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Immune Defense at Mucosal Surfaces 

Prosper N. Boyaka and Jerry R. McGhee 

INTRODUCTION 

Mucosal immune responses include a major B-cell component characterized by sur
face IgA-positive (SIgA +) B-cells that become plasma cells which produce polymeric 
IgA antibody (Ab). In addition, both T-helper (Th) cells and cytotoxic T-Iymphocytes 
(CTLs) are induced in mucosa-associated lymphoreticular tissues (MALT) (1). These 
B- and T-cell responses can be induced by pathogens in organized mucosal inductive 
sites. In fact, the host has evolved a sophisticated network of cells and molecules that 
maintain the homeostasis of exposed mucosal surfaces (1,2). This system, termed 
MALT, is anatomically and functionally distinct from the systemic counterpart and is 
strategically located at the portal of entry of most microorganisms, including specific 
pathogens. Prior to the development of acquired immune responses, the mucosa are 
protected by innate defenses including the physical barrier provided by epithelial cells, 
secreted molecules with antibacterial activity, and the cytolytic activity of natural killer 
(NK) cells. However, effective protection against virulent mucosal pathogens requires 
prophylactic immune responses that can be achieved by mucosal vaccines, which, in 
contrast to systemic vaccines, can trigger both mucosal and systemic immunity. A 
major challenge for the development of mucosal vaccines will be to overcome the nat
ural tendency of the host to suppress immune responses to orally administered anti
gens, a state commonly termed oral tolerance. In addition, effective protection against 
infectious agents will require the development of safe mucosal vaccines capable of pro
moting targeted immune responses. 

THE COMMON MUCOSAL IMMUNE SYSTEM 

The mucosal immune system can be divided into organized secondary lymphoid tis
sue (which allows antigen sampling, uptake, and presentation for initiation of the 
mucosal immune response) and more diffuse collections of lymphoid cells constituting 
mucosal effector sites (2). It now well established that Peyer's patches, appendix, and 
solitary lymphoid nodules in the gastrointestinal (GI) tract constitute the inductive sites 
of the gut-associated lymphoreticular tissues (GALT). Similarly, the tonsils and ade
noids may represent the nasal-associated lymphoreticular tissues (NALT) in the upper 
airway and aerodigestive tracts. Organized bronchus-associated lymphoreticular tissues 
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(BALT) (3) were also described at airway branches of experimental animals such as 
rabbits, rats, and guinea pigs, but these structures rarely occur in humans (4). Collec
tively, GALT and NALT in humans and GALT, BALT, and NALT in experimental 
species are termed MALT. The mucosal effector tissues include the interstitial tissues 
of all exocrine glands, e.g., mammary, lacrymal, salivary, and sweat glands, as well as 
the lamina propria and the epithelium of the GI tract. In addition, lamina propria 
areas of the upper respiratory and genitourinary tracts are effector sites of this 
enormously large immune network. MALT is connected with effector sites through 
migratory patterns oflymphoid cells. Thus, immune effector cells initiated by encounter 
with antigen at one mucosal inductive site can migrate to distant mucosal effector sites, 
where they will exert their effector functions. The existence of this interconnected 
system of inductive and effector sites has been termed the common mucosal immune 
system (CMIS). 

Mucosal Inductive Sites 

Peyer's Patches of the GALT 

The columnar epithelium that covers the MALT is infiltrated with B- and 
T-lymphocytes and antigen-presenting cells (APCs), which has led to the term follicle
associated epithelium (FAE). Soluble and particulate lumenal antigens are taken up by 
a microfold or M cell and delivered to adjacent APCs. M-cells have been described in 
human Peyer's patches, appendix, and tonsils (5). These cells appear to be ideal for 
antigen uptake (6). However, M-cells that only contain sparse numbers of lysosomes 
(7) probably do not degrade ingested antigens and thus are not classical APCs (8). 
M-cells serve as the entry points for uptake; as such they actively ingest soluble pro
teins as well as particulate antigens, which can include viruses, bacteria, small para
sites, and micro spheres (6,9-11). In addition to serving as a means of transport for 
lumenal antigens, the M-cells also provide an entry pathway for pathogens. A recent 
study suggested that lymphocytes and especially B-cells possess signaling molecules 
that induce M-cell differentiation of epithelial cells. In this study, mouse Peyer's patch 
T- and B-cells as well as a human B-cell line (Raji) induced Caco-2 cells to differen
tiate into M-like cells (12). 

