi-
cacy during infection. This is borne out by the
observation that ewes infected with Chlamydia abortus
during pregnancy seroconvert to MOMP and to the poly-
morphic outer membrane proteins, but still go on to abort
(Fig. 3), demonstrating that antibodies to these molecules
cannot protect against abortion once infection is estab-
lished. This correlates with many studies of chlamydial
infection in humans, in which seroconversion has been
used for diagnosis, yet reinfections and/or persistent
infections are common (Stephens, 2003).

Strategies for targeting vaccines to mucosal tissue sites

If, as mentioned in the previous section, the microenvi-
ronment of mucosal connective and lymphoid tissues is
inherently conducive to the generation of a Th2-type

response, delivering vaccines to mucosal surfaces should
induce an appropriate mucosal response by default.
Mucosal targeting can be achieved by incorporating vac-
cine antigens in bacterial or viral vectors that specifically
infect mucosal tissues. Attempts have also been made to
overcome safety concerns associated with live vaccines
by the use of pseudoviruses or virus-like particles that
do not contain any viral DNA/RNA but maintain
immunogenicity and their ability to target mucosal tis-
sues (Guerrero et al., 2001).

Other non-replicating delivery systems are designed
to incorporate soluble vaccine antigen in a particular
form and chemical composition that induces adherence
and uptake by mucosal surfaces. These include micro-
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Fig. 2. Inhibition of the growth of Chlamydophila abortus
by IFN-γ. Ovine ST-6 adenocarcinoma cells were cultured
in medium alone (top panel) or medium containing
250U/ml recombinant ovine IFN-γ (bottom panel) for 24 h
then infected with C. abortus elementary bodies at a multi-
plicity of infection of 0.5. The cells were fixed in methanol
72 h later and stained with Ziehl-Neelsen’s carbol fuchsin to
visualize the chlamydial inclusions, and counterstained
with hematoxylin.
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capsules, liposomes and immunostimulating complexes.
While encouraging results have been obtained by oral
immunization in mouse models, the different physiology
and size in large animals has probably prevented a simi-
lar success in large animal species. Intranasal
immunization, on the other hand, has been shown to be
effective in inducing local and systemic antibody
responses (Holmgren et al., 2003). Intranasal immuniza-
tion is often more effective than oral immunization in
inducing both mucosal and systemic immune responses
and generally requires less antigen and adjuvant.

Intrarectal vaccination strategies have recently been
considered in humans, in particular because of the
importance for infection and persistence of HIV in this
tissue (Berzofsky et al., 2001). Rectal immunization may
also have possible applications in some veterinary
species and mucosal infection systems. As far as we are
aware, rectal immunization has so far only been
attempted in sheep and cattle. In the sheep studies,
depositing antigen on the rectal mucosal surface with
cholera toxin was examined, as well as intramucosal
injection of antigen with alum adjuvant (Jacobs et al.,
1999; Premier, 2004). Injection of an experimental nema-
tode antigen into the rectal tissue of sheep was shown
to confer similar protection against infection of the abo-
masum as the antigen deposited on the rectal mucosal
surface with cholera toxin (Jacobs et al., 1999). The
injection of antigen with aluminium hydroxide adjuvant
into intestinal tissue, in addition to inducing IgA, also
effectively induced higher IgG2 responses compared

with systemic or cholera toxin immunization (Premier,
2004). In cattle, DNA suppository-based vaccines prime
the immune system for increased IgG and IgA in serum
and IgA in nasal secretions (Babiuk et al., 2003).

There has been some success with intramuscular and
intranasal delivery of plasmid DNA in turkeys using con-
structs encoding Chlamydophila psittaci MOMP
(Vanrompay et al., 1999). Effectiveness of DNA vaccina-
tion for controlling chlamydial infections in ruminants is
unknown at present and the two key factors that remain
to be addressed are the priming and maintenance of
immunological memory. First, it is recognized that
although DNA vaccination works well in mice, responses
in humans and large animals are poorer and require
repeat vaccination and greater amounts of DNA to elicit
strong cellular immunity (Scheerlinck, 2001; Kirman and
Seder, 2003). Secondly, it is not known how robust 
infection-generated immune memory is, let alone vacci-
nation-generated memory. Vaccines that induce large
numbers of IFN-γ-producing cells are thought to be
effective for inducing short-term but not long-term
immunity against pathogens (Kirman and Seder, 2003).
Thus, strategies for inducing stable protection with a sub-
unit vaccine against C. abortus require careful thought.

Inducing mucosal immune responses through
peripheral immunization

Several studies have reported the induction of mucosal
immune responses by intradermal, subcutaneous or tran-
scutaneous administration of antigen with various
immunomodulatory substances (Bouvet et al., 2002). The
mechanism of IgA induction has not been elucidated in
these experiments, but studies in mice incorporating the
steroid hormone precursor 1α,25-dihydroxy vitamin D3
[1,25(OH)2D3] in a subcutaneous vaccine initially indicated
that the microenvironment of the draining peripheral
lymph node (PLN) was altered from a Th1 to a Th2,
‘mucosal’ phenotype (Daynes et al., 1996). Later studies by
the same group reported similar results using cholera
toxin, heat-labile enterotoxin and PT as adjuvants, but
indicated that altered migration of skin dendritic cells to
mucosal tissues may be responsible for SIgA induction
rather than a change in the PLN environment (Enioutina et
al., 2000).

We recently examined the effect of this hormone pre-
cursor on the generation of an immune response at the
level of a single lymph node in sheep. Efferent lymphat-
ics of both left and right prefemoral (peripheral) lymph
nodes were cannulated in the same sheep and independ-
ent immune responses generated in the two nodes were
compared after simultaneous injection of the draining tis-
sues with Keyhole limpet hemocyanin-alum or
KLH-alum-1,25(OH)2D3 on the contralateral sides of the
same animal. The results (Fig. 4) indicated that 1,25(OH)2
D3 enhanced the overall antibody levels to KLH and
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Fig. 3. Antibody to Chlamydophila abortus in sheep following
experimental infection. Seven pregnant ewes were infected by
subcutaneous injection of 2 × 106 inclusion forming units of C.
abortus on day 70 gestation. Serum was collected 2 weeks
before infection (Pre-inf) and 7 weeks after infection (Post-inf)
and analysed for the presence of antibodies to the 90-kDa
polymorphic outer membrane protein (POMP) and the major
outer membrane protein (MOMP). Three of the infected ewes
aborted during the final 3 weeks of gestation, and the four
remaining ewes produced live lambs.
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altered the ratios between KLH-specific IgG1 and IgG2.
However, there was no significant alteration in the propor-
tion of IgA antibodies in the lymph compared with other
isotypes. These results were in contrast to other studies in
pigs (Van der Stede et al., 2001) and cattle (Reinhardt et
al., 1999), in which intramuscular coadministration of anti-
gen with 1,25(OH) 2D3 significantly increased titers of
antigen-specific IgA (and IgM) in serum and mucosal
secretions, but similar to studies in humans in which
incorporation of 1,25(OH)2 D3 into the trivalent influenza
vaccine did not induce enhancement of mucosal immunity
when delivered in one dose to human subjects (Kriesel
and Spruance, 1999). The apparent discrepancies
observed in effector responses induced by the codelivery
of 1,25(OH) 2D3 in these studies may be due to the fact
that the enhanced antigen-specific IgA responses observed
in the mice, pigs and cattle studies were measured follow-
ing reimmunization after priming, while the vaccination
trials performed in humans, and the sheep cannulation
study reported here, measured antibody responses only
after a primary dose of antigen, which may not have suffi-
ciently matured to form antigen-specific IgA antibodies.

Conclusion

Major advances in basic immunology have been made,
challenging long-standing concepts in mucosal vaccina-
tion. In particular, it has been shown that mucosal
immunity can be generated by dendritic cells present
along the mucosal tissues and is not restricted to defined
mucosal lymphoid structures or ‘inductive sites’ such as
Peyer’s patches. In addition, the realization that the
mucosal environment is inherently biased towards and
promotes the generation of a Th2-type mucosal response
indicates that it may be more rewarding to concentrate on
targeting vaccine antigens to mucosal tissue sites rather
than developing ‘mucosal adjuvants’ per se. An important
role for adjuvants in generating appropriate immune
responses to isolated, non-stimulatory antigens does, how-
ever, persist for providing adequate danger or innate
response signals for subunit vaccines. An important aspect
of vaccine development, in particular for subunit vaccines,
is to have an understanding of the host–pathogen system
to be targeted. As exemplified by the Chlamydia studies,
major differences exist in pathogen behavior in different
hosts and even in closely related hosts, resulting in differ-
ent immune response profiles and effector responses. It
will therefore be crucial to refer studies of host–parasite
immunity to the target species.

Acknowledgments

G.E. and S.W. are funded by the Scottish Executive
Environment and Rural Affairs Department. We thank
David Longbottom (Moredun Research Institute) for con-
tributing serological data.

Advances in mucosal vaccination 215

Fig. 4. Production of antibodies in lymph following sys-
temic immunization with KLH-alum (triangles) and
KLH-alum-1,25(OH)2D3 (circles). Anti-KLH antibodies were
measured by an enzyme-linked immunosorbent assay using
isotype-specific reagents to measure total IgG (a), IgG1 (b),
IgG2 (c) and IgA (d). The responses to both treatments were
compared in lymph draining opposite sides of the same
sheep, following cannulation of left and right efferent
prefemoral lymphatics.
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