Peyer's patches contain a dome region underneath the FAE, as well as underlying 
follicles that contain five or more germinal centers (13). The dome region is charac
terized by the presence of T- and B-cells as well as both macrophages and dendritic 
cells (DCs). The presence of all three major APC types in the dome, e.g., memory 
B-cells, M0 and DCs make it likely that antigen uptake occurs immediately after 
release from M cells. Furthermore, Peyer's patch germinal centers differ from those in 
peripheral lymph nodes and spleen in that relatively high frequencies of SIgA + 

B-cells predominate (14-17). 
The regulation of Peyer's patch formation in mammals is only partially understood; 

nevertheless, recent studies suggest that interactions of membrane lymphotoxin 
(LT)/tumor necrosis factor (TNF) cytokines with LT-f3 receptor are of central impor
tance in Peyer's patch development (18,19). For example, injection of pregnant mice 
with lymphotoxin f3-receptor Ig (LT-f3-R-Ig) fusion protein resulted in loss of Peyer's 
patches (19) and most lymph nodes except the mesenteric lymph nodes. Recent stud
ies with this model showed that Peyer's patches are not strictly required for the induc-
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tion of mucosal S-lgA Ab responses and suggest a role for mesenteric lymph nodes as 
alternative inductive sites in the GI tract. Indeed, S-IgA Abs were induced when mice 
from LT-j3-R-Ig-treated mothers were orally immunized with cholera toxin (CT) and a 
soluble protein antigen (20). In contrast, neither systemic nor mucosal S-IgA Ab 
responses were seen after administration of the same oral vaccine regimen to TNF-a 
and LT-a double knockout mice that lack both Peyer's patches and mesenteric lymph 
nodes (20). However, Peyer's patches appear to be crucial for the development of oral 
tolerance to protein antigens since mice from LT-j3-R-Ig-treated mothers showed 
impaired induction of this type of tolerance (21). 

Other Mucosal Inductive Sites 

The NALT includes the palatine, lingual, and nasopharyngeal tonsils, which collec
tively create a ring of tissue (Waldeyer's ring) that is strategically positioned at the 
entry of the digestive and respiratory tracts. These tissues possess structural features 
resembling both lymph nodes and Peyer's patches, including an FAE with M-cells in 
tonsillar crypts that are essential for selective antigen uptake. In addition, germinal cen
ters containing B-cells, and professional APCs are also present. Direct unilateral injec
tion of antigens (cholera toxin B subunit [CT-B] and tetanus toxoid [TID into the tonsil 
of human volunteers resulted in the induction of mucosal immune responses manifested 
by the appearance of antigen-specific IgG- and (to a lesser degree) IgA-producing cells 
in the noninjected tonsil (22). These studies suggest that the tonsils may serve as 
an inductive site, analogous to Peyer's patches. Several recent nasal immunization stud
ies have emphasized the importance of the NALT for induction of both mucosal and 
systemic immune responses that may exceed in magnitude those induced by oral 
immunization (22-30). 

Follicular structures analogous to Peyer's patches are also found in the large intes
tine, with especially pronounced accumulations in the rectum. In fact, monkeys immu
nized intrarectally with simian immunodeficiency virus (SIV) developed both T- and 
B-cell-mediated immune responses, including the induction of anti-SIV Abs in rectal 
washes and genital secretions (31,32). Similarly, mice immunized intrarectally with CT 
or recombinant vaccinia virus expressing gp 120 of SIV exhibited Abs responses in gen
ital tract secretions as well as in serum; this immunization route was frequently supe
rior to either the intragastric or intravaginal route (33). 

Homing of Effector Lymphocytes into Mucosal Compartments 

Early studies in rabbits showed that GALT B-cells repopulated the gut with IgA 
plasma cells, suggesting a direct connection for B-cell migration between Peyer's 
patches and GI tract lamina propria (34,35). Furthermore, orally immunized experi
mental animals possessed antigen-specific precursors of IgA plasma cells in GALT
associated mesenteric lymph nodes, which repopulated the lamina propria of the gut 
and the mammary, lacrymal, and salivary glands (36-39). These studies, when com
bined with others showing that oral immunization led to S-lgA antibodies in mUltiple 
mucosal sites, served as the basis for suggesting a "common" mucosal immune system 
in humans (40-42). Studies in recent years have unveiled molecular mechanisms 
involved in the migration of immune cells into the GI tract and, to a lesser extent, hom
ing into other mucosal effector sites. 
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Lymphocyte Homing in the GI Tract 

Naive lymphocytes enter mucosal or systemic lymphoid tissues from the blood 
through the endothelium via specialized high endothelial venules (HEV s) (43). In 
GALT, HEV are present in the interfollicular zones rich in T-cells (44). The mucosal 
addressin cell adhesion molecule-I (MAd CAM -1) is the major addressin expressed by 
Peyer's patch HEV (45). The major homing receptors expressed by lymphocytes are 
the integrins, which represent a large class of molecules characterized by a het
erodimeric structure of a and 13 chains. In general, expression of the a4 chain paired 
with either 131 or 137 integrins differentiates between homing receptors for the skin or 
gut, respectively. Thus, the a4131 pair allows binding to vascular cell adhesion mole
cule-I (VCAM-l) and is associated with homing to inflamed sites and skin (46,47). 
Pairing of a4 with 137 represents the major integrin molecule responsible for lymphocyte 
binding to MAdCAM-I expressed on HEVs in Peyer's patches (48). A number of stud
ies have now established that MAdCAM-I is the major mucosal homing receptor ligand 
(48-50). In addition to a4137 integrin, L-selectin, which also binds to carbohydrate
decorated MAdCAM-I, is an important initial receptor for homing into GALT HEVs. 
Interestingly, L-selectin is expressed on all naive lymphocytes; however, memory T- and 
B-cells can be separated into a4137hi, L-selectin +, and L-selectin - subsets (51). 

It is now clear that chemokines are directly involved in lymphocyte homing and that 
they trigger arrest and cell activation via specific Gsai receptors (52). For example, loss 
of secondary lymphoid tissue chemokine (SLC) results in lack of naive T-cell or den
dritic cell migration into the spleen or Peyer's patches (53). Furthermore, thymus
expressed chemokine (TECK) mediated human memory T-cell migration into the 
lamina propria of the GI tract. In fact, the gut homing a4137hi T-cells expressed a TECK 
receptor, designated G-protein-coupled receptor-9-6, or CCR-9 (54). Interestingly, 
human aE137+ as well as a4137hi CD8 T-cells expressed CCR-9, suggesting that TECK
CCR-9 is also involved in lymphocyte homing and arrest of intraepitheliallymphocytes 
(IELs) into the GI tract epithelium (54). 

Lymphocyte Homing in NALT and Lung-Associated Tissues 

Unlike Peyer's patch HEVs which are found in T-cell zones, murine NALT HEVs 
are found in B-cell zones and express, peripheral node addressin ( PNAd) either alone 
or associated with MAdCAM-I (55). Furthermore, anti-L-selectin but not anti
MAdCAM-I Abs blocked the binding of naive lymphocytes to NALT HEV, suggest
ing predominant roles for L-selectin and PNAd in the binding of naive lymphocytes to 
these HEVs (55). In a rat model of antigen-induced lung inflammation, the percentage 
of activated T-cells expressing a4 was increased in the bronchial lumen compared with 
blood and lymph node T-cells after antigen challenge (56). An interesting approach 
used to address the homing of human cells in the NALT was the analysis of tissue
specific adhesion molecules after systemic, enteric, or nasal immunization (57). This 
study showed expression of L-selectin by most effector B-cells induced by systemic 
immunization, with only a small proportion expressing a4137; the opposite was seen 
after enteric (oral or rectal) immunization. Interestingly, effector B-cells induced by 
intranasal immunization displayed a more promiscuous pattern of adhesion molecules, 
with a large majority of these cells expressing both L-selectin and a4137 (57). 
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IMMUNE RESPONSES IN MUCOSAL SURFACES 

Mucosal Innate Immune Responses 

In the mucosa, innate defense includes the physical barrier provided by epithelial 
cells and cilia movement, mucus production, secreted molecules with antibacterial 
activity, and the cytolytic activity of NK cells. Recent studies have demonstrated that 
a number of innate molecules produced at mucosal surfaces (including cytokines, 
chemokines, and defensins) can provide the necessary signals to enhance systemic or 
both systemic and mucosal immunity to antigens. 

Barriere Function of Epithelial Cells 

Mucosal surfaces are covered by a layer of epithelial cells that prevent the entry of 
exogenous antigens into the host. The physical protection of the largest mucosal sur
face, i.e., the GI tract, involves a monolayer of tightly joined absorptive epithelial cells 
termed enterocytes, which constitute a highly specialized selective barrier that allows 
the absorption of nutrients while preventing the entry of pathogens (2). The barrier 
effect of intestinal epithelial cells is facilitated by the mucus blanket that covers these 
cells and prevents the penetration of microorganisms and the diffusion of molecules 
toward the intestinal surface. Mucus resembles glycoprotein and glycolipid receptors 
that occur on enterocyte membranes, tending to interfere with the attachment of 
microorganisms. The barrier effect of the epithelial surface is ensured by the continu
ous renewal of the epithelial cell layer. By this process, which results in complete 
renewal of the absorptive enterocyte layer every 2-3 days, damaged or infected ente
rocytes are replaced by crypt epithelial cells, which differentiate into enterocytes as 
they migrate toward the desquamation zone at the villus tip. The epithelia of other 
mucosal surfaces (including the oral cavity, pharynx, tonsils, urethra, and vagina) are 
made of stratified epithelial cells that lack tight junctions. However, the renewal of 
exposed epithelial cell layers by cells from subjacent layers and mucus secretion con
tribute to the permeability barrier effect on these surfaces as well. 

Mucosal Antimicrobial Pep tides 

Epithelial cells also secrete antimicrobial peptides such as defensins, inflammatory 
cytokines, and chemokines, which contribute to mucosal innate immune responses. In 
this regard, the human intestinal a-defensins (HDs) HD-5 and HD-6 were identified in 
intestinal Paneth cells and in the human reproductive tract (58). The a-Defensin are 
also secreted by tracheal epithelial cells, and they are homologous to peptides that 
function as mediators of nonoxidative microbial cell killing in human neutrophils 
(termed human neutrophil petide [HNPsD (59,60). The l3-defensins, and in particular 
human l3-defensin-1 (hBD-I), are expressed in the epithelial cells of the oral mucosa, 
trachea, and bronchi, as well as mammary and salivary glands in humans (61-63). 
Human intestinal epithelial cells were reported to express hBD-I constitutively, whereas 
hBD-2 was only seen in inflamed colon or after bacterial infection of a colonic epithe
lial cell line (64). Secretory phospholipase A2 (S-PLA2) is an antimicrobial peptide 
present in granules of small intestinal Paneth cells and human polymorphonuclear neu
trophils (PMNs). The S-PLA2 molecule is released by Paneth cells upon exposure to 
cholinergic agonists, bacteria, or lipopolysaccharide (LPS). High concentrations of 



44 Boyaka and McGhee 

S-PLA2 are also found in human tears. In contrast to other PLA2 molecules produced 
by mammalian cells, the S-PLA2 preferentially removes bacterial phosphatidyl glyc
erol and phosphatidyl ethanolamine, a property that can explain the potent antimicro
bial activity of S-PLA2 (65,66). Other antimicrobials produced of mucosal surfaces 
include lysozyme, peroxidases, cathelin-associated peptides, and lactoferrin. In this 
regard, lactoferrin was recently reported to inhibit HIV-l replication at the level of viral 
fusion/entry (67). 

Proinflammatory Cytokines and Chemokines 

It is now well established that epithelial cells produce proinflammatory cytokines, 
including interleukin (lL)-l, IL-6, tumor necrosis factor-a (TNF-a), and granulo
cyte/macrophage colony-stimulating factor (GM-CSF) in response to pathogen inva
sion (68,69). Interestingly, epithelial cells also express CxC and CC chemokines. For 
example, bacterial or parasitic (i.e., Cryptosporidium parvum) infections of intestinal 
epithelial cells were shown to upregulate expression and secretion of the CxC 
chemokines IL-8 and GRO-a (70). Bacterial infection of intestinal epithelial cell lines 
was also reported to stimulate the expression of the CC chemokines monocyte chemo
tactic protein-l (MCP-l), RANTES, and macrophage inflammatory protein-3a (MIP-
3a) (71,72), and freshly isolated colon epithelial cells produced an array of chemokines 
similar to the cell lines, as well as MIP-la and MIP-l~ (71). More recently, inflam
matory protein-tO (lP-tO) and monokine inducible by interferon-,), (IFN-')') (MIG), 
which are CxC chemokines that are known to attract CD4 + T-cells, were detected in 
normal intestinal epithelial cells, and their expression was upregulated by infection 
with invasive bacteria or stimulation with proinflammatory cytokines (73). Further
more, ')'8 T-cell receptor-positive (TCR +) (IELs) produce the C-type chemokine lym
photactin, which is chemotactic for T-cells and NK cells but not for monocytes, 
neutrophils, or dendritic cells (74,75). Taken together, these studies clearly indicate that 
the mucosal epithelium has the potential to produce a large spectrum of C, CC, and 
CxC chemokines and that both epithelial cells and intestinal lymphocytes can con
tribute to these innate responses. 

Mucosal Natural Killer Cells 

NK cells are major players in the innate immune system, especially in the GI tract. 
NK cells occur in both the lamina propria and the intraepithelial compartment as large 
granular lymphocytes (76,77). Studies performed on human IELs have shown that the 
aE~7 integrin is the main surface molecule involved in the lysis process (77). Signif
icant increases in intestinal IEL NK cell activity were seen during the early phase of 
secondary infection of chickens with the Eimeria parasite (78). Furthermore, nonspe
cific recruitment of cytotoxic effector cells into the intestinal mucosa of enteric virus
infected mice has been reported (79). Humans with inherited deficiency of NK cells 
experience more severe herpesvirus infections (80); however, these individuals clear 
the virus infection in a fashion comparable to that seen in immunocompetent subjects, 
suggesting that the role of NK cells may be to limit the extent of certain mucosal viral 
infections. Finally, NK cells are known to secrete interferon-,), (IFN-')') and IL-4 after 
infection. Thus, mucosal NK cells could be major players in the cytokine environment 
that influences the development of effector T-cells. 
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It is now well accepted that the functional diversity of the immune response is exem
plified by an inverse relationship between antibody and cell-mediated immune responses. 
This dichotomy is due to Th cell subsets, which are classified as either Thl or Th2 
according to the pattern of cytokines produced (81). Thus, Thl cells produce IL-2, IFN
-y and lymphotoxin-a (LT-a, also known as TNF-~), LT-~ and TNF-a, and Th2 cells pro
duce IL-4, IL-5, IL-6, IL-9, IL 10, and IL-13. The cytokine environment plays a key role 
in the differentiation of both Th cell subsets from precursor ThO cells. IL-2 is produced 
by ThO cells upon antigen exposure and serves as an important growth factor. IL-l2 
induces NK cells to produce IFN--y (82,83), which, together with IL-l2, triggers ThO 
cells to differentiate along the Thl pathway. Murine Thl-type responses are associated 
with development of cell-mediated immunity as manifested by delayed-type hypersensi
tivity (DTH) as well as by B-cell responses with characteristic IgG Ab subclass patterns. 

For example, IFN--y induces murine I.L ~ -y2a switches (84) and production of 
complement-fixing IgG2a antibodies. On the other hand, IL-4 production induces 
ThO ~ Th2-type development. The production of IL-4 by Th2 cells is supportive of 
B-cell switches from slgM expression to SlgG 1 + and to slgE+ B-cells (85-87). Fur
thermore, the Th2 cell subset is an effective helper phenotype for supporting the IgA 
isotype in addition to IgGl, IgG2b, and IgE responses in the mouse system. Both Thl 
and Th2 cells are also quite sensitive to cross-regulation. IFN--y produced by Thl cells 
inhibits both Th2 cell proliferation and B-cell isotype switching stimulated by IL-4 
(88,89). Likewise, Th2 cells regulate Thl cell effects by secreting IL-lO, which inhibits 
IPN--y secretion by Thl cells. This decreased lPN-/, production allows development of 
Th2-type cells. It is also clear that Thl- and Th2-type cells express distinct patterns of 
chemokine receptors (90,91). Thus, CCR5 and the CxC chemokine receptors CxCR3 
and CxCR5 are preferentially expressed by human Thl cell clones, whereas Th2 cells 
express CCR4 and to a lesser extent CCR3 (91,92). 

Studies in the last decade have shown that two Th2 cytokines, IL-5 and IL-6, are of 
particular importance for inducing SlgA + B-cells to differentiate into IgA-producing 
plasma cells (93-95). In this regard, IL-6 induced strikingly high IgA responses in vitro 
in both mouse (93-95) and human (96) systems. However, the role of IL-6 in IgA 
responses in vivo remains to be demonstrated since both reduced (97) and normal IgA 
responses were reported in IL-6-1- mice (98). IL-lO has also been shown to play an 
important role in the induction of IgA synthesis, especially in humans (99-101). Finally, 
high frequencies ofTh2 cells producing IL-5, IL-6, and IL-lO were shown in mucosal 
effector sites (e.g., the intestinal lamina propria and the salivary glands) where IgA 
responses predominate (102,103). 

Secretory IgA Antibodies 
The S-IgA Abs constitute the predominant isotype present at mucosal surfaces, and 

they are the first Abs to come into contact with the microorganisms that have entered 
the host through the mucosae. Inhibition of microbial adherence is a critical initial 
step for the protection of the host and is mediated by both specific and nonspecific 
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mechanisms. For instance, the agglutinating ability of S-lgA specific to capsular poly
saccharide of Hemophilus injluenzae seems to be crucial for avoiding colonization by 
H. injluenzae (104). Finally, another nonspecific mechanism that inhibits microbial 
adherence is owing to the presence of carbohydrate chains on the S-lgA molecule that 
bind to bacteria or other antigens (105-107). The S-lgA Abs have been shown to be 
effective at neutralizing viruses at different steps in the infectious process. In particu
lar, S-lgA specific for influenza hemagglutinin can interfere with the initial binding of 
influenza virus to target cells or with the internalization and the intracellular replica
tion of the virus (108). The S-IgA can neutralize the catalytic activity of many enzymes 
of microbial origin (such as neuraminidase, hyaluronidase, glycosyltransferase and 
IgA-specific protease), as well as the toxic activity of bacterial enterotoxins (cholera 
toxin and the related heat-labile enterotoxin of E. coli). In vitro experiments employ
ing murine polarized epithelial cells have demonstrated that antibodies specific to 
rotavirus and hepatitis virus can neutralize the respective viruses inside the epithelial 
cells (109,110), and evidence has been provided that similar mechanisms occur in vivo 
( 111). Similarly, it has been shown that transcytosis of primary HIV isolates is blocked 
by polymeric IgA specific to HIV envelope proteins (112). These authors have shown 
that neutralization of HIV transcytosis occurs within the apical recycling endosome and 
that immune complexes are specifically recycled to the mucosal surface (112). 

It should be mentioned that S-IgA appears to be important in limiting inflammation 
at mucosal surfaces. In fact, IgA Abs are unable to activate complement and interfere 
with IgM- and IgG-mediated complement activation (113,114). Furthermore, S-lgA 
inhibits phagocytosis, bactericidal activity, and chemotaxis by neutrophils, monocytes, 
and macrophages. In addition, IgA can downregulate the synthesis of TNF- ex and 
IL-6 as well as enhance the production of IL-IR antagonists by LPS-activated human 
monocytes (115,116). 

Mucosal Cytotoxic T-Lymphocytes 

There is a clear demarcation between inductive sites, which harbor precursor 
(p )CTLs, and effector sites, which include the lamina propria and the epithelial cells 
where activated CD8 + CTLs function. it is now established that administration of virus 
into the GI tract results in a higher frequency of pCTL in Peyer's patches (117,118). 
For example, reovirus localizes to T-cell regions and is clearly associated with increased 
CD8 + pCTLs and memory B-cell responses (119). Oral administration of Vaccinia to 
rats resulted in the induction of virus-specific CTLs in Peyer's patches and mesenteric 
lymph nodes (120). These findings suggest that after enteric infection or immunization, 
antigen-stimulated CTLs are disseminated from Peyer's patches into mesenteric lymph 
nodes via the lymphatic drainage (120). Furthermore, virus-specific CTLs are also gen
erated in mucosa-associated tissues by oral immunization with reovirus and rotavirus 
( 117,118) and a high frequency of virus-specific CTLs is present in the Peyer's patches 
as early as 6 days after oral immunization. These studies suggest that oral immuniza
tion with live virus can induce antigen-specific CTLs in both mucosal inductive and 
effector tissues for mucosal responses and in systemic lymphoid tissues as well. 

The vaginal infection model of rhesus macaques with SIV has been useful in stud
ies of immunity to SIV in the female reproductive tract (121,122). Recent studies in 
this model have provided direct evidence that pCTLs occur in female macaque repro-
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ductive tissues and that infection with SIV induces CTL responses (123). This impor
tant finding has now been extended to vaginal infection with an SIV IHIV-l chimeric 
virus (SHIV) containing HIV-l 89.6 env gene (124). Interestingly, all macaques resisted 
two challenges with virulent SIV, and functional, gag-specific CTLs were present in 
the peripheral blood (124). Again, it should be emphasized that vaginal Abs were also 
induced; however, these results clearly indicate that mucosal CTL responses may be of 
importance in immunity to SIV infection. Recent work has shown that intranasal 
immunization with SIV IHIV components induces antibody responses in vaginal secre
tions (reviewed in ref. 125). It should be noted that intranasal immunization of mice 
with HIV-l T-cell epitopes and the mucosal adjuvant CT induced functional CTLs 
(126). This evidence suggests that mucosal delivery of SIV/HIV components can 
induce mucosal CTLs that will contribute to immunity. 

MUCOSAL ADJUVANTS AND DELIVERY SYSTEMS 

Since immune effector cells initiated by triggering mucosal inductive sites can migrate 
to the systemic compartment and to distant mucosal sites, mucosal administration of vac
cines represents an attractive strategy for provision of immunity in both the mucosal and 
systemic compartments. Unfortunately, probably because the mucosal surfaces are con
tinuously exposed to a myriad of exogenous antigens, most protein antigens are poorly 
immunogenic when given mucosally. Furthermore, oral delivery of antigen can instead 
result in immunologic unresponsiveness (oral tolerance). Therefore, adjuvants or antigen 
delivery systems are needed to ensure the development of effective immune responses to 
mucosally delivered antigens. For reasons still to be elucidated, classic systemic adju
vants such as alum are unable to stimulate mucosal S-lgA Ab responses. Unlike many 
protein antigens, the bacterial enterotoxin CT is highly immunogenic when administered 
by mucosal routes (127). Furthermore, CT and the related heat-labile toxin (LT)-I from 
E. coli are effective adjuvants that promote mucosal and systemic immune responses to 
coadministered antigens (128-130). However, the toxicity of these molecules precludes 
their use in humans. Recombinant attenuated bacterial and viral vectors were found to be 
effective mucosal delivery systems for induction of mucosal immunity (131,132). Again, 
however, toxicity issues will need to be addressed before their use in humans. Some of 
the strategies to develop safe mucosal vaccines are discussed below. 

Nontoxic Enterotoxin Derivatives 

Although CT and LT were identified as effective mucosal adjuvants, the enterotoxi
city of these molecules has precluded their use in human vaccines. The main strategy 
undertaken to make these molecules more suitable for use in humans consisted of devel
oping mutants that lack the adenosine diphosphate (ADP) ribosyl transferase activity of 
the native toxins. Other approaches include substitution of the B subunit by a B-cell 
targeting moiety and the covalent binding of protein antigens to CT-B or LT-B. 

ADP-Ribosylation-Defective Mutants of CT and LT 
Mutants defective in ADP-ribosyl transferase activity were generated by single 

amino acid substitutions in the ADP-ribosylation activity site of the A subunit of CT 
or LT or in the protease-sensitive loop of LT. In this regard, cholera toxin is a heterol
ogous macromolecule consisting of two structurally and functionally separate A and B 
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subunits (133,134). The B subunit of CT consists of five identical 11.6-kD peptides 
that bind to GMI gangliosides (135). The binding of CT-B to GMI ganglioside on 
epithelia allows the A subunit to reach the cytosol of target cells, where it binds to 
nicotinamide (N) ADP and catalyzes the ADP ribosylation of Gsa protein. The later 
guanosine triphosphate (GTP) binding protein activates adenyl cyclase with subsequent 
elevation of cyclic adenosine monophosphate (cAMP) in epithelial cells followed by 
secretion of water and chloride ions into the intestinal lumen (136). The labile toxin 
from E. coli is closely related to CT, and the two enterotoxins share 80% amino acid 
sequence homology (137). Although both CT and LT bind GMI gangliosides, LT also 
exhibits an affinity for GM2 and asialo-GMI (134). 

Two CT mutants were contructed by substitution of serine by phenylalanine at posi
tion 61 (CT-S61F) and glutamate by lysine at position 112 (CT-EI12K) in the ADP
ribosyl transferase activity center of the CT gene from Vibrio cholerae 01 strain GPI4. 
Similar substitutions in LT have been shown to inactivate ADP-ribosyl-transferase 
activity and enterotoxicity completely (138,139). The levels of antigen-specific serum 
IgG and secretory IgA Abs induced by the mutants are comparable to those induced 
by wild-type CT and are significantly higher than those induced by recombinant CT-B 
(140, 141). Furthermore, the mutant CT-E112K, like nCT, induces Th2-type responses 
through a preferential inhibition of Th I-type CD4 + T-cells, and both nCT and mCTs 
enhanced the expression of costimulatory molecules of the B7 family and their corre
sponding receptors (142,143). Mutations in other sites of the CT molecule were 
reported to induce nontoxic derivatives, but the adjuvant activity was also affected. For 
example, the CT-106S mCT, with a partial knockout of the ADP-ribosylating activity, 
exhibited an adjuvant activity lower that that of wild-type CT (144). 

Mutant LT molecules with either a residual ADP-ribosyltransferase activity (e.g., LT-
72R) or totally devoid of such enzymatic activity (e.g., LT-7K and LT-63K) can func
tion as mucosal adjuvants when intranasally administered to mice together with unrelated 
antigens (26,145,146). When mLTs were tested as mucosal adjuvants, they generally 
induced mucosal and systemic Ab responses comparable to those of nLTs, although 
higher doses of mLT were often needed (147). Since LT induces a mixed CD4+ Thl
(i.e., lPN-I') and Th2-type (i.e., IL-4, IL-5, IL-6, and IL-I0) response (148), one might 
envision the use of mutants of LT where both Thl- and Th2-type responses are desired. 

Other CT and LT Derivatives 

It has also been hypothesized that the strong toxic effect of CT and LT could be 
largely owing to their promiscuous binding to cells via their B subunits. This assump
tion led to the construction of a fusion protein consisting of CTAI and two Ig binding 
domains (DD) of staphylococcal protein A, which binds IgG, IgE, IgA, and IgM (149). 
The CTAI-DD fusion protein displayed adjuvant activity when given by the nasal route 
and promoted both mucosal and systemic immune responses (149). More detailed 
analyses of CTAI-DD adjuvanticity have shown that this CT derivative promotes both 
T-cell-dependent and -independent responses and that both the ADP-ribosylation and 
Ig binding activities were required (150,151). 

Another approach used to develop nontoxic derivatives of CT consisted of geneti
cally substituting the entire CT-A subunit, or the toxic CT-Al portion, with a protein 
antigen. Thus, nasal or oral immunization with the chimeric fusion protein made of 
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CT-B/A2 and a Streptococcus mutans protein adhesin elicited antigen-specific mucosal 
and systemic immunity (152). Similarly, nasal immunization with CT-B conjugated to 
a Schistosoma mansoni antigen protected infected animals from schistosomiasis (153). 
It is important to note that mucosal administration of low doses of antigen coupled to 
CT-B was shown to induce tolerance (154,155). Thus, caution is recommended when 
using antigen coupled to CT-B for induction of mucosal immunity or tolerance. 

Cytokines and Chemokines as Mucosal Adjuvants 

The use of cytokines and chemokines to enhance the immune responses to mucosal 
vaccines is an attractive strategy for several reasons. First, cytokines and chemokines 
act by often known mechanisms through specific interactions with corresponding 
receptors. Furthermore, whereas important adverse effects are often associated with 
large and repeated parenteral cytokine doses generally required for the effective tar
geting of tissues/organs, only low serum cytokine levels are achieved after mucosal 
delivery of these regulatory molecules (156). Finally, cytokines/chemokines that influ
ence the development of Th cell subsets can help promote targeted Thl-type responses 
for protection against intracellular pathogens or Th2-type responses required for pro
tection against soluble antigens and toxins. 

The cytokines IL-I, IL-6, and IL-12 were recently tested for their ability to enhance 
mucosal and systemic immune responses to nasal vaccines. A nasal vaccine of TT 
given with either IL-6 or IL-12 induced serum TT-specific IgG Ab responses that pro
tected mice against lethal challenge with tetanus toxin, suggesting that both IL-6 and 
IL-12 can enhance protective systemic immunity to mucosal vaccines (157). Further
more, IL-12 but not IL-6 as an adjuvant induced high titers of S-IgA Ab responses in 
the GI tract, vaginal washes, and saliva (157). In another system, mice nasally immu
nized with soluble influenza HI and NI proteins and IL-12 developed anti-influenza 
systemic and mucosal immunity, further demonstrating that nasal IL-12 does not 
require additional stimuli for induction of S-IgA Ab responses (158). Nasal adminis
tration of protein antigens with IL-I also enhanced systemic and mucosal immune 
responses to coadministered antigens (159). As an illustration of the potential of regula
tory cytokines to promote targeted immunity, IL-12 was shown to redirect CT-induced 
antigen-specific Th2-type responses toward the Thl-type when given by oral (160) or 
intranasal routes (156). In addition, IL-12 could also promote both Thl- and Th2-type 
responses when administered by a separate mucosal route than a vaccine regimen con
taining CT as an adjuvant (156). 

As mentioned above, a number of innate molecules are secreted in mucosal epithe
lia. To test whether these molecules could provide signals to bridge the innate and 
adaptive mucosal immune systems, protein antigens were given nasally with 
a-defensins, (i.e., HNPs) (161), lymphotactin (162), or RANTES (163). All of these 
vaccine regimens were found to promote systemic immune responses to the coadmin
istered antigen (161-163). Furthermore, whereas defensins failed to promote mucosal 
S-IgA Ab responses, significant S-IgA Abs were induced by the CC chemokine 
RANTES and the C chemokine lymphotactin (161-163). The adjuvant activity oflym
photactin resulted in Thl- and Th2-type responses, whereas only Thl- and selected 
Th2-type cytokines were produced by RANTES-induced CD4+ Th cells (162,163). 
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Immunostimulating DNA Sequences and Saponin Derivatives 

Immunostimulatory DNA Sequences 

Bacterial but not eukaryotic DNA contain immunostimulatory sequences consisting 
of short palindromic nucleotides centered around a CpG dinucleotide core, e.g., 5'
purine-purine-CG-pyrimidine-pyrimidine-3' or CpG motifs (164). It is now clear that 
CpG motifs can induce B-cell proliferation and Ig synthesis as well as cytokine secre
tion (i.e., IL-6, lPN-a, IFN-~, IFN-,)" IL-12, and IL-18) by a variety of immune cells 
(165). Since CpG motifs create a cytokine microenvironment favoring Thl-type 
responses, they can be used as adjuvants to stimulate antigen-specific Thl-type 
responses or to redirect harmful allergic or Th2-dominated autoimmune responses. 
Indeed, coinjection of bacterial DNA or CpG motifs with a DNA vaccine or with a pro
tein antigen promotes Thl-type responses even in mice with a preexisting Th2-type of 
immunity (166,167). In addition, vaccination of mice with hen egg lysozyme (HEL) 
and a CpG oligonucleotide in incomplete Freund's adjuvant induced a Thl-type 
response comparable to that achieved by injecting HEL in complete Freund's adjuvant 
( 168). It has also been reported that CpG motifs can enhance systemic as well as 
mucosal immune responses when given intranasally to mice (169). The observation that 
these CpG motifs can also function as mucosal adjuvants was confirmed by the find
ing that delivery to lungs of hepatitis B surface antigen (HBsAg) with CpG DNA 
resulted in high HBsAg-specific mucosal and systemic immune responses (170). 

Saponin Derivatives 
Immunostimulating complexes (ISCOMs) are cage-like particules generated after 

addition of cholesterol to the Qui! A from the bark of the Quillaja saponaria Molina tree 
(171). Since antigens can be incorporated into ISCOMs, these particules represent good 
delivery systems for mucosal vaccines. In fact, ISCOMs are effective oral delivery sys
tems that promote mucosal and systemic immunity (172). It is believed that the cage-like 
structure of ISCOMs protects both the antigen and Qui! A from degradation in the GI 
tract. However, ISCOMs appeared to be toxic after parenteral immunization of experi
mental animals. It is possible that ISCOMs are less toxic after oral delivery. This point 
will need to be carefully addressed before considering a broader use of ISCOMs. 

QS-21 is a highly purified complex triterpene glycoside isolated from the bark of 
the Quillaja saponaria Molina tree (173,174). This molecule promotes both humoral 
and cell-mediated immunity when added to systemic vaccine formulations (175-177) 
and is now being tested in several parenteral vaccine formulations (173). QS-21 was 
reported to act as an adjuvant for both systemic and mucosal immunity to a nasally 
administered DNA vaccine (178): More recently, it has been shown that QS-21 also 
acts as adjuvant when administered by the oral route (179). Interestingly, low oral QS-
21 doses promoted mucosal S-lgA Abs responses, whereas no S-lgA responses were 
induced by high oral QS-21 (179). On the other hand, stronger Thl-type responses 
were seen after immunization with high oral QS-21 doses (179). 

CONCLUSIONS 

The increasing numbers of bacteria that are resistant to antibiotic therapy and the 
inefficiency of antiviral drugs to resolve virus infections leave vaccines as the most 
promising immunoprophylactic approach against infectious diseases. Mucosal SUf-
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faces, which are the main portal of entry for exogenous pathogens, are protected by a 
flrst line of innate defenses provided by epithelial cells, NK cells, and IELs. Although 
regulation of these innate defenses is only partially understood, a growing body of evi
dence shows that mucosal innate factors can provide the necessary signals for the 
development of adaptive immunity. It is also clear that effective protection of mucosal 
surfaces can only be achieved by vaccines promoting both systemic and mucosal 
immunity. A number of mucosal adjuvants and delivery systems capable of inducing 
mucosal S-IgA Abs as well as systemic immunity have been identifled. However, tox
icity issues preclude their use in humans (i.e., native enterotoxin, as well as the com
plex saponin derivatives such as Quil A and recombinant bacterial and viral vectors). 
Safe mucosal adjuvants and vaccination strategies are being developed to induce tar
geted Thl- or Th2-type immunity for optimal protection against different pathogens. 
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